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The aquaculture industry, which has been growing
at a very high rate for many years now, is projected
to continue growing at a rate higher than most
other industries for the foreseeable future. This
growth has mainly been driven by static catches
from most fisheries and a decline in stocks of many
major commercially caught fish species, combined
with the ever increasing need for marine protein
due to continuing population growth. An increased
focus on the need for fish in the diet, due to mount-
ing evidence of the health benefits of eating more
fish, will also increase the demand.

There has been rapid development of technology
in the aquaculture industry, particularly as used in
intensive aquaculture where there is high produc-
tion per m3 farming volume. It is predicted that the
expansion of the aquaculture industry will lead to
further technical development with more, and
cheaper, technology being available for use in the
industry in the future years.

The aim with this book is to give a general
overview of the technology used in the aquaculture
industry. Individual chapters focus on water trans-
fer, water treatment, production units and addi-
tional equipment used on aquaculture plants.
Chapters where equipment is set into systems, such
as land-based fish farms and cage farms, are also
included. The book ends with a chapter which

includes systematic methodology for planning a full
aquaculture facility.

The book is based on material successfully used
on BSc and MSc courses in intensive aquaculture
given at the Norwegian University of Life Science
(UMB) and refined over many years, the university
having included courses in aquaculture since 1973.
In 1990 a special Master’s course was developed in
aquaculture engineering (given in Norwegian), and
from 2000 the university has also offered an English
language international Master’s programme in
aquaculture (see details at www.umb.no).

During the author’s compilation of material for
use in this book, and also for earlier books cover-
ing similar fields (in Norwegian), many people have
given useful advice. I would like especially to thank
Svein Olav Fjæra and Tore Ensby. Further thanks
also go to my colleagues at UMB: B.F. Eriksen, P.H.
Heyerdal, T.K. Stevik, and from earlier, colleagues
and students:V.Tapei. Mott,A. Skar, P.O. Skjervold,
G. Skogesal and D. E. Thommassen.

Tore Ensby has drawn all the line illustrations
contained in the book. All the photographs
included in the book have been taken by the
author.

O.I. Lekang
November 2006
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1
Introduction

production systems. It is therefore a challenge to
bring together both technological and biological
knowledge within the aquaculture field.

1.2 Classification of aquaculture
There are a number of ways to classify aquaculture
facilities and production systems, based on the 
technology or the production system used.

‘Extensive’, ‘intensive’ and ‘semi-intensive’ aqua-
culture are common ways to classify aquaculture
based on production per unit volume (m3) or unit
area (m2) farmed. Extensive aquaculture involves
production systems with low production per unit
volume. The species being farmed are kept at a low
density and there is minimal input of artificial 
substances and human intervention. A low level 
of technology and very low investment per unit
volume farmed characterize this method. Pond
farming without additional feeding, like some carp
farming, is a typical example. Sea ranching and
restocking of natural lakes may also be included in
this type of farming.

In intensive farming, production per unit volume
is much higher and more technology and artificial
inputs must be used to achieve this. The investment
costs per unit volume farmed will of course also be
much higher. The maintenance of optimal growth
conditions is necessary to achieve the growth
potential of the species being farmed. Additional
feeding, disease control methods and effective
breeding systems also characterize this type of
farming. The risk of disease outbreaks is higher
than in extensive farming because the organism is
continuously stressed for maximal performance.

1.1 Aquaculture engineering
During the past few years there has been consider-
able growth in the global aquaculture industry.
Many factors have made this growth possible. One
is development within the field of aquaculture engi-
neering, for example improvements in technology
allowing reduced consumption of freshwater and
development of re-use systems. Another is the
development of offshore cages: sites that until a few
years ago not were viable for aquaculture purposes
can be used today with good results. The focus on
economic efficiency and the fact the salaries are
increasing have also resulted in the increased use of
technology to reduce staff numbers.

The development of new aquaculture species
would not have been possible without the 
contribution of the fisheries technologist. Even 
if some techniques can be transferred for the
farming of new species, there will always be a 
need for technology to be developed and optimized
for each species. An example of this is the devel-
opment of production tanks for flatfish with a larger
bottom surface area than those used for pelagic
fish.

Aquaculture engineering covers a very large area
of knowledge and involves many general engineer-
ing specialisms such as mechanical engineering,
environmental engineering, materials technology,
instrumentation, and monitoring, and building
design and construction. The primary aim of aqua-
culture engineering is to utilize technical engineer-
ing knowledge and principles in aquaculture and
biological production systems. The production of
fish has little in common with the production of
nails, but the same technology can be used in both

1



2 Aquaculture Engineering

Salmon farming is a typical example of intensive
aquaculture.

It is also possible to combine the above produc-
tion systems – this is called semi-intensive aqua-
culture. An example is intensive fry production
combined with extensive ongrowing.

Another classification of an aquacultural system
can be according to the life stage of the species 
produced on the farm, for instance eggs, fry,
juvenile or ongrowing. Farms may also cover the
complete production process, and this is called full
production.

According to the type of farming technology
used there are also a number of classifications
based on the design and function of the production
unit. This will of course be species and life-stage
dependent. For fish the following classifications
may be used: 1. Closed production units where the
fish are kept in a enclosed production unit sepa-
rated from the outside environment. 2. Open pro-
duction units where the unit has permeable walls,
such as nets and so the fish are partly affected by
the surrounding environment. It is also possible to
classify the farm based on where it is located: within
the sea, in a tidal zone or on land.

Land-based farms may be classified by the type
of water supply for the farm: water may be gravity-
fed or pumped. In gravity systems the water source
is at a higher altitude than the farm and the water
can flow by gravity from the source to the farm.
When pumping, the source can be at an equal or
lower altitude compared to the farm. For tidal
through-flow farms, water supply and exchange is
achieved using the tide.

Farms can also be classified by how the water
supplied to a farm is used. If the water is used once,
flowing directly through, it is named a flow-through
farm. If the water is used several times, with the
outlet water being recycled, it is a water re-use or
recirculating system.

1.3 The farm: technical components in
a system
In a farm the various technical components
included in a system can be roughly separated as
follows:

• Production units
• Water transfer and treatment

• Additional equipment (feeding, handling and
monitoring equipment)

To illustrate this, two examples are given: a land-
based hatchery and a juvenile farm, and an ongrow-
ing sea cage farm.

1.3.1 Land-based hatchery and juvenile
production farm

Land-based farms normally utilize much more
technical equipment than sea cage farms, espec-
ially intensive production farms with a number 
of tanks. The major components are as follows 
(Fig. 1.1):

• Water inlet and transfer
• Water treatment facilities
• Production units
• Feeding equipment
• Equipment for internal fish transport and size

grading
• Equipment for transport of fish from the farm
• Equipment for waste and wastewater treatment
• Instrumentation and monitoring systems

Water inlet and transfer

The design of the inlet depends on the water
source: is it seawater or freshwater (lakes, rivers),
or is it surface water or groundwater? It is also
quite common to have several water sources in use
on the same farm. Further, it depends whether the
water is fed by gravity or whether it has to be
pumped, in which case a pumping station is
required.Water is normally transferred in pipes, but
open channels may also be used.

Water treatment facilities

Usually water is treated before it is sent in to the
fish. Equipment for removal of particles prevents
excessively high concentrations reaching the fish;
additionally large micro-organisms may be
removed by the filter.Water may also be disinfected
to reduce the burden of micro-organisms, especially
that used on eggs and small fry. Aeration may be
necessary to increase the concentration of oxygen
and to remove possible supersaturation of the gases
nitrogen and carbon dioxide. If there is lack of



water or the pumping height is large pure oxygen
gas may be added to the water. Another possibility
if water supply is limited is to reuse the water,
however, this will involve much water treatment.
For optimal development and growth of the fish

heating or cooling of the water may be necessary;
in most cases this will involve a heat pump or a
cold-storage plant. If the pH in a freshwater source
is too low pH adjustment may be a part of the water
treatment.

Introduction 3

Figure 1.1 Example of major com-
ponents in a land-based hatchery and
juvenile production plant.



4 Aquaculture Engineering

Production units

The production units necessary and their size and
design will depend on the species being grown. In
the hatchery there will either be tanks with
upwelling water (fluidized eggs) or units where the
eggs lie on the bottom or on a substrate. After
hatching the fish are moved to some type of pro-
duction tank. Usually there are smaller tanks for
weening and larger tanks for further on-growing
until sale. Weening start feeding tanks are normally
under a roof, while on-growing tanks can also be
outside.

Feeding equipment

Some type of feeding equipment is commonly used,
especially for dry feed. Use of automatic feeders
will reduce the manual work on the farm. Feeding
at intervals throughout the day and night may also
be possible; the fish will then always have access to
food, which is important at the fry and juvenile
stages.

Internal transport and size grading

Because of fish growth it is necessary to divide the
group to avoid fish densities becoming too high.
It is also common to size grade to avoid large 
size variations in one production unit; for some
species this will also reduce the possibilities for
cannibalism.

Transport of fish

When juvenile fish are to be transferred to an 
on-growing farm, there is a need for transport.
Either a truck with water tanks or a boat with a well
is normally used. The systems for loading may be
an integral part of the farm construction.

Equipment for waste handling and 
wastewater treatment

Precautions must be taken to avoid pollution from
fish farms. These include legal treatment of general
waste. Dead fish must be treated and stored satis-
factorily, for example, put in acid or frozen for later
use. Dead fish containing trace of antibiotics or
other medicine must be destroyed by legal means.

Whether wastewater treatment is necessary will
depend on conditions where the effluent water is
discharged. Normally there will at least be a
requirement to remove larger suspended particles.

Instrumentation and monitoring

In land-based fish farms, especially those depen-
dent upon pumps, a monitoring system is essential
because of the economic consequences if pumping
stops and the water supply to the farm is inter-
rupted. The oxygen concentration in the water 
will fall and may result in total fish mortality.
Instruments are being increasingly used to control
water quality, for instance, to ensure optimal 
production.

1.3.2 On-growing sea cage farm

Normally a sea cage farm can be run with rather
less equipment than land-based farms, the major
reason being that water transfer and water treat-
ment (which is not actually possible) are not nec-
essary because the water current ensures water
supply and exchange. The components necessary
are as follows (Fig. 1.2):

• Production units
• Feeding equipment
• Working boat
• Equipment for size grading
• Base station

Production units

Sea cages vary greatly in construction and size;
the major difference is the ability to withstand
waves, and special cages for offshore farming have
been developed. It is also possible to have system
cages comprising several cages, or individual cages.
The cages may also be fitted with a gangway to the
land. Sea cages also include a mooring system. To
improve fish growth, a sub-surface lighting system
may be used.

Feeding equipment

It is common to install some type of feeding system
in the cages because of the large amounts of feed
that are typically involved. Manual feeding may



also be used, but this involves hard physical labour
for the operators.

Working boat

All sea cage farms need a boat; a large variety of
boats are used. Major factors for selection are size
of the farm, whether it is equipped with a gangway
or not, and the distance from the land base to the
cages. Faster and larger boats are normally required
if the cages are far from land or in weather-exposed
water.

Size grading

Equipment for size grading can be necessary if 
this is included in the production plan. It may, how-

ever, be possible to rent this as a service from 
subcontractors.

Base station

All cages farms will include a base station; this may
either be land based, floating on a barge or both.
The base station can include storage rooms, mess
rooms, changing rooms and toilet, and equipment
for treatment of dead fish. The storage room
includes rooms and/or space for storage of feed;
it may also include rooms for storage of nets and
possibly storage of equipment for washing, main-
taining and impregnating them. However, this is
also a service that is commonly rented from 
subcontractors.

Introduction 5

Figure 1.2 Example of major com-
ponents in an on-growing sea cage
farm.



6 Aquaculture Engineering

1.4 Future trends: increased
importance of aquaculture engineering

Growth in the global aquaculture industry will cer-
tainly continue, with several factors contributing to
this. The world’s population continues to grow as
will the need for marine protein. Traditional fish-
eries have limited opportunities to increase their
catches if sustainable fishing is to be carried out.
Eventually, therefore, increase in production must
come from the aquaculture industry. In addition,
the aquaculture industry can deliver aquatic 
products of good quality all year round, which 
represents a marketing advantage compared to 
traditional fishing. The increased focus on optimal
human diets, including more fish than meat in the
diet for large groups of the world’s population, also
requires more fish to be marketed.

This will give future challenges for aquaculture
engineers. Most probably there will be an increased
focus on intensive aquaculture with higher produc-
tion per unit volume. Important challenges to
housing the growth will be availability of fresh-
water resources and good sites for cage farming.
Limited supplies of freshwater in the world mean
that technology that can reduce water consumption
per kilogram of fish produced will be important;
this includes reliable, cost effective re-use technol-
ogy. By employing re-use technology it will also be
possible to maintain a continuous supply of high
quality water independently of the quality of the
incoming water. To have more accurate control
over water quality will also be of major importance
when establishing aquaculture with new species,
especially during the fry production stage.

The trend to use more and more weather-
exposed sites for cage farms will continue. Devel-
opment of cages that can not only withstand
adverse weather conditions but also be operated
easily in bad weather, and where fish feeding and
control can be performed, is important.

Rapid developments in electronics and monitor-
ing will gradually become incorporated into the
aquaculture industry. Intensive aquaculture will
develop into a process industry where the control
room will be the centre of operations and processes
will be monitored by electronic instruments; robots
will probably be used to replace some of today’s
manual functions. Nanotechnology will be
included, for instance by using more and smaller

sensors for more purposes. An example would be
to include sensors in mooring lines and net bags to
monitor tension and eventual breakage. Individual
tagging of the fish will most probably also be a
future possibility, which makes control of the
welfare of the single individual possible; this 
can also be important regarding control of escaped
fish.

1.5 This textbook
The aim with this book is to give a general basic
review of the total area of aquaculture engineering.
Based on the author’s two previously published
books on aquaculture engineering written in 
Norwegian.1,2 Several of the illustrations are also
based on illustrations in these books. The textbook
is primarily intended for the introductory course in
aquaculture engineering for the Bachelor and
Master degrees in aquaculture at the Norwegian
University of Life Science (UMB). Several other
textbooks dealing with parts of the syllabus are
available and referred to in later chapters.The same
is the case with lecture notes from more advanced
courses in aquaculture engineering at UMB.

The focus of the book is on intensive fish 
farming, where technology is and will become
increasingly important. Most of it concerns fish
farming, but several of the subjects are general 
and will have much interest for molluscan and 
crustacean shellfish farmers.

Starting with water transport, the book continues
with an overview chapter on water quality and the
need for and use of different water treatment units,
which are described in the next few chapters. It 
continues with a chapter on production unit classi-
fication followed by chapters on the different 
production units. Chapters devoted to additional
equipment such as that for feed handling and fish
handling, instrumentation, monitoring and build-
ings follow. Chapters on planning of aquaculture
facilities and their design and construction con-
clude the book.
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2
Water Transport

2.2 Pipe and pipe parts

2.2.1 Pipes

Pipe materials

In aquaculture the common way to transport water
is through pipes; open channels are also used in
some cases. Channels may be used for transport
into the farm, for distribution inside the farm 
and for the outlet of water. They are normally 
built of concrete and are quite large; the water is
transported with low velocity. Channels may also 
be excavated in earth, for example to supply the
water to earth ponds. Advantages of open channels
are their simple construction and the ease with
which the water flow can be controlled visually;
disadvantages are the requirement for a constant
slope over the total length and there can be no 
pressure in an open channel. The greater exterior
size compared to pipes, and the noise inside 
the building when water is flowing are other 
disadvantages.

Plastics, mainly thermoplastics, are the most com-
monly used materials for pipes.Thermoplastic pipes
are delivered in many different qualities with 
different characteristics and properties (Table 2.1).
A thermoplastic melts when the temperature get
high enough.10 Thermoplastic pipes can be divided
into weldable (polyethylene; PE) and glueable
(polyvinyl chloride; PVC) depending on the way
the pipes are connected. The opposite of 

2.1 Introduction
All aquaculture facilities require a supply of water.
It is important to have a reliable, good-quality
water source and equipment to transfer water to
and within the facility. The volume of water needed
depends on the facility size, the species and the pro-
duction system. In some cases can it be very large,
up to several hundred m3/min (Fig. 2.1). This is
equivalent to the water supply to a quite large 
villages, considering that in Norway a normal value
for the water supply per person is up 180 litres per
day.

If something fails with the water supply or dis-
tribution system it may result in disaster for the
aquaculture facilities. This also emphasizes the
importance of good knowledge in this area. Correct
design and construction of the water inlet system is
an absolute requirement to avoid large unnecessary
problems in the future. For instance, this may 
be apparent when the inlet system is too small and
the water flow rate to the facility is lower than
expected.

The science of the movement of water is called
hydrodynamics, and in this chapter the important
factors of this field are described with emphasis
upon aquaculture. In addition, a description of the
actual materials and parts for water transport are
given: pipes, pipe parts (fittings) and pumps. Much
more specific literature is available in all these fields
(basic fluid mechanics,1–3 pipes and pipe parts,4–6

pumps7–9).

7
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thermoplastic is hardening plastic, such as fibreglass
which is made of different materials that are hard-
ened; afterwards it is impossible to change its shape,
even by heating. Fibreglass can be used in special
critical pipes and pipe parts, but only in special
cases (see below).

It is also important that materials used for pipes
are non-toxic for fish.11 Copper, much used in
piping inside houses, is an example of a commonly
used material that is not recommended for fish
farming because of its toxicity. In the past steel, con-
crete or iron pipes were commonly used, but today
these materials are seldom chosen because of their
price, duration and laying costs.

PE pipes are of low weight, simple to handle,
have high impact resistance and good abrasion
resistance. Nevertheless, these pipes may be vul-
nerable to water hammer (see later) or vacuum
effects. PE pipes are delivered in a wide variety of

dimensions and pressure classes; they are normally
black or grey but other colours are also used. Small
diameter pipes may be delivered in coils, while
larger sizes are straight, with lengths commonly
between 3 and 6m. PE may be used for both inlet
and outlet pipes. PE piping must be fused together
for connection; if flanges are fused to the pipe fit-
tings, pipes may be screwed together.

PVC is used in pipes and pipe parts inside the fish
farm and also in outlet systems. This material is of
low density and easy to handle. Pipe and parts are
simple to join together with a special solvent
cementing glue. A cleaning liquid dissolves the
surface and makes gluing possible.There are a large
variety of pipe sizes and pipe parts available. When
using this kind of piping, attention must be given to
the temperature: below 0°C this material becomes
brittle and will break easily. PVC is also recom-
mended for use at temperatures above 40°C. PVC

Table 2.1 Typical characteristics of actual pipe materials.

Material Temperature range (°C) Common pressure classes (bar) Common size range (mm)

PE −40 to +60 3.2, 4, 6, 10 and 25 20–1600
PP 0 to +100 10 and 16 16–400
PVDF −40 to +140 16 16–225
PVC-U 0 to +60 4, 6, 10, 16 and 25 6–400
PVC-C 0 to +80 16 16–225
ABS −40 to +60 16 16–225

Figure 2.1 The supply of water to a
fish farm can be up to several
hundred cubic metres per minute, as
here for a land-based fish farm for
growing of marked size Atlantic
salmon.



is also vulnerable to water hammer.There are ques-
tions concerning the use of PVC materials because
poisonous gases are emitted during burning of left-
over material.

Fibreglass may be used in special cases, for
example in very large pipes (usually over 1m in
diameter). The material is built in two or three
layers: a layer of polyester that functions like a glue;
a layer with a fibreglass mat that acts as reinforce-
ment; and quartz or sand. The ratio between these
components may vary with the pressure and stiff-
ness needed for the pipe. A pipe is normally con-
structed with several layers of fibreglass and
polyester. Fibreglass has the advantages that it tol-
erates low temperatures, is very durable and may
be constructed so thick that it can tolerate water
hammer and vacuum effects. The disadvantage is
the low diversity of pipes and pipe parts available.
For joining of parts, the only possibilities are to con-
struct sockets on site using layers of polyester and
fibreglass, or pipes equipped with flanges by the
manufacturer can be screwed together with a
gasket in between.

At present, materials such as polypropylene
(PP), acrylonitrile–butadiene–styrene (ABS) and
polyvinyl difluoride (PVDF) have also been intro-
duced for use in the aquaculture industry, but to
minor degree and for special purposes. They are
also more expensive than PE and PVC.

Pressure class

Each pipe and pipe part must be thick enough 
to tolerate the pressure of water flowing through
the system. To install the correct pipes it is there-
fore important to know the pressure of the water
that will flow through them.The pressure (PN) class
indicates the maximum pressure that the pipes 
and pipe parts can tolerate. The pressure class 
is given in bar (1 bar = 10m water column (mH2O)
= 98100Pa); for instance, a PN4 pipe will tolerate 
4 bar or a 40m water column. This means that if 
the pressure inside the pipe exceeds 4 bar the pipe
may split. In fish farming pressure classes PN4, PN6
and PN10 are commonly used. Pipes of different
PN classes vary regarding wall thickness: higher
pressure requires thicker pipe walls. Pipes of higher
PN class will of course cost more, because more
material is required to make them.

A complete inlet pipe from the source to the

facility may be constructed with pipes of different
PN classes. If, for instance, the water source to a fish
farm is a lake located 100m in height above the
farm, a PN4 pipe can be used for the first 40m drop,
then a PN6 pipe for the following 20m drop, and on
the final 40m drop a PN10 pipe is used.

Some problems related to pressure class are as
follows:

Water hammer: Water hammer can occur, for
instance, when a valve in a long pipe filled with
much water is closed rapidly.This will generate high
local pressure in the end of the pipe, close to the
valve, from the moving mass of water inside the
pipeline that needs some time to stop. The result is
that the pipe can ‘blow’. Rapid closing of valves
must therefore be avoided.Water hammer may also
occur with rapid starting and stopping of pumps.
This can, however, be difficult to inhibit and it may
be necessary to use special equipment to damp the
water hammer effect. A tank with low pressure air
may be added to the pipe system: if there is water
hammer in the pipes the air in this tank will be com-
pressed and this reduces the total hammer effect in
the system.

Vacuum:A vacuum may be generated in a section
of pipe, for example when it is laid at different
heights (over a crest) and then functions as a siphon
(Fig. 2.2). A vacuum may then occur on the top
crest. It is recommended that such conditions be
avoided, because the pipeline may become
deformed and collapse because of the vacuum.
Pipes are normally not certified for vacuum effects;
however, if vacuum effects are possible, it is rec-
ommended that a pipe of higher pressure class 
is used in the part where the vacuum may occur.
By using pipes with thicker walls, higher tolerance
to vacuum effects is achieved; alternatively, a fibre-
glass pipe which tolerates a higher vacuum could be
employed.

Classification of pipes

Pipe diameters are standardized. There are a
number of sizes available for various applications
in different industries. In aquaculture, pipes with
the following external diameters (mm) are gener-
ally used 20, 25, 32, 40, 50, 63, 75, 90, 110, 125, 160,
180, 200, 225, 250, 280, 315, 355, 400, 450, 500, 560
and 630. The internal diameter that is used when

Water Transport 9



10 Aquaculture Engineering

calculating the water velocity in the pipelines, is
found by subtracting twice the wall thickness.
Higher pressure class pipes have thicker walls than
lower pressure class pipes.

All pipes and pipe parts must be marked clearly.
For pipes the marking print on the pipe is normally
every metre, and for pipe parts there is a mark on
every part.The following is included in the standard-
ized marking: pipe material, pressure class, external
diameter, wall thickness, producer and the time 
when the pipe was produced. It is important to 
use standardized pipe parts when planning fish 
farms.

2.2.2 Valves

Valves are used to regulate the water flow rate and
the flow direction. Many types of valve are used in
aquaculture (Fig. 2.3). Which type to use must be
chosen on the basis of the flow in the system and
the specific needs of the farm. Several materials 
are used in valves, such as PVC, ABS, PP and
PVDF, and the material chosen depends on 
where the valves will be used. Large valves 
may also be fabricated in stainless or acid proof
steel.

Ball valves are low cost solutions used in aqua-
culture. The disadvantage is that they are not very
precise when regulating the water flow. They are
best used in an on/off manner, or for approximate
regulation of the water flow. The design is simple
and consists of a ball with an opened centre. When
turning it will gradually open or close.

Figure 2.2 A vacuum may occur 
inside the pipe on the top crest causing
deformation.

Valves constructed with a membrane pulled
down by a piston for regulation of water flow 
are called diaphragm or membrane valves. These
valves can regulate water flow very accurately.
They cost considerably more than a ball valve, and
the head loss through the valve is significantly
higher.

Angle seat valves have a piston standing in an
angled ‘seat’. When the screw handle is turned the
piston moves up or down. The opening is gradually
reduced by pressing the piston down. This type of
valve is also capable of accurate flow regulation, but
is quite expensive and has also a higher head loss
than a ball valve. For accurate flow regulation, for
instance on single tanks, diaphragm valves or angle
seat valves are recommended.When selecting these
types of valves it is, however, important to be aware
that the head loss can be over five times as high as
with a ball valve.

Butterfly valves are usually located in large pipes
(main pipeline or part pipelines) and regulate the
water flow by opening or closing a throttle. Which
is located inside a pipe part; by turning the throttle
the passage for the water inside the pipe is changed.
A slide valve or gate valve can be used for the same
cases.This consists of a gate or slide that stands ver-
tically in the water flow; the water flow is regulated
by lifting or lowering the plate by a spindle. This
valve type is also used in large diameter pipelines,
but both butterfly valves and sluice valves are quite
expensive, especially in large sizes. It is, however,
better to use too many valves than too few. To have
the facility to turn off the water flow at several
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Figure 2.3 Valve types used on aquaculture facilities: (A) diagrams showing valve cross-sections; (B) ball valve;
(C) angel seat valve; (D) diaphragm or membrane valve; (E) butterfly valve.

places in the farm, for instance for maintenance,
will always be an advantage. These types of valves
are, however, not recommended for precise regula-
tion of water flow.

The check valve or ‘non-return’ valve is used to
avoid the backflow of water; this means that the
water can only flow in one direction in the pipe
system. In many cases it is used in a pump outlet 

to avoid backflow of water when the pump stops.
Normally the valve is comprises a plate or ball 
that closes when the water flow tends to go in the
opposite direction.

Triple way valves may regulate the flow in two
directions to create a bypass. There are also many
other types of valves, for instance electrically or
pneumatically operated valves which make it 
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possible to regulate water flow functions automati-
cally. In new and advanced fish farms such equip-
ment is of increasing interest, especially when saving
of water is necessary.

It is important to remember, however, that all
valves create a head loss, the size of which depends
on the type of valve being used; for example,
diaphragm valves have a high head loss. This must
considered when planning the farm and deciding
which valve types to use. It is necessary to have
enough pressure to ensure that the correct flow rate
is maintained through the valves; if the head loss is
too high the water flow into or inside the farm will
be decreased.

2.2.3 Pipe parts – fittings

A large variety of pipe parts can be found, espe-
cially for PE and PVC pipes (Fig. 2.4). Various
bends or elbows are normally used in aquaculture.
T-pipes are also used to connect different pipes.

Different conversion parts allow the connection 
of pipes or equipment with different diameters.
Sockets, flanges or unions are used to connect pipes
or pipe parts. Sometimes end-caps are used to close
pipes that are out of use. A particularly useful part
is the repair socket which allows connection of an
additional pipe (a T-pipe) to a pipeline where the
water in the installation flows continuously, which
means that connections can be made to pipelines
that are in use.

2.2.4 Pipe connections – jointing

The connection or jointing of pipes and pipe parts
may be executed in various ways depending on the
material used to make the pipe and the pipe part
(Fig. 2.5). For PE, fusing (heating) is the only pos-
sible jointing method. This process may be carried
out by a blunt heating mirror, or electrofusion may
be used. When using a fusion mirror both the pipes
to be joined are heated on the mirror to make them

D

E

Figure 2.3 Continued.



soft and adhesive; then the mirror is removed and
the pipes are pressed together. The materials of the
two parts are fused together and form a fixed con-
nection. Resistance wire is an integral part of an
electrofusion socket. When an electric current is
passed the material around the wire will fuse,
including the two pipe parts added to the socket,
and then a fixed connection is established.

Pipes that are fused or glued together are per-
manently connected and cannot be separated. If
there is a need to create non-permanent connec-
tions, it is possible to use flanges fused or glued to
the separate pipe parts which are then screwed
together. To obtain a completely watertight con-
nection a gasket is placed between the parts before
they are screwed together. A union is a very easy
pipe connection to separate. It is always desirable
to have some non-permanent connections because
sometimes it is necessary to separate the pipeline
for maintenance and exchange of equipment. The
possibility of exchanging pipes and pipe parts in the
water department of the fish farm must also be con-
sidered because of the need to allow for possible

increase in farm production and also because of 
the constant requirement for modernization of the
equipment.

It is common to use sliding sockets in the outlet
pipe. This kind of connection system can only be
used on unpressurized or very low pressure
pipelines (<0.2mH2O). If this type of connection is
used on pressurized pipes they will easily slide
apart.

2.2.5 Mooring of pipes

Pipes may carry large amounts of water at high
velocities. This generates large forces that may
cause movements of the pipe. In the worst case this

Water Transport 13

Figure 2.4 Cross-sections of fittings used in 
aquaculture.

Figure 2.5 Connection methods used for different pipe
materials and in different places.
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can damage the pipeline. For this reason a correct
mooring system for the pipeline is of great impor-
tance (Fig. 2.6).

When there is a reduction in the pipe size, or
when using T-pipes or elbows, there is an increase
in the forces dependent on the velocity, and there
will normally be a need for mooring to avoid move-
ments and breakage of the pipes. Putting the pipes
in a ditch will stabilize them and the ditch will func-
tion as a mooring for the pipe. In exposed places,
however, it may also be necessary to have addi-
tional moorings; concrete blocks may, for instance,
be used on elbows. This also shows the importance
of having smooth pipe linings. In indoor facilities
clamps are used to attach the pipes to the ceiling,
walls or floor, and in this way moor and stabilize the
pipes.

Inlet or outlet pipes placed underwater or sub-
surface in the sea or lakes require moorings. Spe-
cially designed concrete block weights are normally
used to moor pipes to the ground (Fig. 2.6) to
prevent them floating to the surface as a result of
their buoyancy, especially when they are empty or
only partly filled with water. The distance between
the weights depends on the pipe type, diameter,
weight size and expected water flow. When placing
outlet pipes sub-surface, it is important to consider
the weight of the pipe both when filled with water
and filled with air, the buoyancy being much greater
in the latter case which will also increase the
requirements for weights. Usually pipe suppliers
have their own mooring tables with recommended
block weights and distance between them.

2.2.6 Ditches for pipes

The inlet and outlet pipes may be laid on the
surface or in ditches (Fig. 2.7). It is generally

cheaper to lay the pipes on the surface, but it is then
more important to moor them, especially in con-
nection with obstructions. Pipes on the surface may,
however, inhibit transport and it can therefore be
necessary to lay them in ditches. If the pipe is put
in a ditch, care must be taken to avoid any damage
when heavy traffic passes over the ditch. Therefore
the ditch must be constructed and overfilled with
gravel correctly. A ditch may be constructed in the
following way: a layer of compressed crushed rock
or gravel is laid as a base for the pipe in the ditch;
then the pipe is laid with sufficient slope (>0.05%).
Fine gravel is placed around and over the pipe to
create good protection; this should only be hand
compressed. Afterwards the ditch is filled with 
ordinary ditch material until ground level is
reached. It is normal to overfill slightly because
after a while the material will compress to normal
terrain level.

The use of ditches will also improve the farm 
aesthetically because there are no pipes on the

Figure 2.6 It is important that pipes are
moored to avoid movement and possible
breakages. On inlet pipes in the sea or in
lakes specially designed block weights
are used.

Figure 2.7 It is important that ditches for pipes are cor-
rectly designed.



surface. Ditches also improve the possibilities for
public traffic to use the area.

2.3 Water flow and head loss in
channels and pipe systems

2.3.1 Water flow

The amount of water that flows through a pipe or
in an open channel depends on the water velocity
and the cross-sectional area of the pipe or the
channel where the water is flowing. The following
equation may be used for pipes and channels; it is
also called the continuity equation:

Q = VA

where:

Q = water flow (l/min, l/s, m3/s)
V = water velocity (m/s)
A = cross-sectional area of where the water is flow-

ing. For full pipes the cross-sectional area will
be the interior cross section of the pipe.

The above equation can be used as a basis for
construction of a chart. If two of the sizes are
known the last can be read from the chart and no
calculation is necessary. Often the head loss is also
included in the chart (see below).

Example
The water flow to a farm is 1000 l/min (0.0167m3/s).
The acceptable velocity in the pipeline is set at 
1.5m/s. Find the necessary pipe dimensions if one
pipe is to be used.

A = Q/V

A = 0.0167/1.5
= 0.011m2

Now

A = pr2

where:
r is the internal radius of the pipe
and rearranging gives

r
A=
p

Therefore

The internal diameter in the pipe must therefore be
2 × 59 = 118mm. Standard dimension pipes are
available with an exterior diameter of 125mm; a
PN6 pipe with a wall thickness of 6mm (supplier
information) therefore has an internal diameter of
113mm. This is actually slightly too small, but as the
next stardard exterior dimension is 160mm, it is best
to choose the 125mm pipe. This will result in the
water velocity being slightly higher.

For an open channel the flow velocity depends on
the slope, the hydraulic radius and the Manning
coefficient. The Manning equation is used to calcu-
late the flow velocity:

where:

V = average flow velocity in the channel
R = hydraulic radius
S = channel slope 
n = Manning coefficient.

The hydraulic radius is the ratio between the cross-
sectional area where the water is flowing and the
wetted perimeter, which is the length of the wetted
surface of the channel measured normal to the flow.

To achieve water transport through the channel it
must be inclined. The slope is defined as the ratio
between the difference in elevation between two
points in the channel and the horizontal distance
between the same two points.

Example
The horizontal distance between two points A and B
is 500m. Point A is 34m above sea level and point B

R = cross-sectional area
wetted perimeter

V
R S

n
=

2
3

1
2

r =

=
=

0.011

0.059m

59mm

p
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is 12m above sea level. Calculate the slope (S) of the
channel.

S = (34m − 12m)/500m
= 0.044
= 4.4cm/m

This means that for each metre of elevation the 
horizontal distance is 22.7m.

To ensure drainage, it is recommended that the
slope is more than 0.0013, while self-cleaning is
ensured with slopes in the range 0.005–0.010.11

The Manning coefficient is determined by exper-
iment, some actual values being about 0.015 for
concrete-lined channels and 0.013 for plastic, while
unlined channels made of straight and uniform
earth have a value of 0.023 and those made of rock
0.025.11

Based on the flow velocity and the cross-sectional
area, the flow may rate be calculated with the con-
tinuity equation which also can be expressed as:

where:

Q = water flow
A = cross-sectional area where the water is flowing
V = average flow velocity in the channel
R = hydraulic radius
S = slope of the channel
n = Manning coefficient.

2.3.2 Head loss in pipelines

All transport of water through a pipe or a channel
between two points results in an energy loss (head
loss). This is caused by friction between the water
molecules and the surroundings. In all pipe parts
where there is a change in the water direction
(bends) or narrow passage (valves) additional 
friction will occur; this will also increase the head
loss.

Inside a pipe there is a velocity gradient, with the
highest water velocity in middle of the pipe and the
lowest close to the pipe walls because friction is
highest against and close to the wall. In addition to
friction loss against the wall there will be friction
between the water molecules because their veloci-
ties are not equal.

Q VA
R S

n
A= =

2
3

1
2

The amount of energy in water is constant
(Bernoulli equation) if during passage no energy is
supplied to or extracted from it. When friction
occurs, the energy in the water is transformed into
another form of energy, normally heat. This is very
difficult to perceive with the large amounts of water
that are common in aquaculture, since much energy
is required to heat the water (see Chapter 7).
However, in a thin pipe with a large amount of
water passing through at very high pressure, it is
possible to observe heating of the water.

As a result of frictional losses when flowing
through a pipeline, the energy of the water must be
higher at the beginning (inlet) than at the end
(outlet); energy lines can be used to illustrate this.
If the water is pumped, the pump pressure must
overcome these frictional energy losses in addition
to the pump height.

The energy loss (hm) due to friction through 
a pipeline may be calculated using the Darcy–
Weisbach equation:

hm = fLV 2/2gd

where:

f = friction coefficient
L = length of pipeline
d = diameter of pipeline (wet)
V = water velocity
g = acceleration due to gravity.

The friction coefficient depends on the pipe
surface; this is normally called the roughness of the
pipe. Relative roughness (r) is defined as the rela-
tion between the absolute roughness (e) and the
diameter (d) of the pipe, r = e/d (Fig. 2.8). High 

Figure 2.8 Relative roughness describes the relation
between the absolute roughness (e) and the pipe diam-
eter (d ).



relative roughness gives high friction. The amount
of friction depends on the pipe material, the con-
nection method and the age of the pipe. For
example, a new plastic pipe will have a lower fric-
tion coefficient than an old pipe. The fouling that
occurs in pipes that have been in use for some time
will increase the roughness of the pipe. The f value
for the pipe is given by the manufacturer and for PE
or PVC pipes normally ranges from 0.025 to 0.035.
For new pipes the value is lower, but when doing
calculations values for old pipes must be used.

The friction coefficient also depends on flow
type. The flow pattern can be divided into laminar
and turbulent.The frictional losses are much higher
with turbulent flow. This will always be the case in
pipes used in aquaculture, because the water veloc-
ity is so high. Laminar flow may occur in open chan-
nels with low water velocity. The Reynolds number
Re
––

is a non-dimensional number used to describe
the flow conditions. If Re

––
is less than 2000 the flow

is laminar; when it is above 4000 the flow is turbu-
lent. Between these Re

––
values the flow is unstable

and both turbulent and laminar conditions may
occur. Re

––
can be calculated from the following 

equation:

where:

V = average water velocity
d = internal pipe diameter
n = kinematic viscosity.

Kinematic viscosity is the absolute viscosity divided
by the density of the liquid; the unit is m2/s (for-
merly the stoke was used: 1St = 16−4 m2/s).The kine-
matic viscosity tells us something about how easily
the liquid flows: for instance, oil will flow out slowly
when drops are allowed to fall onto a horizontal
plate, while water will be distributed much faster.
The kinematic viscosity of water decreases with
temperature; for example, is it reduced from 1.79 ×
10−6 m2/s at 0°C to 1.00 × 10−6 m2/s at 20°C.11 Salin-
ity will also increase the kinematic viscosity of
water: with a salinity of 3.5% it is 1.83m2/s at 0°C
and 1.05m2/s at 20°C.

Example
The average velocity of fresh water in a pipe 
of internal diameter 123.8mm is 1.5m/s (0.1238m).

R
Vd

e =
n

The temperature is 20°C. Calculate the Reynolds
number.

This clearly illustrates that the water flow in the pipe
is in the turbulent area.

By calculating the Reynolds number and the rela-
tive roughness of the pipe, the friction coefficient f,
can be found from the Moody diagram (Fig. 2.9).

Computer programs and special diagrams 
(Fig. 2.10) are available for calculating the head loss
caused by friction inside a pipe. It is important to
be aware that these diagrams are specific for given
pipes because the f- value of the actual pipe is used
to construct them.

Example
Calculate the head loss in an old PE pipe with inter-
nal diameter of 110mm (0.11m). The length of the
pipe is 500m and the velocity in the pipe is 1.5m/s;
the friction coefficient is 0.030.

hm = fLV2/2gd
= 0.030 × 500 × 1.52/2 × 9.81 × 0.11
= 11.47m

R
Vd

e =

= ×
×

=
−

n
1.5 0.1238

1 10
185700

6
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Figure 2.9 Principle of the Moody diagram showing
the relation between relative roughness and Reynolds
number.
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This means that the head loss in the water flowing
through the pipeline is 11.47m. If the water is to flow
in the pipe, the intake pressure must be at least 
11.47mH2O in addition to atmospheric pressure;
if it is less, the flow rate through the pipe will be
reduced.

2.3.3 Head loss in single parts (fittings)

In addition to the head loss in the pipe there is
energy loss due to friction in pipe parts (fittings)
because any obstructions in the pipe which create
extra turbulence will increase the head loss. Addi-
tional turbulence occurs in the inlet and outlet of
the pipe, in valves, bends, reductions, connections,
etc. The head loss can be calculated from the 
equation

Ht = kV2/2g

where:

Ht = head loss in the single part
k = resistance coefficient for the pipe part
V = water velocity
g = acceleration due to gravity.

Example
The water must flow through a 90° elbow: either two
45° elbows or one 90° elbow with k values of 0.26
and 0.9, respectively, can be used to achieve this. The
flow velocity is set to 1.5m/s. Calculate the head loss
in the two cases.

For the two 45° elbows

Ht = ΣkV2/2g
= 2 × 0.26 × 1.52/2 × 9.81
= 0.06m

For the 90° elbow

Ht = kV2/2g
= 0.9 × 1.52/2 × 9.81
= 0.10m

As this example illustrates, there is a great advantage
in using two 45° bends rather than one 90° bend to
reduce the head loss. This will apply, for instance,
for the outlet pipe from a fish tank.

The k values for different parts may be found from
special tables (e.g. Table 2.2). They are also found in
catalogues published by suppliers of fittings.

When constructing the pipe system the head 
loss that results from fittings in the pipeline must 
be considered in addition to the head loss in the
pipe itself. The resistance of every single part must
be added, so the sum of every single resistance plus
the head loss in the pipeline gives the total head
loss.

When designing the inlet pipe to a fish farm, it is
important to use smooth bends to reduce the total
head loss in the pipeline.

2.4 Pumps
Pumps are mechanical devices that add energy to
fluids by transforming mechanical energy (nor-
mally from electric motors) to potential and/or
kinetic energy of the fluid. Increase in potential
energy is illustrated by the lifting of water to an ele-
vated tank, while the increase in velocity and hence

Figure 2.10 Diagram showing the relation between
internal diameter, water flow (1000 l = 1m3), water veloc-
ity and head loss for a pipe with a known f value. (Repro-
duced with permission from Helgeland Holdings.)



the flow rate through a pipeline by pumping
increases the kinetic energy of the water. Pumps are
commonly used in aquaculture systems, usually to
increase the system pressure and thereby force the
water to move against an energy gradient. In most
aquaculture situations pumps are used to lift water
from one level to another. Water will flow only
when energy is available to create a flow, i.e. there
is a positive energy gradient. In hydraulic systems
pumps are used to create the pressure which is nor-
mally high. This allows the fluid to do work, such as
turn shafts or extend a hydraulic cylinder against a
load. Oil is commonly used in such systems, but
those using water are also available.

Pumps are fairly efficient machines for transfer-
ring energy to water, provided they are correctly
selected for the job. The key requirement when
selecting a pump is that there shall be a close cor-
relation between the system requirements and the
maximum operating efficiency of the pump; sub-
optimal pump selection may result in significantly
increased operating and maintenance costs and/or
result is system failure.

2.4.1 Types of pump

There are several types of pump based on different
principles (Fig. 2.11). The type of pump chosen

depends on a number of factors, including the
amount of fluid to be pumped and its characteris-
tics, and the head.

A major pump type is the displacement pump in
which liquid is displaced from one area to another.
An example is the piston pump: when the piston
moves up and down it creates, respectively, a
vacuum and pressure, and in this way the liquid is
transported; back-flow valves must be included.
Gear pumps and screw pumps are other types of
displacement pump. The pumps may break if the
outlet is blocked.

The ejector pump is based on another principle.
Here a part flow under high pressure is used to
draw a main stream with much higher water flow
but lower pressure. By pumping water into a 
specially designed narrow passage a vacuum effect
will occur and create a drag on the main stream.
The design of the ejector is most important. This
principle is used in pumps for fish transport, for
example.

In air-lift pumps, air is supplied inside an open
pipe standing partly below the surface and partly
filled with water. The air bubbles will then drag the
water towards the surface and in this way a water
flow is created inside the pipe. This principle may
be used to pump water, add air (aeration) and for
fish transport.
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Table 2.2 Typical resistance coefficients, k, for different fittings. Values of k will vary with the producer of the fitting.

Fitting k Comments

Pipe entrance in a basin 0.05–1 Lowest value with rounded inlet pipes; highest with pipes with sharp edges. The 
or in a river value is increased when the pipe goes into the basin.

Contraction of pipes 0.05–0.5 Lowest value with conical contraction and small alteration in the diameter.

Expansion of pipes 0.05–1 Lowest value with conical expansion and small alteration in the diameter.

Elbow Increasing with reduction in the pipe diameter. Long, smooth bends will have 
90 degree 0.5–1 reduced k values. Smaller angles will have lower k values.
45 degree 0.1–0.3

T-pipe (divided flow) 0.3–1.8 Depends on the proportion divided from the main flow; increased with increased 
part flow.

T-pipe (connection flow) 0.1–0.8 Depends on how much water is supplied via part flow in the T-pipe; increases 
with increased size.

Valves Values are highly dependent on the specification and the producer of the valve.
Ball valve 0.1 Values shown are for fully open valves.
Angle seat valve 1.3
Diaphragm valve 4
Check valve 2
Gate valve 0.2
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An endless screw pump is based on another prin-
ciple; among other uses, such pumps are employed
for sludge.

For aquaculture facilities there is a need to pump
a large amount of water with a relatively small

lifting height. Centrifugal pumps or propeller
pumps are the most suitable and most commonly
used. Centrifugal and propeller pumps are
described in Section 2.4.4.

Figure 2.11 Diagrams to show the prin-
ciples of different pump types.



2.4.2 Some definitions

Pump height

When water is lifted from one level to another the
height difference is called the static lifting height.
The lift height can either equal the pressure head
(in the case of a submerged pump) or it can be a
combination of vacuum and pressure head depend-
ing on where the pump is placed. In addition to this,
the pump has to overcome the head loss caused by
the friction in the pipe on both sides of the pump.
If a manometer that measures the pressure is con-
nected to the pump outlet the measured pressure is
the sum of the pressure head (static head) and head
loss. When the water passes through the pump it
needs to have certain velocity in order to flow; this
is called the velocity head. The total pressure head
is obtained by summing the manometric height and
velocity head. The actual pressure head at the end
of the pipe, in addition to the difference in level
must also be considered, for example when the
pump is required to deliver water to a pressurized
tank.

To collect water from a lower level, a vacuum
head must be overcome by removing air from the
inlet pipe to create a vacuum inside it. The pressure
of the atmosphere will force the surrounding water
up the inlet pipe. For this reason the vacuum head
must not exceed atmospheric pressure which is nor-
mally 1013mbar (10.3mH2O), although it depends
to some extent on the weather (low pressure, high
pressure) and the altitude. When a pipe is com-
pletely emptied of air, the water will therefore be
forced up the pipe to a height of 10.3m. The actual
suction head of a pump is, however, lower than 10.3
mH2O, because of losses such as from the velocity
head in the inlet pipe. To make a centrifugal pump
self-suctioning it must include a mechanism, for
instance a specially designed impeller, to remove
the air from the inlet pipe.

Cavitation

If the vacuum into the pump is too high, the water
may boil and vaporize. That the temperature of
vaporization pressure dependent can easily be illus-
trated with a pressure boiler, where the boiling tem-
perature of the water is increased; similarly, below
normal atmospheric pressure, the boiling tempera-

ture will decrease (see below). When a mixture of
liquid and gas goes through a pump the boiling
point will increase because the pressure around the
water molecules increases from vacuum upwards.
In changing from gas to liquid the bubbles undergo
violent compression (implosion) and collapse cre-
ating very high local shock, i.e. a sharp rise and fall
in the local pressure; the phenomenon is called cav-
itation. If this happens in connections to a pump or
in the impeller, small metal parts can be dislodged.
Multiple indentations or dimples in the material
can result. The same may occur on boat propellers
where worm like holes may be observed in the
material of the propeller.

Cavitation reduces the effectiveness of pumps
and will also shorten pump life. A characteristic
‘hammer’ noise is produced inside the pump when
it cavitates. Cavitation may also occur if there are
leakages in the pipe or pipe connection on the
suction side of the pump. If air leaks in here (known
as ‘false air’), it will create air bubbles that enter 
the pump chamber with the water where they
implode.

Cavitation can happen if the suction head is too
high. When the pressure around the water mole-
cules drops, the water will boil at a lower tempera-
ture (i.e. the boiling point of water is reduced). For
example, if the pressure drops from atmospheric
(10.3mH2O) to 1mH2O, water will boil at 46°C.This
phenomenon can be observed when boiling water
at high altitude, for instance in the Himalayas. Here
the water will boil below 100°C because the atmos-
pheric pressure is less than 10.3mH2O. Atmos-
pheric pressure also depends on the weather. The
safe static suction head will also decrease with
surface water temperature from 10.4mH2O at 10°C
to 7.1mH2O at 21.1°C.12

Net positive suction head (NPSH)

If the pump is not self suctioning, the water level
must be higher than the level of the pump. This
means that the impeller needs a certain pressure to
function optimally. The net positive suction head
(NPSH) gives the absolute lowest pressure the
water must have when flowing into the pump
chamber, or (more easily) the actual height of water
over the impeller. If the water pressure is lower
than the NPSH the pump will cavitate. NPSH
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depends on the water flow and increases with
increasing flow; it can be described as follows:

NPSH = hb − hv − hf + hh

where:

hb = barometric pressure
hv = vapour pressure of the liquid at the operating

temperature
hf = frictional losses due to fluid moving through

the inlet pipe including bends
hh = pressure head on pumping inlet (negative if it

is a static lift on the suction side of the pump).

Example
A pump is to be chosen for a land-based fish farm.
With an actual discharge (Q) and head (H), the nec-
essary NPSH can be read from the pump perfor-
mance curves to be 4mH2O.The fish farm is situated
close to the sea and the barometric pressure (hb) is
measured to be 10.3mH2O. The maximum tempera-
ture during summer time is 30°C which corresponds
to a vapour pressure (hv) of 4.25N/m2 equal to 
0.44mH2O. The friction loss in the inlet pipe includ-
ing loss in fittings (hf) with the actual water velocity
is 1.5mH2O. The static suction lift (hh) is 2m.

The NPSH can then be calculated as follows:

NPSH = hb − hv − hf + hh

= 10.3 − 0.44 − 1.5 + (−2)
= 6.36mH2O

This is higher than the NPSH value of 4mH2O that
the pump requires, which means that there will not
be any problems regarding NPSH when using the
pump.

The NPSH requirements of a specific pump are
given in the pump diagram (see section 2.4.5). This
value must be higher than the value calculated from
the above equation. Remember that NPSH is given
in units of pressure (mH2O, bar or pascal).

2.4.3 Pumping of water requires energy

Energy is required to pump water from one 
level to another. Energy consumption is usually
expressed as power (P), which is energy supplied
per unit time. P is measured in joules per second;
1J/s = 1 watt (W).

The following equation can be used to calculate
the energy requirement for pumping:

P = rghQ

where:

r = density of water (kg/m3)
g = acceleration due to gravity (m/s2)
Q = water flow rate (m3/s)
h = height that the water is pumped.

Example
Calculate the energy required to lift 1000 l/min
of water by 5m and 15m (including the friction
head). The density of water is 1025kg/m3, the flow
rate is 0.016m3/s and acceleration due to gravity is
9.81m/s2.

Case 1: 5m lift

P = rghQ
= 1025kg/m3 × 9.81m/s2 × 5m × 0.016m3/s
= 804.4J/s
= 804.4W.

Case 2: 15m lift

P = ρghQ
= 1025kg/m3 × 9.81m/s2 × 15m × 0.016m3/s
= 2413.3W
= 2.4kW.

This illustrates that by tripling the pump height the
energy requirement is also tripled.

The power supplied from the pump to the water
is called the water effect and is the sum of the veloc-
ity head, head loss and static head. As a result of
energy losses in the pump, more power is supplied
to the pump than the pump supplies to the water.
The efficiency of the pump, is given by the equation

h = PD/PS

where:

h = efficiency
PD = energy delivered from the pump to the water
PS = energy supplied to the pump.

Example
A pump has an efficiency of 75% and consumes 
5kW of electric power. How much of this power is
used to pump the water?

h = PD/PS

PD = hPS

= 0.75 × 5
= 3.75kW



Energy losses occur at several places in the
pump. This results in efficiencies below unity (Fig.
2.12). Losses occur in the pump motor (m), trans-
mission (t) and in the impeller (p), the sum of which
gives the pump efficiency. Low pump efficiency
results in the creation of heat, because energy
cannot disappear; for example, when using sub-
merged pumps this energy will be transferred to the
water, which is heated. In water re-use systems this
heating can be noticeable. The total efficiency of a
pump hA, can be calculated as follows:

hA = hp + ht + hm

Efficiency may also be defined as hydraulic effi-
ciency hH (loss when the water flows through a
pump), volumetric efficiency hv (leakage of water
between suction and pressure side of the pump, for
example in centrifugal pumps) and mechanical effi-
ciency hm (losses in the motor and transmission).

In fish farming the usual efficiency of well-suited
pumps is around 0.7. Efficiency normally varies
between 0.4 and 0.8.

Pump costs

To calculate the cost of pumping, the following
equation can be used:

Pumping cost = PdEP

where:

P = power (kW)
d = duration of pumping (h)
EP = electricity price per kWh (kilowatt per hour).

Example
A centrifugal pump with a 5kW power supply runs
continuously to supply a fish farm with water. Cal-
culate the yearly electricity cost of running the pump
with an electricity price of 0.1€.

Yearly pumping cost = PdEP
= 5kW × 24h × 365 days ×

0.1€/kWh
= 4380€.

2.4.4 Centrifugal and propeller pumps

Centrifugal pumps

Centrifugal pumps account for the majority of
those used by aquaculture enterprises. A centrifu-
gal pump contains three major units: the power
unit, the pump shaft and the impeller (Fig. 2.13).
The power unit, an electric motor, causes the pump
shaft to rotate and with it the attached impeller.
Around the rotating shaft where the impeller and
motor are fixed there are seals that prevents
leakage via the shaft into the motor.

If the inlet and the pump cavity are filled with
water (primed), the rotation of the impeller causes
movement of water molecules which will be accel-
erated outwards towards the periphery of the
impeller. This will reduce the pressure in the centre
of the impeller and new water is drawn into the eye
of the impeller via the pump inlet. Vanes on the
impeller may direct the flow of water and help to
transfer the energy from the impeller to the 
water.

Water Transport 23

Figure 2.12 Only part of the electric
energy fed to the pump is used to transport
the water.
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The rotation of the impeller imparts high veloc-
ity to water molecules at the periphery. When this
water leaves the impeller, the velocity is rapidly
reduced and the dynamic head is converted to static
head. How the pressure changes from the inlet to
the outlet on a centrifugal pump depends on the
characteristics of the pump. The outlet pressure is a
function of the inlet pressure and pump character-
istics, mainly the design of the impeller.

The impeller may be open, semi-closed or
enclosed; all have different characteristics (Fig.
2.13). The choice depends on the amount of partic-
ulate matter in the water. If there are many parti-
cles (sludge like), an open or semi-closed impeller
is normally used; if there are few particles or high
pressure is required, an enclosed impeller is used.
The enclosed impeller has the highest efficiency, but
tolerates the lowest amount of suspended solids in
the water. In aquaculture facilities all types of
impeller are used.

Propeller pump

Propeller pumps are of simple construction with a
propeller rotating inside a pipe (Fig. 2.14).The prin-
ciple is the same as a propeller on a boat, but
instead of moving the boat, the propeller is fixed so
the water moves instead. Propeller pumps have the
advantage that they can deliver large amounts of
water at low pressure (normally less than 10
mH2O). The reason for the low pressure is leakage
that occurs between the two sides of the propeller
(head and suck). On some pumps the flow rate can
easily be varied by adjusting the angles of the pro-
peller vanes. The propeller is normally installed in
a vertical pipe, but it is also possible to place it in a
horizontal pipe to create a flow.

Dry placed or submerged pumps

Centrifugal pumps can be dry placed, either above
water level or in a dry well below water level. They
can also be installed in the water as submerged
pumps (Fig. 2.15).

A dry placed pump consists of a pump chamber
with an impeller, a transfer shaft and an electric
motor. On dry placed pumps the motor is cooled by
a fan and on submerged pumps by water. Between
the pump chamber and the motor there is a seal to
prevent water leaking into the motor. Dry placed
pumps may also be made self-suctioning by use of
a specially designed impeller. Dry placed pumps are
normally bolted to a rack that is fixed to the floor.

In a submerged pump the motor and the pump
chamber are usually built together and encapsu-
lated in one unit which is lowered into the water.
As for dry placed pumps, it is important to have a
good seal between the pump chamber and the
motor. The whole must be watertight, to prevent
water from entering the motor.The motor is cooled
by the surrounding water and the encapsulating
part can be equipped with cooling ribs to facilitate
this.

Both dry placed and submerged pumps are com-
monly used in aquaculture. The advantage with dry
placed pumps is that maintenance is simple because
it is easy to access the pump and pump parts. A dis-
advantage could be that artificial cooling of the
motor is necessary, needing a fan. If there are leak-
ages in the inlet pipeline false air may be drawn in,

Figure 2.13 A centrifugal pump contains three major
units: the power unit (motor), the pump shaft and the
impeller which can be open, closed or semi-closed.



causing cavitation in the pump and supersaturation
of nitrogen (see Chapter 8), especially when using
dry placed pumps standing above the water surface.

2.4.5 Pump performance curves and working
point for centrifugal pumps

Characteristics curves

The characteristics curves (pump diagram) are used
to describe the performance of centrifugal pumps

(Fig. 2.16). The most important is the head versus
capacity curve which shows the connection
between the water flow (discharge) and the head.
Depending on its construction the same centrifugal
pump can either be used to deliver a large water
flow with a low head or a smaller water flow with a
larger head.Adding a valve on the pump outlet and
gradually closing it will decrease the water flow but
increase the head, because the cross-sectional area
through which the water is forced is reduced.As the
valve is closed more pressure is needed to discharge
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Figure 2.14 A propeller pump com-
prises a fixed propeller rotating inside
a pipe. This results in transport of
water through the pipe. The photo-
graph shows water delivery from 
submerged propeller pumps.



26 Aquaculture Engineering

the water; again this increases the pump head. A
pump characteristics curve can be constructed by
measuring the water flow that the pump delivers
with different heads: if pump behaviour is ideal, the
plot should be a straight line. This seldom happens
because of the reduction in pump efficiency at the
limits of performance, so the plot is curved. If large
amounts of water are being pumped, the friction
loss through the pump becomes large. In addition
to the frictional losses there is so called impact loss
resulting from the impact of the water molecules
hitting the impeller and the inlet and outlet parts of
the pump chamber. The highest losses occur with
large heads and large flows at the ends of the pump
characteristics curve, close to the x- and y-axes.This
is to be expected, because a pump has the highest
efficiency at its construction point in the middle of

the characteristics curve. Normally this point is dis-
tinctly marked.

A pump’s characteristics will of course depend
on design and size of the chosen impeller, each of
which will have individual characteristics. A cen-

A

B

Figure 2.15 Centrifugal pumps are either (A) sub-
merged (pump shown ready to lower into the water) or
(B) dry placed.

Figure 2.16 Pump performance (characteristics)
curves for centrifugal pumps: head, efficiency, power
supplied and net positive suction head are plotted
against water flow rate (discharge).



trifugal pump can normally be delivered with dif-
ferent impellers, and it is quite easy to change them.
In many cases several pump characteristics are
given in the same diagram, one for each diameter
of the impeller.

The pump diagram may also show a plot of pump
efficiency versus discharge. A pump that works as
closely as possible to the maximum efficiency (con-
struction point) should be chosen; operation away
from the construction point will result in decreased
efficiency. Pump efficiency may also be given in the
so-called shell or muscle diagrams in which curves
and/or circles represent percentage efficiency.

The power requirements are also given in the
pump diagram. Here the necessary power that must
be supplied to the pump is plotted versus different
discharges and heads.

The NPSH curve gives information about the
necessary ‘over-pressure’ required by the pump
which, as described earlier, increases with increas-
ing water flow. It is important to be aware that the
curve showing the NPSH is constructed in relation
to atmospheric pressure, i.e. 10.3mH2O. The sup-
plied (inlet) pressure is the sum of the air pressure
and water pressure to the pump impeller. If this is
lower than the NPSH requirements shown on the
curve, the pump will cavitate. There will not nor-
mally be problems with NPSH if there is positive
water pressure into the pump. Problems are more
likely to occur when there is static suction lift into
the pump.

Pipeline characteristics

When delivering water through a pipeline, the pres-
sure and/or head that the pump has to deliver
depends on the flow rate to be pumped through the
pipe. If the pump is not running, the only resistance
is the fixed static head; however, when the pump
starts to work there is in addition a resistance head
(manometric head) caused by friction losses in 
the pipe.

The manometric head increases with the flow
rate through the pipe. If the pump does not lift the
water to a higher level, but only overcomes friction
in the pipes, there is no static head, but only a resis-
tance head. To find the total friction, the character-
istics of the total pipe system, including pipe length,
pipe material, number of bends, etc., must be
known. With this information the total head loss

through the system with different water flows can
be calculated. The results may be plotted to show
the connection between the total head and the
water flow. This curve is called the pipeline charac-
teristic curve. It starts at zero if there is no start
head and increases exponentially with the water
flow (Fig. 2.17).

Working point

To find the working point for a pump with given
pipeline characteristics, the pipeline and pump
characteristic curves can be drawn on the same
diagram (Fig. 2.17). The actual working point of the
pump will be at the intersection of the two curves.
This point shows the water flow that the pump will
deliver through the pipeline. To achieve the best
possible efficiency it is important that this point is
as close to the construction point of the pump as
possible. If not, another pump should be chosen.

2.4.6 Change of water flow or pressure

When choosing a pump it is important that 
the pump works as closely as possible to its 
construction point. What may then be done if the
chosen pump does not fulfil this condition and
cannot be changed?

Change of impeller (pump wheel)

Most of the centrifugal pumps can be supplied with
different impellers. By selecting an impeller of dif-
ferent shape and diameter it is therefore possible to
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Figure 2.17 By drawing the pipeline characteristic
curve and the pump characteristic curve on the same
diagram the working point of the pump is found at the
intersection.
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change the pump characteristics (Fig. 2.18). In this
way it is possible to find an impeller that is better
adjusted to the working point of the pump, and
better efficiency can be achieved.

The following connections can be used to show
the pump performance when reducing or increas-
ing the diameter of the impeller:

Q2/Q1 = d2/d1

H2/H1 = (d2/d1)2

P2/P1 = (d2/d1)3

where:

d2 = diameter of smallest impeller
d1 = diameter of largest impeller
Q = flow rate
H = head
P = power requirement.

Example
The diameter of an impeller to a centrifugal pump is
increased from 515mm (d1) to 555mm (d2).The flow
rate in the first case was 700 l/s (Q1) and the head is
9m (H1). Calculate the new flow rate (Q2) and the
new head (H2).

Q2 /Q1 = d2/d1

Q2 = 1.08 × 700
= 754 l/s

H2/H1 = (d2 /d1)2

H2 = 9 × 1.16
= 10.5m

These equations are most reliable with a range of
20% increase/decrease in diameter, because large
changes of the diameter of the impeller may alter
pump geometry.12

Connection of pumps

Pumps can be connected in series (one after
another) or in parallel (beside each other). In this
way the water flow and water pressure can be
changed (Fig. 2.19). When pumps are connected in
series, they are placed one after another in the same
pipeline, so increasing the head while maintaining
the same water flow. The inlet pressure of the
second pump is the outlet pressure from the first
pump so the pressure head is increased.

When pumps are connected in parallel, the main
pipeline is divided into two sub-pipelines. One
pump is placed in each sub-pipeline; these are then
connected to the main pipeline. Parallel connection
doubles the water flow, while the head remains 
constant.

High pressure pumps

High pressure pumps are special types of centrifu-
gal pumps that utilize a system of pumps connected

Figure 2.18 Changing the impeller alters the charac-
teristics of the pump.

Figure 2.19 The flow rate and pressure may be
changed by connecting pumps in series (one after
another in the same pipeline) or in parallel (beside each
other in separate sub-pipelines).



in series (Fig. 2.20). In a high-pressure (multi-stage)
pump the impellers are connected in series, and can
share the same motor and shaft. The motor and
shaft are of course larger than if a single impeller 
is used. When the water leaves the first impeller 
it is collected and directed into the centre of the
next impeller and so on, and the head gradually
increases depending on the number of impellers.
This is possible through the design of the pump
chamber. High-pressure pumps are used for
instance for pumping groundwater from great
depths or for other purposes where there is either
a large head to be overcome or if a high water pres-
sure is required.

2.4.7 Regulation of flow from selected pumps

In many cases there is a requirement to adjust the
water flow from specific pumps, for instance to
reduce it. It is possible to use several methods for
this purpose and these are briefly described below.

Adjustment of RPM

One method for regulating the water flow from a
pump is to change the speed (RPM) of the motor
and hence the impeller. When the speed is dimin-
ished both the water flow and the head are reduced.
The usual type of electric motor employed for
pumps is an asynchronous motor. Its speed may be
changed by coupling in and out extra sets of poles
in steps by a switch, which will change the RPM of
the motor, also in steps. The following connection
is given between the RPM (n), water flow (Q), head
(H) and the power (P):

Q2/Q1 = n2/n1

H2/H1 = (n2/n1)2

P2/P1 = (n2/n1)3

From these equations it can be seen that the water
flow increases in direct proportion to the RPM, the
head increases in proportion to the square of the
RPM, and the power increases in proportion to 
the cube of the RPM.
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Figure 2.20 In a high-pressure (multistage) pump the
impellers are connected in series and have a common
motor and shaft.
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Continuous adjustment of the RPM in pumps is,
however, difficult in practice. The motor on a cen-
trifugal pump normally uses alternating current and
the continuous adjustment of a.c. motors is quite
complicated and expensive. The usual way to adjust
the motor speed is to transform the frequency of
the current (Fig. 2.21). If, for instance, the normal
frequency of the electricity is 50Hz, reducing it to
40Hz will reduce the speed of the motor, which will
reduce the water flow out of the pump but main-
tain the head. Reducing the a.c. frequency can
affect the pump motor; if it is reduced too much,
the motor will stop and may be destroyed.The same
thing can happen if the frequency is increased to
above 50Hz.

The disadvantage of this system is that frequency
regulators are quite expensive and some energy

loss occurs during frequency transformation. Large
improvement have, however, been made in the
technology in this field during the past few years,
and the cost has been considerably reduced.

Example
A pump delivers 300l/s.The speed of the pump motor
must be changed so that the pump only delivers 
200 l/s. The original speed of the pump is 2800RPM/
min. What is the new speed? The power supply is 
30kW at the start. What is the new power supply?
The new RPM is going to be:

Q2 /Q1 = n2/n1

n2 = Q2n1/Q1

= 200 × 2800/300
= 1867RPM

The new power supply will be:

P2 /P1 = (n2/n1)3

P2 = P1(n2/n1)3

= 30(200/300)3

= 8.9kW

Throttling

By placing a throttle valve on the pressure side, it
is possible to close the outlet of the pump (throt-
tle) (Fig. 2.22). In this way an artificial head is
created and hence a reduction in the water flow,
according to the pump characteristics. Higher throt-
tling results in a move to the left on the pump curve.
To throttle on the pressure side is only possible for
centrifugal pumps, because the water is inhibited
from going to the peripheries of the impeller.Throt-

Figure 2.21 A frequency transformer changes the fre-
quency of the current and may therefore be used to reg-
ulate the pump speed.

Figure 2.22 Throttling on the pressure side may be
used to reduce the water flow from a centrifugal pump,
but is not a good solution.



tling on the pressure side on pump types other than
centrifugal and propeller can result in pump break-
age. Throttling centrifugal and propeller pumps is
not very satisfactory as there is significant energy
loss because the throttling valve creates an artificial
head.The power consumption is the same when the
water flow is reduced, which easily can be seen from
the left shift on the characteristics curve. To throt-
tle a centrifugal pump on the suction inlet must be
avoided as this easily creates cavitation conditions
in the pump.

Several pumps

If there are large water requirements and the dis-
charge varies, it is an advantage to use several
pumps of different sizes. In this way it is possible 
to couple pumps in and out and by doing this 
vary the total flow rate (parallel connection) and 
at the same time achieve an overall high efficiency
for all the running pumps. To use several pumps 
will also improve the reliability because one 
pump can stop without halting the total water flow
to a farm.
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3
Water Quality and Water Treatment:

an Introduction

investments costs involved in the running of rearing
units it is of course vital that the production per unit
of farming volume is as high as possible. Fish can
live well in the wild even if water quality is sub-
optimal. However, the food supply is usually
limited and the growth rate will be much lower than
that possible under optimal conditions.

There is often some kind of stress response
involved when there is an outbreak of disease.
Disease can be latent in the stock but can become
a problem if the fish are exposed to some kind of
stressor, for instance sub-optimal water quality. In
fish farms, where fish are grown as quickly as pos-
sible, they are already under stress and so disease
outbreaks are more likely due to sub-optimal envi-
ronmental conditions. It has been shown that by
catching wild fish and holding them under farming
conditions at a high stocking density, it is very easy
to cause a disease outbreak, even if the water
quality is equal to that found at the wild site where
the fish were caught.

Many experiments have been carried out for the
species farmed today, and there are quite good data
for recommended water quality.8,9 However, as the
amount of new water added per kilogram of fish is
continuously decreasing, research is focused on
accurately documenting lowest acceptable levels of
nutrients, etc. to maintain optimal growth. Norwe-
gian salmon smolt production can be taken as an
example. In 1985 the average size of the fish was 
40g while today is it over 100g, as the result of
improved feed and increased individual growth
rate. Most of the sites used have limited fresh water
resources and therefore the amount of new water
supplied per kilogram of fish has been reduced,

3.1 Increased focus on water quality
As the aquaculture industry becomes ever more
intensive, the focus on water quality in the rearing
units will also increase. Higher production densities
will also increase the requirements for optimal
water quality, because of the degeneration in
quality when the water flows through the produc-
tion unit.

The importance of water quality is independent
of the type of rearing unit and location of the pro-
duction facilities. If using open production units in
the sea such as sea cages, it will of course be more
difficult to treat the water to improve quality, even
though this is starting to happen (see Chapter 8
concerning oxygenation in open sea cages). On
land-based fish farms with control of both the inlet
and outlet, water treatment to improve the water
quality will be much easier to perform.The increase
in aquaculture production based on water re-use
systems will focus attention on water treatment to
improve quality.

During the past few years, the focus on the envi-
ronmental impacts of the aquaculture industry have
increased.1–5 In future, more stringent requirements
will be set to reduce these impacts. It is possible to
reduce the discharge from the facility by optimal
production management, and also by treating the
outlet water from closed production facilities. It will
also be important that production is adapted to site
capacity, and of course that it is sustainable.6,7

3.2 Inlet water
While fish will grow in water of sub-optimal quality,
their growth rate will not be maximized. With high
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mainly by adding pure oxygen: in 1985 the licence
requirement for new water was 0.38 l/kg fish/min,
while today in dry periods it is down to 0.1–0.2 l/kg
fish/min.10

Water quality requirements depend upon the
species. The same is the case regarding require-
ments for the various life stages; the early stages
normally have the highest requirements for optimal
water quality. Even if the quality requirements vary,
it is better to have good quality water than bad, if
this is possible.

Optimal water temperature is species specific
and so general advice is impossible. Species can be
defined generally as warm water species (>20°C)
and cold water species (<20°C). Some species tem-
peratures prefer below 10°C. If the water tempera-
ture falls below 0°C freezing will be a problem. The
oxygen content of the water enclosure (see full 
saturation, p. 119) is reduced with increasing tem-
perature. At 5°C the available oxygen content is
12.8mg/l while at 25°C is it reduced to 8.2mg/l.

The water ought to be fully saturated or super-
saturated with oxygen gas. It is very important that
the oxygen content of the rearing water is high
enough: for instance, 7mg/l (70% saturation) is the
typical value for the outlet water in salmonid
farming, 30% having been consumed by the fish.

Of the other gases dissolved in the water, the con-
centrations of nitrogen (N2) and carbon dioxide
(CO2) must not be too high. The nitrogen gas con-
centration should be below 100.5% saturation. For
carbon dioxide, levels are not only dependent upon
the inlet concentration, they also increase in the
tank as a result of fish metabolism which releases
CO2 into the water; the outlet concentration must
not therefore be too high.

Water pH must neither be too low nor too high
(the latter is seldom the case). This applies to fresh-
water, since seawater has stable pH values of
7.5–8.2. Sufficient alkalinity in the water helps to
control fluctuations in pH.

Too many particles in the inlet water may have
negative effects on the fish, for instance by clogging
their gills. Fish faeces will increase the particulate
content of the water, the outlet concentration of
which must not be too high.

Ammonia may be a problem in production unit
outlet water because of waste products from fish
metabolism, but only with very limited supply and
exchange of water.With normal water sources there

are no problems with ammonia concentration in
the inlet water.

The concentration of metal ions in the inlet water
may be of levels that are toxic to fish; low pH may
increase this toxicity. Problem metals include alu-
minium, copper, iron, zinc and cadmium.

Micro-organsims, including parasites, bacteria,
viruses and fungi, may be present in the inlet water
at concentrations unfavourable for aquaculture.

Interactions between several water quality para-
meters, for instance between pH and metals, may
also pose quite a challenge. To fully understand
water treatments effects, a good knowledge of basic
water chemistry is an advantage; this topic is not
covered in this book but extensive literature is
available, for example refs 11-13.

3.3 Outlet water
All outlet water discharged from aquaculture facil-
ities can present environmental problems which
create an imbalance in the ecosystem in the recipi-
ent water body. This is especially important when
the outlet water is discharged into freshwater.
Freshwater recipient water bodies are of limited
volume, whereas the sea represents an infinitely
large water body; therefore the consequences of a
discharge into a freshwater recipient, such as a
small lake, will be much greater for both open and
closed production units.

The effluent discharged from a fish farm can
contain three classes of pollutant (Fig. 3.1):

• Nutrients and organic matter
• Micro-organisms
• Escaped fish
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Figure 3.1 Every fish farm, whether it is on land or in
the sea, will discharge effluent.
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The quantity of nutrients and organic matter dis-
charged depends on the amount of feed used and
farm management practices.The nutrient content in
the feed must be optimal for the fish, and as much
as possible must be available to and taken up by the
fish. The amount of feed supplied must be optimal
in relation to appetite, so that feed loss is avoided.

Discharge of nutrients to the recipient water
body will result in increased algal growth leading 
to eutrophication and imbalance in the recipient
ecosystem. Discharge of too much organic matter
to the recipient water body may result in lack of
oxygen during the night as a result of decomposi-
tion. Local accumulation of fish faeces in the 
recipient water body may cause anaerobic decom-
position, possibly accompanied by release of hydro-
gen sulphide (H2S) which is toxic for small animals
and fish (Fig. 3.2). This shows the importance of
having an adequate water current at the point
where the discharge is released.

The larger concentration of biological material in
a restricted volume compared to the case in natural
conditions means that possibilities for disease out-
breaks in a fish farm are greater than in the wild.
The effluent water may therefore also contain 
a higher concentration of pathogenic micro-
organisms such as parasites, bacteria, viruses and
fungi, that can cause disease in the fish population.
This may again have significant consequences for
the wild fish in the recipient water body. If there are
possibilities for ‘short circuiting’, the fish farm may
function as a facility for increasing the concentra-
tion of pathogens (Fig. 3.3). For land-based fish
farms this can be illustrated with pathogens that are
ejected in the effluent water from the farm and are

taken in again with the inlet water. This also shows
the importance of not having these pipes too close
to each other.The best arrangement is to have them
in different water bodies, or to treat either the inlet
or the outlet water. Fish that migrate can also be a
host for transporting micro-organisms up rivers,
meaning that short circuiting also can occur 
here. Migration obstructions in the river may be a
solution.

Figure 3.2 Local anaerobic decompo-
sition may occur in the recipient water
body if the point discharge is excessive.

Figure 3.3 Short circuiting between the outlet and inlet
water to the fish farm must be avoided to prevent the
concentration of pathogenic micro-organisms increasing
in the recipient water body.



Moving aquatic organisms from one farm to
another may, via the water used for transport, bring
new micro-organisms to the recipient farm. The
result can be an outbreak of disease on the fish in
the recipient farm. Some wild stocks may, through
natural evolution, have developed natural immu-
nity against some pathogenic micro-organisms
while others may represent a large threat. An
example of this is the salmon parasite Gyrodacty-
lus salaris where the Atlantic salmon in a few rivers
have developed immunity, whereas in most rivers
the stocks have no immunity. When moving fish
containing such micro-organisms between rivers, or
between farms with outlets to different recipients,
the consequences can therefore be fatal. Treatment
of the effluent water is absolutely necessary in such
cases.

Escape of fish or other aquatic organisms from
farm conditions may also present environmental
problems, except where local stock that not has
gone through to a breeding programme is used on
the farm. If the stocks have gone to a centralized
breeding programme where mixing of local stocks
from different districts occurs, or much more 
seriously, if genetic manipulations have been per-
formed, there may be significant consequences
attending escapes. The fish farming industry has
benefitted greatly from national breeding pro-
grammes; for example, growth rates and feed uti-
lization have been improved.14

What can happen when several fish escape from
a farm? One possibility is that they can establish

their own stock in the recipient water body. This
may result in competition for feed and habitat with
the naturally occurring stocks. Another possibility
is that they can interbreed with the local stocks and
create unwanted hybrids. Even if no interbreeding
occurs the escaped fish can destroy the breeding
grounds or breeding nests of the wild stocks. Of
course, none of this is wanted and therefore is it
very important to try to avoid escape of fish and
other aquatic organisms from farm conditions.

3.4 Water treatment
All treatment of water leads to a change in the
water quality, and it is improvement that is wanted.
Regardless of the incoming water quality, it will
always be possible to obtain a quality good enough
for growing aquaculture products. The problem is,
however, the cost; all water treatment operations
involve expenditure. A major advantage for a good
farming site is therefore to have good quality
incoming water with low treatment requirements.

Several processes may be needed to adjust the
water quality. The inlet water to land-based farms
is aerated; pH adjustment and particle removal are
also required. Heating and chilling are normally
used to create optimal growth conditions. In some
cases disinfection is needed to reduce the burden 
of micro-organisms, especially in fry production
(Fig. 3.4).

The outlet water from the fish farm may also be
treated to avoid affecting the water quality of the
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Figure 3.4 Water treatment processes.
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recipient water body. If the recipient water body is
highly eutrophicated the outlet water must be
treated, and this is also the case if there are valuable
wild stocks in the receiving water. Treatment of
outlet water will, however, increase production
costs, and is done only when necessary. Often 
government regulations will dictate the level of
treatment required. Sites that require less water
treatment are therefore favoured.

Treatment of the outlet water is normally
restricted to removal of part of the suspended
solids. From a cost perspective, is it normally impos-
sible to remove dissolved substances such as nutri-
ents and small micro-organisms in a flow-through
farm with relatively high fish densities, because of
the size of the water flow; if re-use systems are
employed, such treatments may be included.
However, re-use systems have much higher invest-
ment costs than flow-through farms.

The treatment requirements of a complete
system are described in Chapters 4–10: the follow-
ing six chapters will focus on the methods most
commonly used in aquaculture for water treatment,
concluding with a chapter on water re-use systems.
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4
Adjustment of pH

the alkalinity in aquaculture systems, together with
hydroxides (OH−). In the carbonate system com-
pounds are related to each other via different 
equilibria:

CO2 + H2O ↔ H2CO3

H2CO3 ↔ HCO3
− + H+

HCO3
− ↔ CO3

2− + H+

where:

H2CO3 = carbonic acid; HCO3
− = bicarbonate ion;

CO3
2− = carbonate ion; CO2 = carbon dioxide.

Water with free bicarbonate will take up H+ ions.
The amount of each ion in the water is pH-related:
in water of low pH there is excess carbon
dioxide/carbonic acid; in water of pH 7 there is
excess bicarbonate, and in water of high pH excess
carbonate ion. The units for alkalinity are either
mg/l as CaCO3 or milliequivalents per litre (meq/l)
where 1meq/l is equal to 50mg/l CaCO3.

A buffer is defined as a substance capable of 
neutralizing both acids and bases in a solution 
and thereby maintaining the original acidity or
alkalinity of the solution and the resistance to pH
changes when adding moderate amounts of base or
acids.

Hardness is sometimes confused with alkalinity,
mainly because it can be expressed using the same
units. Hardness is, however, a term for the sum of
all metal ions in the water. This is dominated by the
bivalent cations of calcium (Ca2+) and magnesium
(Mg2+), but manganese (Mn2+), iron (Fe2+), sodium
(Na+) and potassium (K+) may also be important.
Because calcium and magnesium are included, hard
water may also have high alkalinity, but this is not
necessarily always so. If, for instance, sodium and

4.1 Introduction
On some sites the freshwater pH is too low to
achieve optimal growth for fish or shellfish. At
other sites the buffering capacity of the water is low,
and it is difficult to avoid pH fluctuation in the
water. This again results in negative effects on
growth. Sites where acid rain is a problem are par-
ticularly exposed to this. Further, in re-use systems
(Chapter 10) biological filters are used to remove
ammonia and this causes a drop in pH that must be
corrected to maintain optimal growing conditions.

4.2 Definitions
pH is the measure of acidity or alkalinity in a solu-
tion. It is presented on a number scale between 1
and 14, where 7 represents neutrality and the lower
numbers indicate increasing acidity and higher
numbers increasing alkalinity. Each unit of change
represents a tenfold change in acidity or alkalinity.
What is measured is the negative logarithm of the
effective hydrogen-ion concentration or hydrogen-
ion activity in gram equivalents per litre of the 
solution.

pH = −log[H+]

If substances are added to the water they may 
act as acids, bases or be neutral. Acids give free
hydrogen ions (H+) and bases free (hydroxyl ions)
(OH−).

The alkalinity of the water is a measure of its
capacity to neutralize acids, meaning its ability to
keep the pH constant. If the alkalinity of the water
is low fluctuation in pH occurs easily. The carbon-
ate system normally represents the major part of
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potassium are responsible for the alkalinity, the
hardness can be low. The following water classifica-
tion system can be used: soft water, hardness less
than 50mg CaCO3/l; moderately hard water 50–
150mg CaCO3/l; hard water 150–300mg CaCO3/l;
very hard water, above 300mg CaCO3/l.1 Conduc-
tivity may be used as a unit to determine hardness,
measured as microsiemens per cm (μS/cm).

4.3 Problems with low pH
pH that is too high or too low will have negative
effects on the fish.2–5 Low pH can cause damage to
the gills, skin and eyes. Higher H+ concentrations
will also increase the permeability of the gills,
leading to leakage of Na+ and Cl− which creates
osmotic problems. First, the effects can be regis-
tered as a reduction in growth; too low a pH will
kill the fish. In natural populations, the pH may vary
from 5 to 9, but for aquaculture facilities it is rec-
ommended to be in the range 6.5–9.2,3 Problems
with metals in the water are best avoided; tolerance
may vary with fish species and life stage, with newly
hatched fry being especially sensitive. For crayfish,
for example, the pH and alkalinity must be high
because they utilize Ca2+ in the water for shell 
synthesis.

The solubility of metal ions in the water will
increase with reduction in pH. There have been 
particular problems with the concentrations of alu-
minium (Al+++) in fish farming; this metal leaches
from the soil or bedrock in the catchment area. The 
toxicity of the complexes of Al or Al precipitates
varies. A drop in pH will change the existing Al
complexes to more toxic ones, meaning that fatali-
ties can occur even if the pH itself does not repre-
sent any danger. The most stable and non-toxic
forms of Al are in the pH range 6.5–6.8. Calcium
will ameliorate problems with aluminium because
it protects the gills from aluminium and also from
acidity.6 Toxic effects also depend on temperature,
because rate of reaction increases with rise in tem-
perature. Normally is it therefore not the pH that
is dangerous, but the combination of low pH and
metal ions.

Some of the aluminium or other metal complexes
that are toxic are unstable and will only persist for
a short period. This may occur when mixing water
with different qualities and characteristics, and a
mixed zone of water with different qualities is

achieved. If this reaches the fish tanks, fatalities may
result. It is really important to be aware of this in
intensive fish farming, where water from sources of
different quality and temperature is mixed just
before entering the fish tank. For instance, a brief
drop in pH may occur in a water source due to fall
of acid rain or ice melting in the catchment area;
this may create a mixed zone in the water source
(river or lake).7 Where single Al complexes coagu-
late and create larger, more toxic Al complexes.

In mixing zones is aluminium entering the gills
causes osmotic stress.6 When it is taken up, it can
cause damage to the nervous system and block
enzymatic reactions. As a defence mechanism,
mucus may be secreted and oxygen uptake is
thereby reduced, which may result in death. If there
is a possibility of problems with metals ions, choice
of the correct adjustment agent is important.

Water alkalinity for intensive fish farming and
pond aquaculture is recommended to be above 
40mg/l CaCO3 to stabilize the pH and protect health
and physical quality.3 Alkalinities in the range
100–200mg/l CaCO3 will, however, give several
additional advantages, including making a stable
water source for biofilters in a re-use circuit, adding
buffer capacity to avoid pH fluctuation in ponds,
and reducing the toxicity of heavy metals.8 In ponds
there will be a fluctuation in pH during the day and
night due to biological processes. During the night
the algae (phytoplankton) and fish will release CO2

so the pH will drop if the alkalinity is low; during
the daytime the algae will consume CO2 by photo-
synthesis faster than the fish release it; therefore the
pH will increase. The pH can vary from 5 to 10.9

4.4 pH of different water sources
The pH will of course vary with the water source.
Seawater normally has pH value between 7.8 and
8.3 and has a good buffering capacity due to the
available free bicarbonate. There is normally no
need for pH adjustment. The only exception being
when re-using water to a great extent.

For fresh surface water, whether river or lake, the
pH will be highly dependent on the ground char-
acteristics and whether the catchment area is
exposed to acid rain. Normal pH values are
between 4 and 8.5. Groundwater has a more stable
pH, but the buffering capacity can be reduced and
values between 5.5 and 8.5 are common. If there is



limestone rock in the catchment area the pH will
be high, while the pH of water coming from marshy
areas can be low. The alkalinity of the different
sources can vary from below 10mg/l CaCO3 in soft
freshwater to several hundred of mg/l CaCO3 in
seawater and hard freshwater.10

It is important to be aware that there can be fluc-
tuations in the pH of freshwater during the year.
Floods during spring may result in dramatic reduc-
tions in pH, especially when snow is melting in 
the catchment area where acid has accumulated 
in the snow. Also dry weather may affect the pH of
the water.

4.5 pH adjustment
The need for pH adjustment or neutralization of
the water depends on the water source, the species
farmed and the production system (e.g. water 
re-use system).

The principle used to adjust pH in acid water is
to remove the free H+ ions. Methods must therefore
attract and bind the H+ ions and will therefore
involve basic solutions. The pH is usually regulated
to between 6.5 and 7 either by adding hydroxides
(OH−) or carbonate compounds. Examples of the
hydroxide group include lye, sodium hydroxide
(NaOH), calcium hydroxide or slaked lime
(Ca(OH)2) and magnesium hydroxide (Mg(OH)2).
Carbonate compounds include different forms of
lime (calcium carbonate (CaCO3) and quick lime
(CaO)), in addition to dolomite (CaMg(CO3)2,
magnesium carbonate (MgCO3), sodium carbonate
(Na2CO3) and sodium bicarbonate (Na2HCO3).
Where there are problems with aluminium silica lye
has also been used with advantage to reduce the
acute toxicity.11,12 Silica (SiO2) will attract labile alu-
minium and prevent the occurrence of long Al
chains and creation of mixed zones.

If carbonate compounds are used there will, in
addition to the increase in pH, be an increase in the
buffering capacity of the water, i.e. an increase in
the alkalinity of the water, which will then be more
stable against pH drops. If adding lye complexes
this effect will be minor but the pH will increase; it
can, however, be simple to overdose with lye so the
pH gets too high.

The pH must be adjusted before the water
reaches the fish tanks. Normally there will be a need
for some retention time so that the adjustment

agents can function and to prevent unstable toxic
metal complexes reaching the fish tank (mixed zone
problems). Treatment at the start of the fish farm
inlet pipe or using a holding tank to retain the water
for some time after adding the pH treatment can
solve this agent problem. The solubility and rate of
solution will also depend on the chemical chosen;
for example, sodium bicarbonate will react quickly,
while dolomite reacts more slowly.

It is also important to achieve good mixing of the
pH treatment agent with the incoming water; some
kind of mixing equipment is quite normal and can,
for instance, be a mixer, use of air bubbles or by
addition of the chemical before pumping. The form
of the pH agent (liquid, meal, powder or larger
grain or rock) will dictate the requirements for the
mixing equipment.

In a fish tank there will be an increase in the CO2

concentration resulting from the fish metabolism.
If the fish density is high compared to the water
supply and pure oxygen is supplied in addition, the
reduction in pH may be noticeable. When adding
pH regulating agents to the water, care must be
taken because the water will also contain ammonia
that is toxic for the fish, the amount of which is 
pH dependent (see Chapter 9); decreasing the 
pH will reduce the amount of dissolved ammonia.
If the pH is adjusted without doing anything to
reduce the concentration of ammonia, fatalities
may result.

4.6 Examples of methods for 
pH adjustment

4.6.1 Lime

Lime of various forms is a good substance for
increasing the pH of acid water. When adding lime
(calcium carbonate (CaCO3)) to water with low pH
the following process will take place, as mentioned
earlier:

CaCO3 ⇒ Ca2+ + CO3
2− (calcium carbonate is

dissolved in water)
CO3

2− + H+ ⇔ HCO3
− (carbonate ion attracts

H+ from the water)
HCO3

− + H+ ⇔ H2CO3 (bicarbonate attracts 
H+ from the water)

These reactions are part of the carbonate system,
which is the most important contributor to the good
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buffering capacity of the water. What can be seen
from the chemical equations is that when adding
CaCO3 to water, CO3

2− ions will react with free H+

and reduce the amount, so increasing the pH.
Lime may be used in different forms, such as

limestone or as limestone powder. Limestone

powder (CaCO3), with a particle size of less than
0.005mm, may also be dissolved in water and create
lime slurry (approximately 75% dry matter), which
is much used for pH regulation. Lime slurry may be
added in concentrated form to the water or as
diluted (5–10 times in a mixing basin) lime slurry.

A

B
Figure 4.1 (A) A lime slurry plant for regulation of pH in
a fish farm; (B) lime slurry tank.
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The container for storing the lime slurry must have
an efficient mixing system to avoid settling out of
the lime particles. Lime slurry is added with a
dosage pump to a mixing basin where mixing of the
slurry with the water where pH is to be regulated
takes place (Fig. 4.1). Automatic pH control can be
achieved by having a pH sensor in the mixing basin,
the signals from which can be used to control the
dosage pump and the amount of slurry added. In
this way any variation in the quality of the incom-
ing water can be registered and adjusted before the
water reaches the fish tanks.

To ensure good mixing of the slurry with the
water, a diffuser creating air bubbles can be used in
the mixing basin. Use of lime slurry may increase
the particles content (turbidity) of the water. This
must be considered when using lime slurry on water
for fry production.

A shell-sand filter or limestone filter represents
a simpler system where the water has to pass
through a layer of crushed limestone (particle size
1–3mm) or shell sand.13 As the water passes
through the filter there will be an increase in pH.
After using the filter for a period of time there will
be a gradual drop in pH, because the amount of
CO3

2− is reduced.To avoid these drops in pH several
filters can be connected in parallel. This makes it
possible to refill, clean or maintain a separate filter
without stopping the whole system. When using
such systems, a part flow of the water to be treated
is sent over the limestone filter. The pH increases,
and the water is sent back to the main water flow
into the fish tanks. Care must, however, be taken to
avoid possible mixing zones. If CO2 gas is added just
before the limestone filter, the CO2 will increase the
dissolution of the limestone. In this way, it is possi-
ble to automatically control the pH by controlling
the addition of CO2 gas before the filter. The reac-
tion process in this filter can be described with the
following equations:

CaCO3 + H2O + CO2 ⇒ Ca2+ + 2HCO3
−

HCO3
− + H+ ⇔ H2CO3

A shell-sand well is a very simple and low cost
system for regulating the pH (Fig. 4.2). The incom-
ing water is forced to flow up through a layer of
shell-sand and in so doing the pH of the water will
increase.This method requires manual refilling with
shell sand to keep the pH stable.

Figure 4.2 A shell-sand well for regulation of pH.

4.6.2 Seawater

Seawater has a high buffering capacity and contains
free carbonate ions (CO3

2−) and/or bicarbonate ions
(HCO3

−) which, similarly to limestone, will take up
H+ ions and increase the pH. Addition of 2–4% 
seawater to freshwater will increase the pH and the
buffering capacity; the conductivity of the water
will also increase. Since measuring the conductivity
is quite simple, this method can be used for con-
trolling the addition of seawater. Also, the amount
of seawater may be fixed manually depending on
how much freshwater is used.

When using this method for pH regulation, it is
important to consider that the seawater contains
pathogenic micro-organisms, poisonous algae and
other substances that may be harmful to the fish. A
solution is to pump the seawater from large depths,
where the amount of algae and micro-organisms is
lower. Seawater pumped from groundwater wells
may also be used. This water normally has a very
low content of micro-organisms. It is generally 
recommended that seawater is disinfected before
using it for neutralizing freshwater. The operator
must also be aware of mixed zone problems.

4.6.3 Lye or hydroxides

Different types of lye, such as sodium hydroxide
(NaOH), may be used for pH regulation, but special
care must be taken before use in fish farming
because it is quite easy to overdose, especially when
the water quality varies. The result can be water
having a pH that is too high, which is also toxic for
the fish. Sodium hydroxide is strongly corrosive on
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metals and is not particularly friendly to work with.
In solid form it is a white crystalloid non-odorous
substance that is easily dissolved in water; the
mixing process produces heat and steam.

Plants for adding of dilute sodium hydroxide
solution (3%) to the inlet water work on the same
principle as slurry plants (Fig. 4.3). A dosage pump
is necessary for adding the sodium hydroxide 
solution into the mixing tank. The mixing tank 
for sodium hydroxide and water may be slightly
smaller than for lime slurry because it is easier to
mix.

The reaction process when using sodium hydrox-
ide is:

NaOH ⇒ Na+ + OH−

OH− + H+ ⇔ H2O

In water of low pH, the hydroxyl ions (OH−) will
react with the free hydrogen ions (H+) and increase
the pH of the water. The use of sodium hydroxide
will, as seen from the chemical equation, only neu-
tralize the water and not increase the buffering
capacity; this is also a reason for preferring other
methods. In water of low alkalinity either lye or
hydroxides may be used.
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5
Removal of Particles

be treated as gently as possible to avoid breaking
the particles and reducing their size, so increasing
the size of the filter necessary for extraction.2

Gentle handling of the particles includes using low
water velocity and having few bends, valves, etc., in
the system that create extra turbulence where the
particles are flowing. For the same reason, the filter
ought to be placed as close to the source as possi-
ble; for inlet water this means as close to the water
source and for outlet water as close to the produc-
tion unit as possible. It is also important to have a
sufficient flow to prevent particles settling in the
pipes, and leakage of nutrients.

The particles in the water are of various differ-
ent forms and numbers. Several methods and defi-
nitions are used to define the particle content of the
water. Total suspended solids (TSS) is defined as
the amount of particles stopped by a special fibre-
glass filter with a pore size of 0.45μm. Total solids
(TS) represents the total amount of particles in the
water; this quantity can also be expressed as total
dry matter (DM).

Particles can also be classified according to size.2

Those smaller than 0.001μm are classified as
soluble, 0.001–1μm as colloidal, 1–100μm as super-
colloidal and larger than 100μm as settleable. Some
nutrients may be totally dissolved in the water,
which means that they cannot be re-moved with a
particle filter but with other filter types. Examples
here are biofilters (Chapter 9) that remove dis-
solved substances, such as NH4

+ or NO3
−.

When removing particles from the water flow
there will also be a reduction in the discharge of
nutrients because some are included in the parti-
cles. There will also be a reduction in the number

5.1 Introduction

Removal of particles from a water flow is called
water treatment or water purification. In aquacul-
ture, removal of particles from a water flow is nec-
essary in several places: for the inlet water to the
farm; for the outlet water from the farm; or if the
water is re-used. The inlet water is treated to avoid
too high a concentration of particles reaching the
fish. High concentrations will have a negative effect
on growth and may increase mortality.1,2 Some par-
asites in the water are also of a size that makes it
possible to remove them with a particle filter.3 They
can therefore be removed from the water before it
reaches the farm, or if used on the outlet water a
filter could remove them from the water flow
before it reaches the recipient water body. Another
reason for removal of particles from the inlet water
is that the function of other water treatment equip-
ment can be affected negatively by the particle
content (see Chapter 6).An example here is the dis-
infection plant where a low particle content is
required. In the outlet water, particle removal is
done to reduce the effect of the outlet water on
water conditions in the recipient body.4,5 For re-use
systems particle removal is particularly important
to avoid accumulation of particles in the system and
reduction in fish growth.

The aim of using a filter to remove particles is to
extract a certain proportion of particles from the
water flow, not all. How much is removed depends
on the design and function of the filter. The biggest
particles are the easiest to remove, regardless of the
chosen method. Before the water flow reaches the
filter unit where the particles are removed, it must
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of micro-organisms because some are attached to
the surface of the particles.

To give some ideas of the different particle sizes,
the following can be used for illustration: cocoa and
talcum powder 5–10μm, hair straw 50–70μm, table
salt 90–110μm. The lower limit for easily identify-
ing single particles is around 40μm.

5.2 Characterization of the water
Good characterization of the water to be filtered is
necessary so that the correct filter can be chosen.
The characteristics of the inlet water will vary from
site to site, whether it is lake water, river water,
groundwater or seawater. Before choosing a filter
it is therefore necessary to take samples to be able
to characterize the water.

The volume of wastewater coming from fish
farms is normally much higher and the concentra-
tion of the discharged substances much lower than
those entering a municipal wastewater treatment
plant; they are, however, and comparable to those
in the water discharged from municipal wastewater
treatment plants, i.e. water that has been purified.6,7

Requirements for the design and construction of
wastewater plants for fish farming are therefore dif-
ferent to those used to treat muni-cipal wastewater.
Hence, the purification equipment and technology
used in municipal wastewater treatment cannot be
transferred directly to fish farming conditions, even
if the basic principles are the same.

The composition of the outlet water from a fish
farm depends upon a number of factors, including
species, growth rate, feed composition and utiliza-
tion, feed conversion rate and water amount (see
for example, ref. 8). The first step in reducing the
discharge from the fish farm, without using any
filter at all, is therefore to have an optimal feed that
is fully utilized and consumed by the aquatic organ-
isms. This also includes optimal management of the
farm, having correct water quality and quantity, and
feeding in an optimal way.4

Experiments have shown that the predominant
particle size in the outlet water from fish farming is
less than 30–40μm.9,10 The large number of small
particles account for only a limited part of the total
volume of discharged particles. Since the volume of
particles is much more important than the number
of particles when talking about the load on the
recipient water body, it is of great importance to

remove the few large particles. However, in re-use
systems the small particles will normally dominate,
since it is easy to remove the larger particles. This
can also been seen with water that goes brown in
high re-use systems, because the small particles
remain in the water.

The density of faeces from fish farming varies.
Reported densities are above 1, from 1.005 to 1.2,
which means that the faeces will settle in water.9,11

A study of intact faeces from rainbow trout showed
an average sinking velocity of the faeces of 
1–2.5m/min depending on fish size.12

5.3 Methods for particle removal in
fish farming
Several principle and methods are used to remove
particles from a water flow.13–18 These can be classi-
fied as follows:

• Mechanical filtration, also called straining or
micro screens

• Depth filtration, also called sand filtration or just
filtration

• Settling

It is also possible to use other methods to remove
particles, such as flotation, membrane filtration and
ozonation. These methods are normally utilized for
removing smaller particles and are usually too
expensive to use in aquaculture facilities, perhaps
with the exception of water supplied to small fry,
such as for some marine species.

Regardless of the method chosen, method it is
important to remember that all filter systems will
cause a head loss. This can be quite high, for
instance when using pressurized filters on the inlet
water, with the loss depending on the principle
employed. Acceptable head loss is therefore an
important criterion when selecting an appropriate
filter.

5.3.1 Mechanical filters and micro screens

A mechanical filter is an obstruction that is set into
the water flow to collect the particles and larger
objects and allow the water to pass through. The
principle of a mechanical filter is to separate parti-
cles from water in a straining plane, either a screen
or a bar rack. Particles bigger than the aperture in
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the screen or the distance between the bars in the
rack will be stopped. The simplest type of mechan-
ical filters comprise a static screen, a grating or per-
forated plate, or a bar rack that is set down into the
water flow. The screen, which has apertures or
meshes of defined size, will stop particles larger
than the aperture/mesh size moving with the water
flow; they are caught on the surface of the screen
(Fig. 5.1). After a while the screen will gradually
become blocked; the head loss will increase until
the screen is completely blocked with particles
which prevent any water passing through it. This
results in an overflow. The same will be the case
with a bar rack. Typically bar racks are used to
remove larger particles and objects (>15mm), while
screens can also be used on smaller objects 
(>6μm).16

When a screen is used, the particles have to be
removed from the surface to avoid blockage. One
way to remove them is to manually take the screen
up from the water and clean it. This method is very
labour intensive and is only used in special cases
where the pore size is very large compared to the
major particle size in the water. Examples are
removal leaves from the water in the autumn, and
stopping other large floating objects from entering
the inlet pipe. A major aim when constructing a
mechanical filter or screen to be used for removing
smaller particles, is therefore to find ways of pre-
venting blockage, which means being self-cleaning.
The bar rack can be made self-cleaning by using a
scraper mechanism, but this, as mentioned, is a
device for removing larger particles.

It is important that the screen surface is 
smooth so that the particles are not crushed. The
screen can be made of perforated plates when the
apertures are large (mm or cm). When a screen is

used to filter inlet water or outlet water in fish
farming, a screen cloth of metal or plastic threads
woven to the wanted mesh size is employed. It is
important that the screen surface is easy to keep
clean.

Several methods can be used to make the screen
self-cleaning. A basic separation can be done by
back-flushing, vacuuming or mechanical vibration
of the filter cloth. If mechanical vibration is used,
the filter cloth will shake and the trapped particles
will fall off by gravity. If such equipment is used, the
filter cloth must be installed at an angle to the hor-
izontal plane; this method is, however, not com-
monly employed in aquaculture. The simplest
method of cleaning the filter is to back-flush the
screen (Fig. 5.2).

When using back-flushing or vacuuming it is
desirable to have as great an area of the new
cleaned screen as possible in the water. The screen
is used until it gets blocked, when it is removed for
cleaning and new cleaned screen cloth is substi-
tuted. This process must not be so rapid that the
efficiency is reduced or mechanical breakdown
occurs. One common set-up used in aquaculture is
a rotary screen that rotates partly above and partly
below the water surface. The meshes in the screen
are cleaned by back-flushing either with air or
water when the screen is above the water surface
and where the back-flushing water that contains the
particles removed from the screen can be collected.
Straining or micro screening has been shown to be
the most effective cleaning method per unit surface
area; in aquaculture it is especially effective for
removal of relatively big particles, with the head
loss for the water flow through the screen also being
quite low.

Rotary screen construction can be classified on
the basis of how the screen rotates; various systems
are available, of which the most common are 
(Fig. 5.3):

• Axial rotating screen
• Radial rotating screen (drum)
• Rotating belt
• Horizontally rotating disc.

An axial rotating screen is placed vertically 
and stands normal to the direction of water 
flow. One common type based on this principle is
the disc filter. Which can comprise one or several
vertically installed filter plates, with a gradualFigure 5.1 A static screen.



reduction in the mesh size of the screens. This
means that the largest particles are removed on 
the first screen and smaller ones on subsequent
screens.

In a radial rotating screen, the flow is radial
towards or away from the axis of rotation. A rotat-
ing drum is a typical filter using this construction.
Water to be purified flows into the drum, which
comprises a straining cloth of appropriate mesh size
fixed on a frame. The water has to pass through the
drum, which means that it must go out normal
(radial) to the main flow direction.The particles will
be trapped in the straining cloth when flowing
through the drum.

Rotary screens, whether axial or radial, are con-
structed so that the screen operates when only par-
tially submerged in the water flow that is to be
filtered. Back-flushing of the screen, which is used
to clear the mesh and remove trapped particles, is
done when the screen is rotating above the water
surface. High-pressure water from nozzles is
directed on to the screen so the particles are dis-
lodged in the same direction that they entered the
screen. The back-flush water containing the parti-
cles is collected and represents the sludge water
from the filter in which the concentration of parti-
cles is high. Back-flushing of the straining cloth can
be continuous or step-wise: the latter method is
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Figure 5.2 A system where the static screen is 
back-flushed to avoid blockage. The slide shows a typical
static screen while the sketch shows one principle of back-
flushing.
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most usually used, but choice depends on the load
on the filter and the mesh size. The water level in
front of the screen can be used to control the rota-
tion and back-flushing. When the screen is clogged,
the head loss through the straining cloth will
increase together with the water level in front of the
straining cloth. This increase in water level can be
used to start the rotation of the screen and the
back-flushing of the straining cloth. It is, however,
important to remember that a rotary screen with
back-flushing will produce significant quantities of
back-flush water. It is also possible to back-flush
with hot water to remove the layer of fat that can
be created on the screen surface; this is done only
from time to time, not on every back-flush, because
of the increased costs.

In a rotating belt filter the straining cloth takes the
form of a belt stretched out by rollers at both ends.
One of the rollers is motorized and causes the belt
to rotate partly above and partly below the water
surface, so back-flushing and removal of particles is
possible on the part of the belt that is above the
water surface. Instead of using water for back-flush-
ing, air may be used.Air at high pressure is blown on
the straining cloth from nozzles and dislodges the
particles from the mesh in the opposite direction
together with some water; this device is known as an
air knife. When using air instead of water, the parti-
cle concentration (TS) in the sludge water is
increased, but is a more cost effective method.

Another type of filter is the horizontally rotating
disc standing above the water surface the water to

A

C

B

D

Figure 5.3 Different types of rotating filter with automatic back-flushing of the straining cloth. (A) Overhead view of
a disc filter, where axially rotating screens are vertically placed normal to the water flow direction; here two screens
with different mesh sizes are shown. (B) A rotating belt filter where the water passes through the belt while the par-
ticles are transported to the surface. (C) Close-up of a drum filter with straining cloth. (D) Nozzles used for back-
flushing the straining cloth.



be filtered comes in from above and trickles
through the straining cloth. Particles larger than the
mesh size of the cloth will be trapped on the cloth
surface and must be removed, possibly by vacuum
to avoid flooding. The concentration of particles in
the water will then be quite high, i.e. the water has
high TS value.

The flow rate through the screen is determined
by the mesh size of the screen, head loss across the
screen, desired purification efficiency, amount and
characteristics of particulate material in the inlet
water, and the cross-sectional area of the screen.
Mesh size selection is based on the maximum par-
ticle size that can be allowed in the effluent. Head
loss depends on the percentage hole area in the
straining cloth, amount and characteristics of par-
ticulate material in the inlet water, efficiency of
back-flushing, screen rotation speed, and flow rate.
Typically the volume of back-flushing water is
about 0.2–2% of the bulk flow.7

The choice of mesh size depends on the condi-
tions and where the filter is to be used. In inlet
water the mesh size may be as small as 20μm
because some parasites will also be removed. On
outlet water that is going to a recipient water body,
a mesh size between 90 and 100μm is commonly
used. In re-use systems, mesh sizes down to 30μm
are used. Reduction of mesh size will increase the
need for new screen cloth exponentially, especially
if it is reduced below 60μm.19

5.3.2 Depth filtration – granular medium filters

Depth filtration, also called sand filtration, or just
filtration, means removal of particles when water is
forced to flow through a layer of a material with
particles (granular filter medium) of various sizes
and depths, this filtration layer can be of sand or
another granular material, depending on the
purpose for which the filter is to be used. Because
sand is a commonly used the filter is often called a
sand filter. The layer is not dense but contains 
a number of channels and holes created between
the particles that constitute the filter medium 
(Fig. 5.4).

When the water that contains particles goes
through the filter medium, particles larger than a
certain size will be trapped by several mecha-
nisms.16 They may be too large to go through chan-
nels (straining); they may settle both unaltered and

due to flocculation and adhesion, and may be
adsorbed by chemical and physical forces that
attract them to the filter mass.

The first process will occur on the top layer of the
filter medium; particles are trapped because they
are too large to pass into the channels or pores in
the filter media, which will then become blocked. It
is, however, of some concern that a few large parti-
cles block surface channels of the medium causing
a large reduction in filter capacity. The head loss
increases and the filter becomes blocked more
quickly. Therefore it is more important to utilize
settling, adsorption and other effects inside the
filter medium; the total depth of the filter medium
is then utilized, not just the top layer. However, this
requires a low water velocity through the filter
medium, which again means that the hydraulic load
on the filter surface must be low. When the chan-
nels inside the filter are full of particles the head
loss will increase.

The maximum particle size that will pass through
a depth filter is determined by the grain size of the
medium; if the grain size is small, the filter will clog
easily. The flow rate through filter medium and the
rate of clogging depend not only on the grain size
of the filter medium, but also on the characteristics
of the particulates in the water to be purified. The
performance of a depth filter is dependent both 
on the type of filter and operating procedures, and 
also significantly on the characteristics of the filter 
material.
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Figure 5.4 Filtration in a depth filter. The black spots
are trapped particles.
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Depth filters can be classified depending on the
direction of the water flow through the filter
medium. In an up-flowing filter, the water flows up
through the filter medium, while in a down-flowing
filter the water flows downwards; the latter type is
the most common. Good filtration can be achieved,
but the filter medium becomes clogged after a
period. In an up-flowing filter the same will occur;
here there may also be a break-through of waste-
water at one or several places in the filter medium
if there is excessive clogging, provided that the
water pressure is high enough. In this case almost
all the water will go through the filter via these
zones and there will be virtually no purification.

A depth filter should be equipped with back-
flushing facilities, or regular manual purification of
the filter medium will be necessary. In a traditional
sand filtration system (on-site system, see later)
used for purification of municipal wastewater, this
can be the case. Such systems can be used for
months or even years without doing anything
because the wastewater is only discharged onto the
soil surface. Of course, this depends on the
hydraulic load on the surface area and the concen-
tration of particles in the water.

If a filter is to maintain capacity, back-flushing is
necessary. Even when this is carried out, the
hydraulic capacity of this filter type is lower than
that of, for instance, rotating microsieves. While
doing the back-flushing operation, the filter must be
stopped; water is then sent the opposite way
through the filter media, so removing particles that
have settled. This back-flushing water is sent
directly to the farm outlet. Most of the running
problems with depth filters are the result of
improper back-flushing. To achieve proper purifica-
tion of the filter medium it is important that the
back-flushing water suspends trapped particles.
Typical amounts of back-flushing water are in the
range 1–5% of the bulk flow.7

Depth filters can be separated into those operat-
ing at normal atmospheric pressure or those having
an over pressure inside the filter, i.e. pressurized
filters (Fig. 5.5). In a pressurized filter the medium
may be put inside a sealed chamber, with the same
overflow arrangements as for an unpressurized
filter. When a pressurized filter starts to clog, the
pressure will increase and the particles will be
pushed further down in the filter medium; ulti-

Figure 5.5 A pressurized depth filter with back-
flushing.



mately such a filter will become totally blocked, but
it takes longer than with an unpressurized filter.The
advantages with pressurized filters are that a larger
part of the filter medium height is utilized and the
back-flushing interval is increased. To use a pres-
surized filter it is necessary to pressurize the water
to be purified, normally up to 6–8 bar. Usually the
water passes through a pressure increase pump to
achieve this, and consideration must be given to
avoiding damage to the particles. If such an
arrangement is used on the outlet water, the pump
will break the particles up and the proportion of
small particles which are more difficult to remove
will increase. Therefore pressurized filters are not
recommended for use on outlet water; however, if
there is no alternative the outlet water must be
handled as carefully as possible.

The normal filter medium is sand or gravel. The
size of the sand or gravel particles in the filter
medium depends on the characteristics of the par-
ticles in the water to be purified. By using small par-
ticles in the medium the head losses and clogging
velocity of the filter are increased whilst the 
capacity is decreased. In a one size sand filter most
of the filtration occurs in the first few centimetres.
Instead of using one type of medium over the whole
filter depth, i.e. a single size medium, media of
several sizes (multimedia) may be used to increase
utilization of the filter. In such filters, provided the
water enters from the top of the filter and flows
down, the largest media are on the top and the
smallest on the bottom. The largest particles are
then removed in the top layer and increasingly
small particles are removed through the lower
layers of the filter. This will ensure a more even col-
lection of particles distributed over a larger part of
the filter and not just in the top layer. To avoid
mixing of the media during back-flushing, media
with different relative density can be used. The
largest media must have the lowest density and the
smallest the highest. When back-flushing from
below this will ensure that the largest particles stay
on the top. In aquaria, a two-media filter compris-
ing a layer of crushed anthracite or ilmenite above
a layer of fine sand has been used.20 A third bottom
layer with even finer particles, such as crushed
ilmenite or garnet, could also be included. Regard-
less of the filter media, it is of great importance that
the back-flushing is done correctly so that all the

media are back-flushed, otherwise there will be
zones that are still clogged and that will not be uti-
lized when the filter is returned to operation.

Each medium can be characterized by its grain
size, uniformity of grain size, grain shape and rela-
tive density, all factors that are important for filter-
ing performance.Appropriate grain parameters can
considerably reduce the resultant head losses.

Several classifications can be used on granular
media filters, and these can also be classified with
respect to their hydraulic capacity giving (1) slow
sand filters, (2) rapid sand filters, and (3) continu-
ously back-flushed filters.21 Type 1 is unpressurized
and type 2 is pressurized; type 3 is constructed to
enable continuous back-flushing without interrupt-
ing the water flow as is necessary for back-flushing
types 1 and 2. Typical reported loading rates are
0.68 l/s/m2 or less for slow sand filters, up to 1.4 l/s/m2

for rapid sand filters and up to 5.4 l/s/m2 for contin-
uously back-flushing sand filters.21

In slow sand filters 2–5mm grains are utilized;10

pressurized rapid single sand filters have grain sizes
ranging from 0.3 to 4mm.22 Reported removal rates
are for 0.3mm sand about 95% of particles down
to 6μm, and for 0.5mm sand about 95% of parti-
cles down to 15μm.22 A typical pressurized rapid
sand filter has a capacity of 136kg sand, a surface
area of 0.29m2, a maximum pressure of 3.5kg/cm2

and a design flow rate of 238 l/min.
Depth filters can also be of the cartridge type.

The cartridge can be made of different materials,
such as plastic, ceramic, spun fibre or resinbound
fibre,22 often specific to the supplier. The cartridge
has a defined depth, and the waste is collected
either inside or outside the cartridge, or has to pass
through the cartridge. The typical cartridge filter is
used once and then replaced. Cartridge filters can
be used for removal of small particles and are avail-
able for sizes below 1μm. They are used on small
water flows with low particle loads; otherwise the
cost of operation becomes too high.

Diatomite (DE) or pre-coated filters may also be
classified as depth filters.23 Diatomaceous earth
filters comprise a filter with a screen coated with
DE (fuller’s earth), a granular material of fossil
diatoms. A cake of DE is formed and put on the
filter screen that functions as a skeleton. The water
to be purified has to pass through this filter cake
and the particles are trapped. When the filter is
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dirty it can be back-flushed, or a new filter cake can
be installed. DE filters can tolerate higher water
flows than cartridge filters, but are best suited to
small water flows.

Filter bags are another simple type of filter for
use with small water flows. The filter bag is woven
and so forms a surface, the mesh size of which
depends on the closeness of the weave. Particles are
trapped on the surface of the bag. When no more
water will pass through, the filter bag has to be
removed and replaced with a new or clean bag. The
bags can be cleaned in a washing machine, for
instance.

5.3.3 Settling or gravity filters

Settling basing

Settling is a simple method for removing particles
from the water.24 The principle utilized is that par-
ticles have a higher relative density than water
(1.005–1.2 compared to 1 for freshwater),11,12 so
they will sink. This phenomenon can easily be
observed when water containing suspended parti-
cles is allowed to stand for a period. A natural sep-
aration process will occur and the particles will sink
to the bottom. The difference in relative density
between the particles and the water controls the
velocity of the separation process.

For small particles (0.1–1mm) and unobstructed
settling, the sinking velocity of the particles is given
by Stoke’s law:

V
g dp

s
p w= −( )r r

m

2
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where:

Vs = sinking velocity
rp = density of particle
rw = density of water
g = acceleration due to gravity
dp = diameter of particle
m = dynamic viscosity of the water.

This also demonstrates why the particles with the
highest density are the simplest to remove.

The simplest way to utilize gravitational force for
separation is to send the effluent water through a
basin with a large surface area where the water
velocity is reduced: separation will then occur in the
basin provided that the sinking velocity of the par-
ticle created by the gravitational force does not
exceed the horizontal velocity component created
by the water flow through the basin (Fig. 5.6), in
which case the particle will flow out of the basin in
the water. The following equation can be set up to
achieve settling:

Vs > Q/A

Where:

Vs = sinking velocity of the particle (m/h)
A = surface area of the basin (m2)
Q = water flow through the basin (m3/h)

The relation Q/A is called the surface load or over-
flow rate for the settling basin. Because difference
in density between water and faeces is small quite
a long hydraulic residence time is required. In fish
farming the normal surface load is between 1 and

Figure 5.6 A settling basin.



5m/h (actually m3/m2/h).2 Experiences show that a
favorable depth for the settling basin is 1m and the
width : length ratio is in the range 1 :4 to 1 :8.

Example
A water flow of 1000 l/min (60m3/h) is to be purified
by the use of a settling basin. Determine the size and
design of the basin.

Expect a surface load of 3m/h

Vs > Q/A

A > Q/Vs

> 60m3/h
3m/h

> 20m2

This means that the surface area of the pond needs
to be more than 20m2 to allow proper settling. If a
width : length ratio of 1 :3 is chosen for the basin, this
means that the exterior measurements of the basin
will be about 2.6m × 7.7m. Two settling basins are
needed so that one can be running while purification
and sludge removal can be done in the other.

Other designs of settling basin take account of
hydraulic retention time (t) or mean fluid velocity
(vm).

t = V/Q

vm = L/t = Q/Acs

where:

V = volume of the settling basin
L = length of settling basin
Acs = cross-sectional area of the basin.

Reported values for retention times are 15–40min,
while recommended mean fluid velocities are in the
range 1–4m/min.2

The flow pattern in a settling basin used in fish
farming is normally horizontal. However, it is also
possible to use settling with a vertical flow pattern.
Such filters will have a tower like design. Water
flows slowly upwards and because of the gravita-
tional forces the particles will sink with a greater
velocity. Specially designed filters, such as the
lamella separation filter are used to improve set-
tling conditions, and also the investment require-
ments. Sending the water over biofilm can improve
the settling and filtration efficiency. Small particles

will be attracted to and settle on the biofilm.25 Addi-
tion of polymers or other chemicals before settling
can be used to increase the particle size by floccu-
lation, and this also removes smaller particles, pos-
sibly in the settling basin.16

The great disadvantage with settling basins is that
the settled particles remain lying in the water flow,
so there is a possibility that nutrients will leak from
the particles, especially phosphorus which is weakly
attached to the particles.2,4 Additionally, resuspen-
sion of settled particles into the water may occur,
even if particles are regularly removed from the
basin; for this reason there must be adequate depth
in the settling basin. Continuous removal of settled
particles from the basin is impossible from a cost
perspective. The removal of settled particles must,
however, be carried out regularly to optimize basin
function. This can be done by various methods, for
instance by using a vacuum pump. It is important
that mixing of sludge and water is kept to a
minimum to avoid resuspension of particles with
the result that the nutrients go directly to the outlet.
It is quite common to have two settling basins, so
that one can be used while the other is purified.

Compared to using a micro strainer, settling
basins require a much greater area and this can be
a disadvantage. However, if the surroundings and
ground conditions are suitable, settling basins are
simple and cheap to construct.

Results from testing shows reduced removal
rates with small particles.26 It is quite difficult to
remove particles smaller than 100μm using a set-
tling basin.27 Inlet values of less than 10mg TSS per
litre are difficult to treat, and those below 6mg TSS
per litre are also difficult to obtain.27 To process
values in this range special methods must be used,
such as addition of polymers or use of biofilm to
attract particles.

Swirl separators, hydrocyclones

In a swirl separator or a hydrocyclone the principle
that the particles are more dense than water is also
used, but here centrifugal forces are used in addi-
tion28–30 to increase this difference. To illustrate this,
the water inside a cup can be rotated and the par-
ticles will be hurled out towards the edges (Fig. 5.7).
This is also the reason why this filter is sometimes
called a tea-cup settler. In a swirl separator the
water enters along the periphery of a circular tank,
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so the particles follow the periphery and the puri-
fied water will be pressed into the centre. The par-
ticles will then sink to the bottom, while the purified
water is drained out of the centre. Because the cen-
trifugal forces are greater than the gravitational
force, a smaller area is needed than for a traditional
settling basin to remove the same amount of 
particles. Re-suspension or leakage is also less than
with a settling basin, because the area where this
occurs is smaller. However, in comparison to the
settling basin, the hydraulic load on a swirl separa-
tor may be much higher, 20–25m/h.24

An advantage of this type of filter unit is its quite
simple construction with no movable parts; in addi-
tion is it cheap to buy and area intensive. The great
disadvantage with swirl separators is that they
require uniform water flow for optimal efficiency. If
the flow is higher than the filter is designed for, the

particles will flow out of the unit with the outlet
water in the center.

Example
An outlet water flow of 10 l/min (0.6m3/h) is to be
purified using a swirl separator. The acceptable
hydraulic load is set to 20m/h. Find the necessary
size of the separator.

Vs > Q/A

A > Q/Vs

> 0.03m2

The radius of the separator must be more than 
9.8cm.

> 0.60 m /h
20 m/h

3

Figure 5.7 A swirl separator.



5.3.4 Integrated treatment systems

Nature-based wastewater treatment technology
covers several methods that can be used alone or in
combination.31,32 Three mains systems can be used
for treatment of effluent water from land-based
aquaculture farms: ground filtration, constructed
wetland, and pond systems. Ground filtration
systems can further be divided into open ponds or
subsurface trenches (Fig. 5.8). In a filtration system
the soil is used as a filter medium, and is actually
the same as the depth filter described earlier. The
water is distributed above the filter bed and 
trickles through the soil in which filtration, adsorp-
tion/precipitation and biological degeneration will
be major processes. Nutrients, organic matter and
micro-organisms will be removed. The local soil,
if suitable, is normally used as a filtration medium
and therefore it is also called on-site treatment.
However, soil (e.g. sand) or other suitable porous
media such as Leca may also be trucked to the site.
The main problem with ground filtration for 
treatment of effluent water from aquaculture is the
large amount of water to be treated and the low
hydraulic capacity of soil-based systems. Even if
some improvement can be achieved by using suit-
able porous media the area needed is still large.
Normal values for domestic wastewater when using

subsurface trenches are about 10000 l/m2/day, with
some higher values in open ponds. Effluent water
from aquaculture facilities has been less well
studied and there is a lack of available values.
Because the pollutant concentrations are lower, the
load may be somewhat higher, but if the system is
overloaded it will function sub-optimally and
purification will be reduced. Results from treat-
ment of domestic wastewater in a cold climate lat-
itude (69°N) with an annual mean temperature of
1.2°C show the following results: 70% nitrogen
removal, 99% phosphorus removal, 70% chemical
oxygen demand (COD) removal and close to 100%
removal of faecal coliforms. The normal flow was
750m3/day in a 2000m2 open basin, but during snow
melt it can be up to 3500m3/day.33

If the system becomes totally clogged a tractor
with a shovel can remove the upper 5–10cm of
sand, after which the system can be used again. A
typical value for ground filtration systems for
wastewater is 100 l/m2/day, but of course this varies
with the soil conditions. If using such values for
outlet water from fish farming, a tremendous area
is necessary for water purification. When using
depth filtration in fish farming there is a need for
high hydraulic capacity.

Constructed wetlands are commonly used for
various types of polluted water such as domestic
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Figure 5.8 Different types of integrated treatment
systems. (A, B) Filtration systems where the outlet water
from the fish farm is sent to filter through the bottom of
a trench: (A) a newly constructed filtration trench; (B) a
trench filled with water. (C) Sketch showing a constructed
wetland through which the outlet water from the fish farm
has to pass before it reaches the recipient water body.
The plants will take up nutrients from the outlet water.
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and industrial wastewater, and have also been uti-
lized to treat wastewater from aquaculture.4 The
outlet water is sent into the wetland that contains
wetland-adapted plants and a porous earth
medium. The plants take up and utilize the nutri-
ents in the outlet water; in addition, the roots of 
the plants create an environment that increases 
the purification processes. By sending outlet water
from a salmon hatchery to an abatement pond
coupled to a constructed wetland, the following
removal rates were attained: solids above 98%,
ammonia above 84%, biodegradable organics and
phosphorus above 90%.34

Both ground filtration systems and constructed
wetlands will, in addition to removal of nutrients
and organic matter, inactivate micro-organisms.
The great disadvantage with the systems is the low
hydraulic capacity in relation to the amounts of
water in aquaculture.

5.4 Hydraulic loads on filter units
It is important to be aware that a filter system is
designed for a given flow of water with a given char-
acteristic. If either less or more water than the filter
unit is designed to treat is used, the filter will not
functional optimally. The ability of a filter to toler-
ate varying water flows, for example when tapping
down a fish tank, depends on its design. Equipment
using settling as a principle is especially intolerant
of variations in the water flow, particularly high
flows. For a mechanical filter, variations in load are
normally not so critical. However, if the loads are
too high the filter cloth may become so clogged that
breakdown can occur.

A common fault on aquaculture facilities is that
the tanks and outlet pipes are the incorrect design
and size, so settling of particles occurs in the system.
Shock drainage of the outlet system is used, often
once or twice a day, to remove settled particles and
avoid total blockage. If shock drainage is necessary
to keep the outlet pipes open, something is wrong
with the design and construction of the outlet 
(see Chapter 11). When shock draining the fish 
production tanks, the water flow in the outlet pipes
is increased and so is the particle concentration,
because particles that had settled in the outlet
system will now go into suspension as a result of the
higher velocity. If the filter system does not toler-
ate variation in water flow, reduced purification

results. This is critical, because it is in these 
situations that the number of particles is highest,
and where good purification is necessary. Here 
the importance of choosing an appropriate filter
system, and of doing everything correctly before
the filter system, is apparent. It is also necessary to
be aware of the interaction between the different
parts in the farming system.

5.5 Purification efficiency
As shown, there are several methods for removing
particles from a water flow. To evaluate how 
effectively a filter is functioning and to compare
filter systems, the term purification efficiency is
commonly used (Fig. 5.9). This can be defined as
follows:

Ce = ((Cin − Cout)/Cin) × 100

where:

Ce = efficiency (%)

Cin = concentration of the actual substance enter-
ing the filter

Cout = concentration of the actual substance exiting
the filter.

Example
The concentration of suspended solids entering the
filter units is measured and found to be 20mg/l; on
exiting the filter the concentration is measured as 
5mg/l. Find the purification efficiency of the filter.

Ce = ((Cin − Cout)/Cin) × 100
= ((20 − 5)/20) × 100
= 75%

Figure 5.9 The purification efficiency indicates how
much of an actual substance is removed by the filter.



In aquaculture the efficiency is normally ex-
pressed as the percentage of the incoming TSS
removed by the filter. However, it may also be 
used for other substances, such as the amount of
removed nutrients (total phosphorus, TP or total
nitrogen, TN) or as reduction in chemical oxygen
demand (COD) or biological oxygen demand
(BOD) in the water passing through the filter. The
last two measurements tell us how the outlet water
will affect the oxygen concentration in the recipi-
ent water body.

When considering removal of nutrients, it is
important to know the proportion attached to par-
ticles and not dissolved, since it is not possible to
remove dissolved nutrients with a particle filter.
These values depend on the species and the feed
composition and utilization. Experiments on
salmonids have shown that more than 80% of nitro-
gen compounds are dissolved in the water,10

whereas the situation is reversed for phosphorus
with up to 80% being attached to particles.
However, phosphorus leach easily from particles
lying in the water; this is a major reason to remove
the particles from the water flow as quickly as 
possible.

The efficiency of the particle filter of course
depends on the particle concentration and 
characteristics of the water to be purified. For a
good comparison of filter systems, they must 
be tested on exactly the same water. Typical values
for removal of TSS from wastewater from fish
farming range from 30 to 80%1,7,24,35 while some
lower values have been reported for water re-use
systems.7

5.6 Dual drain tank
Today, circular tanks with a dual drain outlet system
are used on some farms (Fig. 5.10).36–38 Here the
tank is used as the first purification step. In a dual
drain system gravitational forces, and the fact that
the waste particles are denser than water, are uti-
lized to separate the particles and collect them at
one point in the tank where a particle outlet is
placed and a small amount of water can be with-
drawn to flush the particles out, while the main
water flow can be withdrawn elsewhere, normally
higher up in the water mass. Several methods can
be used to do this, and a number of different dual
drain systems exist.39

By separating the water flow in this way, purifi-
cation is achieved inside the tank. The particle con-
centration in the particle outlet is considerably
higher than in the outlet withdrawn higher up in the
water mass. This can be the first purification step,
and may be the only one. Since the amount of water
coming through the particle outlet is much lower
than the total flow, only a small part of the water
flow has to be treated (Fig. 5.11), so a much smaller
filter can be used. As the water flow through the
particle outlet can be stable, a swirl separator is
very suitable.The amount of water sent through the
particle outlet in the dual drain system varies from
0.5 to 20% depending on the system used.

5.7 Sludge production and utilization
Removal of particles from the water creates sludge
comprising water and particles. The water content
and dry matter (DM) or total solids (TS) in the
sludge depend on the particle filter used. To give an
idea of the amount of sludge (faeces) created by the
fish, the following estimate can be used: for each
kilogram of feed eaten by rainbow trout 20% faeces
are produced, measured on 100% DM basis.40 This
value, however, depends on a number of factors
including feed composition, feed type, fish size and
fish species, and will therefore vary. If the feed con-
version rate is above unity and traditional dry feed
is used, there will be feed loss that goes directly 
to the outlet in addition to the sludge produced
from the faeces. This also shows the importance of
correct feeding and avoiding feed losses.
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Figure 5.10 A tank with a dual drain outlet is used for
the first purification step.
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Example
How much sludge is produced per kg commercial
dry feed supplied to rainbow trout if the purification
efficiency of the filter is set to 50% measured as DM?
What happens if the feed conversion rate increases
to 1.2?

Per kg feed supplied, 200g of sludge is produced and
the filter collects 50% of this. This means that the
amount of sludge collected per 1kg feed supplied is
100g.

If the feed conversion rate is 1.2 only 0.83kg of the
1kg feed supplied will be utilized for growth, while
the rest will be feed loss. Calculating that 20% of the
feed eaten is converted to faeces, this represents 
0.17kg. If this is added to the feed loss, the amount
is 0.17 + 0.17 = 0.34kg. If collecting 50% of this, the
amount collected per kg feed supplied will be 170g.

The actual amount of sludge can be much higher;
the percentage DM in the collected sludge depends

on the filter system used. In a mechanical filter it is
mainly a consequence of how the straining cloth is
back-washed, whether using air or water, and if
water, the amount. Normally the percentage DM in
the sludge is 0.1–1%, but in special filters it might
be up to 5%. It is advantageous to have as much
DM in the sludge as possible, which means that
back-flushing with water is disadvantageous. The
only reason for back-flushing with water is that it is
an effective system. A large proportion of DM in
the sludge reduces the amount that must be further
treated and transported; the sludge is therefore
often dewatered to increase the percentage DM.
Filter presses and special centrifuges can be
employed for dewatering.16,23 The sludge may also
be sent to a settling system for further separation
of particles.26 Vertical sedimentation in a cone has
been used and increased the DM in the sludge to
7–10%.

Normally the sludge must be stored for a period
to accumulate enough so that it can be collected

Figure 5.11 A dual drain tank can be
coupled with a small and cheap purifi-
cation system.



economically. A particle removal system will there-
fore include storage tanks for the sludge.

To make it possible to store the sludge, it must be
stabilized. If the sludge is immediately placed in an
open container with access to air at the surface, an
uncontrolled decomposition process (rotting) will
take place. This will smell and have negative effects
on the development of bacteria and the content of
nutrients. Subsequent use of the sludge can be
inhibited because of this. Correct decomposition
makes the nutrients in the sludge available for
plants so that it can be used as fertilizer on agri-
culture land. Sludge from fish farms is rich in
organic nitrogen (3–9% of DM) and phosphorus
(1–4% of DM). In addition, the concentration of
heavy metals is usually below regulatory limits.41

This makes the sludge useful as a fertilizer.
Untreated sludge may contain pathogenic (neg-

ative) micro-organisms such as viruses, bacteria and
parasites.42 When infected sludge is spread on agri-
cultural land and there is drainage to lakes or rivers,

pathogenic micro-organisms could be transferred
to the local fish strains. Birds could also transfer
pathogenic micro-organisms from the sludge to
lakes. Therefore the sludge must be treated to 
inactivate the negative micro-organisms before it is
spread; this is not achieved with uncontrolled
decomposition.

There are several ways to inactivate pathogenic
micro-organisms in the sludge; wet or dry com-
posting is commonly used. Another method is to
add lime to raise the pH in the sludge and hence
inactivate the micro-organisms. Both these
methods will also stabilize the sludge so that it can
be stored, and make it suitable for use as fertilizer
on agricultural land, a very important use for
sludge, normally a good fertilizer because of the
high nutrient content.

When composting sludge, controlled aerobic
decomposition occurs.42 Due to the low content of
DM, wet or liquid composting is employed for fish
farming sludge (Fig. 5.12). Before composting the
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Figure 5.12 A wet composting
reactor for treatment of sludge.44
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sludge may be mixed with manure or municipal
sludge. In a community there may be a centrally
installed reactor. The sludge is poured into a con-
tainer where air is added, for instance through an
injector pump. In addition the sludge is circulated
around in the tank so air comes into contact with
all the sludge. This results in controlled bacterial
development in the container which decomposes
the organic matter. The process is thermophilic, so
the temperature increases depending on the sludge.
For fish farming the sludge is energy-rich, experi-
mentally producing 3.1kWh/kgDM,44 and the tem-
perature rises to 60–70°C (Fig. 5.13). This high
temperature is maintained for some time so that the
pathogenic micro-organisms are inactivated and
the sludge is stabilized for storage. To get rid of the
smell developed during the composting process it is
an advantage to include a smell filter, for instance
made of peat, through which all gases emitted by
the composting process have to pass.43–45 Overall,
the composting process will result in biological sta-
bilization of the sludge, removal of the major odour
compounds, increased availability of some plant
nutrients, nitrification and denitrification, and
improved waste consistency.42

If the process is run without access to oxygen,
anaerobic digestion, also known as fermentation,
will occur. As for composting, naturally occurring
micro-organisms in the sludge are utilized. It is
important that no air is supplied, so anaerobic
degeneration of the organic substances will occur.
Normally some heating of the sludge will be neces-
sary to allow the micro-organisms to develop. The

sludge is stored in a closed digester during this
process. For animal manure it takes 10–35 days; a
high fat content reduces the time necessary. This
fermentation produces methane gas; the process is
therefore also called biogas fermentation. In addi-
tion to the production of biogas, there will also be
a reduction in offensive odours, a breakdown of
organic mass, a reduction of pathogens and an
improved fertilizing value due to easier availability
of the nutrients.42 The biogas can be used for
heating or electricity production, so there is actu-
ally a positive output from the process. Sludge that
has gone through this process can be stored for
later use as fertilizer for agricultural land.

Adding lime (CaO) or slaked lime (Ca(OH)2) to
the sludge to increase the pH, will also stabilize and
disinfect the sludge. In experiments with sludge
from fish farming it was shown that by increasing
the pH to 12 and maintaining this value for 7 days,
more than 99.9% of the pathogenic viruses and 
bacteria were killed.41 The sludge produced is well
suited for use as organic fertilizer.

When establishing a system for particle removal
it is therefore necessary to think not only about the
particle filter itself, but also sludge production and
its utilization. This includes tanks for sludge collec-
tion (Fig. 5.14).

5.8 Local ecological solutions
It is also possible to devise total ecological produc-
tion methods for treatment of effluent water from
intensive fish farming, not just by using it in more

Figure 5.13 Temperature increase in liquid composted
sludge from aquaculture.

Figure 5.14 A tank for sludge collection for later treat-
ment is necessary on farms.



extensive forms of aquaculture such as polyculture.
Such a system is shown above using integrated
treatment systems for the water and local use of the
sludge (Fig. 5.15).

The fish farm must employ water re-use technol-
ogy to reduce the amount of outlet water. A micro-
screen is used as the first step to remove the larger
particles.Then the purified outlet water may be sent
to a ground filtration unit or constructed wetland
for further purification.The sludge produced by the
microscreen can be sent to a locally installed liquid
composting unit together with animal manure and
eventually be used as fertilizer on nearby agricul-
tural land, so avoiding long distance transport of
the sludge. A solution with no effluent, either of
nutrients, organic matter or micro-organisms is
achieved in this way.
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6
Disinfection

infections. In a water re-use plant, the water may
also be disinfected before being used again to avoid
increasing the micro-organism burden. The outlet
water may also be disinfected to avoid transfer of
micro-organisms to fish species in the recipient
water body.

There are several methods for disinfecting water
and a number of general textbooks are available
(for example, refs 1–4). Disinfectants can be sepa-
rated into chemical agents and non-chemical
agents.1 Alternatively, a four-group classification
can be used: 1, chemical agents; 2, physical agents;
3, mechanical agents; 4, radiation.4 The first group
includes chlorine and its compounds, bromine,
iodine, ozone, phenol and phenolic compounds,
alcohols, heavy metals and related compounds,
soaps and synthetic detergents, quaternary ammo-
nium compounds, hydrogen peroxide and various
alkalis and acids.The second group includes heating
and the use of sunlight, especially the ultraviolet
(UV) end of the spectrum.The third group includes
particle separation; although particle separation is
the main objective, there will also be a reduction in
the number of micro-organisms because many are
attached to particles. Larger parasites such as
Costia and Gyrodactylus will also be removed with
a particle filter with small (20μm) mesh size. To the
fourth group belong different types of radiation
including electromagnetic, acoustic and particle.
For example, gamma rays are used to disinfect and
also sterilize water and food, although this method
is expensive.

Many of the chemical agents employed oxidize
the organic materials, including the micro-
organisms. The oxidizing potential indicates how

6.1 Introduction

Disinfection can be described as the reduction of
micro-organisms such as bacteria, viruses, fungi and
parasites to a desired concentration. This is not the
same as sterilization where all micro-organisms are
eliminated. The aim of disinfection of water in fish
farming is to reduce to an acceptable level the risk
of transfer of infectious disease from the water to the
fish. When disinfecting water for fish farming, selec-
tive inactivation of fish pathogenic micro-organisms
is required in addition to overall reduction in the
total number of micro-organisms. Pathogenic micro-
organisms infect the fish and cause disease. Trans-
missions of infectious diseases is possible in two
ways, horizontal and vertical. Horizontal transmis-
sion includes direct or indirect contact between 
individuals or populations. Direct contact occurs
between individuals or urine or faeces, while indirect
contact occurs through contact with water, equip-
ment and personnel with pathogens. Vertical trans-
port includes transmission from one generation to
the next through roe or milt, for example.

Disinfection can be performed in different situa-
tions in aquaculture. Water, equipment, buildings
and effluent can all be disinfected. Equipment
includes tanks, nets, pipes and shoes. Disinfection of
buildings includes, for instance, disinfection of the
hatchery after seasonal use. Effluent may include
sludge and by-products. Disinfection of water actu-
ally occurs at several places in an aquaculture plant.
Usually the inlet water is disinfected, whether it is
seawater or freshwater. At the larval stage it is par-
ticularly important to reduce the number of micro-
organisms because larvaes are more vulnerable to

63



64 Aquaculture Engineering

effective the agent is likely to be: ozone has the
highest potential, while bromine and iodine have
the lowest potentials.

Regardless of the method chosen for disinfection
the quality of the water to be disinfected is of major
importance. Pure inlet water is much simpler to dis-
infect than outlet water because the latter contains
more particles. Turbid water and water with a high
content of organic substances, such as re-use water,
are also more difficult to disinfect and therefore 
not so commonly disinfected. Before disinfecting
contaminated water, it is essential to carry out 
some kind of pre-treatment, normally comprising
removal of particles.

For disinfection of water supplies to aquaculture
facilities, UV light and ozone are most often used.
Later in this chapter there is a survey of methods
employed, with emphasis on UV light and ozone.

6.2 Basis of disinfection

6.2.1 Degree of removal

The term percentage removal of actual micro-
organisms is used in environmental engineering. In
microbiological terms log10 removal or inactivation
(decimal removal) is used to define the disinfection
yield; normally a reduction of between 99 and
99.99% of the total number of bacteria is wanted,
which corresponds to a log disinfection of 2–4.
However, these terms do not give exact values of
the number of micro-organisms left; they only indi-
cate by how much numbers are reduced from the
starting concentration.

Example
The normal concentration of bacteria is 107/ml and
a reduction of 99.9% is required. Find the concen-
tration of bacteria present after disinfection.

Solution

concentration of bacteria = 107(1−0.999)
after infection = 10000000− 9990000

= 10000
= 104/ml

Example
The starting concentration of bacteria is 107/ml. A
log disinfection of 3 is wanted. Calculate the new
concentration of bacteria.

Solution

Let the starting concentration be N1 and the end con-
centration N2; log(disinfection) = 3.

log(disinfection) = log(N1/N2)
= logN1 − logN2

logN2 = logN1 − log(disinfection)
= 7−3
= 4

N2 = 104/ml

6.2.2 Chick’s law

Inactivation of micro-organisms in a disinfection
plant depends on the time that the micro-organism
are exposed to the disinfectant. This is described by
Chick’s law:

where:

dn/dt = necessary time to inactivate n micro-
organisms

k = time constant depending on disinfectant,
type of micro-organism and water quality

N = number of live micro-organisms
t = time.

This differential equation can be integrated within
limits to give the following equation:

N1 = N0 e−kt

where:

N0 = number of micro-organisms at the start
N1 = number of micro-organisms after time t.

6.2.3 Watson’s law

Based on the results of Chick’s law, Watson’s law
can be developed:

where:

Λ = coefficient of specific toxicity
C = concentration of disinfectant
n = exponent (normally around 1)
t = time after start-up.

ln
N
N

C tn1

0

= −Λ

d
d
n
t

kN=



This means that the relation between the number
of active and inactive micro-organisms is a product
of the concentration of the disinfectant and the
exposure time.

6.2.4 Dose-response curve

Based on Watsons’s law a dose-response relation
may be established for specific types of micro-
organism. This gives the proportion of micro-
organisms inactivated by fixed doses of disinfectant
over various time periods. Exact dose-response
relationships are difficult to determine in practice
for several reasons. It is often difficult to isolate new
pathogens and the response to a certain dose
depends, amongst other factors, on the immune
status of the organism, environmental conditions
and population density.

6.3 Ultraviolet light

6.3.1 Function

Ultraviolet (UV) light is electromagnetic radiation
with a wavelength of 1–400 nanometer (1nm =
10−9 m) located at the lower end of the visible spec-
trum and beyond (Fig. 6.1) (the spectrum of visible
light extends down to 380nm). At the opposite end
of the visible spectrum is the infrared (IR) region,
heat radiation with longer wavelength which
cannot be detected by the human eye.

The ability of the UV light to inactivate and
destroy micro-organisms varies with both wave-
length and the micro-organisms to be inactivated.

The most effective wavelength for general disinfec-
tion is 250–270nm.4 UV light created by mercury
vapour lamps will have a wavelength of 253.7nm,
which is effective for disinfection.

6.3.2 Mode of action

UV light will damage the genetic material (DNA
and/or RNA) in the micro-organism by disruption
of the chains which results in inactivation and
death. Inactivation (D) is proportional to the dose
of radiation per unit area (intensity) of the UV light
(I) and the exposure time (t):

D = It

The radiation dose is normally given in units of
μWs/cm2 (microwatt second per centimetre
squared), i.e. radiation intensity (energy) per unit
area.

The effectiveness of the UV light depends on a
number of factors including lamp intensity, age of
the lamp, cleanliness of the lamp surface, distance
between the lamp and the organism to be inacti-
vated, type of organism to be inactivated, duration
of UV exposure and purity of the water.

UV lamps become less efficient with use, and
need to be replaced regularly, normally at least
once a year. Normally the lamp is changed when its
output has diminished to 60% of the original.5 The
intensity of the lamp should be measured to ensure
sufficient exposure to UV radiation.

How well UV light passes through water depends
on the characteristics of the water. UV transmission
depends on the particle content (turbidity) of the
water, for example. Transmission will be lower for
re-used water than for new good quality inlet water.
When dimensioning UV systems, it is therefore
important to be aware of this.

6.3.3 Design

UV lamps can be placed either in the water (Fig.
6.2a,b) or above the water surface6 (Fig. 6.2c,d).
Usually the lamps are placed in a chamber through
which the water flows. UV chambers may be
equipped with reflectors or turbulence discs to irra-
diate the total water flow more effectively. The UV
lamp is normally placed inside a quartz glass pipe
to protect it from direct cooling by the water and
fouling of the lamp surface.

Disinfection 65

Figure 6.1 Different wavelengths of light.
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Fouling may occur on the quartz glass pipes
which therefore must be cleaned regularly, either
manually or automatically by washing with brushes,
to maintain optimal UV intensity. Fouling will
decrease UV transmission.

The intensity of the UV radiation can be mea-
sured continuously and readings linked to a regu-
lator, so that sufficient radiation intensity can be
maintained in water of varying turbidity and with
various extents of fouling on the pipes. If the radi-
ation intensity decreases to a limiting value, an
alarm can be activated so that remedial measures
can be taken.

If the UV lamps are placed above the water
surface, the water flows in a thin layer directly
below them. In this system the UV rays must pass
through the water surface and therefore must be
more intense than in a submerged system. For the
same reason, the layer of water is thin.As the lamps
are above the water surface, fouling will not be so
critical for this kind of system, but the problem of
varying water quality will be the same as in plants
where the UV lamp is placed inside the water flow.

6.3.4 Design specification

When designing the UV plant, the radiation dose,
water retention time in the chamber, and the UV
transmission must be specified. The transmission 
is given as the percentage of the known transmis-
sion for distilled water. If the water is contaminated
with particles, humus, etc. and is coloured, the 
transmission will decrease and must therefore be
measured. This is normally performed for one dis-
tance, for instance 5cm. The transmission for other
distances may then be found from the following
equation:7

TL = T0
L/L0

where:

TL = transmission through L cm of water
T0 = transmission through L0 cm of water
L = thickness of the water layer (cm)
L0 = thickness of the water layer set at 1cm.

Example
The UV transmission for re-used water of a given
quality is found to be 90% through a 1cm thick layer
(i.e. 90% of the UV radiation passes through a water

layer 1cm thick). Find the UV transmission for a 5
cm thick water layer.

Using the equation

TL = T0
L/L0

where:

L = 5cm
L0 = 1cm
T0 = 90% = 0.90

TL = 0.905/1

= 0.59

Thus 59% of the initial UV radiation passes through
a 5cm thick water layer, i.e. the UV transmission is
59%.

The UV intensity can be defined as the amount
of radiation per unit surface area and the following
equation can be used to find the radiation dose at
distance L from the UV radiation source7:

where:

D = radiation dose (mWs/cm2)
P = radiation effect (W)
S = area of radiated surface (cm2)
T0 = the transmission of the water through 1cm (%)
L = thickness of the water layer that is radiated

(cm)
t = necessary time for radiation (s).

Example
A UV tube is mounted in the middle of a cylindrical
chamber of radius 5cm. The length of the UV lamp
is 1m and therefore the largest radiated area will be
0.31m2. The UV transmission through a 1cm layer
of water is 95%.The time from when the water enters
the chamber to when it goes out is 10s, so it is
exposed to UV radition for 10s. The UV radiation
effect of the tube is 16W.

Find the lowest UV radiation dose to which the water
is exposed (this is close to the interior walls of the
chamber, almost 5cm from the UV tube).

Using the equation

D
P
S

T tL= 0

D
P
S

T tL= 0 P
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where:

P = 16W
S = 0.31m2 = 3100cm2

T0 = 95%
L = 5cm
t = 10s

= 0.0400Ws/cm2

= 40mWs/cm2

To obtain good disinfection it is necessary to have
a low content of particles and humus in the water,
so these must be removed before the water enters
the UV chamber, otherwise they will shield the
micro-organisms from the UV radiation.

6.3.5 Dose

The dose required to kill pathogenic micro-
organisms depends on the organism. In commercial
plants a normal UV dose is in the range 30–35
mWs/cm2, and this is adequate for a log disinfection
of 3 of most of the common aquaculture bacte-
ria.5,6,8,9 However, some viruses, such as IPN,
are much more difficult to inactivate and doses 
of 100–200mWs/cm2 have been suggested.10 Care
should be taken when reading papers where the
effective dose rates are given, as the methods used
in the laboratory are often different from those used
in commercial aquaculture where, for instance, UV
transmission through the water is variable.

6.3.6 Special problems

As previously described, particles can be a problem
because they shade the micro-organisms from the
UV light, so it is absolutely necessary to remove them
before UV irradiation. If the water is very turbid, as
may occur in systems with a high degree of water 
re-use, UV transmission may be so reduced that it is
impossible to use a UV lamp for disinfection.

6.4 Ozone

6.4.1 Function

Ozone (O3) is a colourless gas with a boiling point
of −112°C, that is sometimes called trioxygen.

D = × ×16
3100

0 95 105 1.

Ozone gas is unstable and will quickly be broken
down to O2; the half-life of O3 is around 15 minutes.
It is therefore necessary to produce the ozone on
site.

Ozone is produced by the corona method; air or
pure oxygen gas is passed through a high voltage
electric field11 (Fig. 6.3). This is actually the same
process that happens with lightning in a thunder-
storm, where ozone gas can also be smelled. Energy
is added to the oxygen molecule and ozone is
created: 3O2 + energy = 2O3. An ozone generator is
shown in Fig. 6.4, which can use either pure oxygen
or air to produce ozone. If using air, for the highest
cost effectiveness, it must be as dry as possible
before entering the ozone generator. An air drier
must therefore be used. If using air, the water may
become super-saturated with nitrogen. Using pure
oxygen to generate ozone is more expensive. The
best source of oxygen to use must be decided on a
case by case basis. Use of air result in 0.5–3% ozone
in the gas stream, whereas the corresponding values
for oxygen are 1–6%.4 Energy requirements for
producing ozone are typically in the range 3–30
kWh/kg.7,11 Only a small amount of (5–10%) the
supplied energy is used for ozone production.7

Small quantities of ozone may also be produced 
by radiation of air or oxygen gas with UV light of
specific wavelength; this is named photozone (see
section 6.5.1).

6.4.2 Mode of action

Ozone is a very strong oxidizing agent, highly toxic
to all forms of life. When dissolved in water it starts
two reactions, slow direct oxidation of organic 

Figure 6.3 In the corona method, ozone gas is created
by allowing air or oxygen to flow through a high voltage
electric field.
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Figure 6.4 (A) An ozone generator
for production of ozone gas. (B)
Ozone generator control panel.
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substances by O3 and a chain reaction with forma-
tion of different free radicals based on hydroxyl
radical (OH−). Ozone acts by damaging cell mem-
branes and nucleic acids, breaking long chain 
molecules down into simpler forms which may be
further degraded in the biological filter. This inacti-
vates the micro-organisms. Ozone has another
effect that could be an advantage in aquaculture
systems: by oxidation it reduces the amount of NH3,
NO2 and BOD biofilm on surfaces.11,12 This can 
be seen in water re-use systems where disinfection
with ozone improves water quality and may 
therefore be more beneficial than use of other 
disinfectants. Oxidation by ozone eliminates the
yellow/brown coloration of the water that is built
up in a water re-use system with very high degrees
of re-use. When using ozone as a disinfectant it is
recommended that particles be removed from the
water before the ozone is added, otherwise much of
the ozone will be used to oxidize the particles.

6.4.3 Design specification

When adding ozone gas to water a special injection
system has to be used to ensure good gas water
mixing. The method is similar to those for mixing
oxygen gas into water and use of a venturi is quite
common (Fig. 6.5), 90% transfer of ozone has been
achieved with a properly designed diffuser system.4

An ozone disinfection system therefore consists of
a production system, the generator and an injection
system.

Since there is a dose–time relation for ozone dis-
infection, the ozone needs to have a certain working
time in the water to function and oxidize the micro-
organisms. A water retention tank is quite com-
monly used. Ozone is added to the water which then
enters the retention tank.This must be large enough
to ensure a satisfactory contact time for the ozone
to achieve disinfection. Alternatively, the ozone can
be added at the beginning of the inlet pipe to the
aquaculture plant. Because the water takes some
time to reach the fish tanks, this might be enough to
achieve sufficient contact between ozone and the
micro-organisms to disinfect the water.

When designing an ozone disinfection plant, it is
necessary to include an injection system to get the
ozone gas into the water and a system that gives
sufficient retention time between the ozone and the
water. It is important that the residual concentra-
tion of ozone is above the value that is needed for
disinfection, this is, of course, less than the inlet 
concentration.

6.4.4 Ozone dose

To inactivate pathogens with ozone a dose–time
relation applies, as for many other disinfectants.

Figure 6.5 A venturi for adding
ozone gas to water.



Either a high dose can be used for a short time, or
vice versa. Over-dosing must be avoided because
this may kill the fish.

Example 3
Ozone is being used to inactivate the bacterium
Vibrio anguillarum. The dose is set to 0.1mg/(lmin)
for a log disinfection of 3. This can be achieved by
having a residual concentration of 0.1mg/l after 1
minute working time or 0.5mg/l after 2 minutes.

Most pathogens are killed by an ozone dose of
0.1–1.0mg/l and contact time of 1–10 minutes, but
this varies with the organism (for more information
see refs 7, 9, 13).

The water quality will have large impact on the
residual ozone concentration after a given time;
factors such as concentration of dissolved organics,
particular organics, inorganic ions, pH and temper-
ature will affect the concentration (for example, see
refs 1, 13). An increase in temperature results in a
reduced lethal dose. Because of these variations 
it is important to add enough ozone to obtain a 
satisfactory residual concentration to achieve 
disinfection.

6.4.5 Special problems

The great problem with the use of ozone is that it
is highly toxic for fish and humans. For fish, ozone
is toxic even at relatively small concentrations,
because it oxidizes the gill tissue. Recommended
safe values for fish are generally below 0.002mg/l,
but there are large variations in tolerance.14 There-
fore after adding ozone to the water and leaving it
to react for the necessary time, any residual ozone
must be removed or destroyed. Having an adequate
retention time ensures that most of the ozone has
reacted and the product is mainly oxygen gas (O2):
this time is normally much longer than that neces-
sary to achieve satisfactory disinfection, but of
course depends on the decomposition rate.
The retention time must therefore be long enough
for two processes: (1) to get the ozone to destroy
the micro-organisms and (2) to remove residual
ozone toxic to the fish. Non-toxic ozone concentra-
tions are normally achieved after 10–20 minutes.15

This can be done either by increasing the size of 
the retention tank or by increasing the rate of
ozone decomposition to oxygen; methods here

include aeration of the retention tank, ozone
removal by sending the water through a carbon
filter, stripping of the water in a packed column and
addtion of chemicals.11

Ozone is also toxic to humans, even a very low
concentration of ozone in the air being harmful.
In the USA, the maximum during an 8-hour work
shift in an enclosed area is set to 0.1mg/l O3; for
10 minutes exposure time the maximum level is 
0.2mg/l.2 Humans can detect levels of 0.02–0.05
mg/l by the smell, so when ozone is smelt the build-
ing must be evacuated immediately. The possibili-
ties of ozone gas entering the air which humans
breathe must therefore be minimized. Proper ven-
tilation in the room where the ozone is produced
and added is absolutely essential. In addition there
must be safety equipment to monitor the concen-
tration of ozone in the air continuously, and equip-
ment that automatically turns off the ozone supply
if the concentration rises above the recommended
values; in addition, warning signals must be given
(Fig. 6.6).

Another problem with the use of ozone results
from it being a very strong oxidizing agent. It is so
effective that it will oxidize all materials with which
it comes into contact, whether as a gas or dissolved
in water. Plastic and metals are examples of mate-
rials that the ozone gas will try to oxidize. Ozone
will destroy most plastics to various extents.
Polypropylene pipes are recommended for trans-
porting water with a high content of ozone. Ozone
will oxidize metals, causing significant corrosion
problems. Special additives must be used in fibre-
glass if it is to be used in retention tanks for
ozonated water, for instance.

6.4.6 Measuring ozone content

Control of the content of ozone is essential: enough
must be injected but overdosing avoided to prevent
harm to the fish and to humans as a result of
degassing of ozone to the air in an enclosed space.
The ozone content of water can be measured either
by a chemical method employing indigo triosul-
fonate or by using a probe for online measurement
employing a potentiometric principle.11 However,
online equipment is quite expensive. Measurement
of the redox potential which changes with the
amount of ozone in the water is therefore quite
commonly used instead.
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6.5 Other disinfection methods

6.5.1 Photozone

Using photozone gas for water treatment is similar
to the use of ozone gas. If air is blown through a
UV light chamber photozone will be produced.The
UV wavelength should be less than 200nm. Photo-
zone includes the following substances: ozone,
atomic oxygen, hydrogen peroxide and hydrogen
dioxide. All of these substances are oxidants and in
water are strong disinfectants. Concentrations of
these oxidizing substances must be below toxic

levels when the water reaches the fish. Use of pho-
tozone is not common, but it could be employed
where the water requirements are small, such as for
disinfecting the water supply to hatcheries.

6.5.2 Heat treatment

All micro-organisms can be destroyed if the water
is heated and the high temperature maintained for
a certain period of time. The necessary water tem-
perature and contact time with hot water depend
on the organism and must be determined by exper-
iment. Heating of the water is, however, an expen-

Figure 6.6 Warning equipment must be used to avoid toxic ozone concentrations in the production rooms.



sive disinfection method. The high costs of heating
water (see Chapter 7) mean that the water or the
heat must be re-used, for instance by installing heat
exchangers.

It is not necessary to boil the water (100°C) to
inactivate micro-organisms. The temperature and
time needed vary depending on the specific micro-
organisms. A large number of micro-organisms 
will be inactivated at temperatures of 60–80°C if
the retention time is correctly chosen. The water
must of course be chilled again before it reaches the
fish.

Heat or steam is commonly used for disinfecting
boots, nets, tanks, pumps and other equipment.

6.5.3 Chlorine

Chlorine is a very effective disinfectant for water
and the most common method used for disinfection
of municipal drinking water worldwide. It is nor-
mally obtained by adding liquid sodium hypochlo-
rite (NaOCl) to the water, but solid calcium
hypochlorite (Ca(OCl)2) mixed into the water or
pure chlorine gas (Cl2) may also be used.1,4 All these
compounds are strong oxidizing agents and have
the ability to break up organic molecules.

As for ozone, there is a need for a certain contact
time to achieve the necessary effect. This includes
time for dissociation in water, time for diffusion
through cell walls and time to inactivate selected
enzymes. Chlorine concentrations of 0.2–0.5mg/l
with 20–30min contact time or 3–5mg/l for 1–5
minutes have been reported.16 To kill parasites in
wastewater, typical values of free residual chlorine
concentration of 1–3mg/l with a contact time of
10–15 minutes have been reported.17 As for ozone,
the residual concentration after a certain retention
time is also of interest, and overdosing must be
avoided. As an example the minimum residual con-
centration of chlorine in the drinking water supply
in Norway is 0.02mg/l after 30 minutes contact
time.

Methods for achieving this contact time are as for
ozone: use of a retention tank, or to add it at the
start of the transfer pipe, so a natural retention time
is achieved when the water is flowing through the
pipeline. However, a higher retention time is
needed for chlorine than for ozone.

Water containing free chlorine is very toxic for
fish. Concentrations of chlorine should not exceed

3–5μg/l, although for shorter periods of up to 30
minutes concentrations up to 0.05mg/l can be tol-
erated by most species.18 When disinfecting a tank
or other equipment with chlorine, it is important
that enough clean water is used to wash away the
chlorine residues produced. Therefore chlorine is
not normally used for disinfection of inlet water for
aquaculture facilities. If chlorine is to be used, a
method for dechlorination must also be included
which can, for instance, be use of aeration, UV light,
activated carbon, or reducing agents such as
Na2S2O3 or Na2SO3.17 However, this will be a sub-
optimal method for fish farming purposes, because
of the costs.

Effluent water could be disinfected with chlorine,
but here also it might be necessary to dechlorinate
before discharge to the recipient water body
because it might be toxic for the fish it contains. If
effluent with a high content of chlorine were to be
discharged into recipients with high content of
organic substances, chlorinated organic substances
might be created: trihalomethanes (THMs) are
found in drinking water which has been disinfected
by chlorination; chloroform is the most common
THM and its presence is well correlated with the
dosage of chlorine.

6.5.4 Changing the pH

Increasing or decreasing the pH may also be used
for disinfections of water. The pH can be increased
by adding lye, or decreased by adding some kind 
of acid. This is unsatisfactory, however, because the
pH has to be normalized again whether the water
is going to be used on the fish farm or whether it is
the outlet water sent to the recipient. This method
is sometimes used for treatment of purified process
water and bleeding water from slaughter houses.

6.5.5 Natural methods: ground filtration or
constructed wetland

On-site methods such as ground filtration and con-
structed wetlands may also be used for inactivation
of micro-organisms. Put simply, naturally occurring
micro-organisms in the on-site systems destroy the
pathogenic micro-organisms in the water.19,20 It is
important to have adequate residence time in the
systems to ensure that pathogenic micro-organisms
are destroyed.
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7
Heating and Cooling

able on this subject and also on basic thermody-
namics; see, for example, refs 1–6.

7.2 Heating requires energy
A supply of energy is needed to heat water. Energy
can be transferred in three different ways: by radi-
ation, by conduction or by convection. Electromag-
netic radiation from the sun or an electric heater,
for example, will be partly absorbed when it falls on
a substance and become internal energy. With con-
duction, the energy is transferred between solids or
liquids as vibrational energy of the atoms or mole-
cules. Additionally, in materials with a supply of
‘free’ electrons, e.g. metals, these electrons share in
any energy gain resulting from a temperature rise
and their velocities increase more than those of
atoms or molecules, so energy is quickly transferred
to other parts. For example, when the end of an iron
bar is heated, the energy will be transferred to the
whole bar and after a short while it will be hot along
its entire length. Convection is heat transfer result-
ing from mixing of substances with different tem-
peratures. Convection can be natural or forced.
Natural convection occurs in water as a result of
density variation caused by temperature. Water is
of maximum density at 4°C. If heated water is sent
in below colder water it will move upwards because
it is less dense and natural convection will take
place. Forced convection occurs when a medium
such as water is exposed to an exterior force, for
instance a pump or mixer.

The power (P) required for heating water is pro-
portional to the flow and the temperature, and is
given by the equation:

7.1 Introduction
In aquaculture heating of the water may be neces-
sary for several reasons, for example to increase the
growth rate, to get the fish reach a specific size at a
certain time, to get them to mature or to spawn. Dif-
ferent species have different optimal temperatures;
if the ambient water temperature is cooler than the
optimal temperature, it can be useful to heat the
water.

The principles used for heating in aquaculture
are normally the same as those used in houses or
industrial facilities; however, systems used in aqua-
culture facilities must heat large amounts of water
and therefore be efficient. Important factors when
choosing a system are the total heating require-
ments and the necessary temperature increase. In
this chapter a survey of methods and equipment is
given. It starts with some basic physical laws and
ends with some simple specifications and calculated
examples.

Instead of purchasing all the heat necessary, it
could be taken from other available sources, such as
geothermic water, or the water could be re-used. For
species needing much warmer water than is avail-
able from source, both these methods could be used.

In some cases it is necessary to chill the water, for
instance in connection with storing the brood stock,
to get the fish to mature, and for storing eggs and
fry. Heating and chilling both involve energy 
transfer.When heating water, energy is added to the
system, while chilling removes energy from the
system. In this chapter the focus is on heating
systems used for aquaculture; much of the basic
information applies to both heating and cooling. A
great deal of general engineering literature is avail-
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P = mcp dt

where:

m = water flow (kg/s)
cp = specific heat capacity (kJ/(kg °C))
dt = temperature increase for the water (°C).

The specific heat capacity is the amount of energy
required to heat 1kg water by 1°C: cp = 4.18kJ/
(kg °C) for freshwater and 4.0kJ/(kg °C) for 
seawater. The temperature increase for the water 
is the difference between inlet and outlet 
temperatures.

A continuous power supply is required to heat
the flowing water; the unit of power is normally the
kilowatt (kW) and 1kW = 1 kilojoule (kJ) per
second. Therefore, it can be seen that power is rate
of energy transfer.

Example
A freshwater flow of 10 l/min (0.17 l/s) is heated from
its original temperature of 2°C to 10°C. What is the
rate of energy transfer to the water, i.e. the power 
supplied?

P = mcp dt

The mass of 1 l of water is 1kg.

P = 0.17kg/s × 4.18kJ/(kg °C) × (10°C − 2°C)
= 5.7kJ/s
= 5.7kW

The total amount of energy that has to supplied
during a given period or that has been used during
a given period can be calculated from the power
supplied multiplied by the time for which this
power is used.

Q = Pt

where:
Q = total amount of energy (kilowatt-hour, kWh)
P = power (kW)
t = time over which heating takes place (h).

If this is compared to flowing water, the power (kW
or kJ/s) corresponds to water flow rate (l/s), while
the total energy consumed corresponds to the total
amount of water which has flowed past a certain
point during a given period of time.

It is the energy consumed (Q) that is paid for, be
it electricity, oil or another energy source.
Electricity is charged per kilowatt-hour, consumed

and oil is sold by volume. The power (P) gives the
energy rating of the heating equipment.

Example
Calculate the daily cost of heating the water in the
previous example. The price of electricity is 0.1
€/kWh.

Q = Pt
= 5.7kW × 24h
= 136.8kWh

Therefore the cost is

136.8kWh × 0.1€/kWh = 13.68€.

When the water is heated it must always be
aerated before it is used on fish because it may
become supersaturated with gas. When the water
temperature increases the amount of dissolved gas
is reduced. If there was equilibrium between the
gases in the water and the surrounding air before
the water was heated, the water will be supersatu-
rated with these gases afterwards (Fig. 7.1). Nitro-
gen levels will be harmful (see Chapter 8). It is very
important to be aware of this, because it means that
water containing fish must not be heated directly.

7.3 Methods for heating water
Several methods are used for heating water, either
directly or indirectly. The latter case requires avail-
able sources of hot water that can be used to meet
all or a part of the heating requirements. When
using direct methods, all necessary energy must be

Figure 7.1 Heating of water that is in gas equilibrium
with the surrounding air (100% saturation) will result in
supersaturation with gases that are harmful to the fish.



added to the water. Electricity, oil or gas are the
usual sources of energy for direct heating of water.

It is better, however, if other available energy
sources can be used to meet part or all of the energy
requirement. These can be separated into low and
high temperature sources. High temperature
sources can be used to meet the entire need for
heating, if the amounts are large enough as they are
much hotter than the required final temperature.
Hot industrial effluent water or geothermal water
are examples of such sources.

Low temperature sources are hotter than the raw
water to be heated but their temperature is insuffi-
cient to meet total energy needs. The source can
therefore be used as a part supply to the total water
heating requirements. Seawater or groundwater are
examples of sources that can be used to meet part
of the energy needs; industrial effluent water can
also be included in this category.

Whether industrial effluent water or geothermal
water can be used directly for the fish, or whether
heat exchange is necessary depends on its quality.
Normally it is necessary to use a heat exchanger,
because the quality of industrial effluent water is
not continuously good enough for direct use as
growing water for the fish. Low temperature
sources are also suitable for use with heat pumps
(see Section 7.6).

When supplying energy to heat water, it must be
utilized as efficiently as possible. Recovery of
energy from the outlet water is therefore common,
either by direct or indirect systems. Re-use systems
are direct, with the water being used again directly,
while heat exchangers where only the energy is re-
used, represent indirect systems. It is not possible to
recover all the energy that is added by using heat
exchangers. Even if it were theoretically possible, it
is not cost effective because the heat exchanger
would need to be very large and expensive.

7.4 Heaters

7.4.1 Immersion heaters

An immersion heater is an electrical element (heat
element) placed in the water (Fig. 7.2). Electricity
is supplied to the element which heats up.The basic
principle is the same as that is used in a heater in a
house: the electricity passes through a thin resistant
filament where heat develops. It is important that

the element is sealed to avoid a short circuit; there-
fore it is typically placed in a tube. When water
passes the heated element, energy is transferred
from the element to the water, the temperature of
which increases. Normally a thermostat is attached
to the heater so that heat is transferred until 
the water reaches a set temperature when the 
electricity supply is automatically/switched off;
when the temperature drops below this value, the
electricity to the element is automatically switched
on. When using an electric heater almost all of the
electric energy supplied is transferred to the water.
For greatest efficiency when heating requirements
is vary, it is an advantage to have several elements
in the heater. In addition to a thermostat, the heater
is normally equipped with a system to avoid over-
heating, for instance when the water flow is reduced
or stops. An immersion heater must be correctly
installed. There must be no possibility for air
pockets inside the heater, because the element may
overheat in such places. It is important to choose
correct materials for the heating element to avoid
corrosion resulting in an electrical short circuit.
Materials used are acid-proof steel or stainless
steel, depending on the quality and composition of
the water to be heated.

The size of heater depends on the energy require-
ments.For large water flows or temperature gradients,
large heaters are necessary;these consume much elec-
tricity as can be inferred from the high cross-sectional
area of the wires connected to the heater.

Example
The ambient water temperature is 3°C while that in
the hatchery is 8°C. The hatchery water flow is 60
l/min (1 l/s). Find the size of the heater needed to
achieve the required temperature increase.

P = mcpdt
= 1 l/s × 4.18kJ/(kg °C) × (8°C − 3°C)
= 20.9kW

The necessary size of the heater is 20.9kW. The
heater is ordered from a supplier and adjusted as
required.

Example
On a land-based freshwater production farm the
supply of energy necessary, to increase the water
temperature to at least 12°C throughout the year
must be calculated. Water consumption is 2m3/min.
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The incoming freshwater has the following ambient
average monthly temperatures:

In the months January, February, March, April,
May, October, November and December the 
temperature is so low that it is necessary to heat the
water.
Amount of energy required for January is:

P = mcpdt
= 33.3 l/s × 4.18kJ/(kg °C) × (12°C − 2°C)
= 1392kW

The energy needed for the whole month is

Q = P × number of hours
= 1392kW × 24h × 31 days
= 1035648kWh

This calculation is repeated for the other months
giving the following values:

Figure 7.2 An electric immersion
heater.

Month Ambient water temp. Temp. increase 
(°C) (°C)

Jan 2 10
Feb 2 10
Mar 3 9
Apr 4 8
May 8 4
Jun 12 0
Jul 14 0
Aug 14 0
Sep 12 0
Oct 10 2
Nov 6 6
Dec 3 9



If the price of the electricity is 0.1€/kWh, the yearly
cost for heating the water with an immersion heater
is

5859889kWh × 0.1€/kWh = 585989€

As this example shows, the cost of heating water for
fish farming is very high because of the large amount
of water. This is also the reason for the great interest
in alternative hot water sources and recovery of
energy from the outlet water.

7.4.2 Oil and gas burners

When oil burns a great deal of energy is released,
and in an oil burner this energy is used to heat water.
The amount of energy released when burning 1 l oil
depends on the characteristics and quality of the oil;
a typical value is 41800kJ/kg. Letting the oil burn in
a combustion chamber around which water flows
ensures transfer of energy from the burning oil to
the water (Fig. 7.3).To keep the oil burning, air must
be supplied to the combustion chamber and a
chimney is necessary to get rid of the flue gas.There
will always be energy losses in an oil-fired boiler
from the flue gas and due to incomplete burning and
incomplete transfer of heat to the water. Depending
on the system, oil-fired boilers are usually between
60 and 90% efficient. A shunt valve may be used to
regulate the temperature of the water flowing out
from an oil-fired boiler.

Instead of oil, gas can be used as an energy
source. The construction of a gas-fired system is

similar to an oil-fired system, with a combustion
chamber around which the water circulates.
However, the gas-fired boiler is slightly simpler to
construct, because gas is more flammable than oil.
Normally gas-fired appliances are slightly more effi-
cient than oil-fired boilers.

7.5 Heat exchangers

7.5.1 Why use heat exchangers?

A heat exchanger is used to transfer energy from
one medium to another and to achieve this a tem-
perature gradient is necessary. Energy transfer can
take place via direct contact between the two
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Power Total electricity consumption
Month (kW) per month (kWh)

January 1392 1035648
February 1392 935424
March 1253 932232
April 1114 802080
May 557 414241
June 0 0
July 0 0
August 0 0
September 0 0
October 278 206832
November 835 601200
December 1253 932232
Total 5859889

Figure 7.3 An oil-fired boiler.



80 Aquaculture Engineering

media, or indirectly where the media are separated
by a barrier. In indirect exchangers the heat must
be transferred through this barrier.

An illustration of the direct method is as follows.
Water is fed in at the top of a tower where is it
spread on a perforated plate; it falls through as
drops which pass through the air into a basin placed
below. The water drops have a large surface area
exposed to the surrounding air; if this is warm,
energy will be transferred from the air into the
drops and the water will be heated. The indirect
method is illustrated by having water of different
temperatures separated by a thin metal plate.
Energy will be transferred through the plate from
the warm side to the cold side because of the tem-
perature gradient until the temperature on both
sides is the same. This method is the main one used
in fish farming.

Heat exchangers can be used both for heating
and chilling. In heat pumps and cold-storage plants,
a refrigerant may be used as one of the media (see
Sections 7.6 and 7.8). Heat exchangers may also be
air to air as in ventilation systems in houses, or air
to water as in air coolers.

Heat exchangers can be used to recover energy
from the outlet water; for example, to recover the
energy from hot industrial effluent water and use 
it to heat the water supply to a fish farm.
Heat exchangers are also commonly used to
recover the energy from the outlet water from 
the fish farm and transfer it to the inlet water.
Seawater may also be used as a heat source on 
one side of the heat exchanger, to supply part of 
the heat energy to the inlet water supply to a 
freshwater fish farm.

7.5.2 How is the heat transferred?

The energy transfer in a heat exchanger having
liquid on both sides of a metal plate occurs in three
stages (Fig. 7.4):

(1) Transfer of heat from the liquid with the
highest temperature to the fixed material, the
plate

(2) Transfer of heat through the fixed material
(3) Transfer of heat from the fixed material to the

liquid of lower temperature

Transfer of heat from the liquid to the fixed mate-
rial is normally via convection and conduction.

Close to the fixed material there will be a layer with
laminar flow through which heat is transferred by
conduction more slowly than for convection. It is
advantageous to reduce the thickness of the
laminar layer and, to improve convection, have tur-
bulent conditions in the flowing liquids. Heat 
transfer through the fixed material is by conduc-
tion; a material with good conductivity (e.g. metal)
improves this. Conduction and convection cause
heat transfer into the liquid on the other side of the
fixed material.

7.5.3 Factors affecting heat transfer

The rate of energy transfer (P) of the heat
exchanger depends on the temperature difference
between the media, the thermal conductivity of the
material in the heat exchanger and the area over
which the energy is transferred; it can be calculated
from the equation

P = kALMTD

where:

k = heat transfer coefficient (W/(m2 °C))
A = heat transfer area (m2)
LMTD = log mean temperature difference (°C).

The value of k gives the quantity of energy trans-
ferred per square metre surface area and degree
temperature difference. Various factors affect k; in
practice, values of up to 8kW/(m2 °C) are achieved.
k can be calculated from the following equation:

Figure 7.4 In a heat exchanger the heat is transferred
from the hot to the cold side.



Here, a1 and a2 are the heat transfer coefficients on
each side of the material in the heat exchanger.
They give the quantity of energy transferred from
a liquid or gas to or from unit area of a fixed mate-
rial and per degree temperature difference. The
values depend on the condition for convection and
conduction and can be improved by optimizing
operational conditions.

tp is the thickness of the material that separates
the two flowing media; increasing tp will decrease k
because the heat must be transported a greater dis-
tance through the fixed material. Use of a thin fixed
material results in a low k value.

l is the heat convection factor for the material;
steel and other metals have a high factor, while
glass and plastics have a lower factor. This why
metal with good conductivity is used for the heat
transfer plates.

Rf is the fouling factor, which gives the amount
of fouling on the material of the heat transfer
plates. Fouling reduces k, and therefore the rate of
energy transfer will be reduced. High turbulence
close to the surface of the heat transfer plates will
reduce the amount of fouling, in addition to
improving a1 and a2. Cleaning of the exchange sur-
faces will also reduce the fouling, Rf. The reduction
in k is because the conductivity of the layer of
fouling is low and the thickness of the transfer
material is increased.

Manufacturers of heat exchangers normally give
kA as a single value. This is because each manufac-
turer will have their own design for the heat 
transfer area to create optimum flow with turbu-
lence; to improve conditions for turbulence and
increase the heat transfer area, various patterns are
used on the exchange surface, including grooves
and corrugations.

The temperature gradient between the warm and
the cold side in the exchanger (Fig. 7.5) ensures
energy transfer. It is expressed as the LMTD.A log-
arithmetic expression is used because temperature
equalization between the media through the
exchanger may not be linear. LMTD can be calcu-
lated from the following equation:

LMTD =
Δ Δ
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T T
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where:

T1 = tin (hot water) − tout (heated water)
T2 = tout (cooled water) − tin (water to be heated).

If the amount of water and the heat exchange area
are the same on both sides of the heat exchanger,
ΔT1 = ΔT2 = LMTD. LMTD will vary depending on
whether it is a parallel-flow or counterflow
exchanger (see sections 7.5.4 and 7.5.6).

7.5.4 Important parameters when calculating the
size of heat exchangers

Number of transfer units

Number of transfer units (NTU) indicates how
much energy can be transferred per unit LMTD.
Indirectly, it gives an idea of what the exchanger
will look like, its size, etc. The following calculation
can be used to find the NTU of the exchanger:

NTU = (tin − tout)/LMTD

where:
NTU = number of transfer units
tin = temperature of water flowing into the

exchanger
tout = temperature of water flowing out of the

exchanger
LMTD = log mean temperature difference (°C).
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Figure 7.5 Log mean temperature difference (LMTD)
represents the mean temperature difference between
the warm and cold side in a heat exchanger. It is this
gradient that ensures heat transfer.
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Example
Calculate the NTU for the warm side in a heat
exchanger, i.e. the side where the hot water is chilled.
Water flows into the exchanger at 1000 l/min at a tem-
perature of 10°C and out at 4°C; the LMTD is 1.5°C.

The NTU can be calculated both for the warm and
cold side of the exchanger. Depending on the flow
conditions and the transfer area, it could be the
same (if the flow and heat transfer area are the
same on both sides of the exchanger).

In a plate exchanger described in section 7.5.5 
the NTU is seldom above 5, or the plates will be
unreasonably large. If the LMTD is estimated and
the NTU known, the highest possible out tempera-
ture that can be reached can be calculated. If NTU
is above 5, heat exchangers can be connected in
series, or several-stroke exchangers can be used.

The design of the heat exchange surface area
varies. A closed design results in a large NTU with
good heat transfer but a high head loss, whereas a
more open design results in a lower NTU.

Specific pressure drop

The pressure drop in the liquid flowing through the
exchanger is necessary to achieve heat transfer. If a
high head loss through the exchanger is accepted,
the size of the exchanger can be reduced. Higher
pressure creates more turbulence and improved
contact between the exchange plates, but a higher
input pressure to the exchanger is necessary.

The specific pressure drop (J) for a heat
exchanger gives the pressure loss for every transfer
unit, and can be represented by the following 
equation:

where:

J = specific pressure drop
ΔP = total head loss through the exchanger
NTU = number of transfer units.

The economic optimum head loss through the heat
exchanger varies depending on the situation and

J
P= Δ

NTU

NTU
10 4
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4
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=

has to be calculated in every case. Normally it lies
in the range 2–10mH2O per NTU for exchangers
used in fish farming. When looking at the different
areas where exchangers are used, the following
approximate specific pressure drop per transfer
unit can be used as an approximate base to start a
simulation process to optimize the size of a plate
heat exchanger:

• Seawater exchanger 5–10mH20
• Outlet water exchanger 10–12mH20
• Evaporator in a heat pump 3mH20
• Condenser in a heat pump 4mH20

Other important measurements

The maximum pressure (design pressure) in heat
exchangers used in fish farming is normally in the
range 1–2MPa or 10–20mH2O. Usually the plate
exchangers have up to 2000m2 of exchange surface
area and the water flow can be 1000 l/s or more.

Exchanger price of course depends on size: a
large exchanger will cost more than a small one. If
higher head loss can be accepted the size of the
exchanger can be reduced. Also the size of the
LMTD is of great importance. If a small LMTD is
needed the size of the exchanger will increase 
(Fig. 7.6).

When installing a heat exchanger, the energy
profit must therefore always be evaluated against
the price of the exchanger. To have a low LMTD is
normally very costly.The necessary transfer area, or

Figure 7.6 If the log mean temperature difference
(LMTD) is small, the size of the heat transfer area must
be increased.



size of the exchanger increases when the LMTD is
reduced. Suppliers of equipment normally have
their own programs to simulate the temperature of
water discharged (their own kA values) to optimize
the size of their exchangers.

7.5.5 Types of heat exchanger

When designing a heat exchanger the aim is to
create a large area where exchange of energy
between the two media can take place. Two types
of heat exchangers are common in fish farming:
plate, and shell and tube exchangers.

Plate exchangers

A common plate exchanger consists of the follow-
ing components: a rack, two end-plates with pipe
connection in one or both sides, the heat transfer
plates and gaskets that are used between the plates
to avoid leakage (Fig. 7.7). In plate exchangers that
cannot be dismantled, it is possible to omit the
gaskets and braze or solder the plates together
instead. The two media flow into the exchanger at
one end; the hot and cold water flow in two sepa-
rate circuits divided by the heat transfer plates. Hot
and cold water will flow in parallel through the
whole length of the exchanger, assuming the coun-
tercurrent principle is used as is usual. The size of
the energy transfer area can be changed by adding
and removing heat transfer plates as long as there
is sufficient space in the rack. The exchanger can be
opened to add or remove plates and for cleaning
unless the parts are brazed together. The former
type is normally used in fish farming because they
are easy to open for cleaning and removal of
fouling. The latter type can be used as evaporators
and condensers in a heat pump, or in places where
both the flowing liquids are pure and fouling of the
heat transfer surfaces does not occur.

Some kind of corrugation on the heat transfer
plates is normal (Fig. 7.7). This increases the area
were heat transfer occurs and hence the NTU. In
addition the corrugation will increase the turbu-
lence and because of this improve the heat 
transfer, so increasing the value of k. The gasket
between the plates which inhibits leakage, is either
glued or clipped to the plates and made of a resis-
tant rubber material.

To increase the heat transfer area, several heat
exchangers can be connected in series, one after
another. The alternative is to use the so called
‘several-stroke’ exchanger. Normally an exchanger
has one stroke, but by adding dense plates in the
middle where the direction of the water flow is
changed, a several-stroke exchanger is achieved
(Fig. 7.8). The result is the same as adding two
exchangers in series, but only one rack is used.
Whether a plate exchanger is a one-stroke or
several-stroke type can easily be seen from the
connection points. A one-stroke exchanger has all
pipe connections on one side to, one of the end-
plates, while several-stroke exchangers have pipe
connections on both sides to, both end-plates. To be
able to dismantle a two-stroke exchanger, e.g. for
cleaning, it must be possible to disconnect the pipe
connections in a simple way.

The value of k for plate exchangers varies signif-
icantly depending on the corrugation pattern on the
surface; normal values are from 3.5–8kW/(m2 °C).
The plates are very thin, in the region of 0.5mm.

Shell and tube exchangers

Another common type of heat exchanger is the
shell and tube.This is widely used in condensers and
evaporators in heat pumps and cold storage plants
in fish farming. It is constructed with a shell cover-
ing a number of small tubes (Fig. 7.9). The shell is
normally a large tube. One medium flows in the
small tubes while the other flows around the tubes,
in the shell. The small pipes and the large pipe con-
stitute the two different circuits where the two dif-
ferent media flow and heat can be transferred. Shell
and tube exchangers are seldom used for tradi-
tional water-to-water heat exchange in fish farming
because they are quite difficult to clean manually.
They can be opened by removing the cap at one end
of the shell, but it is impossible to reach all heat
transfer surfaces for simple manual brushing. They
must be adapted for automatic chemical cleaning.

Special types, pipes in seawater

A pipe that is laid down in water will have a higher
or lower surrounding temperature than the water
flowing through the pipe and will function as a heat
exchanger. This principle has been used in fish
farming. If the temperature in the surrounding
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water is higher, heat will be transferred into the
water flowing inside the pipe.To obtain a noticeable
temperature increase in the water flowing inside
the pipe, the following factors are of importance:
length of the pipe, temperature difference between
the water inside the pipe and around the pipe, and
the heat transfer coefficient (k) of the pipe mater-
ial. This again depends on the thickness of the pipe,
material of which the pipe is constructed, contact
area between water and the pipe material on both
sides, and the convection conditions inside and
around the pipe.

In practice, plastic seems to be the material most
often used. Polyethylene does not, however, trans-
fer energy particularly effectively as it has, quite a
low k value, but PE pipes are cheap and easy to lay.

A

B

Figure 7.7 A typical plate heat exchanger consists of a rack, two end-plates with pipe connections, heat transfer
plates and gaskets between the plates to avoid leakage. (A) An exchanger in situ. (B) An open heat exchanger
showing the corrugated surfaces of the transfer plates.

Figure 7.8 Multi-pass exchangers include one or 
more dense plates to change the direction of the water
flow inside. In a multi-pass exchanger there are pipe
connections at both ends of the rack.



The pipes must be moored; normally concrete
blocks are used. If in seawater, it is normally to lay
pipes at depths below 20–30m, too avoid the most
critical depth that results in much fouling of the
exterior surface. In fish farming the system may be
used for heating freshwater in the winter. In this
case the inlet pipeline must be laid into seawater
where the temperature is normally higher than in
freshwater. A substitute for a traditional on-shore
heat exchanger where seawater is pumped through,
is then achieved. What is found in practice is that
the pipe has to be several hundred metres long 
to achieve a noticeable temperature increase.
Depending on the site conditions and the geo-
graphical distance between the site and the water
source, this might be a good solution if the water
transferred from the source to the fish farm is near
the sea.

7.5.6 Flow pattern in heat exchangers

Two flow principles are used in heat exchangers:
with-current or countercurrent, the latter only in
plate exchangers of particular construction (Fig.
7.10). In the with-current system, the liquids on
both sides of the exchange material flow in the
same direction, or approximately in the same direc-
tion as in the shell and tube exchanger. In this case
the temperature gradient between the media is high
at the start but gradually decreases. The highest
possible temperature that can be achieved in the
cold liquid being heated is the mean temperature
between the two flowing liquids.This requires equal
flow of both liquids; otherwise the temperature
depends on the flow ratio of the two liquids. In a
countercurrent exchanger the cold media flows in

the opposite direction to the hot media. The tem-
perature of the cold media thus gradually increases
and the hot water is correspondingly chilled. With
a countercurrent exchanger, the temperature of the
cold media can be raised to almost the temperature
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Figure 7.9 The shell and tube
exchanger is constructed with a shell
covering a number of small pipes.

Figure 7.10 The flow pattern in a plate heat exchanger
can be either uniflow or countercurrent.
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of the hot media, depending of the size of the
exchanger.

Example
Find the LMTD for a countercurrent heat exchanger
having the following temperatures: hot water into the
exchanger, t1 = 11°C; hot water out of the exchanger,
t2 = 5°C; cold water into the exchanger, t3 = 3°C; cold
water out of the exchanger, t4 = 7°C.

DT1 = t1 − t4

= 11 − 7 = 4
DT2 = t2 − t3

= 5 − 3 = 2

With parallel/linear temperature equalizing the
answer would be slightly higher at 3.0. The way to
achieve the conditions shown in the example is to
have different media flow rates on the two sides of
the transfer plates. If there are no energy losses to the
surroundings and the water flow in both circuits is
equal T1 will equal T2 and this value can then be used
for further calculations.

7.5.7 Materials in heat exchangers

Heat exchangers are built of different materials 
for different purposes. It is important that the 
material has good conductivity, such as a metal,
and that the heat transfer surfaces are corrosion-
resistant. In fish farming, it is also important that
the materials do not release substances that are
toxic for the fish, e.g. copper. The more contami-
nated the flowing media are, either by acids or
bases, the more resistant to corrosion the heat
transfer surface areas need to be; however, this will
increase the price of the material.

If the media are water and it is uncontaminated,
stainless steel could be used. If the water is conta-
minated to some extent, for instance with humus
substances, acid-proof steel at least should be used.
If the water is salt or brackish, titanium covered
plates ought to be used. For ground water titan-
covered plates are also recommended; the price of
these is, however, much higher than for stainless
steel plates.

LMTD
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7.5.8 Fouling

Fouling is a problem with the use of heat exchang-
ers in fish farming. This occurs particularly when
using outlet water on one side in the exchanger, but
there are also problems associated with using sea-
water on one side. Fouling of the transfer surfaces
will reduce the value of k and the heat transfer.
Fouling will cover the transfer surfaces, and the
conduction through the layers of fouling is dra-
matically reduced compared to surfaces with no
fouling. Since fouling occurs normally and it is
impossible to remove it continuously, this must be
taken into consideration when designing heat
exchangers for use in fish farming. This is done by
including the fouling factor (Rf) in the calculations
which again decreases the value of k (see section
7.5.3).

It is important to reduce the amount of fouling
as much as possible, but of course within economic
limits. Washing of the surfaces will reduce the
fouling, whether by the use of chemicals, manual
brushing, or both. To make chemical washing pos-
sible in a simple way, the exchangers should be
equipped with a backwashing circuit (Fig. 7.11).
For the washing procedure the heating system is
stopped and the exchanger backwashed several
times with water containing a detergent: caustic

Figure 7.11 To remove fouling, exchangers should be
equipped with a washing circuit which is used to back-
wash the system using detergents to dissolve fat.



soda or lye may be used as a detergent in fish
farming. Chemical washing, however, is normally
not enough and the exchangers have to be opened
and the heat transfer surfaces brushed manually. It
may not be necessary to do this every time, but only
for some of the washings, for example once a week.
This of course depends on the degree of fouling
which varies with the characteristics of the water
flowing through the exchanger, i.e. whether it is new
water or outlet water.

When cleaning the exchangers the heating sys-
tem must be switched off. Because of this, it can 
be advantageous to have at least two exchangers,
so at least half the heating capacity is functioning
during the cleaning procedure. It is important to
have enough valves in the pipelines to be able 
to change the flow direction to permit this (see
Chapter 2).

The degree of fouling decreases with increased
water velocity through the exchanger, because
more turbulence is created. However, this will also
increases the head loss, so there is a balance to
finding the optimal water velocity. What is cer-
tain is that a low velocity through the exchanger
increases the degree of fouling; this will occur if 
the water flow through the exchanger is reduced
compared to what it is designed for; in the worst
cases total blockage of the exchanger can result.
The normal water velocity through exchangers is
around 2m/s.

Fungus clots and larger particles may block the
exchanger totally. To reduce the risk of blockage,
for instance when using outlet water, the water
must always be filtered before entering a heat
exchanger. This will to some extent, also help to
reduce the amount of fouling. A particle removal
filter, for instance a rotating screen filter, is com-
monly used for this purpose.

7.6 Heat pumps

7.6.1 Why use heat pumps?

The use of heat pumps is beneficial in many aqua-
culture facilities because the temperature increase
is relatively low and the amount of energy that can
be transferred is quite large. Today heat pumps are
finding increasing use in all type of industry, in
greenhouses and housing, as a result of the high cost
of electricity and oil.

The great advantage with a heat pump is that the
large amount of low temperature energy available
is transferred to smaller amounts of media with
higher temperature. The energy transfer between
the two conditions and the equipment itself must
be paid for.

A heat pump is basically the same as a refrig-
erator or a cold-storage plant. The difference is the
method of utilization. A refrigerator is used to
remove energy while the heat pump is used to add
energy. Theoretically a heat pump and a refrigera-
tor can be the same unit that is used both for
cooling and heating, for instance cooling of the
water supplied to spawning fish and heating of
water supplied to fry production. It is however dif-
ficult to optimize the heat pump for both purposes.

7.6.2 Construction and function of a heat pump

A heat pump consists of four main components
(Fig. 7.12):

• Evaporator
• Compressor
• Condenser
• Expansion valve.

Between the four components there is a closed
pipeline, the transport circuit, in which the working
medium or refrigerant circulates. The medium is
adapted so that it performs a phase transfer: it will
change phase between liquid and gas when circu-
lating between the components in the circuit. The
system utilizes the energy needed for evaporation
of the working medium, which is released when the
medium is condensed.

To explain the construction and function of the
heat pump or refrigerator, the working medium can
be followed for one lap round the closed pipeline
circuit. When the medium enters the evaporator, it
is a liquid of low temperature and with relatively
low pressure. The boiling point of the medium is
quite low. In the evaporator, which is actually a heat
exchanger, the temperature is higher than in the
working medium. Energy is therefore transferred
from the surroundings and into the working
medium, i.e. heat exchange occurs.The temperature
increases up to the evaporation point for the
working medium which starts to change phase from
liquid to gas. When a medium changes from liquid
to gas much energy is needed which is stored in 
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the gas. The liquid–gas mix is then sucked into the
compressor where the pressure increases together
with the temperature so that all the medium is
transformed into gas. The pressure in the working
medium is now much higher than before.

The compressor is supplied with additional
energy (normally electricity) to function. Available
compressors either use a piston principle or the
screw principle, the latter having continuous deliv-
ery of gas. Not all the energy supplied to the com-
pressor is transferred to the gas, because there are
some energy losses. The efficiency of a compressor
is normally about 70–80%, meaning that 70–80% of
the added electricity is transferred to the gas.

From the compressor the gas is pushed into the
condenser with the help of the created pressure.
The condenser is another heat exchanger where
energy is transferred from the gas, which has the
highest temperature, into the surrounding water.
The gas is now chilled and it reaches a temperature

where phase transfer occurs again, the dew point,
and changes into liquid. The evaporation energy
that has been stored in the gas is now released and
transferred to the cold medium. The gas–liquid mix
(or just the liquid, depending on the construction
and conditions) now flows to the expansion valve
where the pressure is reduced, for instance by
increasing the cross-sectional area of the pipe
where the medium is flowing. The gas–liquid mix
now expands. (A simplification of this is that the
liquid is pressed through a small hole and out into
a pipe with larger diameter.) All the medium now
changes into liquid. The pressure decrease of the
medium is accompanied by a drop in temperature.
The working medium now enters the evaporator
again and can then start a new lap round the circuit;
thus it circulates continuously.

The working medium or refrigerant must be
adapted to the temperature and pressure condi-
tions in the evaporator and condenser. It must

Figure 7.12 The main components
and function of a heat pump.



evaporate and condense at temperatures that fit the
temperature to which the inlet water is to be
heated, and of the water from which the heat is 
collected. Neither must the pressure and pressure
difference be too large. There has been much 
discussion about refrigerants, because the most
suitable have negative effects on the environment
by contributing to the greenhouse effect. New more
environmentally friendly refrigerants have there-
fore been developed during the past few years. In
fish farming ammonia is much used, which is a rel-
atively environmentally friendly material regarding
the greenhouse effect but highly toxic for the fish,
so it is important to avoid leakage of refrigerant
into the inlet water.

7.6.3 Log pressure–enthalpy (p–H)

The heat pump process is often illustrated in a log
pressure (p)–enthalpy (H) diagram (log p–H
diagram) (Fig. 7.13). Enthalpy is a parameter that
is a measure of the energy content of refrigerant;
units are kJ/kg. The log p–H diagram illustrates
clearly the changes of phase in the refrigerant. The
pressure of the refrigerant is constant through the
evaporator, but its energy content (H) increases
because it gradually changes phase from liquid to
gas and in doing so takes up energy from its sur-
roundings. When the refrigerant enters the com-
pressor it is in the gas phase. Electric energy is
supplied to the compressor, most of which is trans-

ferred to the refrigerant, so further increasing its
enthalpy. In the compressor the pressure of the gas
increases and it is then fed into the condenser. Here
energy is released because the gas changes phase 
to liquid and the enthalpy drops, but the pressure
remains stable: all the energy that was stored when
the liquid changed phase into gas is now released.
The refrigerant exits the condenser as liquid and
then enters the expansion valve where its pressure
drops, but no energy is removed or added (assum-
ing ideal conditions). Therefore the enthalpy is the
same, as shown by a vertical line.

The p–H diagram is specific for each medium,
and shows the phase of the medium in relation to
its pressure and enthalpy content. It is also known
as a nose diagram, depending on the presentation.
On one side of the ‘nose’ the phase of the working
medium is liquid; on the other side it is gas, and 
in between both gas and liquid. The heat pump
processes therefore happen inside the ‘nose’,
because it is here that the phase transfers occur.

7.6.4 Coefficient of performance

The coefficient of performance (COP) is an impor-
tant parameter when talking about heat pumps and
heating systems; it indicates how much energy is
transferred to the water in relation to the supply of
energy (normally electricity). For heat pumps 
the only electricity supplied is to the compressor.
The COP (e) will therefore be the relation between
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Figure 7.13 The heat pump process
illustrated in a log p–H diagram.
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the energy released in the condenser and the
energy added to the compressor.

e = Qreleased in condenser/Qadded to compressor

Normally for commercial heat pumps used in fish
farming, COP can be up to 5.

7.6.5 Installations of heat pumps

When installing a heat pump location of the con-
denser is very important, because it is here that the
energy is released. For a refrigeration plant location
of the evaporator will be important because here
removal of energy occurs. There are a number of
places for installing the condenser in the heat pump
in a fish farm; all have advantages and disadvan-
tages (Fig. 7.14). One solution is to place it directly
into the inlet water, which gives very good heat
transfer. However, leakage from the condenser
could lead to contamination of the inlet water by
the refrigerant, which is dangerous because it could
be toxic to the fish. To avoid this, an extra closed
circuit is more commonly used between the con-
denser and the inlet water consisting of a pump and
a heat exchanger through which a non-toxic liquid
(water or glycol, for instance) circulates. Glycol 
has a high thermal capacity so is a good choice 
of medium. Between 10 and 15% reduction in the
COP is normal when using the extra circuit,
because the heat is transferred twice.

Another method is to install the condenser in the
outlet water and afterwards have a heat exchanger
between the outlet water and the inlet water, also
a two-step heat transfer process. The disadvantage
with this method is that increased fouling will
present problems. Cleaning of the condenser, which
is normally of the shell and tube type, is difficult.

The evaporator is normally placed in the outlet
water. Here there will also be problems with
fouling, and a closed circuit can also be used to
advantage in this situation. A plate exchanger is
used in this circuit to transfer the heat, because it is
easier to open for cleaning.

When using the evaporator in the outlet water
and the temperatures are low freezing of the outlet
water may be a problem because the temperature
is reduced as much as possible through the evapo-
rator to recover the stored energy in the outlet
water, meaning that the temperature in the working
medium is 0°C or less to ensure effective heat trans-

fer. It is therefore possible that the water in the
evaporator will freeze, for instance if there is a
reduction in the water flow or drop in the inlet
water temperature.To avoid breakage of a shell and
tube evaporator due to ice, it is normal to use glycol
which functions in the same way here as in the con-
denser circuit; glycol is a liquid with a very low
freezing point.

Figure 7.14 There are several alternatives for
installing the condenser when using a heat pump. Either
it can be placed directly in the inlet water, or a circula-
tion circuit including a heat exchanger can be used.



In practice, there is not usually enough energy in
the outlet water to get a heat pump to function with
a good COP. Therefore the heat pump will usually
be an integral part of a total energy system where
additional energy from seawater or another low
temperature source may be used. Energy may also
be added directly, for instance by using an immer-
sion heater; this will of course require a much
smaller heater compared to using an immersion
heater alone and not in combination with a heat
pump.

Example
Inlet water to a fish farm is heated from 2 to 8°C by
transfer of energy from the condenser. The water
flow is 500 l/min (8.33kg/s). Fifty kW of electric
energy is supplied to the compressor. Find the COP
for the heat pump.

Start by calculating the total energy input to the
inlet water:

P = mcp dt
= 8.33kg/s × 4.2kJ/(kg °C) × 6°C
= 210kJ/s
= 210kW

The COP is therefore

e = 210/50
= 4.2

This means that for every kW of electric energy that
is supplied to the compressor, the water is heated by
4.2kW.

7.6.6 Management and maintenance of
heat pumps

Fouling is always a problem when using heat pumps
in fish farming. Plate exchangers with glycol circuits,
as mentioned earlier, can therefore be advanta-
geous because they are easier to clean and dis-
mantle. Chemical washing circuits should also be
installed.

Normally, heat pumps are thermostatically con-
trolled to prevent the water freezing and damaging
the evaporator. If the temperature falls too low,
circulation of refrigerant is stopped allowing any
ice that has formed to melt. A back-up heating
system might be installed to safeguard against
freezing but is expensive. Alternatively the water
can be pre-warmed by using another heat source,

such as groundwater, before it enters the heat
pump.

7.7 Composite heating systems
A composite heating system is normally used 
to heat water for use in fish farming. The system
comprises several components that all have some
heating effect on the inlet water. Usually there are
one or several heat exchangers in addition to either
a heat pump on large farms, or a heater or an oil
burner on smaller farms. The COP is calculated for
the entire heating system and are usually in the
range 15–25, which means that for each kW of 
electric energy supplied, the water is heated by
15–25kW. Examples given below include heaters,
heat pumps and heat exchangers to illustrate 
the profitability of using a composite heating
system.

Example
Heater and heat exchanger (Fig. 7.15)

Calculate the profitability of adding a heat
exchanger compared with using only an electric
immersion heater in a small heating system. A water
flow of 180 l/min (3 l/s) is to be heated from 4 to 8°C.
The first calculation is for an electric heater alone.
Size of the heater:

P = mcp dt
= 3 l/s × 4.18kJ/(kg°C) × (8 − 4°C)
= 50.2kJ/s
= 50.2kW

The daily cost of using this system with an electric-
ity price of 0.1 €/kWh is:

50.2kW × 24h × 0.1 €/kWh = 120.5 €

Now a heat exchanger is included in the circuit to
recover the energy in the outlet water; 75% recovery
is quite normal. This value of course depends on the
cost of the heater, heat exchanger and electricity; simu-
lations should be done to find the most economical
combination. If 75% of the total heat increase above
4°C is provided by the heat exchanger, 3°C of the
temperature rise results from its use. This gives 
the following temperatures in the heat exchanger as
the same amount of water flows on both sides:

Water entering heat exchanger 4°C
Water leaving heat exchanger 7°C
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Water entering heater 7°C
Water leaving heater 8°C

A smaller heater is therefore needed as the water is
only going to be heated from 7 to 8°C:

P = 3 × 4.18 × (8 − 7)
= 12.5kW

This gives the following new daily running costs:

12.5 × 24 × 0.1 = 30.0 €

As can be seen, the daily cost of heating is reduced
from 120.5 to 30.0 €, a saving of 90.5 € per day, by
adding a heat exchanger. This clearly illustrates the
advantage of using a heat exchanger.

The necessary size of the exchanger will now be
found.

Since the same amount of water is circulating on
both sides of the heat exchanger, it has the following
temperature programme:

Water entering heat exchanger 4°C
Water leaving heat exchanger 7°C
Water entering heater 7°C
Water leaving heater 8°C

The energy to be transferred from the warm to the
cold side in the heat exchanger given by

P = mcp dt
= 3 × 4.18 × 3
= 37.6kJ/s

For a heat exchanger the following equation applies:

P = kALMTD

Figure 7.15 A heating system with a heater and a heat
exchanger.



The k value for the plates in the exchanger is set to
6kW/(m2 °C) and the LMTD (temperature differ-
ence that drives the heat transfer) is 1.0°C, which
gives the following area:

A = P/(kLMTD)
= 37.6/(6 × 1.0)
= 6.3m2

Assuming a plate size of width 0.4m and height 1m,
the area is 0.4m2 (this depends on the size of plate
supplied). The number of plates required = 6.3/0.4 =
15.8; this is an exchanger with 16 plates.

Example
Heater with heat exchangers in outlet water and in
seawater (Fig. 7.16).

The inlet water has a temperature of 2°C and this is
increased to 4°C when the water passes the seawater
exchanger.The water then enters an outlet exchanger
where the temperature is further increased to 9°C.
The last increment up to 10°C, which is the temper-
ature in the fish tank, is supplied through an electric
heater. Calculate the COP of the system.

e = Qdeliverd/Qsupplied

= (ttank − traw water)/(ttank − tbefore heater)
= (10 − 2)/(10 − 9)
= 8

The COP is 8 for this system, so that for every kW
of electric energy supplied 8kW is supplied to the
inlet water.

Example
Heat pump and heat exchanger (Fig. 7.17)

Find the profitability of installing a heat pump, com-
pared with a total energy system including a heat

pump and heat exchangers.A water flow of 300 l/min
(50 l/s) is to be heated from 2 to 8°C. The heat pump
has a COP of 5. How much electric energy must be
supplied?

First, the total amount of energy that has to be trans-
ferred to the water is calculated.

P = mcp dt
= 50 l/s × 4.18kJ/(kg°C) × (8 − 2°C)
= 1254kJ/s
= 1254kW

The COP is 5, meaning that the amount of energy
transferred to the compressor is

1254/5 = 250.8kW

The daily cost of using a heat pump with an elec-
tricity price of 0.1 €/kWh is therefore

250.8kW × 24h × 0.1€/kWh = 601.9€

Now a heat exchanger that recovers the energy in
the outlet water and transfers it to the inlet water is
added to the circuit. The heat exchanger is assumed
to meet 75% of the heating requirement. Of the total
temperature increase of 6°C, 75% is provided by the
heat exchanger, i.e. 4.5°C, which gives the following
temperatures in the heat exchanger:

Water entering heat exchanger 2.0°C
Water leaving heat exchanger 6.5°C
Water entering heat pump 6.5°C
Water leaving heat pump 8.0°C

The new size of the heat pump can now be 
calculated:

P = 50 × 4.18 × (8 − 6.5)
= 313.5kW
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Figure 7.16 A heating system with a
heater and heat exchangers both in the
outlet water and to seawater.
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With a COP of 5, the amount of energy that must be
supplied to the compressor is 313.5/5 = 62.7kW.
Therefore new daily costs are:

62.7 × 24 × 0.1 = 150.7€

As can be seen the daily cost of heating is reduced
from 601.9 € to 150.7 €, a saving of 451.2 € per day,
by using a heat exchanger in addition to the heat
pump.This illustrates how useful it is to utilize a heat
exchanger together with a heat pump. Heat pumps
are nearly always used together with one or several
heat exchangers because of the large reduction in
energy costs compared to the investment costs of
heat exchangers.

The overall COP can now be calculated:

e = total energy transferred to the 
water/electric energy supplied

= 1254kW/62.7kW
= 20.0

This means that of the total energy transferred to the
water, only 1/20 (5%) is supplied as electric energy.

7.8 Chilling of water
When water is to be chilled, energy has to be
removed; the amount is the same that has to be

added when heating for a given temperature dif-
ference, so of course the same equation can be used.

P = mcpdt

where:

m = water flow (kg/s)
cp = specific heat capacity (kJ/(kg°C))
dt = temperature decrease for the water (°C),

i.e. the difference between inlet and outlet
temperatures.

Example
A water flow of 60 l/min is to be chilled from 4°C to
2°C. Find the rate of energy removal.

P = 1kg/s × 4.18kJ/(kg °C) × (4°C − 2°C)
= 8.36kJ/s
= 8.4kW

Heat exchange can be used if there is an avail-
able water source that could be used as a chilling
medium. For instance, freshwater can be chilled
using bottom water from the sea during the summer
when freshwater is warmer. Direct mixing of colder
water may also be used to avoid the use of a 
heat exchanger, but requires satisfactory water
quality.

Figure 7.17 A heating system with a
heat pump and a heat exchanger.



Alternatively, ice may be added directly to the
water, or one circuit of a heat exchanger can 
pass through a basin to which ice is added. If this
method is used, it is necessary to have an ice
machine on the farm; however, this is not very 
satisfactory because it is a costly method involving
two stages: first production of ice and then chilling
of the water. Only when small amounts of water 
are to be chilled at specific times of the year, is it 
a viable solution, for example in small slaughter
houses, and where ice is available for chilling 
the fish.

A cooling plant is therefore used to chill the
water.This is basically the same as a heat pump, but
is optimized in another way (Fig. 7.18). The evapo-
rator is placed in the water or liquid to be chilled.
When the working medium or refrigerant evapo-
rates, energy is taken from the water or liquid, the
temperature of which falls. This is made possible by
choosing a suitable refrigerant (working medium).
After this the working medium goes into the com-
pressor and then on to the condenser where it 
condenses, releasing heat to the surroundings. A
cooling plant often contains an air–liquid heat
exchanger (the condenser) so the heat is released
directly to the air. This is the same principle that is
used in a refrigerator where the energy is also
released to the air. As seen from the set-up, the
main component in a cooling plant is the evapora-

tor that ‘removes’ energy. When talking about the
efficiency or COP when a heat pump is used as a
cooler, it is the relation between the energy (Q) that
is added to the compressor and the energy removed
from the water in the evaporator that is critical.The
equation to use is therefore:

e = Qremoved in the evaporator/Qadded to compressor

The same circulation circuits that are used on heat
pump installations to prevent refrigerant from con-
taminating the inlet water and avoid freezing are
also used in cooler units (see Section 7.6.5).

If both chilling and heating need to be performed
on a fish farm, it might be possible to utilize the
same heat pump for both purposes. Energy can be
taken from the inlet water to be chilled and added
to the inlet water to be heated. This means placing
the evaporator in the water to be chilled and the
condenser in the water to be heated. It will,
however, normally be a rather unsatisfactory 
solution because it is difficult to optimize the 
heat pump with pressure conditions throughout 
the evaporator and condenser, and to find good
refrigerant.
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8
Aeration and Oxygenation

at a given temperature, it is less than saturated
(<100%); if the water contains more gas than when
fully saturated, it is super-saturated (>100%).

The percentage saturation can be calculated by
dividing the measured concentration (Cm) by the
concentration at saturation (Cs):

Percentage saturation = (Cm/Cs) × 100

All the gases in the atmosphere can be dissolved
in water; the sum of the partial pressures of all the
dissolved gases is known as the total gas pressure
(TGP).The pressure difference ΔP is the difference
between TGP in the water and the barometric pres-
sure (BP) of the air above the water:

ΔP = TGP − BP

If TGP measured in the water is higher than the BP
of the air (positive ΔP), the water is super-saturated
and gas will be forced out of the water. If TGP is
less than BP, the water is under saturated and gases
will be forced into the water. TGP may be
expressed as a percentage of the BP:

The water vapour pressure, ΔPH2O, may also be
included in the equation:

Air and water contains many gases, but in fish
farming oxygen, nitrogen, and in some cases also
carbon dioxide, are of greatest importance. Since
the major reason for adding water is to provide

TGP
BP +

BP
H O2%( ) = −⎛

⎝
⎞
⎠ ×Δ ΔP P

100

TGP %
BP +

BP
( ) = ( ) ×ΔP

100

8.1 Introduction
The purpose of aeration or oxygenation is either to
remove gases such as nitrogen (N2) and carbon
dioxide (CO2) from the water, or to increase the
concentration of gases such as oxygen (O2) in the
water. There are several reasons for aerating and
oxygenating the inlet water to a fish farm.The water
may contain insufficient oxygen or too much nitro-
gen or carbon dioxide. If the content of oxygen in
the water is increased, the less water need be added.
Too much nitrogen (super-saturation) will create
gas bubble disease (diving disease) in the fish with
high possibilities of mortality.1 Too much carbon
dioxide is also toxic for the fish.2,3 Adding too much
oxygen to the water will also be toxic for the fish.1

Aeration or oxygenation is carried out in almost
all production systems. On land-based farms and in
ponds it is common to use either aeration or a com-
bination of aeration and oxygenation. Recent
research also shows improved production resulting
from adding oxygen to cages.4 During transport of
fish, the addition of air or oxygen is also nessesary.

A great deal of literature is available concerning
aquaculture, but the literature regarding waste-
water treatment, environmental engineering 
and water chemistry is also a source of useful 
information.

8.2 Gases in water
Water contains a certain amount of dissolved gases.
When the water has taken up the amount possible
under normal atmospheric pressure it is fully satu-
rated (100%) or in equilibrium (see Section 8.3.1).
If the water contains less gas than can be taken up
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oxygen, the added water should have as high an
oxygen concentration as possible, close to 100%
saturation. If under saturated water is used, more
water must be supplied. Water may also be super-
saturated with oxygen, i.e. its concentration in the
water is raised above 100% by the addition of pure
oxygen, to reduce the amount of water that must be
supplied to the fish. If the other gases in the water
are in equilibrium, water that is super-saturated
with oxygen will have a positive ΔP, i.e. TGP is
higher than BP. The concentration of nitrogen in
the water must not be above 100%, because this can
cause bubble (diving) disease in the fish.

Water treatment and biological processes in the
water source can result in both super-saturation
and under saturation of the different gases. Super-
saturation can result from naturally occurring or
man-made processes.5 Super-saturation can be the
result of rapid heating of water, mixing of water of
different temperatures, freezing of water when
some of the gases remain in the water, mixing air
into the water, for instance under waterfalls or by
waves, photosynthesis that creates oxygen gas, and
changes in the BP.

If the saturation of the gases is 100% or less, they
are completely dissolved in the water. However, if
the concentration of gas is above 100% saturation,
there will be free gas bubbles in the water; these are
small and difficult to observe. Only the oxygen actu-
ally dissolved in the water is available to the fish:
when the water is super-saturated with oxygen, the
bubbles will gradually be dissolved in the water and
the oxygen made available for the fish as the fish
consume the oxygen that is already dissolved in the
water.

Air and water have different gas contents; in both
nitrogen and oxygen are the major gases. In air the
relation between nitrogen and oxygen is approxi-
mately 78%–21% by volume (Table 8.1), while in

water the relation is 60% nitrogen and 40% oxygen
when the gases are in equilibrium. It is important
to be aware of this relationship because if air is
pressed into the water, super-saturation of nitrogen
may occur which is harmful to the fish.

The air will exert pressure on the water surface.
At sea level this pressure is 1 atmosphere, equal to
760 ± 25mmHg; it varies depending on atmospheric
conditions.The oxygen partial pressure is related to
the percentage of the total volume that oxygen con-
stitutes, which in air is 21%; multiplying this value
by the BP (1atm or 760mmHg) gives the partial
pressure of oxygen.

Partial pressure O2 = 0.21 × 760mmHg
= 159.6mmHg

This means that the pressure of oxygen on the
water surface is 159.6mmHg.

The total pressure represented by the BP is the
sum of the partial pressures of the gases in the
atmosphere. This can be described as follows,
neglecting the gases that constitute a very small
proportion of the air:

BP = P(N2) + P(O2) + P(Ar) + P(CO2)

The amount of a gas dissolved in water is referred
to as the solubility of the gas, and depends on
several factors, such as water temperature, pressure,
salinity and substances in the water.6 At higher tem-
perature gases are less soluble in water because the
molecules then need more space. The solubility of
oxygen and nitrogen decreases linearly with
increasing temperature (see later) and for this
reason hot water contains less oxygen than cold
water. The solubility for oxygen and nitrogen also
decreases with increased salt content of the water.
Tables for the content of oxygen in water with 
different temperatures and salinity is given in
Appendix 8.1.

The solubility of gases in water is normally
expressed as mg/l of the actual gas, but it may also
be expressed as the partial pressure. Equations for
conversion are available;1 for oxygen and carbon
dioxide the following may be used:

where:

partial pressure for the actual gas (i) is in mmHg

Partial pressure =i
i

i
i

C
A

b
⎡
⎣⎢

⎤
⎦⎥

Table 8.1 Characteristics of dry air.1

Gas Weight % Volume %

Nitrogen (N2) 75.54 78.084
Oxygen (O2) 23.10 20.946
Argon (Ar) 1.29 0.934
Carbon dioxide (CO2) 0.05 0.033
Other 0.02 0.003



Ci = concentration of the actual gas in mg/l
bi = Bunsen coefficient for the actual gas, depend-

ing on temperature and salinity (Appendix
8.2)

Ai = constant depending on the actual gas (0.5318
for oxygen and 0.3845 for carbon dioxide).7

Solubility may also be expressed on the basis of
tension. The oxygen tension may, for instance, be
the necessary partial pressure in the atmosphere to
keep a certain concentration in the water. If the
atmosphere is air at normal pressure, the oxygen
tension is 159mmHg. This creates 100% oxygen
saturation in the water. If the pressure is less than

this, the concentration in the water will also be
reduced.

8.3 Gas theory – aeration
How much and how fast gases are transferred in
and out of water depends on two factors:8

(1) Equilibrium conditions (also known as the sat-
uration concentration)

(2) Mass transfer.

Equilibrium is when there is no net transfer of gas
in or out of the water. Mass transfer occurs before
equilibrium is reached when there is transport of
gas into or out of the water.

8.3.1 Equilibrium

When equilibrium has been reached there is no net
transport of gas into the water or from the water to
the air. There is still some transport of gas mole-
cules through the water surface, but what goes in
equals what comes out; there are no free gas
bubbles in the water. In the same way, when salt is
added to freshwater only a certain amount can be
dissolved; after reaching this level no more will dis-
solve, even if it is added. The excess salt will only
remain on the bottom as salt crystals. The same
happens with the gas as it stays in bubble form
when the water is super-saturated.

To find equilibrium conditions, Henry’s law can
be used. Henry’s law can be expressed in several
ways;1,9,10 it illustrates that the amount of gas that
can be dissolved is proportional to the partial 
pressure:11

Pg = HXg

where:

Pg = partial pressure of gas (atm)
H = Henry’s constant (atm/mol fraction)
Xg = concentration of gas in water (mol gas/(mol

gas + mol water)).

If SI units are used, Pg is given in pascal (Pa) H in
Pa m3/mol and Xg in mol/m3.

Henry’s constant depends on temperature and
gas type; its value increases with temperature. The
gas obeys Henry’s law if the gas that can be dis-
solved in water decreases with temperature.

As explained in section 8.2, partial pressure, Pg,
depends on how much of the actual gas is in the
atmosphere above the water surface. The pressure
it exerts on the surface will press the gas into 
the water. In air there is about 20% oxygen, so 
Pg is in this case 0.2; if the atmosphere is pure
oxygen, i.e. there is 100% oxygen above the water,
Pg = 1.0.

If the gas above the water surface is above
normal atmospheric pressure, there will be new
equilibrium conditions given by Dalton’s law:8

pi = pty

where:

pi = partial pressure of gas i
pt = total pressure of a mixture of gases
y = mol fraction of gas i (mol gas i/mol total gases).

Thus if the total pressure of the gas is increased, the
partial pressure will also increase and more gas can
be pressed into the water.

Henry’s law can be combined with Dalton’s law
to give the Henry–Dalton law:

pty = Hxi

where:

y = mol gas i
pt = total gas pressure
H = Henry’s constant
xi = amount of gas i in the liquid.

xi is the key value because, as the equation shows,
by increasing the total pressure or by increasing the
amount of gas i in the atmosphere, the gas concen-
trations in the liquid will be increased.

For instance, when air is under pressure 
above the water surface, more gas will be pressed
into the water which will be super-saturated.
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Super-saturation with nitrogen from the air is
harmful to fish, so overpressure of air is unwanted
and must be avoided.The same may occur if adding
air to deep water where the water pressure is higher
and the air pressure must be higher than at the
surface, i.e. more than 1 atm. To illustrate this, air
can be added to the water 2m deep, but when doing
this air is compressed by the water before it 
dissolves.

Example
A plastic bag containing both air and water is
lowered to the bottom of a 2m deep basin full of
water. The air will be compressed by the water pres-
sure and the air inside the plastic bag will be pressed
into the water because the pressure on the water
surface increases. We can now see what will happen
to the nitrogen saturation. The normal pressure on
the surface is 1atm (10mH2O); when lowering the
bag to 2m deep the total pressure will increase to 12
mH2O. The Henry–Dalton law can be used to find
the concentration of nitrogen:

pty = Hx

y is constant, but the pressure increases from 10 to
12mH2O, a 20% increase. Since H is a constant, x
will increase by 20%. Therefore the concentration of
nitrogen increases by 20% which is harmful to fish.
Under practical conditions, however, some nitrogen
will go directly to the surface and escape without
having time for gas transfer, but an increase in con-
centration of 0.5% per 10cm or 5% per metre depth
occurs.

Adding air directly into the water at depths of
more than 1m is not recommended because super-
saturation of nitrogen should be avoided.

8.3.2 Gas transfer

To describe the mechanism of gas transfer into
water, the two-film theory proposed by Lewis and
Whitman in 1924 is the simplest and most com-
monly used (Fig. 8.1; refs 11–13). The interface
between the water and the gas can be divided into
two films with laminar flow, one gas film and one
liquid film. These films will inhibit the transport of
gas molecules either into the water or out of the
water. The thickness of the two films with laminar
flow depends on the amount of turbulence in the

water and in the air; much turbulence results in
reduced thickness. To achieve a good transport of
gas molecules it is important to have a thin film to
increase the velocity of the gas transfer through the
interface.

When gas molecules from the air are pressed into
the water, they at first go from the gas phase into
the gas film, also referred to as the surface film.This
process is a combination of diffusion and convec-
tion, and is quite fast. The next step is through the
gas–liquid film interface where the force is diffu-
sion. Diffusion, which results from random molec-
ular movements, is a slow process and this step is
rate limiting. The last step is transfer of gas into the
liquid; the main force here is convection.

The gas transfer per unit time through the
surface can be described by the following differen-
tial equation:

dc/dt = KL(A/V)(C* − C0)

where:

dc/dt = change in concentration per unit time
(mg/(lh))

KL = coefficient for gas transfer (cm/h)
A/V = contact area of the gas–liquid interface (cm2)

in relation to the total liquid volume (cm3)
C* = saturation concentration for the gas in the

liquid (mg/l)
C0 = starting concentration of the gas in the

liquid (mg/l).

The diffusion constant KL is proportional to the dif-
fusion rate through the surface film and inversely

Figure 8.1 The two film theory is commonly used to
describe the transfer of gas into water.



proportional to the surface film thickness. This
shows the importance of a thin surface film. KL is
also dependent on temperature; it will increase with
temperature, because the diffusion velocity will
increase. The following relationship shows this:14

KL = K20qT−20

where:

KL = overall mass transfer coefficient
K20 = transfer coefficient at 20°C
q = correction factor (1.024 for freshwater)
T = temperature.

It is normal to express the constant KL and the
contact area (A/V) together as the KLA value, which
is known as the overall mass transfer coefficient for
an aeration system. It is difficult to calculate KLA for
an aeration system; however, if this value could be
found it would be easy to calculate the efficiency of
the aeration system. Mathematical models have
been developed, but they are difficult to use. There-
fore the KLA value for an aeration system is usually
determined by experiment.

The gas concentration in a system after time t
with mass transfer for a given KLA value can be
found by integration of the basic equation to give
the following result:

This may also be expressed as:

This shows that the concentration (C) after using
an aeration system for time t depends on the start-
ing concentration (C0), the saturation concentration
(C*) and the KLA value:

C = C* + (C0 − C*)eKLAt

When all the oxygen has been removed from the
water and aeration is started, the content of oxygen
will increase rapidly and later level off at the limi-
tation value (100% or full saturation); see Fig. 8.2.
The value (C − C*)/(C0 − C*) is known as the
oxygen deficit. If the natural logarithm (ln) of the
oxygen deficit is plotted on the y-axis in a diagram
with time on the x-axis, the KLA value will be given
by the slope of the line.
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8.4 Design and construction 
of aerators

8.4.1 Basic principles

With aerator the aim is to create conditions as near
equilibrium as possible between the gas in the air
and the gas in the water. Eventually super-saturated
gas, especially nitrogen, will be aerated out and
oxygen will be supplied if the concentration is
below saturation. The aim in constructing an
aerator is to achieve optimal conditions for
exchange of gas between air and water, so that equi-
librium can be reached. By creating a large contact
area between the water and the air a good
gas–water exchange will occur; see equations for
gas transfer and the A/V relationship. The layers of
air or water ought to be as thin as possible.To create
thin layers it is important that both the current of
air and the current of water are turbulent so that
effective gas transfer can occur at the water–air
interface. The aeration process needs time, and
effective aerators will need less time to achieve the
same degree of saturation than ineffective ones.
Mass transfer from the air will occur into a tank of
non-saturated water, almost 100% saturation being
achieved, but this will take a very long time.

Two main methods are utilized for aeration (Fig.
8.3). Either air can be supplied into a flow of water,
or water may be supplied into a flow of air. An
example of the first method is bubbling of air
through a water column; droplets of water passing
through a layer of air illustrate the second method.
Since the droplets are small, a large surface area
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Figure 8.2 When all the oxygen has been removed
from the water and aeration is started, the content of
oxygen will increase rapidly and later level off at the lim-
itation value (100% or full saturation).
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between the water and the air is created; the smaller
the bubbles or droplets, the larger the surface 
area.

Aerators can be constructed either for supplying
oxygen to the water (gassing) or removing nitrogen
or carbon dioxide from the water (degassing). An
aerator built for gassing is not necessarily good for
degassing; aerators for both O2 and N2 are usual.

8.4.2 Evaluation criteria

Many methods are used for aeration, and several
designs of aerators are available either for adding
oxygen, or removing nitrogen or carbon dioxide.
Objective criteria are needed by which to evaluate
aerators; these have been developed for both clean
water conditions and field conditions.1,11 Most have
been developed for wastewater applications,
however, and may not be the most accurate or valid
for use on aerators in aquaculture.13

Performance testing methods depend on the
aerator type. For some, such as gravity aerators, the
difference in the gas concentration entering and
leaving the aerator can be used. The gas exchange
in a tank of a given size is used for testing the per-
formance of surface aerators. Standardized set-ups
and equations are available for testing the perfor-
mance of aerators under laboratory conditions and
with clean water. Normally, the aerator is tested for
oxygen, but other tests can be carried out, especially
for nitrogen or carbon dioxide. A typical way to
perform a standardized aeration test for oxygen is
to remove all oxygen from the water with, for
example, cobalt chloride and sodium sulphite,15

after which the aerator is started and the increase
in oxygen concentration measured in relation to
time. By doing this the KLA value for the aerator
may be found; this value also shows the perfor-
mance of the aerator, a high KLA value represent-

ing an effective aerator. Performance tests can also
be carried out under field conditions, but the results
are difficult to compare, because the water quality
can vary from site to site, as can the starting 
saturation.

The oxygen transfer rate gives the amount of
oxygen transferred into the water through the
aerator. If it is possible to measure the gas concen-
tration entering and leaving the aerator, as for
gravity aerators, the oxygen transfer rate can found
directly by measuring the water flow (Q) and the
difference in the oxygen concentration entering
and leaving the aerator (Cout − Cin). The oxygen
transfer rate (OTR) can then be calculated from
the following equation:

OTR = Qw(Cout − Cin)

If Qw is given in l/min, and C in mg O2/l, the fol-
lowing equation can be used to find the OTR value
in kg oxygen transferred per hour:

OTR = 3.6Qw(Cout − Cin)

As said, this can be measured directly for gravity
aerators, and also under field conditions (OTRf).

For basin aerators a standardized test procedure
may be used on clean water; the standardized
oxygen transfer rate (SOTR) in kg/h is given by the
following expression:15

SOTR = KLA20C20V × 10−3

where:

KLA20 = gas transfer coefficient determined for the
aerating system at 20°C (kg O2/h)

C20 = equilibrium concentration at 20°C (g/m3)
V = tank volume (m3)
10−3 = factor converting grams to kilograms.

This test is performed with clean water, but com-
pensating factors for water quality can be used to

Figure 8.3 Two methods are used for
aeration: either air can be supplied into a
flow of water or water may be supplied into
a flow of air.



adapt it to field conditions.14,16 The following equa-
tion14 can be used to describe this:

where:

OTRf = actual oxygen-transfer rate under field-
operating conditions in a respiring system

SOTR = standardized oxygen transfer rate (kg/h)
a = field correction factor (varies with type of

aeration device, basin geometry, degree of
mixing and wastewater characteristics)

b = field correction factor for difference in
oxygen solubility due to constituents of
salt, particles and surface active substances

q = temperature correction factor (between
1.015 and 1.040; typical value 1.024)

Cs = concentration of oxygen at full saturation
and measured temperature

Cs20 = concentration of oxygen at full saturation
at 20°C

Cw = concentration of oxygen in the water that
is aerated.

All aerators require a supply of energy; this can
be added directly (electricity), or it may be energy
that is stored in the water (potential energy) as in
gravity aerators. The potential energy can be uti-
lized by sending the water from a high level to a
lower level through an aerator. When choosing an
aerator it is important that it uses the energy sup-
plied as efficiently as possible to transfer the gas.
The standardized aeration efficiency (SAE) or field
aeration efficiency (FAE) in units of kg O2/(kWh)
is used for this purpose:

Another indicator variable is the oxygen transfer
efficiency (OTE) in units of kg O2 transferred per
hour in relation to the added oxygen gas and the
mass flow (m), either measured under standardized
(OTE) or in field conditions (OTEf). This indicates
how effectively the added gas is transferred to the
water and can be calculated from the following
equations:

FAE =
OTR

Power input
f

SAE =
SOTR

Power input

OTR SOTRf
s w

s20

= −⎛
⎝

⎞
⎠ ( )−b q aC C

C
T 20

For some aerators, such as some gravity aerators, it
is impossible to measure the oxygen flow rate
because they are open to the atmosphere; the OTE
value can then be measured instead.

The effectiveness (E) of the aerator is another
useful indicator that shows how effectively the gas
is transferred into the water (in gassing) or super-
saturated gas is removed from the water.The values
will vary, depending on the gas. The effectiveness
can also be used to compare aerators, but they must
be tested in the same system and under indentical
conditions:

E = (Cout − Cin)/(Csat − Cin) × 100

where:

E = effectiveness
Cin = concentration of gas in the liquid entering

the aerator or before starting the aerator
Cout = concentration of gas in the liquid leaving the

aerator or after using the aerator for a given
period

Csat = concentration of gas at full saturation.

The price of getting gas in or out of the water is
the most important factor, and this also makes com-
parisons of the methods possible. Included are both
the aerator purchase price and the costs of running
it in relation to the amount of oxygen transferred:

Price for gas transferred in or out of the water 
= amount of transferred gas/equipment cost

and running cost for the aerator

8.4.3 Example of designs for different types 
of aerator

Many types of aerators are available, and different
classifications are possible depending on the design
principles employed. One classification is surface,
subsurface and gravity aerators,1 another is
mechanical, gravity and air diffusion systems,17

while a third is gravity, surface, diffusers and turbine
aerators.18

In gravity aerators the water falls under gravity
and air is mixed into it from the surrounding 

OTE
OTR

f
f=

m

OTE
SOTR=

m
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atmosphere. The simplest type is an artificial 
waterfall. Gravity aerators require water with
natural pressure (head); otherwise the water must
be pumped up and into the aerator. In a surface
aerator the water is sprayed or splashed into the air
with a mechanical device; it functions on the same
principle as a water fountain and creates a large
surface area where gas exchange can occur. In sub-
surface aerators air is directed under the water
surface, which creates air bubbles that go to the
surface; the air bubbles in the water create a large
gas transfer surface.

The design of the aerator will, as mentioned
before, vary depending on the main purpose of the
aerator, whether it is designed for adding oxygen,
or removing nitrogen or carbon dioxide. Even if all
aerators have some effect on all the gases, the effect
is not necessarily optimal. Below is a brief review
of some major types of aerator.

Gravity aerators

The packed column aerator is one of the most com-
monly used in intensive fish farming (Fig. 8.4). A
column is filled with a medium with a large specific
surface area. A dispersal plate (perforated plate)
installed at the top of the column, over the aeration
medium, ensures proper distribution through the
total cross-sectional area of the water that enters
the top of the column. There is also a perforated
plate in the bottom of the column to keep the
medium stable inside. The water trickles down the
column on the surface of the aeration medium in a
thin film. This arrangement creates a large area
between the flowing water and the air around it and
ensures effective gas exchange. It is, however,
important to get sufficient air into the aerator. An
open structured column can therefore be advanta-
geous, or a fan that blows air through the column
can be used (see later). The aeration medium is
commonly plastic, and it has a design that creates a
large surface area per unit volume. The relation
between the surface area (A) and the volume (V)
is called the A/V condition for the medium. For
effective aeration media an A/V value of between
100 and 200m2/m3 is normal; if the value is too 
high, the possibilities for blockage of the column
increase. To give satisfactory aeration under practi-
cal conditions the column ought to be up to 2m in
height. This, however, depends on the medium, the

flow rate and the water temperature.18 The diame-
ter of the column cylinder depends on the quantity
of water to be aerated, but is normally between 30
and 100cm. If the diameter is too small, the pro-
portion of the water flow against the wall in the
column, where reduced aeration is achieved, will
increase; a design rule of thumb value is 0.5–1l
water/min/cm2 cross-sectional area. The advantage
with a column aerator compared to other aerators
is the low surface requirement. Column aerators
are effective with reported SAE values of 1.5–
2.0kg O2/kWh.12 This type of aerator also shows
quite good results for removal of nitrogen.20

To remove carbon dioxide from the water is quite
difficult because the amounts are so small (less than

Figure 8.4 Packed column aerator.



1% of the total gas volume) and it is rather more
soluble than oxygen.7 Therefore, an aerator that 
is suitable for removing nitrogen and adding
oxygen may not be so suitable for carbon dioxide
removal. What is normally needed is a large flow 
of air through the water: 3–10 volumes of air for
every 1 volume of water flow treated has been 
suggested.21 Specially designed packed column aer-
ators have proved effective for this purpose.22

Either a long (several metres) packed column
aerator or a short packed column with a fan
blowing air through to increase the air flow can be
used (Fig. 8.5).

A packed column aerator may also be set under
low pressure. The principle here is that the water is

aerated in a low pressure atmosphere. Thus the
amounts of gases that can be dissolved in the water
are reduced (Henry–Dalton law states that by
reducing the pressure of the gas the amount of dis-
solved gases will be reduced) and it is possible to
reduce the saturation in the water to below 100%
by natural pressure.This method is especially useful
when growing species that have a low tolerance
against super-saturation, such as marine fry.19

Ejector aerators will also have this advantage.
Packed column aerators are normally placed a

certain distance above a level basin to achieve the
best possible air transport through the aerator. This
is important for the aeration results. Normally the
distance is set to 10cm. Too great a distance
between column and basin must, however, be
avoided because if the water drops from the aerator
fall into the level basin with too high a velocity, air
will be dragged into the water together with the
water drop and some super-saturation of nitrogen
might result. This can be harmful to critical life
stages.

Another much used aerator type is the cascade
aerator (Fig. 8.6). Water is supplied at the top and
flows over a series of horizontal perforated plates
or trays placed on top of each other. Vertical dis-
tances between the trays are typically 10–25cm, and
the number of trays between 4 and 10.18 The effec-
tiveness of the aerator increasing with number of
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Figure 8.5 Packed column suitable for removal of
carbon dioxide.

Figure 8.6 Cascade aerator.
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trays and distance between them. At least 10 trays
are recommended if using 10cm between them.The
water is distributed throughout the whole perfo-
rated tray and drops down from tray to tray until it
reaches the level basin located underneath the last
one. When the water flows down through the holes
in the perforated trays, drops will be created and
this ensures a large contact area between the air
and the water. The space requirement for a cascade
aerator is much higher than for the column aerator;
the recommended hydraulic rate is down to one-
tweflth of what is recommended for a packed
column aerator.19

Typical SAE values for gravity aerators are in the
range 0.6 to 2.4kg O2/(kW h).

Subsurface aerators

Diffusers are commonly used as subsurface aer-
ators. A diffuser is a construction where small
bubbles of gas are created: the simplest form is a
tube with holes. If air is pumped in and the tube
lowered under the water surface, the air will come
out in the water as bubbles. Tubes with many small
holes may also be specially produced for use as dif-
fusers; porous ceramic stones may also be used. A
large transfer surface is created by air bubbles
going through the water. Bubble size depends on
the difference in the pressure inside the bubble and
around the bubble.A high pressure difference gives
smaller bubbles. Smaller bubbles will give a greater
total surface area and by this gas transfer area. The
rise velocity is also slower for smaller bubbles
which increases the gas transfer rate.23 SAE values
vary from 0.6–2.0 depending on the bubble 
size,1 higher values being achieved with smaller
bubbles.11 Bubbles that are too small will, however,
be pushed together to create large bubbles, and are
therefore not effective. As mentioned previously,
when mixing air under pressure, care should be
taken to avoid super-saturation with nitrogen which
may occur if air is to be added below 1.5–2m depth,
or the pressure is over 0.15–0.2bar.

In the Inka aerator the incoming water flows over
a perforated plate in a thin layer (Fig. 8.7). An air
blower supplies air from the underside. The air will
create bubbles that flow through the thin water
layer and aeration is achieved. An Inka aerator
requires a large surface area but the head loss is
very low.Therefore it may, for example, be installed

under the roof on a fish farm. The aerator type is
less used than those described previously, but is
useful for special conditions.

Venturi and air-lift pumps are other principles
that can be used for aeration where air bubbles are
supplied into a water flow; SAE values are in the
range 2–3.3kg O2/(kW h).1

Surface aerators

Surface aerators are commonly use in ponds,24,25 but
may also be used in large tanks, in distribution
basins and in sea cages under special conditions
(Fig. 8.7). A great number of different designs of
surface aerators are available. Normal designs use
rotating wheels with a type of paddle, or horizon-
tally placed propellers. They function by throwing
the water into the air and creating thin films or
bubbles. This establishes a large exchange surface
area between water and air where gas exchange 
can take place. Surface aerators are driven by 
electricity, solar power or from tractors through a
shaft; SAE values are between 1.2 and 2.9kg
O2/(kW h).1

8.5 Oxygenation of water
To increase the amount of oxygen in the water
above equilibrium and levels possible with tradi-
tional aerators, pure oxygen gas can be added. The
addition of pure oxygen gas to the water is used in
several cases. One is to increase fish production
when there is not enough water. If the water has to
be pumped to the farm, regardless of whether it is
salt water or freshwater, it may be viable to add
pure oxygen to reduce the necessary water flow and
hence reduce the pumping costs. Normally it is
more economical to add pure oxygen instead of
pumping, but a calculation must be made in every
single case. In systems with re-use of water it may
also be worth adding pure oxygen to reduce the
amount of new water and amount of water pumped
through the system. When transporting fish pure
oxygen is usually supplied.

It is important that the water is fully saturated
with oxygen before starting to add pure oxygen gas.
An aerator should therefore be installed before 
the point where pure oxygen gas is added; if there
is no aerator, pure oxygen is used to saturate the
water up to equilibrium before starting to super-



have a free surface to the atmosphere there would
be gas exchange and the oxygen content would fall
to 100% saturation. Therefore free surfaces should
be avoided after supersaturating the water with
oxygen; the best method is to have a short pipe run
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Figure 8.7 Various types of surface
aerator are available. (A) and (B)
show a paddle wheel aerator, whilst
(C), (D) and (E) show a propeller
aerator, (F) shows an Inka aerator.
(D) A propellor aerator being used in
a closed cage.

saturate. This is, in most cases, unnecessarily ex-
pensive, but calculations can be made to evaluate
cost-effectiveness.

When the water is supersaturated with oxygen
free gas bubbles are present; if this water were to
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from where the oxygen is added to where it reaches
the fish.

An oxygenation plant may be designed either to
cover the whole oxygen requirement for the fish or
as a top-up oxygenation facility. The design criteria
for the oxygenation plant are determined by the sit-
uation where the biomass and water temperature
are highest. A complete oxygenation system on a
fish farm includes two parts: (1) the injection system
that brings the gas into the water and (2) the source
of oxygen gas.

8.6 Theory of oxygenation
When water is oxygenated pure oxygen gas is
added; by this the saturation of oxygen in the water
can be raised above, the equilibrium level of 100%.
The following prossesses are included in oxygena-
tion (cf. aeration): (1) increase of the equilibrium
concentration, (2) increase of the gas transfer veloc-
ity, (3) addition under higher pressure.

8.6.1 Increasing the equilibrium concentration

Henry’s law can be used to describe what is 
happening:

pi = Hxi

where:

pi = partial pressure of gas i
H = Henry’s constant
xi = amount of gas i in the liquid (mg/l).

xi is the value of interest here. The oxygen content
of air is 20% compared to a theoretical value of
100% for pure oxygen. The partial pressure (pi)
when having pure oxygen atmosphere is therefore
almost five times as high as when using an atmos-
phere of air. Since Henry’s constant does not vary
almost five times as much oxygen can be dissolved
in the water by oxygenating in a pure atmosphere
than when doing it in air. An example of this is 
the packed column aerator where the atmosphere
inside is pure oxygen.

8.6.2 Gas transfer velocity

The same equation as for aeration can be used to
describe the gas transfer:

dc/dt = KLA(C* − C0)

where:

dc/dt = change in concentration per unit time, i.e.
velocity of gas transfer

KLA = diffusion coefficient
C* = equilibruim concentration of the gas in the

liquid
C0 = concentration of gas in the liquid at the start

point.

The equilibrium concentration C* for oxygen dis-
solved in water standing in a pure oxygen atmos-
phere will be higher than for water in normal
atmosphere (see Section 8.3.1, Henry’s law). There-
fore the velocity of gas transfer into the water is
greater, because the difference C* − C is larger.
Less time is then needed to increase the concen-
tration of oxygen.

8.6.3 Addition under pressure

When using pure oxygen gas it is possible to
increase the pressure and thereby increase the
amount dissolved in the water. As distinct from
adding air under pressure, there is no possibility for
supersaturation of nitrogen which is toxic. Here 
the Dalton and Henry–Dalton laws can be used to
describe what is happening:

pi = pty

where:

pi = partial pressure of gas i
pt = total pressure of a mixture of gases
y = mol fraction of gas i (mol gas i/mol total gases).

By increasing the total pressure in the oxygen gas
above the water surface, the partial pressure also
increases.

When combining the Henry and Dalton laws the
following is obtained:

pty = Hxi

where:

y = mol gas i
pt = total gas pressure
H = Henry’s constant
xi = amount of gas i in the liquid.

The oxygen concentrations in the liquid (xi) is of
interest and will be increased by increasing the total
pressure (pt) of the oxygen gas.



8.7 Design and construction of oxygen
injection systems

8.7.1 Basic principles

In the injection system the oxygen gas comes from
the source and is injected or mixed into the water.
To get as much gas as possible into the water, a
special injection system is necessary. Oxygen gas 
can be mixed into water under normal or high pres-
sure. With high-pressure oxygenation, the water 
is pressurized up to 4 bar (see conversion factor box
below) before the oxygen is added, and more than
500% supersaturation can be achieved without
problems. When using normal pressure or low-
pressure oxygenation (up to 1bar), 100–300% satu-
ration can be achieved. Normal or low-pressure 
oxygenation is used on the main inlet pipe to the
farm, while high-pressure oxygenation will normally
be carried out in a part flow divided from the main
flow because it is too costly to pressurize the main
water inlet. Furthermore, it is easy to get a concen-
tration of oxygen higher than either needed or rec-
ommended. Too high an oxygen concentration may
damage the gills of the fish. When the water enters
the fish tanks, it is not recommended to be above
150–200% oxygen saturation, and even these 
concentrations have been called into question.

The same design principles as for aerators can 
be used for the injection system. Either oxygen 
gas bubbles can be supplied into water or water
droplets can be supplied into an atmosphere of
pure oxygen.

(3) Directly to the water in the fish tank
(4) To an individual circuit where the water is

supersaturated with oxygen.

When adding oxygen to the main flow, the gas is
added directly into the main pipeline to the farm.
It is important to be aware that the oxygen gas
added to the water needs space so the water 
flow through the pipe will be reduced, and this 
must be taken into consideration when specifying 
the inlet pipes. With this method it is difficult to
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Conversion factors for pressure units are as
follows:

• 1bar = 1 × 105 Pa = 10.19 mH2O = 0.9869atm.
• 1Pa = 1 × 10−5 bar = 1.02 × 10−4 mH2O = 9.861

× 10−6 atm
• 1 mH2O = 9806.65Pa = 0.098bar = 0.097atm
• 1atm = 101325Pa = 1.01325bar = 10.33 mH2O

8.7.2 Where to install the injection system

On a land-based fish farm oxygen gas can be added
to the water in several places (Fig. 8.8):

(1) To the main water inlet pipe to the farm
(2) To a part water flow separated from the main

inlet flow

(1)

(2)

(3)

(4)

Figure 8.8 Oxygen can be injected: 1, into the main
water inlet pipe to the farm; 2, into a part water flow sep-
arated from the main inlet flow; 3, directly into the water
in the fish tank; 4, into an individual circuit until the water
is supersaturated with oxygen.
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increase the pressure in the water significantly
because the equipment required to increase the
pressure in the entire water supply will be very
large and costly.

Oxygenation of part of the water flow is carried
out by diverting some of the water from the main
pipeline into a smaller pipe. The pressure in this
smaller pipe can and is normally increased, before
oxygen gas is added by means of a pump.The pump
is normally of the high-pressure centrifugal multi-
stage type. As the pressure in the water is increased
to 2–4bar, a normal centrifugal pump is not power-
ful enough. After adding the oxygen gas, the pres-
sure is reduced by a reduction valve; the water,
which is now supersaturated with oxygen, is piped
into the main flow.

In the third method oxygen is supplied directly
to the fish tank either by direct addition via the inlet
pipe to the tank or through diffusers at the bottom
of the tank. The advantage with this method is that
individual oxygenation of the separate fish tanks is
possible; hence it is also possible to improve oxygen
utilization because only the amount necessary for
the fish in the tank is added. By having an oxygen
meter in the outlet of the tank an acceptable value
can be set (for instance 7mg/l) and a simple control
system can be used to add the necessary oxygen. If
the temperature increases or the fish grow faster,
more oxygen will be added to avoid the oxygen
level in the outlet dropping. Another advantage
achieved by using diffusers directly at the bottom
of the fish tank is that saturation in the tank will
always be below 100%. It will therefore be easier
to get the supplied oxygen into the water, because
it is not being supplied against a large oxygen gra-
dient as is the case when oxygenating super-
saturated water (refer to KLA value).

When adding oxygen to a closed circuit, part of
the inlet water to the farm is taken out and super-
saturated with oxygen. This supersaturated water is
then piped directly to each of the fish tanks on the
farm through separate pipelines. The fish tank has
two inlet pipes, one delivering aerated water at up
to 100% oxygen saturation and another delivering
water supersaturated with oxygen. Because it is
possible to adjust the oxygen supply to the various
tanks on the farm individually, good efficiency 
can be achieved. The major disadvantage of this
method is the high cost of the additional piping
needed.

Oxygenation may be carried out both in fresh-
water and seawater. It is simpler to add oxygen to
seawater because of its higher ion concentration.
Oxygen microbubbles will be smaller in seawater
than in freshwater because the surface tension is
reduced.15 Small bubbles have a reduced rise veloc-
ity and so the contact time will increase. In addi-
tion, the relative surface area is higher for small
bubbles than for large ones. Hence the efficiency of
mixing, and thus the necessary addition pressure,
varies with the salt concentration.

8.7.3 Evaluation of methods for injecting 
oxygen gas

Many methods are available to inject oxygen into
water, using both low and high pressure. To be able
to evaluate the performance, evaluation methods
are available for aerators. As pure oxygen is much
more expensive than air, its utilization is very
important. This is given by the oxygen transfer effi-
ciency (OTE), which is also known as the absorp-
tion efficiency6 and is the amount of oxygen
dissolved in water in relation to the amount of
oxygen supplied:

where:

Cin = concentration of oxygen before injection of
oxygen

Cout = concentration of oxygen after injection of
oxygen

Qw = water flow
mO2 = mass flow of oxygen gas.

Performance values ranging from a few percentage
points up to 100% have been reported.6

Another important parameter is oxygenation
efficiency (OE) which is a measure of the amount
of oxygen dissolved in relation to the power sup-
plied. Normally excess pressure is used to achieve
high oxygen concentrations in the water and for 
this power is necessary, for example to run a high-
pressure pump. This can be described as follows:

Units for OE are mg O2/kW.

Oxygenation efficiency =
Power supply

in out wC C Q−( )

Absorption efficiency = in out w

O

C C Q
m

−( )
2



Most important of course, is the amount of
oxygen dissolved in the water in relation to the
investment and running costs for the injection
equipment; this is measured in mg O2 per unit 
cost.

It is important to remember that it is the amount
of oxygen available for the fish in the production
unit that is of interest. For example, the absorption
efficiency directly after the injection unit, which
may be very high, is of no concern; neither are
values that are achieved in laboratories where all
other factors are optimized in a way that is impos-
sible to achieve under real farming conditions.
Several design factors for the whole farm will have
a great influence on the efficiency of the oxygena-
tion system; these include the water transfer system
and tank inlet design. No two farms will be exactly
the same and this must be taken into account. Com-
parison of systems is therefore not straightforward;
tests must be performed under exactly the same
conditions and if possible on the site where the
equipment is to be used.

8.7.4 Examples of oxygen injection 
system designs

A number of systems for injection of oxygen gas 
are available.6 What distinguishes the methods 
from aeration is that the gas is injected under pres-
sure, so the equipment is pressurized. Injection
systems can be divided into high- and low-pressure
systems, where the pressure in the former is above
1bar.

Low pressure

Packed column: A simple way to add oxygen to the
water is to substitute the air in a packed column
aerator by pure oxygen, and aerate in a pure
oxygen atmosphere (Fig. 8.9); there is no excess
pressure. Under practical conditions, an oxygen 
saturation of two to three times the normal value is
achievable by changing the atmosphere from air to
pure oxygen. Theoretically the oxygen content
should be up to five times as high as in air, but the
time available for the gas to transfer into the water
is normally a limitation.The air in a column aerator
can easily be exchanged with pure oxygen by
placing the lower end of the column in the water
and feeding pure oxygen gas into the lower part of

the column so that it flows up against the descend-
ing water. This results in good mixing of the water
and oxygen. Eventually surplus oxygen that reaches
the top of the column and is not dissolved in the
water can be withdrawn through a special valve 
and recycled through the column inlet water to
prevent any loss of pure oxygen gas. The amount 
of oxygen that can be transferred into the water and
the efficiency of oxygen supply can be increased 
if the column is pressurized; here the column is 
closed at the top and bottom. The pressure in such
a system normally varies from 0.2 to 0.5 bar excess 
pressure.

Diffuser: A diffuser may also be used to supply
oxygen gas to the water, in the same way that air is
supplied for aeration (Fig. 8.9). The efficiency
depends on the depth at which the oxygen is added;
a greater depth will result in increased efficiency
(see Section 8.3.1, Dalton’s law), a depth of at least
2m being recommended. The diffusers can be
either tubes or ceramic. It is important it that the
oxygen gas leaves the diffuser as small bubbles,
because then better mixing is achieved as a result
of increased contact area and reduced rise veloc-
ity.15,23 Usually diffusers are used to add oxygen to
the production units in connection with transport
or as security systems. This is normal procedure
almost all fish farms and for all fish transport.When
using diffusers, the oxygen is normally supplied
from gas bottles because the amounts are quite
small. Diffusers are also used in normal production;
one method is to have some central oxygenation of
the incoming water and treat each tank individually
by having a diffuser on the tank bottom.

Diffuser placed directly in the inlet pipe: If oxygen
is to be added to the fish tank directly through the
inlet pipe, a diffuser is placed inside the inlet pipe
after the regulating valve (Fig. 8.9). Such an oxy-
genation system requires a correct design of inlet
pipe to the tank (Chapter 11). The water depth in
the tank ought to be more than 1.5m to give satis-
factory pressure.The highest efficiency is seen when
using this method in seawater because oxygen is
more soluble in seawater than in freshwater. With
a direct supply via the inlet pipe the greatest advan-
tage is that single tanks can easily be supplied with
oxygen individually and a better total utilization of
the added oxygen achieved.
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High pressure

There are various methods utilized for injecting
oxygen gas into the water under high pressure.
Two of the most commonly used are the oxygen
cone and deep wells, while others employ different
types of injector.

Oxygen cone: In the oxygen cone the oxygen gas
and water enter at the top through different pipes
(Fig. 8.10). The oxygen will be pushed down in the
cone because of the water flow and a large oxygen
bubble, actually a layer of oxygen gas, will be
created lower down in the cone. The water will flow
in small drops through this layer, creating a situa-
tion with water drops flowing through a pure
oxygen atmosphere. Since the pressure inside the
cone can be up to 5bar, good gas transfer is
achieved and because of this quite good efficiency.
After flowing through the oxygen layer, the oxy-
genated water will flow out, from the bottom of the
cone. However, if the cone is ‘overloaded’ with
water, the oxygen layer will be pushed down to the
lower end of the cone, perhaps also through the
cone outlet and efficiency is reduced. Because of
the high pressure used inside the cone to transfer
oxygen gas into the water, the pressure of the water
must be increased before it enters the cone. To do
this, part of the water flow is piped from the 
main pipeline, and a high-pressure centrifugal
pump used to increase the pressure in this part flow
before it enters the cone. After leaving the cone,
having been supersaturated with oxygen, the water
is returned to the main flow. However, the water
pressure must be reduced by passage through a
pressure reduction valve before entering the main
flow again.

Use of oxygen wells: Oxygenation in wells is some-
times used and gives quite good efficiencies
(70–90%) (Fig. 8.10). Well design varies, but the
main purpose is to mix oxygen and water at quite
large depths where the high pressure together with
effective mixing ensures good efficiency. One
method that utilizes this principle is the U tube.
Oxygen gas in injected into the water before it flows
into the U tube. At the bottom of the U the pres-
sure will be increased depending on the depth of
the U; 10–30m is usual. The construction ensures
effective mixing by creating turbulence between

the oxygen gas and the water and the gas bubbles
now dissolve. The same principle is used when
oxygen is added directly into a deep-water intake.
In land-based fish farms in Norway this system has
been used with direct addition of oxygen to the
inlet pipe at depths of 20–30m. Here the pressure
is high and good transfer of the oxygen gas into the
water is achieved.

When using such methods it is important to be
aware that the water flow rate through the pipe will
be reduced because the oxygen gas takes up space
and the real cross-sectional area where the water
flows is reduced. If the water is sent to a pump after
injection of oxygen, care must be taken because the
conditions are now optimal for cavitation with gas
bubbles that may implode as the water passes
through the pump.

Oxygenation in sea cages: Recent research has
shown that lack of oxygen may occur in sea cages,
possibly as the result of algal blooms in the area
where the cages lie. The oxygen concentration may
be reduced to below 70% saturation at the end 
of dark nights because both fish and algae use
oxygen during the night. The conditions can be so
bad that the effects of current induced water
exchange cannot meet the reduced oxygen concen-
tration caused by the algal bloom.

Lack of oxygen may also be caused by high 
temperatures and high fish densities in sea cages.
The oxygen consumption of the fish increases 
with temperature and at the same time the oxygen
content of the water is reduced; in such cases 
the lack of oxygen will be local to the cage.
However, if the water current increases, more
oxygen-rich water can be transported to the cage; a
propeller may therefore be used to create an artifi-
cial current to increase the supply of oxygen-rich
water.

It is difficult to monitor the oxygen concentration
in a sea cage in a representative way, because the
cage can be large and there may be individual 
variations within the cage, mainly due to the 
depth. Several oxygen meters could therefore be
advantageous.

When pure oxygen gas is to be added to the cage,
oxygen diffusers can be lowered into the cage. It is
very advantageous to create an equal pressure on
the diffuser, so that an equal amount of oxygen gas
is released all around the cage. As it is important to
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Figure 8.10 Oxygen cones and oxygen wells are typical systems for injecting oxygen gas into water under high
pressure: (A) oxygen cone cross-section; (B) oxygen well cross-section. (C) cones in situ; (D) locked column.



get an even distribution of the added oxygen, spe-
cially designed diffusers are recommended.

8.8 Oxygen gas characteristics
Oxygen gas (O2) has a boiling point of −183°C at
normal atmospheric pressure. If the pressure is
increased, the boiling point will also increase. At
normal temperature O2 is therefore only available
in gas form. Liquid oxygen is light blue without
odour; the density of the liquid is 1.15 × 103 kg/m3

at boiling point, while the density of the gas is 
1.36kg/m3 at 15°C and normal atmospheric 
pressure. One litre of liquid oxygen will therefore
expand 820 times when changing phase to gas at
15°C.

Liquids with boiling point below −100°C are
commonly called cryogenic liquids. Handling cryo-
genic liquids involves certain elements of risk:

• Extremely low temperature can result in frost
injures on the skin when handling; the cold gas
may also cause internal injuries

• Materials that come into contact with the liquid
easily become brittle

• There is a danger of explosion when uncontrolled
transformation from liquid to gas is allowed to
occur in closed volumes.

By itself, O2 is inflammable but oxygen supports
a fire and is normally the limiting factor for fire
development. If much oxygen is available in the
atmosphere, only a small spark can create an explo-
sive fire. Care should therefore be taken when 
handling oxygen gas.

8.9 Sources of oxygen
Oxygen gas may be delivered from oxygen 
producers, either as compressed gas in bottles or 
as liquid oxygen, which the farms transforms to 
gas under controlled conditions. This oxygen is 
produced in special factories that produce only
oxygen. Whether gas or liquid, commercially pro-
duced oxygen is characterized by high purity
(>99%) and the presence of a small amount of
other gases.

The other alternative is on-site production of
oxygen, which means that the oxygen is produced
at the farm with air as the source.

8.9.1 Oxygen gas

Oxygen gas may be delivered as compressed gas in
bottles. In Norway the bottles are blue and can be
delivered as single bottles or in batteries, normally
of 12 (Fig. 8.11). The usual pressure inside an
oxygen gas bottle is as high as 200bar; the bottle
contains 50 l of compressed gas at this pressure and
this gives 10000 l gas at normal atmospheric pres-
sure. On the top of the bottle there is a pressure
reduction valve. A manometer, also on the top of
the bottle shows the internal pressure; this also 
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Figure 8.11 Compressed oxygen gas in high pressure
bottles, either supplied singly or in a battery of 12.
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indicates the amount of gas remaining in the bottle,
because the pressure inside the bottle will decrease
as oxygen is released. The bottles are normally
rented from the oxygen producers, one reason
being that the producer will ensure the bottles are
properly maintained. The price of oxygen gas
depends on the distance from the oxygen produc-
tion site amongst other things. The pressurized
bottles represent a real danger, for instance in con-
nection with a fire. It is therefore advisable not to
have too many bottles on the farm, and if possible

to place them outside; legal restrictions may limit
the number of gas bottles that can be stored inside
buildings.

8.9.2 Liquid oxygen

Liquid oxygen (LOX) is produced in special facto-
ries and transported to the farms by truck or boat
in special tanks. On arrival, the liquid oxygen is
transferred to the farm’s specially designed tank for
storage (Fig. 8.12). The usual tank size for storing

Figure 8.12 Oxygen can be stored as
liquid in special tanks at the farm and
a cold-gas evaporator ensures that 
the liquid oxygen is transformed to 
gas before entering the fish tanks. The
schematic shows the principle; the
photograph shows a tank in situ.



liquid oxygen is between 2 and 50m3. The oxygen is
stored as liquid in the tank with a temperature
below the boiling point and of a pressure of
between 15 and 25bar.

The pressure in the liquid oxygen tank will stay
constant. An internal evaporator system, normally
placed under the liquid tank, ensures this. Liquid
oxygen is taken from the tank, goes through the
evaporator where the liquid is transformed to gas,
and back again as gas into the top of the tank. The
expansion when oxygen goes from liquid to gas is
utilized in this process and maintains the pressure
in the tank. The tank is fitted with a safety valve to
prevent it exploding, because even though the tank
is constructed with two shells with space between
them it is impossible to achieve 100% effective 
isolation of the tank. Therefore some liquid will
always evaporate to gas inside the tank. With the
large expansion in volume when changing phase
from liquid to gas, the tank will easily blow if
nothing is done, which is where the safety valve
comes into play. If the daily use of oxygen from the
tank is too low, oxygen gas will pass through the
safety valve and into the atmosphere. Normally
0.1–0.6% of the tank volume must be used daily,
depending on tank size, to avoid loss of oxygen
through the safety valve to the atmosphere. This
also shows the importance of choosing a tank of the
correct size.

When the farm uses oxygen from the tank, it is
drained as liquid from a pipe near the bottom of
the tank. Because of the pressure in the tank, the
liquid oxygen will be pressed out through the outlet
pipe and into the evaporator when the outlet valve
is opened. In the evaporator liquid oxygen changes
phase to gas. The gas is transported from the evap-
orator through a pipe and into the farm’s oxygen
injection system.

The evaporator is known as a cold gas evap-
orator and must be designed according to the 
farm’s oxygen consumption. It functions as a heat
exchanger transferring heat from the air into the
oxygen liquid (air–liquid exchange). It is important
to have a large surface area to get a large contact
area between the air and the oxygen. Usually at
least two evaporators are installed, one runs while
the other is switched off. The evaporator takes
energy from the air and after a while is totally
covered with ice; deicing is therefore necessary and
is the reason for at least two evaporators being
required.

The liquid oxygen tank should be placed outside
on a concrete base and be fenced in. In addition,
there should be a safety zone around the tank.
Oxygen tanks are rented from the oxygen suppliers
for safety reasons. With online measurement of the
remaining oxygen content in the tank by the sup-
plier, it is also possible for the supplier to automat-
ically replenish the oxygen before the tank is empty.
It is then not necessary for the fish farmer to keep
control of this.

8.9.3 On-site oxygen production

The alternative to buying oxygen from a producer
is to have on-site production facilities (Fig. 8.13).
Air contains 78% nitrogen, 21% oxygen, 0.9%
argon and 0.1% of other gases by volume (Table
8.1). In a specially designed adsorption unit it is
possible to remove the nitrogen and some of the
other gases from the air, leaving mainly oxygen.The
absorption unit is fed by compressed air from a
compressor; different names are used (oxygen gen-
erator or xorbox) according to the producer. Put
simply, it is a unit that filters air and lets only oxygen
pass. The process is known as pressure swing
adsorption (PSA).

The compressed air passes into an absorption
unit that is normally filled with clinoptilolite, a
natural zeolite which is a clay mineral. To describe
the construction and function in detail is beyond
the scope of this book but a brief and simplified
description is as follows. The crystals in the filter
material form a latticework where the nitrogen
molecules are trapped. Oxygen molecules, which
are large, do not fit into the latticework and pass
through; almost pure oxygen is produced. Provided
that the filter medium is not contaminated with oil
or water from the compressor, it is quite durable.
An inlet air filter must be used and cleaned at regular
intervals. A normal generator used for aquaculture
can reach a purity of 95% oxygen, the rest being
argon (4%) and nitrogen (1%). Special units may
achieve 99% oxygen purity, but they are very
expensive and not viable for on-site installation in
fish farming. The efficiency of the filter gradually
decreases. After a period the filter medium, will
become saturated with nitrogen. Nitrogen gas will
then follow the oxygen gas out of the generator and
to the fish. For this reason two columns are always
used in alternation: one is used and the other is
regenerated. When a column is regenerated, air 
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is ‘driven’ through the column in the opposite 
direction, and the nitrogen is blown out to the
atmosphere.

An oxygen generator normally delivers oxygen
gas with a maximum pressure of 4bar. This must be

taken into consideration because some of the
equipment for injecting oxygen gas into the water
may require higher pressure. If so, a specially
designed oxygen compressor must be used after the
oxygen generator. After the generator there must

A

B

C

Figure 8.13 On-site production of oxygen from air using
an oxygen generator. Principle (A), the air production unit
and the two absorption units (B) in a cabinet shown with
a bottle of compressed oxygen as security (C).



be a storage tank for the oxygen produced to
ensure pressure equalization. From this tank the
oxygen is tapped and used for injection into the
water on the farm.

When a generator has been in use for some years
(depending on type of equipment and running
time) the purity of the delivered oxygen will fall 
to 80–85%. The amount of nitrogen gas will also
increase, which can be toxic to the fish. If the
oxygen gas is supplied under high pressure, there
will be possibilities for supersaturation of nitrogen.
Maintenance and replacement or cleaning of the
filter medium inside the columns must then be
carried out. It is therefore important to sample the
oxygen gas from the generators at fixed intervals
and measure its purity. An easy way to do this is to
collect a sample of the oxygen gas in a plastic bag.
The oxygen meter that is used to measure the
content of oxygen in the water on the farm can then
be used to measure the approximate oxygen purity.
This is done by first adjusting the meter to show
21% purity in air; now when the oxygen probe is
put into the plastic bag, it will show the purity 

of the oxygen gas sample directly, for instance 
95%.

8.9.4 Selection of source

The choice of oxygen source depends on several
factors. If the oxygen consumption is very low or if
oxygen is only used for security purposes, it is
normal to use gas bottles. Otherwise there is a
choice between purchasing liquid oxygen and on-
site production. If only the price of oxygen is con-
sidered, on-site production will in almost every case
be cheaper. The reliability, maintenance costs and
necessary back-up system, however, often cause
farmers to buy liquid oxygen from commercial 
producers because they guarantee the oxygen
supply. Other important factors when choosing 
are the distance to the oxygen production factory,
infrastructure for transport of liquid oxygen, and
the price of electricity. The amount of electric
energy used for production of oxygen gas is size-
dependent; larger generators are more efficient
than smaller ones.
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Appendix 8.1
Solubility of oxygen in water with different tempera-
ture and salinity with normal atmospheric pressure
(1013mbar)

Salinity, parts per thousand (ppt)

Temperature (°C) 0 10 20 30 40

0 14.6 13.6 12.7 11.9 11.1
2 13.8 12.9 12.1 11.3 10.5
4 13.1 12.3 11.5 10.7 10
6 12.4 11.6 10.9 10.2 9.6
8 11.8 11.1 10.4 9.8 9.1

10 11.3 10.6 9.9 9.3 8.7
12 10.8 10.1 9.5 8.9 8.4
14 10.3 9.7 9.1 8.6 8.0
16 9.9 9.3 8.7 8.2 7.7
18 9.6 8.9 8.4 7.9 7.4
20 9.1 8.6 8.1 7.6 7.2
22 8.7 8.2 7.8 7.3 6.9
24 8.4 7.9 7.5 7.1 6.7
26 8.1 7.7 7.2 6.8 6.5
28 7.8 7.4 7.0 6.6 6.3
30 7.6 7.2 6.8 6.4 6.1

Appendix 8.2
Bunsen’s coefficient for oxygen as a function of temper-
ature and salinity

Salinity, parts per thousand (ppt)

Temperature (°C) 0 10 20 30 40

0 0.049 0.046 0.043 0.040 0.037
2 0.047 0.043 0.041 0.038 0.036
4 0.044 0.041 0.039 0.036 0.034
6 0.042 0.039 0.037 0.034 0.032
8 0.040 0.037 0.035 0.033 0.031

10 0.038 0.036 0.034 0.032 0.030
12 0.036 0.034 0.032 0.030 0.028
14 0.035 0.033 0.031 0.029 0.027
16 0.034 0.032 0.030 0.028 0.026
18 0.032 0.030 0.029 0.027 0.025
20 0.031 0.029 0.028 0.026 0.025
22 0.030 0.028 0.027 0.025 0.024
24 0.029 0.027 0.026 0.024 0.023
26 0.028 0.026 0.025 0.024 0.022
28 0.027 0.026 0.024 0.023 0.022
30 0.026 0.025 0.024 0.022 0.021
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Appendices based on:
Benson, B.B., Krause, D. (1984) The concentration and

isotopic fraction of oxygen dissolved in freshwater and
seawater in equilibrium with the atmosphere. Limnol-
ogy and Oceanography, 29: 620–632.

Colt. J. (1984) Computation of dissolved gas concentration
in water as a function of temperature, salinity and pres-
sure. American Fishery Society. Special Publication 
No 14.

Weiss. R.F. (1970) The solubility of nitrogen, oxygen and
argon in water and seawater. Deep-sea Research, 17:
721–735.
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9
Ammonia Removal

9.2 Biological removal of 
ammonium ion
When using a biological filter, bacteria are used to
oxidize ammonium to nitrite and nitrate, and
perhaps further to molecular nitrogen.The bacteria
are grown in a biofilm.Three processes are included
in the biological removal of ammonium:

• Transfer of NH4
+ (ammonium ion) to NO2

−

(nitrite)
• Transfer of NO2

− (nitrite) to NO3
− (nitrate)

• Transfer of NO3
− to N2 (molecular nitrogen)

The two first processes are carried out simultane-
ously and are known as nitrification; the process is
performed in a nitrification filter. The third process
is denitrification and is performed in a denitrifica-
tion filter. The two first are aerobic, so air must be
added. The last process is anaerobic so air must be
removed from the water. Two different filters
involving different bacteria are therefore used. In
most cases only the nitrification process will be
needed for aquaculture purposes, because fish have
a higher tolerance for nitrate than for ammonia.
Very high degrees of water re-use and high fish den-
sities might require a denitrification filter, but
knowledge of denitrifiaction filter function and
optimization for fish farming is scant.

9.3 Nitrification
The nitrification process is carried out in two steps
and is performed by bacteria which oxidize
ammonia. These bacteria are autotrophic and use
O2 as oxidizing agent and CO2 or HCO3

− as a 
carbon source for growth. NH4

+ is transformed 

9.1 Introduction
In aquaculture it is often necessary to reduce the
concentration of ammonia in the water, because it
is toxic for the fish.1–4 It is particularly important
when re-using water (Chapter 10) or when trans-
porting fish long distances without changing the
water, since the fish produce ammonium com-
pounds as a metabolic waste product.

In water there is an equilibrium between the con-
centrations of ammonium ion (NH4

+) and ammonia
(NH3) (Fig. 9.1):

NH3 + H+ ⇔ NH4
+

This equilibrium depends on pH. The sum of NH3

and NH4
+ is known as the total ammonia nitrogen

(TAN). Because of the equilibrium between NH3

and NH4
+, reducing one of them automa-

tically reduces the other. NH3 is the more toxic 
substance for fish, and therefore is the substance of
interest.

This chapter gives an overview of the most
common methods for ammonia nitrogen removal in
fish farming, including biological and chemical
processes. There are also a number of other possi-
ble methods for removal of ammonia, such as
ammonia stripping, break-point chlorination, mem-
brane filtration and addition of ozone, but these
methods are not commonly used in aquaculture.
Much information is available about this subject in
the general literature for municipal wastewater
treatment.5,6 Removal of nitrogen from municipal
wastewater has become more and more important
during the past few years. In aquaculture the
subject has also become more important due to the
increase in water re-use systems.7–9
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to NO2
− by Nitrosomonas bacteria and then to NO3

−

by Nitrobacter bacteria. Both of these processes
require energy that is supplied by the substrate.The
chemical processes involved are as follows:

NH4
+ + 3–2 O2 → NO2

− + 2H+ + H2O

The bacteria grow in the biofilm on the filter
medium. Nitrification takes place in this film so the
biofilm must be established for the nitrification
filter to function. The process creates more biofilm
as the bacteria grow and divide, and the cell mass
increases. This cell mass can be described as
C5H7NO2. The processes including creation of cell
mass can then be described as follows.10

Step 1 using Nitrosomonas bacteria:

55NH4
+ + 5CO2 + 76O2 → C5H7NO2 + 54NO2

−

+ 109H+ + 52H2O

Step 2 using Nitrobacter bacteria:

400NO2 + 5CO2 + 76O2 → C5H7NO2 +
400NO3

− + H+

The effectiveness of a nitrification filter can be
described by the nitrification rate, defined as the
amount of ammonium oxidized per unit biofilm
surface area and unit time (mg NH4

+/(m2 min)). The

NO O NO2
1
2 2 3

− −+ →

efficiency of the nitrification process and the estab-
lishment of the biofilm process depend on several
factors.11 It is important that the bacteria grow as
optimally as possible.

The following important factors regulates the
growth of the bacterial culture:

• Concentration of ammonia
• Temperature
• Oxygen concentration
• pH
• Salinity
• Organic substances
• Toxic substances.

One of the main factors affecting bacterial growth
is the amount of ammonia in the water. In fish
farming this concentration is normally too low for
maximal growth, compared to municipal waste-
water, for instance, where the same processes is
used. Generally values above 3mg ammonium
nitrogen per litre are recommended for maximal
growth.12 Values that are too high may inhibit bac-
terial growth.

Since these bacterial cultures requires oxygen to
grow, and in order to have transformation of
ammonia to nitrate, it is important that sufficient
oxygen is available throughout the entire nitrifica-
tion process. Experiments have demonstrated a
reduction in Nitrosomonas activity with oxygen

Figure 9.1 The equilibrium between the
concentrations of ammonium (NH4

+) and
ammonia (NH3) is pH dependent.



levels below 4mg/l water, while the corresponding
value for Nitrobacter is 2mg/l.10

Bacterial growth rate depends on the tempera-
ture.13–15 Bacterial activity occurs from 0 to 30°C
and increases with temperature: the optimal range
is around 30°C. Temperatures that are too high will
result in mortality. However, the bacteria may accli-
mate to lower temperatures over time, so high bac-
terial activity can also be achieved at lower
temperatures. If the temperature reaches values
below 5°C growth will be slow and it will be diffi-
cult and time-consuming to establish new bacterial
cultures. It is difficult to give general values for the
nitrification rate in relation to temperature, due to
both acclimation and the number of other factors
affecting bacterial metabolism (Table 9.1).

Nitrification also depends on the pH of the water:
optimal values are between 8 and 9.18 It was shown
experimentally that the nitrification rate decreased
by 90% when the pH was reduced from 7 to 6.12 It
is important to remember that hydrogen ions (H+)
are produced in the nitrification process and,
depending on the buffering capacity of the water,
may reduce the pH. If the loads on the biofilter are
high, systems for adjusting the pH are necessary;
addition of lime is an example.

The presence of organic matter can inhibit 
the functioning of the nitrification filter.19–21 Other
bacterial cultures may start to grow inside the 
filters in competition with nitrification bacteria.
Heterotrophic aerobic bacteria may use the organic
matter as a carbon source and replace the nitrifica-
tion bacteria because they have a faster growth
rate.22 Nitrification will be reduced by increasing
the carbon/nitrogen ratio;23,24 a 60–70% reduction
in nitrification rate was observed when increasing
the chemical oxygen demand/nitrogen (COD/N)

ratio from 0 to 3 for a substrate containing 10mg
TAN.l,25

Some substances may be toxic to nitrification
bacteria and may kill or inhibit the bacterial culture
in the biofilter. These can include metal ions,
organic substances or medicaments such as
formaldehyde.26,27

Salinity affects the nitrification rate because the
chloride ions inhibit bacterial growth. For this
reason the nitrification is faster in freshwater than
in seawater.28,29

Nitrification filters need to be shielded from light,
because it may reduce nitrification.11,30 Predators
may also have a negative influence.

The problem about giving reliable values for the
nitrification rate is, of course, that all the factors
affect each other. For this reason it is also normal
to incorporate high safeguards when designing
nitrification filters.

9.4 Construction of nitrification filters
The main purpose when constructing a nitrification
filter is to create a surface for optimal growth of the
biofilm. Depending on the construction and the
filter medium on which the biofilm is established, it
is possible to distinguish four types of biological
filter:

• Flow-through system
• Bioreactor
• Fluid bed/active sludge
• Granular filters/bead filters.

9.4.1 Flow-through system

The flow-through system may again be divided into
three types depending on how the water flows
through the filter medium (Fig. 9.2):

• Trickling filter
• Submerged up-flowing system
• Submerged down-flowing system.

In a trickling filter, the water trickles through the
filter medium where the biofilm is established.31–33

The filter medium is located above the surface of
the water and it is very similar to a column aerator.
Advantages of this filter type are its simple con-
struction, that good natural aeration for the process
is achieved and that it is impossible to block. The
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Table 9.1 Large variations in nitrification rates are
observed at different temperatures and in different
experiments. The average of values from refs 13, 16 and
17 are shown.

Temperature (°C) Nitrification rate (g NH4/(m2 day))

5 0.3
10 0.5
15 0.8
20 1.0
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disadvantage is that it has a low nitrification capac-
ity compared to other filter types.

In an up-flowing filter the water is supplied under
the filter medium, which is submerged. The incom-
ing water is forced through the filter medium by the
flow and head of the water. There are several
advantages with this system: it provides good
medium structure, good distribution of the water in
the total medium volume is possible, and there is
good contact between the water and the filter
medium where the biofilm grows. The disadvantage
is that it is necessary to add oxygen or air with 
positive pressure, for example by using an air

blower, below the filter medium to ensure that the
bacteria in the biofilm get enough oxygen.

A down-flowing filter uses a similar technique 
to an up-flowing filter; here also the filter medium
is submerged. The water is supplied at the top of 
the filter and is distributed through it. There is a
‘water lock’ at the bottom of the filter and this
ensures the filter medium is always submerged. An
advantage with this filter type is that the water flows
in the opposite direction to the air bubbles, so quite
good mixing of the air/oxygen and water is
achieved. The disadvantage is the same as that for
the down-flowing filter: it is necessary to supply
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Figure 9.2 Different designs of biofilter with a fixed medium: (A) trickling filter and (B) submerged up-flowing filter;
(C) up-flowing filter in use.



oxygen or air; however, in addition, it is difficult 
to obtain the same good distribution of water in 
the total volume of the filter medium as in an 
up-flowing filter.

9.4.2 The filter medium in the biofilter

It is important that the surface of the filter mater-
ial on which the biofilm grows is optimal. In fish
farming where the ammonia concentration and
concentration of organic matter are low compared
to levels in municipal wastewater, it is most effec-
tive to use systems where a biofilm is established on
an artificial surface.17 The following requirements
must be met by the filter medium:

• Have large specific surface areas where biofilm
can be established (surface area per unit volume,
m2/m3)

• Ensure proper contact between the water and
the surface of the medium

• Create low head loss
• Be difficult to clog
• Ensure an even distribution of water in the entire

filter medium
• Be simple to clean.

In practical farming conditions it is difficult to fulfill
all these requirements. There is a conflict between
having a nitrification rate as high as possible and
the need for a simply operated and maintained
system.

In the past gravel and sand were much used as
filter media in biological filters. Today different

types of plastic filter media have replaced sand and
gravel in many applications34 (Fig. 9.3). This is
because they have a have large specific surface
areas where biofilm can be established, and they are
not so easily clogged. Leca (lightweight clay aggre-
gate) is a material with very large specific surface
are that has been used to create surface for biofilm
with good results.35 However, there are problems
with clogging when the grain size is small and water
flow large.

9.4.3 Rotating biofilter (biodrum)

A rotating biofilter, also known as a biodrum or
rotating biological contactor (RBC), utilizes the
same basic principle as the submerged filter (Fig.
9.4). The filter medium where the biofilm is estab-
lished rotates at 2–3rpm, partially above the water
surface and partly submerged. The oxygen neces-
sary for nitrification is supplied when the medium
is above the water surface. Two different designs of
rotating biofilter are used: (1) a cylinder filled with
biobodies (filter medium in small elements); (2)
parallel discs made of plates where the biofilm
grows on the surfaces. In both cases the biofilter is
mounted on a rotating shaft.

The advantage of this type of filter is that as 
a result of the rotation aeration occurs when 
the filter medium is above the water surface, so
nitrification can occur. In such systems the effi-
ciency is quite low and it may be necessary to add
extra air/oxygen to the tank where the drum is
rotating.
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Figure 9.3 Different filter media
used in a biofilter.
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9.4.4 Fluid bed/active sludge

In an active sludge reactor the bacteria are attached
to suspended sludge material and kept floating in
the water column. The nitrification process occurs
on the surface of the suspended solids. Because of
the relatively low content of ammonia, suspended
solids and organic substances, this is not an appro-

priate method for use in aquaculture. The method
is, however, widely used for treatment of municipal
wastewater.

A fairly new method is to utilize a so called flu-
idized bed reactor, which has much in common with
the active sludge method (Fig. 9.5). Here an artifi-
cial filter medium, normally plastic, floats in an up-
flowing current of water and air bubbles (supplied

A
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D

Figure 9.4 Rotating biofilter: (A) rotating
drum filled with biobodies; (B) rotating
bioplates of drum filled with biobodies; (C)
cross-section; (D) filter in use.



by diffusers at the bottom). The medium is main-
tained in suspension by the current, like a foun-
tain.36 Specially designed filter medium is used for
this purpose, with a density slightly below that of
water, so it is quite easy to keep fluidized. In addi-
tion, the medium is in small elements, so has a large
specific surface area and will float in rotating move-
ments in the up-flowing water. A filter grating is
necessary on the outlet to prevent the elements fol-
lowing the water out of the reactor.

Biological nitrification takes place on the surface
of the elements where the biofilm is established. It
is very important to supply enough oxygen/air in
this system to provide optimal growth conditions
for the biofilm on the elements. Correct construc-
tion of the reactor where the elements are floating
is important if high nitrification rates are to be
achieved. One advantage with this system is that it
is difficult to clog. A quite stable water flow is,
however, important to obtain optimum functioning.
The efficiency of such filters is also quite good
because old biofilm is constantly removed by the air
bubbles, the water flow and the rotation of the ele-
ments, which all erode to the biofilm. Only new thin
fresh biofilm is therefore established on the filter
medium elements. Thin new biofilm has been
shown to have the highest nitrification rate. The
nitrification process is reduced in thick film because
it is difficult to get enough oxygen and nutrients 
to the deeper layers. Plastic media have been shown
to produce good results in several water re-use
plants.

9.4.5 Granular filters/bead filters

A granular filter used for removal of ammonia is
the same as that used for particle removal. Hence
two operations can be carried out by one filter. This
type of filter will, however, require frequent back-
washing to remove particles.

A bead filter is a type of granular filter, which is
commonly filled with spherical plastic pellets (poly-
ethylene (PE)/or polypropylene (PP)) with slightly
positive buoyancy.37,38 The water flows upwards
through the layer of plastic pellets and biofilm is
created on the pellet surface. Back-washing of the
filter medium to avoid blockage can be performed
with air bubbles, circulating water or mechanically
by paddles or propellers. Experiments have shown
reduced nitrification rates in such filters compared
to other flow-through systems, even if on a per
volume basis they are quite effective as a result of
their the large surface area.39,40

Traditional up-flowing sand filters may also be
used as biofilters, but the nitrification rate is low
and requirements for maintenance and back-
washing are high.

9.5 Management of biological filters
A biofilter will always need a certain start-up time
before it becomes functional41,42 (Fig. 9.6) because
it takes some times to establish the culture of nitri-
fying bacteria on the filter medium (the biofilm). Of
course there must be nitrificants in the water and
the environment must be suitable, for instance with
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Figure 9.5 A fluidized bed reactor: biofilm
grows on artificial medium floating in the water.
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a water temperature above 7–8°C, dissolved oxygen
content above 4mg/l and biological oxygen demand
at 7°C (BOD7) values below 10mg/l.7

If a biofilter is put into service before the bacte-
rial culture has been established, there will be no or
low efficiency. Normally, the start-up time for the
filter is between 20 and 40 days, depending upon,
among other factors, temperature and pH.28,35 The
start-up time can be reduced by inoculation or
placing old bacterial cultures in the filter. It is
normal to only clean a part of the biofilter each
time so that there will always be some biofilm left
on a parts of the filter. Old filter surfaces will always
have some film left, so the start-up time for a pre-
viously used filter surface will be reduced compared
to completely new ones.

In the start-up period, some nitrite may be sup-
plied to the fish with the water that has passed
through the biofilter because this is the end product
of the first process that takes place in the filter. This
is therefore a critical period, because small concen-
trations of nitrite can be toxic to the fish and care
must therefore be taken at this stage. The best
course of action is to have as few fish as possible in
the start-up period or to inoculate the filter with
bacteria.

9.6 Example of biofilter design
In a fish tank the consumption of feed is 100kg/day.
The amount of TAN produced by the fish, depends
on growth rate, protein content in the feed and in
the fish, amount of nitrogen in the protein, and the
protein uptake and digestion. A secretion of TAN
to be between 30 and 40g per kg feed can be used
for further calculation. The water temperature is

20°C and the pH is 7. The design and size of the
biofilter can be calculated as follows.

The secretion of TAN will be 3–4kg per day. At
pH 7 and a water temperature of 20°C only 0.4%
is NH3 (see Fig. 9.1). The TAN concentration is
therefore almost equal to the the concentration of
NH4

+.
Under normal conditions the nitrification rate

mainly depends on water temperature. From Table
9.1 it can be ascertained that at 20°C a value of 
1.0g NH4

+ per m2 biofilter surface area per day can
be used. The biofilter medium must therefore have
a surface area (Ba) of:

Ba = (3000 to 4000)/1
= 3000m2 to 4000m2

It is normal to have a security factor when 
designing the biofilter: a value of 2 is quite 
commonly used. The necessary area is therefore
8000m2.

The next steep is to choose a filter medium to fit
the necessary volume. If choosing a filter with a
surface area of 300m2 per m3 filter medium, the
total volume required will be 8000/300m3, which is
close to 27m3. Actual designs use submerged up-
flowing filters or trickling filters. A combination is
also quite commonly used. The recommended ratio
if both are used is from 2 :1 to 1 :1. This means that
the filter can have an 18m3 submerged filter and a
9m3 trickling filter.

9.7 Denitrification
In a biological filter ammonium (NH4

+) is trans-
formed into nitrate (NO3

−). With a high degree of
water re-use (see Chapter 10) and large loads on
the filter (high fish biomass and rapid growth) the
amount of NO3

− may exceed the tolerance of the
fish, and result in mortality.To inhibit this, it may be
necessary to add a new filter with a denitrification
step. A denitrification filter transforms nitrate to
nitrite (NO2

−) and further on to nitrogen gas (N2),
which is degassed from the water. Denitrification is
for instance used in some eel farms that have a very
high degree of water re-use.

Biofilm-hosting bacteria may also carry out den-
itrification.This is an anaerobic two-step process. In
the first step nitrate is transformed to nitrite and in
the second step nitrite to nitrogen gas. The bacteria
that carry out this process need a supply of organic

Figure 9.6 A biofilter will require a certain start-up time
before being fully functional.



carbon for growth, not oxygen. Normally there is
not enough easily available organic carbon in 
the outlet water so carbon must be supplied.
Carbon is commonly added as methanol, ethanol 
or sugar in liquid form before the denitrification
filter.When using methanol the following equations
apply:

Step 1

CH3OH + 3NO3
− → 3NO2

− + CO2 + 2H2O

Step 2

CH3OH + 2NO2
− → N2 + CO2 + H2O + 2OH−

If the created cell mass is described empirically by
the formula C6H7O2N, the total equation, including
steps 1 and 2, is as follows:4

CH3OH + 0.92NO3
− + 0.92H+ → 0.06C6H7O2N +

0.43N2 + 0.7CO2 + 2.25H2O

Since denitrification is an anaerobic process it
will not happen in the presence of oxygen. There-
fore it is necessary to remove the oxygen from the
water to get denitrifaction to start. Methanol and
ethanol may also be used as a means of removing
the oxygen; after addition of methanol or ethanol
there will be no free oxygen left in the water (i.e.
the concentration of dissolved oxygen will be close
of 0mg/l).

The design of the denitrification filters is the
same as that of nitrification filters, requiring a large
area where the bacteria can grow. An established
biofilm is also necessary. However, the filter
medium must be submerged to avoid ingress of
oxygen. Trickling filters and drum filters are not
therefore used.

9.8 Chemical removal of ammonia

9.8.1 Principle

Ion exchangers have sometimes been used in aqua-
culture to remove ammonia.43,44 Ion exchangers
utilize the fact that different ions have different
electrical charges. Some substances have the ability
to attract specific ions in the water because of their
charge and exchange them with ions attached less
strongly. Ion exchangers may be divided into cation
and anion exchangers. For example, cation
exchangers are used to remove positively charged

calcium and magnesium ions from hard water,
while anion exchangers can be used to remove neg-
atively charged nitrate ions. With ammonia, it is the
ammonium ion (NH4

+) that is removed from the
water, so a cation exchanger is required. Removal
of ammonium ions ensures a reduction of ammonia
levels because of the equilibrium between
ammonia and ammonium.

9.8.2 Construction

An ion exchanger comprises a column filled with
gravel-like ion exchange substance (Fig. 9.7). The
water to be purified, for example by removal of
NH4

+, flows through this column. The choice of 
substance to be loaded into the column depends on
the ions to be exchanged. To remove NH4

+ a clay
mineral (zeolite) called clinoptilolite if often used.
This mineral occurs naturally in the ground in
certain places. The ion exchange substance is deli-
vered as a granulate, normally in sizes up to 5mm.
When using clinoptilolite, Na+ is used as the
exchange ion and NH4

+ is attracted to the ion
exchange substance (R−). The following equation
then applies:

NH4
+ + R− Na+ ⇔ Na+ + R− NH4

+

When water with high ammonia content enters the
ion exchanger, NH4

+ will be attracted to the ion
exchange substance and Na+ will be released. After
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Figure 9.7 Principle of an ion exchanger.
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a period of time all the Na+ in the ion exchange sub-
stance will have been released and the exchange
process will stop; all the NH4

+ in the water will flow
directly through the column, and the outlet con-
centration will be the same as the inlet concentra-
tion. The ion exchanger will then have to be
regenerated by removing all the NH4

+ bound to the
ion exchange substance. This can be carried out by
allowing a regenerating solution containing a very
high concentration of sodium ions, for example a
salt solution, to flow through the ion exchanger
(Fig. 9.8). Often the regenerating solution is re-
used; in this case a cleaning circuit for the salt solu-
tion is necessary. A stripping process may be used
to clean the regenerating solution for NH4

+.
To function optimally the water entering the

exchanger must be free of particles. A fine particle
filter must therefore be installed before the
exchanger. Furthermore, the substance in the ion
exchanger must be disinfected at specific intervals
to avoid the exchanger starting to function as a 
biological filter. This is because biofilm will be
established on the surface of the exchange sub-
stance. The capacity as a biofilter will be very low
compared to the exchange capacity. Clogging and
blockage will also occur rapidly.

Even if the ion exchanger can remove up to 95%
of the ammonia from freshwater, the economic
yield of the system is normally negative. The 
system requires several columns with separate

regenerating circuits so that maintenance can be
carried out, and to avoid breakdown of the whole
system if a column is out of order. Because of this,
very few fish farms use ion exchanger technology
today. The advantage of an ion exchanger com-
pared to a biofilter for nitrification, is that there is
no start-up time and no waste product such as
nitrate. There have been examples where this tech-
nology has been used in relation to long distance
fish transport (Chapter 17).
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10
Recirculation and Water Re-use Systems

10.2 Advantages and disadvantages of
re-use systems

10.2.1 Advantages

Reduction of water flow

Re-use of water will reduce the amount of new
water required for the fish farm. Therefore farms
can be established on sites where the amount of
water is a limiting factor, or established farms can
increase production without increasing the amount
of new water required.

Limited resourses of freshwater are today a
serious problem in the world. Water consumption
has shown exponential growth during the past few
years. Warning signs are evident, such as lowered
groundwater tables, reduced size of lakes and dis-
appearance of marshland.This is indicative of more
competition for freshwater resources in the future,
which will of course affect the fish farming industry
because of its huge consumption of freshwater. All
methods that reduce water consumption in fish
farming, such as re-using water, are therefore of
general interest.

Re-use of energy

As shown in previous chapters, the heating of water
requires much energy and for this reason is expen-
sive. By reducing the amount of new water 

10.1 Introduction
In water re-use or recirculation systems, the outlet
water from the fish tanks is re-used instead of being
released into a recipient water body (Fig. 10.1). The
outlet water is cleaned and used again, which means
that the amount of added new water can be
reduced. Theoretically, all the outlet water can be
re-used, as in aquaria where no new water is
required except for that which is lost through evap-
oration. This is only theoretical, however, because
in most cases the cost of removing all contaminants
from the outlet water is very high, but this is of
course dependent on the water quality require-
ments of the fish species being farmed. Usually, if
maximum growth is required the water quality
needs to be high.

A water re-use system includes the fish tank(s)
or units for the aquaculture species, an adapted
water treatment system and a pump to transport
the water around the system. The pump and the
water treatment system are the items that make the
system distinct from traditional flow-through
systems. The water treatment system, which is the
heart of the re-use system, may include physical,
chemical and biological processes to improve the
water quality to acceptable levels.

The aim of this chapter is to describe important
factors about re-use systems, definitions and equip-
ment. Specialized literature is available in this field
(ref.1 is recommended for an overview).
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supplied, the energy requirements for water heating
will also be reduced; again this will reduce the total
heating costs.

By using a water re-use system, it is possible to
farm fish species that have higher temperature
requirements than the natural temperature in the
area, for instance to grow warm-water species at
high latitudes in the northern hemisphere.

Simpler cleaning

If there are stringent requirements for cleaning the
effluent water, re-use systems will assist the process
because the amount of water to be treated is
reduced.

Poor water sources

If the water supply to the farm is of poor quality,
the requirements for improvement will be
increased. Re-use systems will be of interest in 
such cases because the amount of new incoming
water, where the quality must be improved, is
reduced together with the treatment costs.

If the inlet water has to be pumped to a higher
level to get it to the farm, the costs can be consider-
able; this may favour a re-use system.The same is the
case if new water supplied to the farm is metered.

10.2.2 Disadvantages of re-use systems

Although re-use systems have advantages, they also
have several disadvantages; these must therefore be

weighed against each other. In most cases the dis-
advantages are greater than the advantages. It is
best therefore, to have a site with enough good
quality water of the correct temperature to suit 
the species grown, and low costs associated with
transferring the inlet water from the source to the
farm.

The two main disadvantages of re-use systems
are the investment and operating costs. Because the
number and size of the components for water treat-
ment is higher than for a flow-through farm, the
investment costs are also higher. In systems with a
high degree of re-use (>95%) the investments can
be significantly greater than for traditional flow-
through farms, several times as high per unit
farming volume.

In a normal re-use system there is continuous
transport of water performed by some kind of
pump, which results in constant running costs for
the pump(s). Since so much technology is usually
involved in purification systems, a re-use system will
also be more exposed to technical faults. To ensure
a functioning system, the requirements for moni-
toring water quality and water flow are greater than
in traditional flow-through systems which translates
to larger monitoring systems and more back-up
systems. Furthermore, the time limit/reaction time
is reduced when a fault occurs, e.g. pump failure,
filter blockage, which increases the requirements
for having operators on stand-by.

Some of the equipment used in the re-use system
also requires a high level of technological and bio-
logical knowledge to operate; this imposes extra
requirements for the competence of farm opera-
tors. The need for maintenance of the equipment is
much higher, which also represents a significant
cost.

10.3 Definitions
To describe re-use or recycling systems a number of
parameters are required.

10.3.1 Degree of re-use

Normally the degree of re-use (R) is used to give
the percentage of the new incoming water (QN) in
relation to the total amount of water (QT) flowing
into the fish tank. This is described by the following
relationship (Fig. 10.2):

Figure 10.1 Re-use system compared to a traditionally
flow through system, remember the pump.



R = (1 − (QN/QT)) × 100

where:

R = degree of re-use
QN = new incoming water
QT = total water supply to the fish tank

= new incoming water + re-used water.

Example
If the supply of new water to a farm is 150 l/min and
the total water flow is 1000 l/min calculate the degree
of re-use.

R = (1 − (QN/QT)) × 100
= (1 − (150/1000)) × 100
= 85%

This, however, requires a continuous supply of new
water, which also represents the normal way to
operate a re-use farm.

Another way to operate a re-use system is to
change the water in batches. This is the same as is
done in aquaria, so information and knowledge
from the operation of aquaria can be transferred to
fish farming. However, in fish farming the emphasis
is on optimal growth and this requires optimal envi-
ronmental conditions; fish densities are also much
higher. If the aim is for the fish to survive with some
spare capacity, the requirement for water quality is

reduced. For a re-use system that changes the water
in batches, a given amount of water can be changed
once a day or once a week, for instance. In this case
the water quality will gradually decrease, until 
a new batch is exchanged and the quality returns 
to top level. In this case the degree of re-use can 
be expressed either as the percentage of water
exchanged in relation to the total flow in the system
throughout a day and night, or it can be given as
the amount of water that is exchanged in rela-
tion to the total volume of water in the system 
(Fig. 10.2):

R = (1 − (QB/QT)) × 100

where:

R = degree of re-use
QB = size of batch of new incoming water
QT = total amount of water flowing in the system

between the exchanged batches of water.

R = (1 − (QB/QT)) × 100

where:

R = degree of re-use
QB = size of batch of new incoming water
QT = total amount of water in the re-use system.

Example
The total amount of water in the system including
the fish tank(s) and re-use circuit is 1000 l. The inter-
nal water flow in the system is 10 l/min. The amount
of water in the exchange batch is 250 l and it is
exchanged once a day. Calculate the degree of recy-
cling based on both definitions.

R = (1 − (QB/QT)) × 100
= (1 − (250/1000)) × 100
= 75%

Total water flow in the system during a day: 10 l/min
¥ 60min ¥ 24h = 14400 l.

R = (1 − (QN/QT)) × 100
= (1 − (250/14400) × 100
= 98.3%

This example shows the importance of knowing
which definition of re-use is used. Systems with con-
tinuous exchange of water and not batch systems
are most commonly used.
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Figure 10.2 The degree of re-use can be defined in
several ways. There can either be a continuous supply
of new water, or there can be a batch exchange of water,
for instance once a day.
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10.3.2 Water exchange in relation to amount 
of fish

The degree of re-use does not, however, give
enough information about the performance of the
system and is not sufficient to describe a recircula-
tion system properly. Neither does it take into
account the amount of fish in the system. This can
be illustrated in the following way: there are few
problems in having only one fish in a large re-use
system, compared to having a high density of fish in
the same system. The degree of re-use for the
systems can, however, be equal. To describe the re-
use system it will also be necessary to know the
amount of new water added per kg fish (litres new
water per kg fish).

Example
A re-use system with a total tank volume of 100m3

has a total circulating water flow of 2000 l/min. The
re-use degree is 95%, meaning that the amount of
added new water is 100 l/min. The fish density is in
case 1, 10kg/m3 and in case 2, 100kg/m3. This repre-
sents a total amount of fish of respectively, 1000kg
and 10000kg, so the amount of new water in these
cases is 0.1 l/(min kg fish) and 0.01 l/(min kg fish).

Even with this information it is difficult to
compare re-use systems, because factors such as
species, size and growth rate will have effects. For
easily evaluating a separate re-use system, the
growth rate of the fish is the best indicator. If the
growth rate is optimal it can either be compared to
growth tables or to growth in a flow-through
system.

10.3.3 Degree of purification

Another important factor in re-use systems is the
degree of cleaning CP of the water treatment
system. This factor indicates how effectively the
cleaning plant in the re-use circuit removes
unwanted substances. It can be described as follows
(Fig. 10.3):

CP = (Cin − Cout)/Cin × 100

where:

CP = degree of purification
Cin = concentration of actual substance entering

the cleaning unit

Cout = concentration of actual substance leaving the
cleaning unit.

Example
The concentration of suspended solids entering the
particle filter is 25mg/l; after the filter the concentra-
tion is measured as 10mg/l. Find the effectiveness of
the filter.

CP = (Cin − Cout)/Cin × 100
= (25mg/l − 10mg/l)/25mg/l × 100
= 60%

10.4 Theoretical models for
construction of re-use systems

10.4.1 Mass flow in the system

To understand more about what is happening in a
re-use system, a theoretical approach can be
taken.1–4 In re-use systems is it important to have
control over the different water flows (Q), amount
of substances added and removed from the system
(M) and, based on this, the concentration of sub-
stances at different stages in the system (C):

C = M/Q

where:

Q = water flow (l/min)
M = mass flow of substances (mg/min)
C = concentration of substances (mg/l).

Based on this, a total picture of the re-use system,
including the fish tanks, the water treatment system
and water transport system can be drawn up as
shown in (Fig. 10.4). Here the following indices are
used:

Figure 10.3 The filters in the re-use circuit removes
substances according to their efficiency.



i = new water into the tank
o = out from the tank to outlet (= Qi + Qri)
ri = out from the tank and into the re-use circuit
ro = out of the re-use circuit and into the tank (Qri)
f = amount of substances produced or consumed

by the fish
r = amount of substances removed from the re-use

system.

10.4.2 Water requirements of the system

The necessary amount of flowing water in the
system, and the separation of new and re-used
water depends on a number of factors including:

• Amount of water to satisfy the oxygen require-
ments of the fish

• Amount of water to dilute and remove waste
products to acceptable levels

• Amount of water to ensure self-cleaning of the
tanks (see Chapter 13)

• Degree of re-use
• Effectiveness of the water treatment system.

Water flow to satisfy oxygen requirements of 
the fish

The addition of water to a fish tank to satisfy the
oxygen requirements depends on the oxygen con-
sumption of the fish, the oxygen concentration in
the inlet water and the lowest acceptable concen-
tration in the outlet water to achieve optimal
growth for the fish species. The specific water
requirements can be calculated from:

Qin = Mf/(Cin − Co)

where:

Qin = specific water flow per kg fish
Mf = specific oxygen consumption of the fish (mg

O2/(min kg fish))
Ci = concentration of oxygen in the inlet water to

the tank (mg/l)
Co = concentration of oxygen in the outlet water

from the tank (mg/l).

Example
The fish size is 2000g, the water temperature 12°C
and the specific oxygen consumption is 3.63mg
O2/(min kg fish). The oxygen concentration in fully
saturated water is 10.8mg/l (from tables). The
acceptable concentration in the outlet is set to 7mg/l.
Calculate Qin.

Qin = Mf /(Cin − Co)
= 3.63/(10.8 − 7)
= 0.96 l/(min kg fish)

Here is it also important to remember the require-
ments to dilute for other substances and those for
self-cleaning.

By supersaturating the inlet water with pure
oxygen the water requirements can, of course, be
reduced. This means that the Cin is increased.

Example
The same numbers as in the previous example are
used, but the inlet water has a supersaturation of
oxygen of 150%, meaning that the concentration is
16.2mg/l. Calculate the new Qin.

Qin = Mf /(Cin − Co)
= 3.63/(16.2 − 7)
= 0.39 l/(min kg fish)

Water flow to dilute waste products to 
acceptable concentrations

The amount of water required to dilute and remove
substances produced by the fish (suspended solids
(SS), CO2 and total ammonia nitrogen (TAN)) to
acceptable concentrations can be calculated based
on mass balance equations for the single substances:

Min + Mro + Mf = Mo

where:

Min = mass of substances in new incoming water
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Figure 10.4 Sketch showing the water flow, concen-
tration of substances and mass flow of substances in a
re-use system.
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Mro = mass of substances from water entering from
the re-use circuit

Mf = mass of substances produced by the fish in
the tank

Mo = Mass of substances in the outlet from the tank.

If Mo and the water flow out of the tank Qo are
known, the concentration of a substance in the outlet
from the tank (Co) can be calculated; this must not
exceed a value that is acceptable for the fish. Based
on this, can the lowest acceptable outlet water flow
can be calculated from the following equation:

Qo ≥ Mo/Co-acc

where:

Co-acc = acceptable concentration of the substance
in the outlet to avoid reduction in growth.

Example
A fish of size 50g has a specific growth during one
day of 31g resulting in waste production measured
as SS = 6.2g. The acceptable level of SS in the outlet
is set to 25mg/l. Calculate the necessary water flow
out (Qo).

SS produced per minute = 6200mg/(24h × 60)
= 4.3mg/min 

Qo = 4.3mg/min/25mg/l = Mo/Co-acc

= 0.17 l/min 

This means that the water flow into the tank must be
higher than 0.17 l/min to dilute the concentration of
SS to acceptable levels or less.

10.4.3 Connection between outlet concentration,
degree of re-use and effectiveness of the water
treatment system

When starting up a re-use system the concentration
of substances in the system will gradually increase
until it is stabilized at a given level.

Example
A simple re-use system uses a degree of re-use of
50%; a filter with 50% efficiency is installed in the
re-use circuit (Fig. 10.5). Show how many times the
water must circulate in the re-use system before the
system is in balance (this condition is assumed as
ideal) regarding the concentration level of metabolic
products, presented as parts of M.

As shown, the system will be stabilized when the
water has completed four circuits.

An equation to determine the concentration in
the tank outlet in a re-use system (C) compared to
the outlet concentration in a flow-through tank has
been developed.2 This is based on the degree of 
re-use (R) and the removal efficiency (re) of the
filter system in the circuit and is as follows:

C = 1/(1 − R + (R re))

Example
A system has a degree of re-use of 96%, while the
removal efficiency is 50%. Calculate the concentra-
tion in the outlet of the system compared to a tradi-
tional flow-through system.

C = 1/(1 − 0.96 + (0.96 × 0.5))
= 1.92

This means that the concentration of substances is
1.92 times those from a flow-through system. For
instance, if the flow-through system had an SS con-
centration of 20mg/l in the outlet, the concentration

1 (all water 
No. circuits is new water) 2 3 4 5

Concentration M 5–4 M (M is 21––16M 4–3M 4–3M
of metabolic added to
products (M) the incoming
out of the concentration
production unit 1–4M)

Concentration 1–2 M (half of 5–8 M 21––32M 2–3M 2–3M
into re-use the water 
circuit flow)

Concentration 1–4M (50% is 5–16M 21––64 M 1–3 M 1–3 M
out of re-use removed) by
circuit the filter

Figure 10.5 The system used in the previous example.



in the re-use system will be 20 × 1.92 = 38.4mg/l. If
the maximum concentration that the fish tolerate
without growth reduction is 25mg/l, the re-use
system is not useful because the SS concentration is
too high. Either a better filter must be installed or the
degree of re-use must be lowered, which means
greater dilution by adding more new water.

Based on this, it is possible to calculate how much
new water has to be added to have a system that
functions. First the maximum allowed SS concen-
tration Cmax, is found:

Cmax = 25/20 = 1.25mg/l

Then this value substituted in the formula and in the
equation solved for the degree of re-use (R):

C = 1/(1 − R + R re)

1.25 = 1/(1 − R + 0.5R)

R = 0.4

This means that the maximum degree of re-use that
can be used is 40% and 60% of new water must be
added. In practice, however, a better filter unit will be
installed instead of adding so much new water.

The general formula is as follows:

C = (1/(1 − R + R re))Mf/Qout

where Mf/Qout represents the outlet concentration
in a flow-through system. By rearranging this equa-
tion it can be used to find the necessary efficiency
of a filter system, based on acceptable outlet con-
centrations and degree of re-use. The equation may
also be rearranged and solved to find the accept-
able degree of re-use when a filter system has been
chosen.

If the inlet water contains the substances in ques-
tion, their concentrations must also be added to the
equation. The mass of substances in the new inlet
water (Mi) must be calculated using the mass
balance equation and be added to Mf. This can 
be expressed as CinQi, which gives the following
equation:

C = (1/(1 − R + R re))(Mf + (CinQi))/Qout

10.5 Components in a re-use system
Fish require oxygen for respiration and produce
faecal waste, urine and dissolved substances

released over the gills (Fig. 10.6). The reasons for
treating the water are therefore either to add new
substances (oxygen) or to dilute waste products.
The components required for water treatment,
either for addition or removal of substances in the
re-use circuit, can be calculated based on the equa-
tion given earlier in the chapter, and depend on
species, size and growth rate. The usual order of
necessary water treatment efforts is shown below,
and compared to what happens in a tank were the
inlet water flow is reduced (Fig. 10.7).To reduce the
amount of incoming water to the tank is actually
the same as using a re-use system without any
purification units such as particle or ammonia
removal filters.

If the water is re-used without any treatment, the
effect is the same as reducing the water inlet
volume. The first problem is that the concentration
of oxygen in the outlet water will be below recom-
mended values; the main reason for adding water
to the tank is to have an outlet oxygen level high
enough to achieve maximum growth of the fish. If
this water is re-used directly, the oxygen concen-
tration will be too low and will result in growth
reduction. If the reduction is excessive, mortality
will occur; values are species-dependent. There are
numerous ways to increase the concentration of
oxygen in the water (see Chapter 8), including the
usual method of adding an aerator before the inlet
to the tank system. In addition, after the water has
been aerated up to near 100% saturation pure
oxygen can be added to increase the concentration
further (supersaturation). Both aeration and 
oxygenation can also be done directly into the 
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Figure 10.6 Fish in a system will produce faecal waste
and soluble waste.
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tank which will also reduce the requirement for
additional water.

If aeration/oxygenation is carried out, the
amount of water added to the system can be
reduced. This new value is normally set by the
acceptable SS concentration, but may vary with
organism and species. The water flow-through the
tanks must now be sufficiently high to dilute the 
SS concentration to avoid reduction in growth.
Methods of achieving this are given in Chapter 5,
but usually the outlet water is sent over some kind
of micro-strainer where particles are removed
before the water is recycled. Another way to deal
with this is to use a dual drain outlet with a sepa-
rate particle outlet from which the SS are drawn off
in 1–5% of the total water flow (see Chapter 5)
enabling the rest of the water to be re-used without
any other treatment.

If the amount of new water is reduced signifi-
cantly, the next problem that may occur is accumu-
lation of CO2 in the tank to critical levels, because
the fish release CO2 through the gills as a waste
product of metabolism and the concentration in the
water increases. Tank aeration or piping the water
through an aerator are two possible solutions to this
problem; however, normally this has already been
done to increase the concentration of oxygen in the
water. If continuously high concentrations of CO2

are experienced a vacuum aerator may be used
because this is more effective for removing CO2

than a traditional aerator designed to increase the
oxygen concentration (see Chapter 8).

Reduction of the water flow into the tank can
lead to excessive concentrations of NH3 (actually
TAN, because there is a connection between NH3

and NH4
+ levels which depends on the pH). The

normal method of reducing the NH3 concentration
in the system is to use a biofilter in the re-use circuit
that transforms ammonia to less harmful nitrate
(NO3).

The normal units included in a re-use system are
described above. However, other problems may
occur when adding a small amount of new water or
with a high degree of re-use. This problem mainly
concerns the components in the re-use circuit: the
complexity of the system means that a good knowl-
edge of water quality and the way in which differ-
ent water quality parameters influence each other
is very important.

There will be a drop in the pH in the system with
high degrees of re-use. The reasons for this are that
the biofilter process release H+ ions to the water,
and that CO2 is released by the fish. Therefore pH
regulation must be included in the water treatment
for the system, for instance addition of lime.

When having high percentages of water re-use
(>99%), high fish densities and a biofilter in the
system for ammonia removal, the concentration of
nitrate (NO3) can reach values that can be toxic to
the fish if it is not removed. Usually a denitrifica-
tion filter is added to the re-use circuit. Here nitrate
is transformed to nitrogen gas (N2) that can be
removed by aeration.

High degrees of water re-use will normally also
increase the total number of bacteria, some of
which might be pathogenic. It is therefore normal
to include disinfection in the circuit, for instance
UV irradiation.

Figure 10.7 Diagrams of plants suitable for different
degrees of water re-use.



10.6 Design of a re-use system
A re-use plant may be established either with con-
tinuous addition of new water or batch exchange;
the former is most common because it maintains
stable water quality.

Two different principles are used for construction of
re-use plants (Figs.10.8 and 10.9) regardless of whether
there is continuous or batch exchange of water:

• Centralized re-use system for handling water
from several fish tanks
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Figure 10.8 A centralized re-use system
serving several fish tanks.

Figure 10.9 Two designs of tank inter-
nal re-use system serving only one tank.
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• Re-use system placed in a single fish tank, also
known as a tank internal re-use system.

Most current re-use systems are based on the
centralized principle. Outlet water from all the fish
tanks is colleted in a common pipeline that leads
directly to one centrally placed water treatment
system which includes all the necessary water treat-
ment components. After treatment the water is
returned to the tanks via a common inlet pipe (Fig.
10.10). Addition of the new water and removal of
old water is also performed here, either on a con-
tinuous or batch basis.

The advantage of a centralized system is that
more investment can be put in the water treatment
components because they handle more tanks and
greater weight of fish. However, one disadvantage

with this system is that if infection occurs in one
tank it will be transferred via the water to all other
tanks in the re-use circuit, although this can be elimi-
nated or reduced by installing a disinfection plant
in the circuit. Another disadvantage with a central-
ized water treatment system is that it is more 
difficult to gradually increase the size of the
farm/system.

In a single tank re-use system, the outlet water
from the tank is lead directly into a water treatment
system before it is returned to the same tank. Thus
every tank has its own water treatment system and
there is no mixing of water from different tanks.
The water treatment system can either be an inte-
gral part of the fish tank, partly inside the tank
volume, or it can be a separate external unit
attached to the fish tank. Great flexibility is the

Figure 10.10 The re-use plant at the
Norwegian University of Life Sciences is
centralized and the water treatment
system consists of particle removal facil-
ities (swirl separators and drum filter),
submerged biofilter filled with bioblocks,
dry-placed pumps and addition of ozone
for combined disinfection and oxygena-
tion of the water.



major advantage with this system. It is easier suc-
cessively to expand a fish farm. In addition, there
are possibilities for better adaptation to individual
loads, meaning that the degree of re-use can vary
from tank to tank, and the single systems can in 
this way be operated optimally. The risk of spread-
ing pathogens between tanks is also eliminated
because there is no water connection between the
tanks.

The disadvantage is, however, the price, which
inhibits development of the model. Each tank
needs a separate water treatment system; this only
allows use of low cost simple systems, but even then
it is difficult to compete with centralized systems.
The management cost of such systems is also
increased because there are several units that have
to be maintained and controlled; for this a larger
monitoring system is needed. Such systems are not
favoured when having high fish densities or very
high percentage of re-use (>99.5%) because this
normally includes several high cost steps, such as
pH regulation, denitrification and disinfection.
What is generally important when constructing a
water re-use plant is that the components are com-
patible with each other and of the correct size.

In addition to the water treatment components,
it is necessary to establish a water flow in the re-use
circuit; this is done by some kind of pump. Types
used include airlift pumps, propeller pumps or cen-
trifugal pumps. When using airlift pumps it is pos-

sible to combine aeration with the transport of
water and by this eliminate the need for traditional
pumps. In tank internal systems with a low degree
of re-use this might be done to create a low cost
system. In larger systems, traditional centrifugal
pumps are most commonly used, because system
efficiency is increased. The pump is either dry-
placed or submerged. When using submerged
pumps some heat will be transferred to the water
from the pump, because the pump creates heat
when running (see Chapter 2); when having a high
degree of re-use this can contribute an important
part of the total heating needs of warm-water
species. In addition, the fish in the system will create
heat from their metabolism, so the amount of heat
that must be added is reduced even more.
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11
Production Units: a Classification

sumed depends on the fish density, amount of feed
supplied and the growth rate.

The following chapters give more information
about the most commonly used production units,
commencing with those for storing and hatching
eggs, continuing with tanks and ponds, and con-
cluding with cages.

11.2 Classification of production units
There are a number of different designs of produc-
tion units (Fig. 11.1). Several classifications systems
can therefore be used, either directly related to the
production unit or the production method, which
again influences the design of the production unit.

11.2.1 Intensive/extensive

One classification of production systems described
in Chapter 1, is intensive, semi-intensive and exten-
sive. The same can be used for the production units.
In extensive units the biomass is lower than is nor-
mally the case for cultivation. An example of a very
extensive rearing unit is the utilization of small
lakes for fish farming purposes. Before use the 
lakes should be cleared of natural predators. In use,
fry, for instance, can be released and harvesting 
can be done with a seine net when the fish 
have reach the required size. In dry periods such
systems may be run without any water or oxygen
supply, the only available oxygen being that 
produced by photosynthesis occurring in the lake.
No food is supplied, the only food is that naturally
produced. More advanced and intensive is the 
use of artificially created ponds (excavated or

11.1 Introduction
The aim of the production unit is to create a
restricted area where aquatic organisms can be
reared under the best possible growth conditions.A
habitat must be created for the aquatic organisms
within a body of water. In the unit the organisms
(apart from eggs) need to have access to food and
oxygen; in addition, the waste products must be
removed. Optimal performance of the production
units is of major importance because they consti-
tute the production system on the farm.

When starting to develop production units, the
aim is to create an environment that resembles
natural conditions as much as possible. Over a
period of time after the species have gone through
breeding programmes and become more adapted
to farming conditions, the production units may
also be developed to increase cost effectiveness by
achieving greater production coupled with reduced
investment and operating costs.

The design of the units depends on the organ-
isms, for instance whether fish or shellfish are being
farmed, and will also vary with the species. For
instance, requirements for flatfish are different
from those of pelagic fish, the former requiring a
larger bottom area. Requirements may also change
with the development stage and will be different for
eggs and on-growing fish.

During the past few years, animal welfare con-
siderations have been introduced into fish farming.
Therefore the production units should be designed
to allow the fish to behave as naturally as possible.

In the production unit oxygen and eventually
feed are consumed by the organism, and waste
products are released. The amount of oxygen con-
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A

B

C

Figure 11.1 A number of different
designs of closed production units are
in use: tanks (A), closed sea cages
(B), sea cages (C), ponds (E),
raceway (F), tidal basin (G).
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D

E

F
Figure 11.1 Continued.



embankment ponds). At low density such systems
may also be run without any supply of water, the
ecosystem in the pond ensuring proper water
quality in the pond. However, when artificial feeding
of the fish in the pond is commenced, it is necessary
to increase the oxygen supply and remove the 
waste products, thus gradually progressing to more
intensive systems. Tanks allowing high fish density
represent intensive production units.

11.2.2 Fully controlled/semi-controlled

Another way to create simple and quite extensive
rearing units is to fence in a water volume, either in
lakes, rivers or the sea, and so create a restricted
volume (a pen) where fish or other aquatic organ-
isms can be reared. Normally the fence is made 
of net or wire, but the use of electric barriers 
has also been proposed. If using a net, the fence
may be established by means of a post planted in
the ground. The area that is fenced in will vary with
the geographical conditions, amongst other things.
For example, by restricting an area in the sea
between two narrow necks of water may create a
very large farming volume. Dams of natural earth
masses or concrete may also be used to restrict
small natural bays and give a low cost production
volume.

Classification can also be based on the possibili-
ties for controlling the environment inside the pro-
duction unit. If the bottom or walls are made of

fixed materials such as concrete, steel or plastic,
control over the water environment may be possi-
ble, as in a closed production unit. In addition,
a light-tight insulated superstructure will give full
control of the environment. Cages floating in sea-
water represent an open production unit where full
control of environmental factors is impossible; the
only factor that is controlled is that the fish are col-
leted in a restricted area. However, if the cage is
closed with a tarpaulin, for example, more control
will be possible (Fig 11.2).

11.2.3 Land based/tidal based/sea based

Units can also be classified depending of where
they are placed: 1, on land; 2, in the tidal zone; 3,
in the water (sea or freshwater) (Fig. 11.2). On 
land the units will be closed. The water supply and
exchange is either gravitational or pumped.

Units in the tidal zone are normally closed, but
may also be open. In the second case the water level
in the unit wills vary according to the tide. If the
unit is closed the water may either be pumped or
the tide can be used to ensure water supply and
exchange. If using the tide there can be a batch
exchange, meaning exchange only occurs when the
tide is high. Specially designed valves may also be
used either taking in only surface water or only
taking in bottom water (Fig. 11.3).

Sea-based farms float in the water, normally on
the surface, but submerged units may also be used.
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Figure 11.2 Production units can be
open or closed, and placed onshore, in
the tidal zone or in the sea.
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Normally they have an open construction, like sea
cages, where water supply and exchange is ensured
by the natural currents. However, the units can also
be closed with sealed walls and bottom (Fig. 11.2),
in which case a pump must be used to ensure water
supply and exchange. The advantage with such
systems compared to land-based units is that the
pumping head is reduced.

11.2.4 Other

A number of other categories are also possible. One
is based on the means of water supply and
exchange, whether continuous or batch. Another is
based on the investment cost per unit farming
volume or per unit farming area. Sea cages and
ponds represent relatively low-cost systems,
while circular concrete tanks represent high-cost
systems.

If freshwater is fed into a seawater pond, because
of the density difference, it will form a layer on the

top of the seawater for a period of time. This can be
utilized in specially designed production units for
Artic charr farming during the winter because they
do not then tolerate full salinity. A freshwater/
brackish layer can be kept in a sea cage by having
a tarpaulin skirt in the upper part of the net bag
walls with an open lower netted part and sending
freshwater in through a pipe (Fig. 11.4).

Another way that this density gradient can be uti-
lized is by sending freshwater into a closed lagoon
or basin of seawater. Because of the density differ-
ence the freshwater will float on top in a separate
layer and a ‘greenhouse effect’ can be achieved.
Heat radiation will go down to the seawater, but 
the reflection is reduced because of the border 
layer between the saltwater and freshwater so the
temperature of the seawater in the basin will
increase more than that of the freshwater on the
surface. This principle can be used for oyster spat
farming in the northern hemisphere, for example
(Fig 11.4).

Figure 11.3 Use of a tidal basin where
special valves control the water supply and
exchange so only bottom water is taken
into the basin.



11.3 Possibilities for controlling
environmental impact

It will become increasingly important to control 
the environmental impacts of aquaculture, mainly
the discharge of nutrients, organic substances and
micro-organisms, as well as escape of fish. The pos-
sibilities for control will depend very much on the
design and construction of the production unit.
For closed units, control is normally possible by col-
lecting and treating the outlet water from the unit.
Closed production units may also float in the sea;
here treatment of the outlet water is rather more
difficult; it is best to have a small height difference
between the production unit and the treatment
plant. Floating production units may also be
damaged by waves, so shallow sites must be chosen
for such installations.

For open production units like sea cages the pos-
sibilities for controlling the environmental impact
are limited. It is therefore important to use sites

that tolerate discharge of nutrients and organic sub-
stances without local accumulation.

In open production units in the sea there will
always be possibilities for fish to escape as a result
of construction failure. The weather is unpre-
dictable and large waves can result in breakage of
the production unit. Necessary precautions must
therefore be taken, including optimal design of the
unit and units adapted to the site. A typical open
production unit is the sea cage for which correct
mooring is important. In addition, it is important
that the net bags are strong enough for the site and
are regularly inspected. Double net bags have also
been used; as have nets around the farm area, all to
prevent fish escaping.

Fish escape from closed production units may
also occur, especially at the fry stage, even if this 
theoretically can be avoided. The fry follow the
outlet pipes out of the unit. An absolutely secure
screen ought therefore to be set in the outlet system,
its sole purpose being to prevent escape of fish.
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Figure 11.4 Production units utilize the
fact that freshwater has a lower density
than salt water, either to create a volume
of freshwater in a sea cage (A) or to heat
the water in a basin (B).
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tives of the first group where eggs prefer to stay on
the bottom, while several marine species such as
cod and halibut and several freshwater species
belong to the second group. Under farming condi-
tions, however, one species may be adapted to use
a rearing system different to that used in the wild,
such as holding pelagic eggs on a bottom substrate.
Normally, systems in which the eggs lie on the
bottom or on a bottom substrate are easiest to build
and control. There are also differences in how the
egg lies, because some species have single eggs,
while in others the eggs lie together in a matrix or
with a ‘cover’ around the egg batch. Egg size varies
significantly between species and this is also of
major importance when designing storage and
hatching units with the required water supply; the
task is more difficult with smaller eggs.

Egg production can be separated into intensive
and extensive farming, and this also influences 
the design of the equipment. For more extensive
farming, ponds, net pens or cages may be used, but
of course the production per volume unit will be
reduced. If using extensive systems, the eggs can be
collected and put into intensive hatching systems 
or the hatching can be performed in the extensive
system, depending on production strategy. Egg pro-
duction is normally based on artificial spawning, but
egg production can also be based on collecting wild
eggs that are introduced into extensive or intensive
farming systems.

In this chapter the focus is on intensive farming
systems. Because of the great differences between
species, it is difficult to give a general overview of
the units for storage and hatching of eggs. There-
fore information is given concerning the two basic
methods: 1, systems where the eggs stay pelagic; 2,

12.1 Introduction

The main purpose of units for storage and/or hatch-
ing of eggs is to create a restricted area where the
eggs can grow under optimal conditions. Separate
units can be used for storage and hatching, or the
same unit can be used for both purposes. It is also
possible to combine the hatching equipment with
later holding of fry and eventually also for first
feeding. Units for the incubation of eggs are often
called incubators.

In the storage unit, the eggs must be supplied
with sufficient new water to meet their oxygen
requirements and remove metabolic waste prod-
ucts. Continuous addition of new water will also
achieve the necessary water exchange that is essen-
tial to inhibit the growth of fungus which may
increase mortality. In addition, the quality of the
water is of great importance at the egg stage.As the
oxygen requirement is low at the egg stage, it is pos-
sible to not have a continuous supply of water, but
to exchange water in batches, provided that there is
no fungus problem or an antifungal agent is added
to the water. Addition of air through diffusers may
also be used to supply oxygen.

The design and function of the units depends on
how the eggs need to be stored and the intensity of
production. Eggs from different species have dif-
ferent storage requirements. Some prefer to lie on
the bottom or on/in a bottom substrate; others
prefers to stay pelagic in the free water mass, while
others again are stored inside the females: under
wild conditions, for instance, Tilapia stores the eggs
in the mouth and initially the wolf fish stores them
inside the ‘belly’ for fertilisation before laying dem-
ersal eggs. Salmonids and catfish are representa-
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systems where the eggs lie on the bottom or on a
bottom substrate. The basic principles of the two
categories are however, the same and also used for
other species. Many textbooks are available with
more detailed information regarding the require-
ments of the various species, as this is of great
importance for egg storage equipment (see, for
example, refs 1–5).

12.2 Systems where the eggs 
stay pelagic
Two production methods are commonly used for
pelagic eggs, which may influence the design of 
the incubator. Either the eggs stay in the same unit
until hatching is finished, or there is a two-step
process using two separate units where the eggs are
removed before hatching. In both units the eggs
stay pelagic (Fig. 12.1). The normal difference is the
size of the incubators; for the second step large
units with volume of several cubic metres may be
used. The system chosen is also species dependent,
and there will always be species-dependent adjust-
ments to be made.

If the eggs are to stay pelagic in the water
column, it is important to create an environment
that makes this possible. A suitable incubator has
both a water inlet and a water outlet. Inside the
incubator an environment must be created that is
as close to natural conditions as possible for pelagic
eggs; at the same time oxygen must be supplied and
waste products removed. Most usually a small up-
flowing (up-welling) current is created so that the
eggs will stay in suspension in the incubator, as in a
fluidized bed.

12.2.1 The incubator

The traditional shape of an incubator for storage
and hatching of pelagic eggs is a cylinder with a
conical bottom (Fig. 12.2). With this shape it is
easier to achieve a good flow pattern in the unit.
Funnel-shaped units, however, can also be used
(Fig. 12.2). Traditional tanks (see Chapter 13) can
be used, but are not ideal.

Having a conical bottom makes it possible to
remove the dead eggs easily by tapping them out
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Figure 12.1 Incubators for (A) storage of pelagic eggs
and (B) hatching of eggs and storage of yolk sac fry.
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through an outlet in the bottom of the cone. In prac-
tice, several methods are used: for instance, stop-
ping the water flow or adding a plug with higher
salinity and thereafter stopping the water flow.6,7 In
both systems dead eggs will sink to the bottom,
while live eggs will remain in suspension due to
their greater buoyancy.

Incubators are normally constructed of fibreglass
or polyethylene (PE). Glass jars may also be used,
but this occurs more typically in smaller units. The
normal size of incubators varies from some litres to
several thousand litres.

12.2.2 Water inlet and water flow

To create an up-flowing current in the incubator,
the inlet is normally placed at the bottom and the
outlet at the top. Various flow patterns can be
created in the up-flowing water.8 It is important that
the up-flowing water forms a ‘plug’ that equals the
complete cross-sectional area of the incubator. The
up-flow velocity must be the same at every point
over the cross-sectional area of the incubator;
this will enable the eggs to remain in suspension.
Although it is common to place the inlet at the
bottom of the incubator, vertical spray inlets may
also be used provided that the outlet is placed at
the top of the water column. An up-flow will also
be created in this way. Air bubbling through dif-
fusers on the bottom of the tank may also be used
to create an up-flowing current, and this can used
to reduce the necessary water flow. Air bubbling
may also be used to prevent aggregation of the eggs
on the water surface.

The amount of water to be added is dependent
on the size of the incubator, the number of eggs and
the species. For example, in a 700 l incubator for cod
eggs, the water supply must be at least 3 l/min,7

while the recommended water flow for a 250 l incu-
bator for halibut eggs is 3–4 l/min.6 It is important
that the vertical flow velocity is not too high to
avoid lifting the eggs to the surface. This can be
monitored if transparent materials are used for the
incubator or there are inspection windows.

12.2.3 Water outlet

It is important to avoid having too high a flow
velocity through the outlet screen otherwise the
eggs are dragged towards the outlet screen where
they may get stacked (a large surface area of the
outlet screen is therefore important). Several solu-
tions are used to avoid this (see, for instance, Refs.
9, 10). Outlet systems can either have a screen
around the total circumference or part of the cir-
cumference, or the outlet can be within the incuba-
tor; the last may, for example, be an open pipe
covered with a screen (Fig. 12.3) or what might 
be called a banjo screen. A banjo screen is a 
banjo-shaped screen placed inside the incubator.
When using an internal screen it could be place
some distance below the surface to ensure pressure
on the outlet screen.

The holes in the screen must be small so the 
eggs are not lost. Typically, a plankton cloth with
suitable mesh size is used. For halibut, a mesh 
size of 250μm can be used.6 To avoid blockage 

A B

Figure 12.2 Designs of incubator for pelagic eggs: (A) cylinder with a conical bottom; (B) funnel-formed.



of the outlet screen, air bubbles may be blown
against it.

12.3 Systems where the eggs lie on
the bottom
There is much experience concerning eggs lying on
the bottom and several systems have been devel-
oped for intensive fish farming, especially for use in
salmonid farming. It is possible to divide these into
three different systems:

• System where the eggs remain in the same unit
for the whole process from spawning up to fry
ready for first feeding

• System where the eggs lie in thick layers and
must be moved before hatching

• System where storage, hatching and first feeding
are carried out in the same unit.

The system chosen depends on the management
strategy for the hatchery, whether the farm pro-
duces eggs for its own use or for sale. If the farm 
is to produce eggs for sale they may lie in thick
layers, because these will be sold before hatching.
This system is suitable for salmonid eggs that 
are sold as eyed eggs, because they tolerate a lot of
handling.

12.3.1 Systems where the eggs lie in the same
unit from spawning to fry ready for start feeding

Hatching troughs

A common unit is the hatching trough with trays
inside; this is also known as the California system
(Fig. 12.4). Trays or boxes are placed beside each
other lengthwise, in the trough. The trays have a
perforated bottom and one of the sidewalls is also
perforated. Water is supplied at one end of the
trough and leaves from the opposite end. A level
outlet controls the water level in the trough.

Inside the trough the tray is installed so that an
undercurrent of water is forced to flow up through
the perforated bottom, through the layers of eggs
lying in the tray and then out through the perfo-
rated side of the tray.The water is then forced down
to the bottom of the trough and up through the 
perforated bottom of the next tray. In this way an
undercurrent is generated in all the trays in the
trough.

After hatching there are large amounts of
eggshells to be removed to prevent obstruction of
the outlet grating. To increase the grating area an
L-shaped outlet grating can be installed in the tray
during hatching.
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Figure 12.3 Outlet screen in an
incubator for halibut eggs (seen here
as white on the surface).
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The typical size of one type of hatching tray is 
40cm × 40cm × 15cm. In each trough there may be
4–7 trays.The number of eggs in each tray is species
dependent; normally 1–2 l or two layers of eggs 
is recommended for salmon. The recommended
water flow to each trough is 7 l/min and 12 l/min,
for troughs with four and seven trays, respectively.
If the water supply is too large, the undercurrent
may lift the eggs in the trays; increased mortality
may occur if the eggs are moved during critical
phases in the incubation period. The troughs 
and trays are usually made of glass-reinforced
plastic.

There are also simpler hatching troughs where
the eggs are not distributed in individual trays, but
placed along the whole surface of the trough.
The water enters on one side and leaves from the
opposite side. Such a system has no up-flowing
water through the egg layers, but a horizontal flow.
The capacity per area unit is therefore lower. In
addition, the hatching results are normally reduced,
and the work requirement for production is
increased.

A special type of hatching trough, or small
raceway, can be used in channel catfish produc-
tion.1,2 Here the eggs are put into stiff cloth baskets.

Between each basket there is a space where a small
paddle wheel rotates (Fig. 12.5) to simulate the
fanning action of the adult male. As catfish eggs 
are deposited in an adhesive yellow mass, it may
need to be broken into smaller pieces before being
placed in the baskets.

Artificial substrate

Artificial substrate can be placed in the bottom of
the trays to improve the results (Fig. 12.6).The eggs
are laid on top of a perforated plate in the hatch-
ing trough, and when hatching occurs the yolk sac
fry (alevins) will move down through the perfora-
tions. The artificial hatching substrate is located
below the perforated plate. This substrate creates
small spaces where the yolk sac fry can stay in an
upright position. In this way only a small percent-
age of the yolk sac is used for swimming and main-
taining balance. Instead this energy is used for
growth. The substrate can be designed in many
ways, from squared cells to mats made of artificial
grass (for example, AstroTurfTM). The mats are
usually made of plastic. Increased growth and
reduced mortality have been achieved for
salmonids with the use of artificial substrate. It is

Figure 12.4 Hatching troughs with trays inside are
much used in salmonid farming where the eggs are lying
on the bottom.



important that the artificial substrate does not
release toxic substances into the water.

Hatching cabinet

In the hatching cabinet the eggs are placed in
drawers or on racks (low boxes) on top of each
other. There are two different designs of hatching
cabinet, either water drops fall from the top, or
there is an individual water inlet and outlet in each
drawer (Fig. 12.7).

The second design is the most used; the con-
struction includes an individual inlet and outlet to
each drawer, with the outlet keeping the water 
level constant. The drawer has a perforated bottom
where the water flows up through the layers of eggs.

After passing through one drawer the water is sent
into the drawer below. This system has the advan-
tage that it maximizes the space utilization in rela-
tion to hatching trough and trays, but it is more
difficult to control and reduced production may
result.

Systems using the first design comprise a number
of drawers made of perforated plates where the
eggs are distributed. Water is supplied from the top
and flows down through the layers. However, the
eggs must be removed before hatching in this
system.

12.3.2 Systems where the eggs must be removed
before hatching

In egg-rearing cylinders the eggs are layered on top
of each other (Fig. 12.8), so this system cannot be
used through to hatching, and for salmonids only to
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Figure 12.5 System for rearing eggs of channel
catfish.

Figure 12.6 Artificial substrate is placed in the hatch-
ing tray to improve the development of the yolk sac fry.
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the eyed egg stage. In these cylinders the water is
taken in at the bottom and a distribution plate
ensures that it is distributed evenly through the
layers of eggs via an underflow. The water will then
flow up through the layers of eggs and over the top
edge of the cylinder to the outlet. To avoid air
bubbles or clogging, the distribution plate must be
set at an angle and there is an aeration pipe in the
centre of the cylinder. From here air bubbles can go
to the surface without passing through the layers 
of eggs in the cylinder. If the air bubbles must 
pass through the egg layers they may increase mor-
tality by moving the eggs during a critical phase of
development.

A commonly used egg-rearing cylinder contains
approximately 30 l of eggs; the necessary water
supply is 5–7 l/min. The great advantage of using
these cylinders is that more eggs can be stored in 
a restricted area; up to 120 l/m2 floor area. The 

cylinders are often made of polyethylene (PE);
typically 80cm high and 50cm diameter. Larger
tanks of up to 200 l, may also be used with an up-
flow of water, but here control of conditions is
reduced.

Figure 12.7 In hatching cabinets the eggs are placed
in drawers or racks above each other.

Figure 12.8 In the egg-rearing cylinder layers of eggs
are stacked on top of each other, but must be removed
before hatching. During incubation the eggs must lie
completely still.



12.3.3 System where storing, hatching and first
feeding are carried out in the same unit

There is also special hatching equipment that may
be placed directly into the first feeding units (Fig.
12.9). The space, water supply and water outlet to
the first feeding units can then also be used for
storing and hatching of the eggs. In one arrange-
ment the hatching installation consists of a perfo-
rated inner bottom and a fixed exterior bottom
where the hatching substrate can be attached.
It is placed inside the tank on legs and a special
larvae outlet is directed into the tank outlet. The
advantage with this system is that the same unit is
used for egg storage, hatching and first feeding.
Therefore less space is needed and no separate
hatchery is necessary. Problems with disease, due to
the lack of a special isolated area, can be a disad-
vantage with the system; neither is it as suitable for

specialized egg production. The system is most
commonly used in smaller farms.
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Figure 12.9 Tank for combined egg storage, hatching
and start feeding.
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Tanks, Basins and Other Closed

Production Units

requirements. For example, some species prefer to
lie on the bottom and do not utilize the entire water
column (non-pelagic species). This chapter gives 
a survey of the design and construction of closed
production units. The focus is on tanks with a cir-
cular flow and species that utilize the entire water
column. However, there is a wealth of general 
information for all types of closed production 
units.

13.2 Types of closed production units
The flow pattern of the water in the unit can be
used to classify closed production units (Fig. 13.2):

• Production units with a circulating water flow
• Production units with a one-way water flow.

Production units with a circulating water flow may
again be separated into tanks with a circular flow
pattern (as is most common), or oval tanks that
have an oval flow pattern, of which there are
several types;1,2 for example, Foster Lucas tanks and
Burrow tanks, as well as different ovals and pipe
connections. Among the traditional tanks with 
circular water flow, one type may be defined as a
farming silo. This is a circular tank of greater height
than diameter, i.e. a tower. It is normally difficult 
to achieve satisfactory water exchange and self-
cleaning in silos (see Section 13.7).

Earth ponds belong to the group of production
units with one-way water flow and represent the
oldest type of closed production units used for 
fish production. They are mainly used for extensive
fish farming; i.e. there is a low production per unit
farming volume. Earth ponds are described sepa-
rately in Chapter 14 because they have so little in

13.1 Introduction
The main purpose of a closed production unit is to
create a restricted volume where the fish or other
aquatic organisms can be fed in a good water envi-
ronment. For fish, the units may be used from first
feeding of fry up to on-growing. Closed production
units are used for both freshwater and seawater
species. A unit includes the water inlet, the produc-
tion unit and the water outlet (Fig. 13.1).

To get a closed production unit to function as
optimally as possible, a number of requirements
can be set in addition to the main requirement that
the unit should produce as much fish as possible at
low cost. These are as follows:

• The supplied water, including the oxygen dis-
solved in the water, should be distributed evenly
throughout the entire production unit

• The fish should be evenly distributed in the total
production volume

• The fish must be transported effectively in and
out of the unit

• The unit should require a minimum of manual
cleaning

• The inner surface should be smooth and require
little cleaning and maintenance

• The unit should be easy to operate, which means
it should be easy to clean, to remove dead fish
and to perform other handling fish tasks 

• The unit should have low investment costs per
unit effective farming volume.

This list shows that there are a number of require-
ments that need to be fulfilled before a production
unit functions optimally. However, compromises
have to be made because it is difficult to fulfil all
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Figure 13.1 The main components in a
closed production unit include the water
inlet, the storage unit and the water
outlet. A circular tank is used as an
example.

Figure 13.2 Production units can be
separated into units with a circulating
water flow and those with a one-way
water flow.
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common with other closed production units such as
tanks. According to the requirements for closed
production units, the main interest in using ponds
is the low initial cost per unit farming volume. In
addition, normally a natural ecosystem that can be
utilized is created inside the ponds. In some coun-
tries such as Norway, no new permits for earth
ponds are given unless they are dried once a year.
This is because it is quite difficult to control disease
as pathogenic micro-organisms may survive in the
earth. If the ponds are dried during the winter
season these micro-organisms will probably be
killed. A layer of lime which increases the pH may
also be used as a disinfectant. If the ponds are
covered with a plastic tarpaulin (polyvinyl chloride
(PVC) or polyethylene (PE)) the problems are
avoided because such ponds may be cleaned inside,
but this is not a normal pond design, and such
installations are more like a traditional tank with
no ecosystem inside.

A further development of the earth pond is the
raceway, which also uses the one-way flow pattern.
This is a fixed construction often of concrete, built
as a long rectangle.The water is supplied at one end
and the outlet is located at the opposite end. Race-
ways are quite commonly used for various species
throughout the world. However, raceways require
quite large amounts of water to have effective
hydraulic self-cleaning of their total volume,3,4 and
even then it is very difficult to get good cleaning
results. Normally, some kind of mechanical equip-
ment is necessary for additional cleaning of the
raceway. It is therefore important to create a 
good flow pattern inside the unit, with a correctly
designed flow inlet and outlet, to ensure uniform
water flow through the entire cross-sectional area
and length of the raceway to reduce the require-
ment for manual cleaning. During the past few
years, a specially designed raceway with a very low
water level (10–50cm) has been developed.5 The
unit is specially designed for fish species that need
a bottom to lie on and do not utilize the entire
water column, for example halibut and wolf fish.
The unit is constructed so that it can be installed in
tiers, one above the other.

Closed floating cages are also a type of closed
production unit. In this case, both circulating 
water flow and one-way flow systems have been
tried in different variants that have been con-
structed using different materials. In one variant the

traditional net bag in a sea cage has been substi-
tuted by plastic sheeting. Water is pumped into the
bag tangential to the edge and the outlet is placed
in the centre of the unit. This creates water circula-
tion inside the bag (see, for example, Ref. 6). The
advantage of this type of unit is that it lies on the
water surface and there is only a small head to over-
come to pump the water into the cage, compared
with, for instance, closed production units placed on
shore and where seawater is normally pumped
several metres.

As shown, a closed productions unit can be built
in several ways and can have different water flow
patterns. The design of the production units,
however, depends on the type of aquatic organism
to be grown and its requirements regarding water
distribution and bottom conditions.

13.3 How much water should 
be supplied?
The reason for adding water to a closed production
unit is to give the fish or shellfish access to oxygen
and remove waste products excreted by the fish. In
this way, a water environment that creates optimal
conditions for growth is established. The amount of
water that must be supplied to a closed production
unit depends on a number of variables, including
species, fish density, growth stage and rate, water
temperature, whether adding pure oxygen or not,
and whether hydraulic self-cleaning occurs or
manual cleaning is required.

Tables showing the supply of water necessary 
to satisfy the oxygen requirements of fish and 
shellfish at different water temperatures have been
developed for many species. The amount of 
water that must be added to the production unit to
cover the oxygen consumption of the fish can be 
calculated based on the amount of fish and water
temperature.

Provided the quality of the water supplied is
acceptable, one way to regulate the necessary
supply of new water to a closed production unit can
be to monitor the oxygen concentration in the
outlet. This must be at an acceptable level for
optimal growth of the actual species, and is nor-
mally around 7mg/l. By using electronically con-
trolled actuator valves for controlling the inlet flow,



it is possible to have fully automatic flow control
based on the oxygen concentration in the outlet
water.

The amount of inlet water can be reduced by
adding pure oxygen to the incoming water or inside
the production unit. With high fish density and
rapid growth, consideration must, however, be
given to the concentrations of CO2, suspended
solids (SS) and NH3 that might become excessive
when adding oxygen. If this is the case, these sub-
stances need to be removed; this requires water
treatment as is carried out in a water re-use system
(see Chapter 10).

The hydraulic forces in the water supplied to the
tank may also be used to clean it; this is known as
hydraulic self-cleaning. Extra requirements then
apply to the amount of added water; these are
described in Section 13.7. This gives another
method for calculating the necessary supply of new
water. If this water supply does not fulfil the
requirements for oxygen, pure oxygen gas must be
added to make up the shortfall.

13.4 Water exchange rate
The water exchange rate indicates how quickly the
water in closed units is exchanged. This can be
defined as the period for which a specific water mole-
cule stays in the unit before leaving via the outlet
(Fig. 13.3). As the new incoming water will be
mixed with the ‘old’ water in the tank, the outlet
water will always contain both new and old water.
It is important to realize this, and means that if one

tank volume is run into a tank full of old water,
only part of the old water is exchanged, not all. To
describe this, the term ideal water exchange is used.
When expecting ideal water exchange and adding 
1 l of new water to 100 l of old water, the new and
old water will be mixed immediately; for example,
the addition of 1 l red water to 100 l of clear water
instantly results in pink water. This is a simplifica-
tion, but it helps us to understand better what is
happening with the water exchange, and does not
require difficult equations.

Mathematically, the water exchange rate can be
calculated as follows (based on developing a dif-
ferential equation):

F = (1 − e−t/th) × 100

where:

t = time after start of filling water into the unit
th = time necessary to fill one tank volume at the

actual water flow rate; also known as the the-
oretical retention time

F = water exchange rate (proportion of the water
volume in the unit that is exchanged after time
t)

Example
Fifty litres of new water is added to a tank that con-
tains 100 l water, described as old water, over a period
of 5 minutes (i.e. 10 l/min). The same amount of old
water flows out through the outlet because the water
volume and level are constant. How much of the
water volume is exchanged after 5 and 10min,
respectively?
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Figure 13.3 Amount of water exchanged
in a tank in relation to time.
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Setting t = 5min

th = 100 l/(10 l/min) = 10min

F = (1 − e−5/10) × 100
= (1 − 0.605) × 100
= 39.5%

Setting t = 10min

F = 63.2%

This means that by adding a water volume equal to
the tank volume only 63.2% of the water is
exchanged, not all as might be expected, the reason
being that new and old water are mixed.

13.5 Ideal or non-ideal mixing and
water exchange
The aim in designing a closed production unit
including the inlet and outlet, is to achieve the most
effective mixing as possible of the new incoming
water to the old water together with a good
exchange of water in the entire farming volume. No
new water must go directly to the outlet, by what
could be called a short cut; neither must there be
areas or zones in the unit were there is small or no
exchange of water, so called ‘dead zones’ (Fig. 13.4).
Since water exchange does not occur in the com-
pletely dead zones, no new water or oxygen is sup-
plied, so the fish will prefer not to stay there and
the effective farming volume will be reduced below
the real tank volume. If there are short cuts, part of
the inlet water will go directly to the outlet without

having been properly utilized by the fish; this results
is non-ideal mixing. Short cuts will also give zones
in the unit where the water flows much more slowly
and than elsewhere water exchange will therefore
not be satisfactory.

A picture of the velocity gradients within the pro-
duction unit can be found by using a specially
designed small propeller – a velocity meter – to
measure the flow rate at different points in the tank
both horizontally and vertically (different depths).
Eventually, dead zones and zones where the water
flow is too fast will also be identified.

A number of factors, including design of the tank,
the inlet and the outlet, will affect water exchange.
Before starting to use a new tank design or inlet or
outlet system, it is advantageous to test the flow
pattern in the tank and find the velocity gradients.

13.6 Tank design
Several designs of tanks with circular water flow are
in use. What is important when choosing is that the
new water is uniformly distributed throughout 
the entire tank volume. Round or polygonal (6–8
edges) tanks with a circulating flow pattern are suit-
able because they have no dead zones provided that
the inlet and outlet are correctly designed. Square
tanks will, however, have dead zones in each corner
and the effective farming volume is therefore not
so large; for this reason square tanks are not rec-
ommended. Square and rectangular tanks with cut
corners have, however, been shown to be quite
good; experience with tanks having a total side

Figure 13.4 Water exchange rate in tanks
with dead zones.



length of a and corners of size a/5 shows they are
well suited7 (Fig. 13.5). For other tank designs such
as raceways or earth ponds, it is far more difficult
to avoid dead zones, and the effective fish produc-
tion volume is normally less than the actual tank
volume.

When selecting a tank design, it is also important
to take into account the utilization of the area;
square tanks with cut corners utilize this well,
achieving several m3 of farming volume per m2

surface area. Raceways will also utilize the area 
satisfactorily.

Utilization of the tank construction material is
another factor that must be considered when decid-
ing the shape of the tanks. Circular tanks will have
the best utilization of the construction materials.
The pressure of the water is equally distributed all
around the circumference of the tank and therefore
a thinner wall may be used than for square tanks.

In square tanks the forces are greatest in the middle
of the sides, and there is an accumulation of forces
in the corners. The height of the tank will also be
important because the pressure on the tank walls
and hence the necessary thickness will increase.

The bottom of the tank could be horizontal or
have a small slope towards the outlet which is
usually in the centre of the tank; however, a part
outlet might be in the tank wall, see Section 13.10.
There is, however, little benefit from sloping the
bottom towards the grating and outlet of the tank
when having a correct flow pattern inside the tank.
This is because the most important mechanisms for
transport of the settled solids (faeces, feed loss) are
the water flow and its hydraulic force, not gravity.
Even a small upward slope (2–5%) to a centrally
placed outlet has been used by the author with
good results in tanks with a circulating flow pattern.
This also confirms that the most important factor
for transport of settled solids to the outlet is the
force created by the water flow, rather than the
bottom slope and force of gravity. When having
non-self-cleaning flow conditions, for instance
because fry production requires water flow of low
velocity, it is important to have a slope to the outlet
grating to be able to utilize graviditational forces.
However, this slope must be quite large to really get
an effect of gravity. In a filter unit the angle is rec-
ommended to be above 55° to utilize the force of
gravity to get the settled solids to slide; this is
because the density of aquaculture solids is low
(1.05–1.2) and almost equal to that of water.8,9

The height of the tank compared to the diameter
will also affect the water exchange. For tanks with
a circular flow pattern, a tank diameter: height ratio
of between 2 and 5 has been successfully used. If
the tank diameter is 10m, the height could there-
fore be between 2 and 5m. For tanks that do not
fall within these ratios, special attention must be
given to the design and placement of the inlet and
outlet. If the ratio is lower, the inlet should be
placed some distance away from the tank wall,
closer to the centre of the tank. Tanks where the
height is greater than the diameter are often called
silos; by using such tanks high production can be
achieved per unit area. It is, however, difficult to get
a proper water exchange throughout the entire
volume in such constructions.

Various materials are used to fabricate tanks
(Fig. 13.6). It is important that there is a smooth
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Figure 13.5 Example of an octagonal tank (a square
tank with cut corners).
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surface inside the tank to reduce problems with
fouling, and that the material does not release any
toxic substances into the farming water. Glass-
reinforced plastic is a commonly used material 
for tanks, because it can be produced with a very
smooth surface; small tanks are also light and easy
to move. The tanks are either delivered completely
finished or as elements that are screwed together
on site. Plastic (polyethylene, PE) may also be used;

this is also a light and cheap material. New mater-
ial has a very smooth surface; however, is it more
prone to ageing and the surface gradually becomes
less smooth. The surface also scratches more easily.
The tanks are either made of plates welded
together into tanks or the tanks are rotation cast (a
special casting process). Concrete is much used for
larger tanks, where the price is competitive; con-
crete may also be mixed on site or prefabricated

A B

DC

E

Figure 13.6 Tanks of different materials: concrete (A),
tarpaulin with a framework of wood plates (B), fiberglass
(C), stainless steel (D), coated steel plates (E).



elements can be joined together. The other 
material that has been used to some extent is 
metal; for example steel plates (stainless, acid-proof
or coated) or aluminium (special quality). Tanks of
tarpaulin with a frame of steel or wood represent a
low cost easily movable construction.

13.7 Flow pattern and self-cleaning
A flow pattern will be created inside a production
unit having a water inlet and outlet. It is important
that this flow pattern encompasses the entire unit
so that all the fish can come into contact with
flowing water. The flow pattern depends on the
design of the production unit.

In a tank with a circulating water flow and cor-
rectly designed inlet and outlet, two flow patterns
will occur: the primary flow and the secondary flow
(Fig. 13.7). The primary flow causes even distribu-

tion of the water in the horizontal plane, while the
secondary flow will clean the tank walls and bottom.

In well-designed tanks with correctly designed
and constructed inlet and outlet, the incoming
water may therefore be used to clean the tank walls
and bottom. This process is known as hydraulic 
self-cleaning. To achieve self-cleaning in a tank, a
certain amount of water has to be added; the
amount depends on the tank construction. The
water velocity at the bottom of the tank must be so
high that the settled solids are removed. To ensure
transport of settled solids in circular tanks, the rec-
ommended bottom velocity to ensure self-cleaning
is above 6–8cm/s.7 This will also remove algal
growth from the tank sides. Inside the tank there
will be a velocity profile equal to that in a channel,
where the lowest velocity occurs near the bottom
due to friction (Fig. 13.8). Bottom water velocities
of between 6 and 8cm/s normally represent a 
water velocity in the free water mass of between 
12 and 15cm/s.7 Practical experience has also 
shown that high fish density promotes self-cleaning
of the bottom. A lower velocity could therefore 
be accepted when the fish density is increased
because the movement of the fish results in resus-
pension of settled solids, so the secondary flow
pattern could more easily transport the particles to
the drain.

In a correctly designed flow through tank with
inlet and outlet, and a circular flow pattern, the
water retention time should be between 30 and 100
min for satisfactory self-cleaning.10 This means a
flow through of between 10 and 33 l/m3 farming
volume. A retention time of less than 30min may
create a vortex around the centre drain.The periph-
eral velocity in the tank may also be so high that
the fish will have problems staying there. When
using low retention times, a specially designed 
inlet and outlet are necessary. With retention times
above 100min the self-cleaning effect is decreased
and additional cleaning is necessary.

To attain hydraulic self-cleaning, a high volume
of water is needed to create a high water velocity
inside the tank. Even if the water velocity has
yielded improved growth results,11–13 there is a
maximum velocity that not must be exceeded.14

This will vary according to species and growth
stage. Examples here are fry of marine or freshwa-
ter species, where only very low velocity is toler-
ated; to maintain satisfactory water quality for
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Figure 13.7 In a tank with a correctly designed inlet
and outlet, both a primary and secondary flow will be
generated.
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these species is therefore a challenge. Settled parti-
cles and fouling on the tank bottom and sides will
create a sub-optimal environment, and be a good
substrate for unwanted bacterial growth. Regular
removing of fouling is therefore absolutely essen-
tial. If this is done manually, it is labour intensive,
and therefore commercially available automatic
systems are preferred. Rotating brushes on the

bottom of the tank, powered either by electric
motors or by the pressure of the incoming water are
one solution. Other solutions include a small turtle-
like unit moving around on the tank bottom or
installing a washing arm half the pipe diameter in
length. Addition of chemicals that remove the
fouling, such as oxidizing agents, has also been tried
by the author and colleagues.15

Figure 13.8 An idealised velocity
profile matrix across A–A in a 1800 ×
600 mm tank.



13.8 Water inlet design
Correct design of the inlet flow arrangement to the
tank is necessary to ensure even distribution and
mixing of the new incoming water and if self-
cleaning is to be attained. This requires the inlet
water pipe to enter below the water surface in the
tank and the water must pass through a narrow
nozzle. The force of the inlet water can then be uti-
lized to create a flow pattern inside the tank (Fig.
13.9). It is also important to spread the incoming

water throughout the water column. This can be
achieved by the use of several holes, splits or
nozzles in the inlet pipe below the water surface.
The force of the incoming water will now be 
distributed throughout the water column, not just
in one place. Improved distribution of the new
oxygen-rich incoming water is also achieved.

The impulse, as the force caused by the inlet
water is called, depends on the water flow and
water velocity; it can be expressed as follows for
tanks with a circular flow pattern:

F = rQ (v2 − v1)

where:

F = impulse
r = water density
Q = water flow
v1 = velocity of the water in the tank
v2 = velocity out of the holes in the inlet pipe.

This equation shows that by increasing Q, the
impulse will increase. The same result is achieved
by increasing the velocity of the water emerging
from the holes in the inlet pipe. Decreasing the
cross-sectional area of the holes will increase the
velocity of the water. However, the increased veloc-
ity will increase the turbulence and hence the head
loss. Recommended values are below 1.5m/s in the
inlet pipe, while the velocity in the hole (or split or
nozzle) should be below 1.2m/s.7

The inlet pipe can be arranged in several ways
depending on the tank design (Fig. 13.10). In tanks
with a circular flow, a horizontal spray inlet has the
advantage of creating good water distribution
(primary flow), but the secondary flow is not
optimal. The vertical spray inlet creates both good
primary and secondary flow, and is therefore pre-
ferred. It is also possible to use a combined vertical
and horizontal inlet with good results.

Normally a vertical spray inlet will be placed
about one fish width away from the tank wall, so
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Figure 13.9 Having the tank water inlet below the
water surface and using nozzles in the inlet pipe will
create velocity gradients, and mixing of the water in the
tank is achieved.

Figure 13.10 Various designs of
inlet pipe in tanks with a circular flow
pattern.
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that the fish can pass behind, and to avoid too much
friction from the tank walls. If it is too close to the
wall, friction against the wall will reduce the
impulse. However, in a low tank designed with a
diameter :depth ratio of less than 0.2, the inlet has
to be placed further into the tank closer to the
drain, to create a good flow pattern. In silos is it
especially difficult to get good inlets and effective
transfer of the impulse, and hence effective water
exchange throughout the water volume. However it
may be possible to use several water inlets in the
tanks to improve the flow pattern; testing of the
velocity profile is recommended in such cases.
Depending on the current velocity from the holes
in the inlet pipe, the current velocity in tanks with
circular flow is normally in the range 0.15–0.25m/s.7

In raceways it has proved to be difficult to create
an inlet that distributes the water in a uniform way
throughout the entire cross-sectional area and total
length. It is important that the impulse is distrib-
uted over as large a part of the cross-sectional area
as possible. Because of the continuous reduction in
water flow velocity close to the bottom due to fric-
tion, there have been experiments in which water
was added at several places over the length of the
raceway to improve the velocity over the total area;
this, however, increases the costs.

The velocity of the inlet water out of the holes 
or nozzles in the inlet pipe (V2) depends on 
the design of the nozzle (hole), the area and the
amount of water that has to pass. It can be
expressed as follows (based on the continuity equa-
tion; see Chapter 2):

where:

V2 = velocity out of the nozzles
Q = water flow out of the nozzles
ΣA = total cross-sectional area of all the nozzles.

The relation between the water velocity in the inlet
pipe and the velocity out of the nozzles will be as
follows:

where:

V0 = velocity in the inlet pipe
A0 = area of the inlet pipe.
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Example
An inlet pipe to a circular tank is designed for a
water flow (Q) of 50 l/min. Suggest an appropriate
pipe diameter and area of the nozzles (holes).

First, calculate the area of the inlet pipe:

A = Q/V

Transform the units so that they correspond and take
a maximum water velocity of 1.5m/s.

50 l/min = 0.00083m3/s

Calculate the diameter:

A = pd2/4

In practice the nearest standard dimension will be
used.

Calculate the total nozzle/area (cross-sectional area)
using a velocity of 1.2m/s.

This must then be divided by the number of holes
used in the total water column.

To force the water through the inlet pipe results
in a head loss. Because of this, a minimum head
(available water pressure) is necessary to get the
water to flow through the nozzles/holes. Different
shapes of the nozzles/holes will result in different
head loss because of different degrees of turbu-
lence created in the nozzles. This must be taken 
into consideration when constructing the inlet 
pipe.

A Q V=

=

=
=

∑ /

/
/

0.00083m s
1.2m s

0.00069m

6.9cm

3

2

2

d
A=

= ×

=

4
p

4 5.53
3.1415

2.65cm

A =

=
=

0.00083
1.5

0.000553m

5.53cm

2

2



Example
Head loss in the inlet pipe

The inlet pipe has a diameter of 63mm and a water
flow of 300 l/min is used. This gives a water velocity
of about 1.6m/s. Find the head loss when increasing
the water velocity from 1 to 2.5m/s (f = 0.024).

ment of the particles which may break up. This
makes later filtration of the outlet water more 
difficult.

It is important to treat the outlet water as gently
as possible to avoid increased particle breakage.
Elbows and other pipe parts that create additional
turbulence should therefore be avoided. It is impor-
tant to use long bends and small bend angles in the
piping. It is also important to understand that the
inlet and outlet of a tank are designed for a given
flow rate, but with some latitude outside which the
inlet and outlet will not function optimally because
the velocity is either too low or too high.

The head loss in the outlet system can be seen by
comparing the water level inside the tank with the
top level of the water in the outlet system. A large
difference means a high head loss.

Example
The supply of water to a fish tank with a farming
volume of 6m3 should be between 60 and 200 l/min
to ensure sufficient self-cleaning. Find a suitable
diameter for the outlet pipe.

Choose a velocity of 0.5m/s and calculate for the
smallest amount of water.

A = Q/V

Q = 60 l/min = 0.001m3/s

A = pr2

r = 0.025m
= 2.5cm

The next task is to calculate the water velocity in the
pipe with the largest amount of water when the
radius of the pipe is 2.5cm.

V = Q/A

Q = 200 l/min = 0.0033m3/s

A larger dimension for the outlet pipe is recom-
mended because this velocity is rather high. This 

V =

=

0.0033m /s
0.002m

1.67m/s

3

2

A =

=

0.001m /s
0.5m/s

0.002m

3

2
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Water velocity Head loss per metre of pipe
(m/s) (mH2O)

1.0 0.019

1.6 0.05

2.0 0.08

2.5 0.12

With a water velocity of 2.5m/s in the inlet pipe, it is
necessary to have a pressure in the pipe of 0.1mH2O
per metre of pipeline to achieve the necessary water
flow.

13.9 Water outlet or drain
The tank outlet or drain normally has two func-
tions: 1, to remove the waste from the tank as
quickly as possible, before the leakage of nutrient
starts; 2, to maintain the correct water level inside
the tank. Correct design of the outlet is also impor-
tant for the water exchange rate and to ensure
effective self-cleaning. Incorrect specification of 
the outlet system or the outlet pipe may result in
settling of uneaten feed particles and faeces, and
the outlet system will function as a settling basin.
This situation can be rectified by shock draining the
tank, by removing the device that controls the tank
water level. Shock draining will increase the water
velocity through the outlet above normal and even-
tually settled solids will be dragged out. If there are
large number of particles coming out, there may be
places in the outlet pipe system where settling of
solids occurs if the design of the outlet system is
sub-optimal. It should not be necessary to shock
drain a well-designed outlet system to remove 
particles that have settled in the outlet. The outlet
pipe should be designed for water velocities above
0.3m/s to ensure no settling of solids. Velocities
above 1.5m/s in the outlet will result in rough treat-
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also shows that the outlet system is not designed 
optimally if there is too large a variation in the water
flow.

When designing the outlet system, it is important
that the outlet creates a drag on the water in the
tank. Particles lying close to the outlet will be
forced against the outlet by the reduced pressure
there.

The design of the outlet can be either of the flat
or tower type (Fig. 13.11). The flat outlet contains a
horizontal screen inside the fish tank, adapted to
the fish size. This normally covers an outlet pot.
From the outlet pot the outlet pipe goes to a verti-
cal standing pipe where the water level inside the
tank is controlled. It is important to increase the
speed through the holes in the outlet screen to
avoid fouling and blockage. Velocities above 0.3–

0.4m/s are recommended. The outlet screen is a
perforated sheet of stainless steel, aluminium or
plastic. Good results have been achieved by using
oblong slots instead of holes in the outlet 
screen.14,16 Slots do not clog as quickly and are
easier to clean.The holes or slots are recommended
to be as large as possible, but of course not so large
that fish escape. It may also be possible to run the
tank without any outlet screen, because the fish
prefer not to go down in the outlet pipe. However,
this is species dependent, and some species that
have a crowding behaviour, such as eel, will go
down. For salmonids, the author’s experience is that
it is possible to run without any outlet screen. If this
is done it is necessary to install a trap in the outlet
system to collect the dead fish (see Section 13.11).

The outlet pot, if used in the tank, has been
shown to be a critical part of the construction 
(Fig. 13.12). Settling of solids is very common here.
It is therefore important not to reduce the water
velocity in this pot too much, both to prevent set-
tling of particles and also to reduce the amount of
fouling. Good results are obtained by using an
eccentric outlet from the pot; here the outlet pipe
from the pot is not in the centre but to one side, and
a swirl is therefore created inside the pot. Another
possibility is to avoid the use of the outlet pot

Figure 13.11 Flat or tower outlets are typical designs.
Figure 13.12 Correct design of the outlet pot is 
important.



totally by having the outlet pipe directly into the
tank bottom. This requires the use of another type
of outlet screen inside the tank (not a horizontal
one) to ensure enough hole or slot area. Outlet
screens may, for instance, be shaped like a cone,
pyramid or a small tower, not reaching the water
surface.

There are two types of tower outlet, with either
internal or external regulation of the water level. In
both cases there will be a tower inside the tank
going from the bottom to the water surface, con-
sisting of a screen with holes or slots that prevent
the fish leaving the tank. The disadvantage of this
outlet is that the presence of the tower in the
middle of the tank may make it difficult to handle
the fish in the tank. With regard to self-cleaning, no
differences have been observed between flat and
tower outlet systems.

Instead of taking the outlet from the bottom of
the tank, a siphon can be used. Here the outlet from
the tank goes over the top edge of the tank;
however, this will require a fixed water level. The
advantage with the system is that it is not necessary
to have any pipes going out of the bottom of the
tank, which is therefore only a basin. This reduces
the cost and increases the second hand value. The
disadvantage is that it is not possible to reduce the
water level because it is fixed; a pump must be used
to drain the tank completely.

Both flat and tower outlets, include a level
control to keep the water inside the tank at a given
height. Level controls can be adjustable or fixed.
Adjustable level controls can be incremental or
continuous. Fixed level controls have no possibili-
ties for adjustment and therefore there must be a
bypass for complete drainage of the tanks. For large
volume tanks (>100m3) adjustable level controls
are quite expensive and seldom used. Usually fixed
or perhaps incremental controls are installed. A
continuous level control may be built by having a
sliding pipe inside another pipe. The same principle
may be used for a stepwise control, but here the
level is controlled by addition and removal of pipe
parts.

13.10 Dual drain
It is also possible to use a double outlet, i.e. a dual
drain (Fig. 13.13).14,17–19 Such an outlet allows part
of the water flow (up to 5% of the total flow) to be

taken through a separate centre drain located in the
bottom of the tank, while the main water flow is
taken out from the water column above the tank
bottom through some type of tower outlet. This can
be a traditional tower outlet or a small tower reach-
ing 5–10cm up from the tank bottom. In this way
the tank is used as the first effluent treatment
system. A particle purification step is achieved
because the tank functions as a swirl separator
using the ‘tea-cup’ principal. The circular flow
pattern in the tank will cause the solids to be 
colleted in the centre of the bottom where the 
particle outlet is located. Normally over 90% of the
solids be taken out via the bottom outlet. Hence the
particle concentration will be significantly reduced
in the main outlet that is taken out slightly higher
up the water column.

The main water flow may also be taken out via a
sidewall.4 By taking out up to 20% through the
bottom and the rest through the outlet in the upper
part of a tank wall, good separations have been
achieved. A specially designed square tank with cut
corners, with the main inlet and main outlet in the
corners and the particle outlet in the centre, has
also been used with good results.20 Here less than
1% of the total water flow was taken out via the
particle outlet. In both the above two systems the
flow pattern inside the tank gave satisfactory self-
cleaning. In the last system the place on the tank
bottom where the main effluent collected was easily
regulated by changing the direction of the nozzles
in the inlet pipe; these were adjusted to force the
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Figure 13.13 The double or dual drain outlet will sep-
arate particles from the water.
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effluent towards the middle of the tank where the
particle outlet was located.

By using dual drain systems the cost of particle
purification will be reduced because only a minor
part of the total water flow has to be purified; the
size of the particle filter will be reduced dramati-
cally. If using a water re-use system (Chapter 10),
the water in the main outlet may be re-used without
going through a particle separation step as the con-
centration of particles is already low enough.

13.11 Other installations
There may also be other installations that can be
integrated into the tank. By using a specially
designed outlet screen that can be opened from the
surface, it is possible to knock dead fish lying on the
outlet screen out of the tank and through the outlet
system; it is then necessary to have a collector for
the dead fish in the outlet piping system.This avoids
dragging dead fish up through the production
water.

Handling facilities can also be an integral part of
the tank construction. Additional outlets used only
for guiding the fish to a common centre (see
Chapter 17), or hatches in the tank walls for trans-
port of fish through channel systems, can be inte-
grated.21 The tank may also be constructed to
include guides for adapting tank internal grading
grids (see Chapter 17).

A feed detection unit may also be integrated into
the tank outlet system.22
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14
Ponds

night they consume oxygen. Thus there will be a
daily fluctuation in the oxygen level in the pond,
and special care must be taken during the night
when it may be necessary to supply additional
oxygen. Similarly, the pH may fluctuate because
photosynthesis fixes carbon dioxide and therefore
the pH will increase during the daytime, while at
night the algae release carbon dioxide and the pH 
will drop.

The ecosystem created will affect all nutrients
since a nitrogen cycle will occur in the pond:
nitrification will transform TAN to NO2

− and
further to NO3

−. If there are areas in the pond
lacking oxygen, dentrification of NO3

− to N2 will also
occur.

A major benefit of a pond is therefore that it 
is possible to utilize this biological production,
which includes prey that is food for the fish. In addi-
tion, there will also be decomposition of waste.
However, to achieve this state the water exchange
rate must not be too high (see Section 14.3). The
major disadvantages with production in ponds is
the low production per unit volume, and the diffi-
culties of maintaining control over the water
quality and the actual fish biomass.

14.3 Different production ponds
Ponds can be separated into those for fry produc-
tion and those for on-growing production (Fig.
14.1); the difference is normally the size of the
ponds. However, full production ponds are also
possible. In such ponds, spawning, fry production
and on-growing all occur, although harvesting can
be quite difficult. Full production ponds may, for
instance, be used in crayfish production (Fig. 14.2).

14.1 Introduction
Earth ponds are the most used unit for fish pro-
duction worldwide, and more than 40% of world
aquaculture production is performed in ponds.1

Ponds are used both for fish and shellfish and at 
different life stages. Important species grown in
ponds, include different types of carp, catfish,
shrimps and prawns.2,3 Ponds are normally used in
extensive production4,5 and to some extent in more
intensive production; here, however, the construc-
tion is less optimal (see Chapter 13).

An earth pond for aquaculture farming is usually
defined as a pond where a natural ecosystem is
created inside. This is the major difference between
earth ponds and other closed production units,
and the reason why they are described separately.
The water exchange in the pond is normally very
small and it will also function as a settling pond,
so faeces and particles will settle on the bottom.
There will be none or very little self-cleaning in the
pond. When establishing the pond this must be
taken into consideration, so that there is some spare
capacity.

Inside the pond there can be a monoculture or
polyculture. If using a polyculture, the natural food
created in the pond (phytoplankton, zooplankton,
aquatic insects, benthic organisms and the vegeta-
tion) can be utilized optimally by different 
species.

14.2 The ecosystem
An established ecosystem in the pond includes full
algal photosynthesis. During the day the algae
produce oxygen by photosynthesis, while during the
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In a pond for fry production, it is especially
important to have a well functioning ecosystem,
including photosynthesis. Eggs or newly hatched fry
are released into the pond where the on-going
ecosystem will produce natural prey for the fry. As
the fry grow they will gradually feed on other prey
that are also available in the pond. Depending on
the desired production, additional feeding of the fry
may not be necessary.

To stimulate and increase the development of the
natural ecosystem, it is possible to fertilize the
pond.6–8 This increases production of algae and
hence production of higher organisms that function
as natural prey for the growing fry. It is, however,
easy to lose control of the ecosystem, and total
breakdown may occur. If fertilizing, it is therefore
of major importance regularly to monitor and
control changes in the water quality, for instance by
monitoring the oxygen content in the pond water.

In on-growing ponds, there is often some type of
additional feeding, but this depends on the species.

Some species will utilize the plants growing in the
pond and the organism created by the ecosystem,
but this is normally not enough if high production
is wanted; an example here is grass carp. Other
species may only use supplied artificial feed, such
as catfish and rainbow trout. In on-growing ponds
it is easy to overload the system when adding for-
mulated feed and cause problems in the ecosystem
which will be put out of balance so that the pond
functions in an uneconomic way.

The water flow through a pond having a natural
ecosystem must not be too high, otherwise algae
and natural prey may flow out with the outlet water,
and an imbalance in the ecosystem will occur.
Many earth ponds are, however, used in this way.
If the fish densities are high the water requirements
increase with the fish density and the ponds func-
tion as raceways, for which the pond construction is
sub-optimal (see Chapter 13). The results are large
variations in pond water quality and accumulation
of faeces and feed loss.
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Figure 14.1 Ponds for on-growing production during 
(A) the summer (catfish) and (B) the winter (rainbow
trout). Warm groundwater is utilized in the winter season
to keep the pond free from ice. (C) Empty ponds reveal
the construction more clearly.
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14.4 Pond types
There are several ways to classify ponds: one is
based on construction and another on whether it is
possible to drain the pond or not.

14.4.1 Construction principles

Based on their construction three types of ponds
can be identified: watershed, excavated and
embankment or levee ponds7 (Fig. 14.3).Watershed
ponds utilize the terrain features; for instance, a
ravine can be dammed so the construction is quite
simple. However, there are few sites that satisfy the

requirements for a watershed pond, so this is not a
very common pond type. An excavated pond is
simply a hole in the ground which is filled with
water. Part can be below the water table and in this
way water infiltrates into the pond, but this con-
struction is little used.

The main type of construction is the embank-
ment or levee pond. There are several ways to
establish such ponds: they can be at ground level,
or the levee can be above and the bottom below
ground level. For the first type it is necessary to
supply material; for the second type the excavated
material can be used to construct the leveess which
will reduce the cost of establishing the pond. Levee

Figure 14.2 A crayfish pond in cross-
section and from above.



ponds can be constructed in a flat landscape, and
large areas can be used for pond production. It is
important that the levee is sufficiently wide to carry
traffic, for instance for feeding, maintenance or 
harvesting.

When constructing the pond it is an advantage to
ensure that it is possible to tap the water to a lower
level to make drainage possible. Eventually a canal
drainage system can be excavated in conjunction
with the pond area.

14.4.2 Drainable or non-drainable

Depending on the construction of the outlet
system, traditional earth ponds can be divided into
drainable and non-drainable ponds (Fig. 14.4); non-
drainable ponds are normally larger, up to several
hectares. Small natural lakes used for aquaculture
production function like a non-drainable pond. The
same is the case if a ravine is dammed, watershed
ponds are used or if a hole is excavated in the

ground. Low establishment cost is the main advan-
tage with non-drainable ponds. Natural lakes can
also be used and create a low cost farming volume.

The advantage with drainable ponds is the possi-
bility for a more effective harvesting process and to
have control over the water level, because the water
can be drained out of the pond. It is simpler to fer-
tilize/feed, and also to supply additional air. While
non-drainable ponds are normally run extensively,
drainable ponds can be run more intensively,
depending on the amount and growth rate of the
fish. In intensive drifted ponds the fish can be fed
(Fig. 14.5), and additional air supplied periodically.
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Figure 14.3 Ponds can be divided into: 1, excavated;
2, embankment or levee; 3, watershed ponds.

Figure 14.4 Drainable and non-drainable ponds are
constructed differently.

Figure 14.5 Feeding from a tractor-trailer with a feed
blower to increase production in the pond.
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This may also be done without damaging the
ecosystem in the pond, if extra care is taken.

In ponds the production is given in kg per hectare
of pond surface area. This varies with water tem-
perature, environmental conditions, pond type and
the fish species, so it is difficult to give a general
value.9,10 A rough estimate is 1000kg/ha, but this can
vary by a factor of 10 in both directions: over 15000
kg/ha can be achieved for channel catfish by use of
additional feeding and continuous aeration.2,7

14.5 Size and construction
The size of the pond varies with species, fish size
and site conditions, from fractions of a hectare to
several hectares. As the ponds become larger,
control becomes more difficult.The same is the case
with harvesting. To carry out the harvesting the
pond must normally be emptied and/or drained
several times, otherwise the fish density will be too
high when lowering the water level and harvesting.
A seine net may also be used for harvesting. Com-
monly, relatively small ponds are used for brood
stock, fry and juvenile production, while larger
ponds are used for on-growing.

Pond depth is usually between 0.5 and 2.4m,
depending on what the pond is used for. For on-
growing fish it is normal to choose a depth sufficient
to prevent any light reaching the bottom of the
pond. In this way growth of vegetation at the
bottom is prevented and harvesting is easier. Ponds
for fry are normally shallower because the bottom
vegetation may function as shelter. However, the
depth must not be so great that temperature layers
occur; deep water will also increase the pressure on 
the sides and bottom of the pond together with 
possibilities for increased seepage. This increases
demands for compaction of the material used 
for the bottom and sides when constructing the
pond.

It is important to have a slope towards the outlet
on the bottom to make drainage possible and har-
vesting easier: this can be in the range 1/1000 to
1/100, with the largest slope in the smallest ponds.7,10

The slope of the walls inside the pond is between
2.5 :1 and 4 :1; 3 :1 is quite common, but this varies
with the composition and angle of repose of the
material used for construction. Exterior walls are
normally slightly steeper than 2 :1, but of course
this also depends on the angle of repose for the

material.The recommended width of the pond crest
varies with depth; for 3m deep ponds a crest width
of 1.8m is recommended;11 for shallow ponds the
crest width can be reduced depending on the mate-
rial used for construction.

The length–width ratio of ponds is normally
about 2 :1, but of course is adapted to the site con-
ditions. The shape of watershed ponds depends on
the terrain. Harvesting with a seine net is easier if
the pond is rectangular. If ponds are too wide, har-
vesting will be more difficult.

14.6 Site selection
Ponds should be as close to the water source as pos-
sible, to avoid long inlet pipes or channels. In addi-
tion, there must be enough clay in the earth to
prevent leakage. A rule of thumb is that the mate-
rial must consist of at least 20% clay particles with
diameter below 0.002mm in a 1.5m deep core
taken where the pond is to be established.12 If the
material contains too much sand, it will be porous
and water will drain out much faster. The seepage
loss in sand is reported to be between 25 and 
250mm/day, in loam 8–20mm/day and in clay
1.25–10mm/day.13 Furthermore, the earth must be
free of toxic substances, for instance copper.

There are several methods to prevent leakage
from ponds. If the leakage is only slight, a solution
is to break down the earth structure, reduce the
aggregate size and puddle the bottom. Breaking up
the lumps in the surface layer achieves this and is
quite commonly done on rice fields. Addition of
chemicals may also reduce the aggregate size.14

Compression of the surface may also be used to
reduce the water loss, for example by using a road
roller. Several thin layers of compressed earth are
better than one thick layer. If the natural soil is
unsuitable, a membrane of clay or plastic may be
used. A clay layer transported to the site must be
about 30cm thick for a 3m deep pond.11 This,
however, represents increased costs for establishing
the pond. To avoid the layer of clay crumbling as a
result of drying or freezing, a covering layer of sand
or gravel may be used; this can be from 30 to 45cm
thick on clay and 15–20cm thick on plastic.14 The
plastic membrane should also be covered to avoid
breakage from plants growing through it. Material
used to construct the pond may also be sprayed
with plant poison before laying the membrane.



After ponds have been in use for a time, water
leakage will normally be reduced because settled
materials block the cracks in the earth.

14.7 Water supply
The volume of water supply depends on the
amount of fish in the pond and the intensity of
farming in relation to evaporation.15,16 In addition,
the acceptable time for filling the pond with water
is important. Normally this is the value specified for
the water supply, because the water flow into a
pond under normal farming conditions is very low.

The value used to calculate the necessary water
supply should be sufficient to fill the total pond
volume within 2–3 days. The whole farm, including
all the ponds, should be filled during a 20 day
period.12 The amount of water needed is, of course,
affected by evaporation. The total evaporation
depends on temperature, cloud conditions, wind
conditions and pond construction; Normally it is in
the region of 0.25 to 1cm per day in temperate
areas.9

Example
Calculate the necessary water supply to cover the
evaporation loss to a 100m2 pond where the evapo-
ration is 0.5cm per day. The water supply is equal to
the evaporation volume.

Evaporation volume = 100m2 × 0.005m 
= 0.5m3/day = 0.35 l/min

If the water supply and exchange are too high,
the production of algae will not be adequate. The
algae may flow out through the outlet and the
ecosystem will not flourish. The ponds are now
functioning as raceways, for which the construction
is sub-optimal. The ecosystem inside the pond
becomes unstable when the daily water exchange is
too high, i.e. between 25 and 33% of the total
volume, which equates to retention times of 3–4
days.9

In addition to supplying water, it may be neces-
sary to supply extra air or oxygen17 (Fig. 14.6).
Control of concentrations CO2 and ammonia in
critical situations may also be necessary; additional
inlet water may be required in such circumstances.

14.8 The inlet
The water can either be supplied by a pump or
under gravity; the latter is the best solution. Sea-
water ponds may be filled at high tide.

Channels or pipes can be used to distribute the
water from the source to the ponds. If channels are
used, gravity flow is necessary. If pumps are used
they must eventually lift the water from the source
into the distribution channel.
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Figure 14.6 A surface aerator can be used to increase the supply of oxygen to the pond. The photograph shows
a paddle aerator on shore.
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Since the amount of inlet water is normally quite
low, the actual design of the inlet pipe is of less
interest than for other closed production units.
Therefore where and how the inlet water is taken
into the pond is less important than for other closed
units. If using channels, the inlet from the distribu-
tion channel into the pond is just a hatch in a small
channel branching from the distribution channel.
Water is usually supplied to the ponds continuously,
but batch filling is also possible.

14.9 The outlet – drainage
How the outlet is constructed depends on whether
or not there is a collection basin for the fish, and if
this is inside or outside the pond. The design of the
level control will also influence the construction of
the outlet system. If open channels are used, there
are separate ones for the outlet water and level
control.

Normally a standpipe inside the pond functions
as a level control.The water has to pass through this
standpipe, which may be variable or fixed, to flow
out of the pond.A swivel can be used to control the
level of the standpipe; this will again control the
water level in the pond. If using a double standpipe,
it is possible to take the outlet water from some
depth in the pond. The standpipe and level control
may also be placed outside the pond.

Special material must be used at the end of the
outlet pipe to prevent erosion when tapping down

the pond (shock tapping); concrete is usually used
here. Concrete can also be used to construct the col-
lecting basin for fish so that fry can be harvested or
collected. When the outlet pipe is laid through the
pond levee it is important to use mooring blocks,
for instance of concrete, which are clamped on the
pipe to prevent it being dragged out by the fric-
tional forces of the water on the pipe. When both
the flow rate and velocity are high, this is especially
critical.

If channels are used for drainage, a specially
design outlet is commonly placed in a small channel
where the water leaves the pond; this is known as
a weir gate or monk15,18 (Fig. 14.7). It is normally
constructed with two plates vertically installed in
the channel, like hatches. The water has to pass
below the first and above the second. The level of
the second controls the level in the pond. From the
pond the outlet water continues through a common
drainage channel out of the farm. For large water
flows open channels represent a simple cost effec-
tive solution.

The methods chosen for handling the fish may
influence the construction of the pond and hence
the outlet system. To collect the fish from the pond
it is normal to either reduce the water level with the
help of the outlet or to use a seine net, or eventu-
ally a combination of both methods. When using
water reduction as a collection system, a collection
basin, either inside or outside the pond, can be used
to collect the fish. If the basin is inside the pond it

Figure 14.7 Outlet and inlet con-
struction of a pond.



is normally small and at the bottom of the pond; it
is commonly made of concrete or wooden planks.
The outlet pipe from the pond is taken out from this
basin. When the fish have been collected they can
be removed from the basin using a net, pump or
screw. The other possibility is to have the collection
basin outside the pond. In this case the fish are
tapped directly out of the pond together with the
water and collected in the external collection basin.

Both these solutions improve capacity and reduce
the cost of fish handling.

A seine net may also be used for collection. Typ-
ically it is dragged through the pond and the fish
are collected. The net can be hauled from the pond
levees. If the pond is too wide, this will, however, be
quite difficult, so widths of more than 20m are not
recommended.19 The seine net may also be dragged
mechanically, for instance by a tractor.
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Figure 14.8 Several pond layouts are
used: series, parallel and radial. The 
parallel layout is the most common.
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14.10 Pond layout
A farm normally comprises several ponds. The
arrangement of the ponds is important for optimal
utilization of the area, and to ensure efficient water
transport, fish handling and (eventually) feed han-
dling. If watershed ponds are used, they must be
adapted to the ground conditions and the layout is
normally predetermined. If using levee or embank-
ment ponds the layout is more important. Rectan-
gular ponds are usually best regarding utilization of
the area. Four main layouts may be used (partly
from ref. 19) (Fig. 14.8):

• Series ponds are constructed so that the water
flows from one pond into the next.The advantage
is that gravity can be used to ensure the water
flows though the entire farm. The main disad-
vantage is that the effluent water from one pond
is the inlet water to the next pond and water
quality decreases from pond to pond. Eventually
disease pathogens will also follow the water and
spread disease from pond to pond as isolation of
a single pond is impossible. The water may be
aerated when flowing from one pond to the 
next.

• Parallel ponds are set out beside each other, with
a common water supply canal and a common
effluent water canal. This is the most usual layout
for a pond farm. The advantages are that the
water quality is the same in each pond and it is
also possible to increase and reduce the water
flow to the separate ponds.

• Radial ponds are in a circle with the smallest
close to the centre and the larger ponds outside
this. In this way the size of the ponds increases
with the radius of the circle. The great advantage
with this system is that fish handling is very 
easy. If the fry are in the inner ponds they 
can gradually be moved to larger ponds when
they grow and need a greater volume of water.
The empty ponds can then be restocked with 
new fish.

• Inset ponds are small ponds placed inside a larger
pond. This method can provide a nursery pond
inside a grow-out pond.
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Sea Cages

pilings driven into the seabed to which the net is
then fixed to fence in an area.

Another classification of sea cages divides them
into two categories depending on the nature of the
bag that makes up the cage; it may be an open bag of
net, or a closed bag of plastic, for instance. A closed
bag will normally require water to be pumped into
it, and there is an outlet pipe from the bag.Actually,
a closed production unit has been created.

Open offshore cages can be classified as follows:4

• Class 1 Gravity cages that rely on buoyancy and
weight to hold their shape and volume against
environmental forces (the focus of this chapter)

• Class 2 Anchor tension cages that rely on the
anchor tension to keep their shape and volume

• Class 3 Self-supporting cages that rely on a com-
bination of compression in rigid elements and
tension in flexible elements to keep the net in
position so the shape and volume are maintained

• Class 4 Rigid self-supporting cages that rely on
rigid constructions such as beams and joints to
keep their shape and volume.

In this chapter the focus is on open floating sea
cages which are those most used for intensive aqua-
culture. A traditional open cage comprises the fol-
lowing main parts (Fig. 15.1):

• Net bag with weights in the bottom to spread the
bag

• A jumping net above the surface fixed to the net
bag to prevent fish escaping

• Cage collar for spreading out the net bag and
give buoyancy to keep the bag in the correct posi-
tion in the water column

• Mooring system.

15.1 Introduction
A cage represents a delineated volume in the body
of water where the aquatic organisms can be farmed.
Cage aquaculture may date back to as early as 
the 1200s in some areas of Asia,1 and is currently a
major form of aquaculture in countries including
Canada, Chile, Japan, Norway and Scotland, where
it has been successfully used, mainly for salmonid
farming. However, a large variety of species are
grown in cages today and include seawater, fresh-
water and diadromous species. Therefore today
cages are used worldwide in the sea, in lakes and
large rivers.2 The main differences are in the size
and construction for withstanding waves and cur-
rents. Trends today are that new more weather-
exposed sites are taken into use to ensure continuous
growth in the cage farming industry. The number of
good sites in less exposed locations is limited.

There are a number of approaches to designing 
a cage and also classifying the various cage
systems.1,3,4 One classification is based on where in
the water column the cage floats. Three categories
can be used: floating, submerged, or submersible.
The last two types consist of a frame that can float
on the surface and that maintains its shape when
lowered below the water surface.

Another classification is according to the type of
net used in cages: rigid or flexible. Rigid nets may
be created by using a flexible net attached to a stiff
framework to distend it. Instead of using a flexible
net a rigid metal net may be used. A rigid net cage
will maintain its original shape regardless of the
waves.

Instead of using a floating construction, a fixed
construction may be used. This can, for example, be
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When choosing technology and systems for farm-
ing in traditionally open sea cages, there are many
conditions to be evaluated. This is also the case
when the actual type of cage and mooring system
is chosen and designed. The following list can 
be used to help when establishing a new sea cage
farm:

(1) Choose a site that is suitable for farming
(2) Describe and calculate the environmental con-

ditions on the site
(3) Choose farming systems, i.e. the cage and moor-

ing system, adapted to site conditions
(4) Design the cages (normally done by the cage

manufacture) and mooring system
(5) Set out the cages and mooring system
(6) Establish requirements for operational control

of the system.

15.2 Site selection
Selecting a good site is of major importance for the
future economic viability of the cage farm. A suit-
able site for cage farming must fulfill a number of
requirements.1,3 It is normally difficult to fulfill all
of these, and they will depend also on the cage tech-
nology used; for example, the extent of wave toler-
ance. There are a number of ways to classify the
factors that must be evaluated when selecting a
site.1,3 Several of the factors also affect each other
directly.

The main factor is, of course, the water quality.
This must be satisfactory for the cultured species,
including temperature, salinity and oxygen content.
A continuous supply of oxygen requires a current
to exchange the water. This is also required to
remove metabolic products from the cage area.
A good water exchange will occur with a water

velocity above 0.1m/s. This is normally sufficient 
to supply enough oxygen and to remove fish 
excrement. However, the water currents ought 
to be below 1m/s because velocities above this
result in very large forces on the cage structures and
mooring system; in these situations specially de-
signed systems must be used. Fjords with a sill are
not recommended because the water current 
and water exchange are normally too low to trans-
port the faeces and eventual feed loss away so this
will collect on the bottom below the cages and
decomposition under anaerobic conditions may
occur. Hydrogen sulphide (H2S) gas which is toxic
for the fish may then be released from the bottom
sediments (Fig. 15.2). Areas where the water can 
be polluted with toxic substances must also be
avoided; this can, for instance, be near various
industries. Some areas are also more exposed to
algal blooms and some sites are particularly
exposed to fouling; this must be taken into consid-
eration when selecting a site.

Shelter from the weather is also important. Wave
height is normally the most critical parameter. It 
is usual to avoid areas with high waves, even if 
it is theoretically possible to build farms and 

Figure 15.1 Major components in a
traditional open sea cage farm.

Figure 15.2 A sill fjord is not recommended for cage
farming.



mooring systems that can tolerate very large waves.
However, these farms are difficult and expensive 
to operate when the waves are large and opera-
tional access is reduced. In addition, large expen-
sive boats have to be used to operate such farms.
If the wave height is below 2m the cage is easy 
to operate, and many available cages are con-
structed to tolerate such wave heights. Several sup-
pliers deliver cages that may tolerate 4–5m wave
height. Ocean cages can tolerate up to 7–8m, but
special routines for operation of such farms must
be taken into consideration before selecting such
sites.

Another factor included in the geographical con-
ditions on site involves water depth; a distance of
more than 5m from the bottom of the net to the sea
bottom is recommended, but this depends on the
current conditions. Depths above 100m will greatly
increase the costs of the mooring system because
long mooring lines will be needed. Areas with fre-
quently shipping traffic should be avoided because
of disturbance to the fish and creation of waves.
When selecting a site, good infrastructure, for
example, proximity to roads, available electricity,
will also be of benefit.

The legal requirements for fish farming in an 
area must be satisfied. There may be areas publicly
designated for other purposes, or where cage
farming is unwanted from an environmental point
of view. For example, it will be difficult to establish
a cage farm for salmonid production just outside 
an important salmon river because of the risk of
escape. The legal requirements for access to land
for an on-shore base and on-shore mooring are also
included here.

Before choosing a site, the environmental condi-
tions must be clearly known. This information may

be obtained from government maritime depart-
ments or by the use of special oceanographic buoys
that automatically monitor environmental condi-
tions on the sites. Talking with people living in the
area and local fishermen could also give valuable
supplementary information.

15.3 Environmental factors affecting a
floating construction

15.3.1 Waves

Waves are normally the limiting factor for site
selection for cage aquaculture. If the wave height is
too great it is very probable that this will affect the
cage structure. Knowledge of the wave climate on
the site will also be an important tool in choosing
the correct cage technology and mooring system to
avoid later breakages in cages and moorings.5,6 The
trend towards using an increasing number of wave-
exposed sites for marine cage farming is proving 
the importance of this.

Several terms are used to describe a wave 
(Fig. 15.3):

• Crest: the high point of the wave
• Trough: the low point of the wave
• Wave height: vertical distance between trough

and crest – H (m)
• Maximum wave height: highest measured wave

height – Hmax

• Significant wave height: average wave height of
the highest one-third of the waves recorded in 
a period. During a recording period there will
always be a variation in the wave height. The sig-
nificant wave height corresponds quite well with
what an observer will record as the approximate 
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Figure 15.3 Important parameters
describing a wave.
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wave height when looking at the waves over a
period – Hs

• Wave amplitude: distance from calm water level
to crest or trough; wave height divided by two
(H/2) – a (m)

• Wavelength: the horizontal distance between two
following crests – L (m)

• Wave period: the time taken for a wave crest to
travel a distance equal to one wavelength – T (s)

• Wave frequency: the inverse of the wave period;
the same as the number of waves passing a given
point per unit time – f (s−1).

Wave calculations

The description and calculation of waves and wave
forces are quite difficult, and in this chapter only a
brief survey is given. Several textbooks are avail-
able and may be consulted for further information
(see, for example, refs 7–12). To illustrate what a
wave is and how it moves, the water volume may be
represented by many single water ‘particles’ which
will be transported both vertically and horizontally
with the wave (Fig. 15.4); they will move up with the
crest and down with the trough. There is no net
transport of water particles as long as the wave is
not breaking (see below); they stay in the same
place, but rotate in an orbit depending on the wave
height and wave description. It is normally the
current that causes the net transport of the water
particles in the sea.

To understand how a wave is created the follow-
ing simplified explanation can be used. Imagine 
that a stone is dropped into the water. As it dis-
places the water, the water particles are forced
down and away. The energy that the stone adds to

the water will be used to force neighbouring parti-
cles up. In this wave a wave is created. The wave
continues to disperse until the wave motion is
damped by friction between the water particles and
no energy is left.

If an object such as a sea cage is lying in the
water, the energy from the wave will also be trans-
ferred into this, and it will follow the wave motion.
If an object is lying in the sea, however, the wave
motions will be reduced because energy is used to
move the object (see section 15.4.4).

To describe the wave motion, actually how a
single water particle moves, several theories are
used. The linear wave theory is the easiest and is
also quite easy to understand, but several simplifi-
cations are made compared to real waves.11 In most
cases, however, this theory will suffice. The waves
are described as sine waves, and all the standard
geometrical knowledge of sine waves can be used
to describe them. The single water particle rotates
in a circular orbit where both the acceleration and
velocity vary depending on where the particle is in
the orbit: on top of the crest or down in the trough.
However, under practical conditions the waves will
not behave as sine waves. The wave is the sum of
several wave systems coming from different 
directions, with different wave periods, height and
phases (Fig. 15.5).This can be described by an irregu-
lar wave spectrum. Such spectra will vary from sea
area to sea area. Spectra that are fitted to describe
the wave for the different sea areas can be made
based on actual measurements and calculations. For
calculating wave motions according to developed
wave spectra computer programs are used. In the
linear wave theory, which is a simplification using
sine waves, a set of formulae have been developed

Figure 15.4 During a wave cycle the
single water particles move in different
directions.



to calculate the wave motion and the total energy
in the waves.

Depending on the depth, the wave will ‘travel’ in
different ways. In shallow water the waves will have
an effect all the way to the bottom; at intermediate
depths the wave motion will be reduced closer to
the bottom. In deep water the wave motion will
quickly decrease; half a wavelength down there is
almost no wave motion left because so much energy
is used to move the surrounding sea. If the cages

are located in the sea, deep-water conditions are
commonly chosen. Here also is the explanation for
the advantages of using submerged cages in water
with high waves; at a depth of one wavelength there
are no effects of the wave in deep water conditions.

Breaking, reflecting and diffraction of waves

A wave ‘breaks’ when the height increases in rela-
tion to the wavelength (Fig. 15.6) and the wave gets
steeper. White foam crests characterize a breaking
wave visually. Much more energy is consumed
when a wave starts to break. Under deep-water
conditions wave breaking will occur under the fol-
lowing conditions:

H/L > 1/7

where:

H = wave height
L = wavelength.

When a wave breaks there is net transport of water
in the direction that the wave breaks.

Example
The wavelength is 30m and the wave height is 5m.
Does the wave break?

H/L = 5/30
= 1/6
> 1/7

Therefore the wave will break.

If the wave height decreases to 3m will the wave
break now?

3/30 = 1/10
< 1/7

Therefore the wave does not break.

Sea Cages 187

Figure 15.5 A wave comprises a number of single
waves which create an irregular wave spectrum.

Figure 15.6 When the wave height
increases relative to the wavelength
the wave will start to break.
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Reflection of a wave occurs when it hits an
obstruction, such as the beach, a rock wall, a rock
awash or a floating construction. If a vertical rock
wall is hit by the wave an opposite wave motion is
created and the energy in this wave will send the
energy backwards. Under special conditions it can
therefore be quite calm just outside such rocks,
because the wave motions from the two different
waves neutralize each other. If the wave hits the
beach the depth will decrease and the wave will
gradually start to break because it is forced up from
the bottom and gets steeper. Breaking of waves can
easily be seen when they hit the beach. Waves may
not break before the beach, but when they hit the
beach they start to break. The wave must get rid of
all its stored energy when it reaches the land. How
much is reflected is determined by the angle to the
shore. Much energy is dispersed when the wave
starts to break.

Diffraction occurs when a wave hits an obstruc-
tion; the angle at which the wave hits determines
the direction of the diffracted wave. Diffraction
may cause waves to be sent into areas that should
be sheltered.

What creates waves?

Several factors may create waves but the most
important are:

• Wind
• Human activity, such as shipping
• Special natural phenomena such as earthquakes,

land slips and underwater volcanic eruptions
create waves known as tsunamis

• Tide; waves with extremely long wavelengths are
created.

Waves created by the wind are the most relevant 
to aquaculture facilities and are further described
below. Shipping may also create waves that are
unwanted on fish farms. To avoid such waves, sites
close to heavily trafficked sea routes should be
avoided.Waves created by exceptional natural phe-
nomena (tsunamis) are difficult to avoid even if
such phenomena occur more frequently in some
areas than others. Tsunamis have a very long wave-
length (>100m) and a long period (around 1000s).
In such waves an enormous amount of energy is
stored. They do not represent a great danger if a
boat is on the sea, because the wavelength is so

long. However, when they reach shallower water,
and especially when they reach the shore and start
to break, all the energy that is stored in them is
released, and the consequences can be fatal. Such
waves can be up to 30m high when the shoreline
has forced them to increase in height to dissipate
their energy; they cause enormous destruction
when they hit the shore. Waves created by the 
tide normally present no problems for cage farms.
The wavelength here is so long that it is not 
interpreted as a wave, and the wave period is 
12.5h. Such waves can, however, create very strong
tidal currents.

Wind created waves: The main ingredient in the
formation of waves on the open ocean is wind.
Wind created waves are normally also what inhibits
site selection for cage farming. When winds blow
across water, a drag is applied on the surface and
pushes the water up, creating a wave. The height
will increase as long as the wind is strong enough
to add energy to the wave. After a period of time
there will be equilibrium between the energy in the
wind and the energy in the waves; the wave height
will now be stable. Once a wave is generated, it will
travel in the same direction until it meets land or 
is dampened by an opposing force such as winds
blowing against it in the opposite direction, or by
friction.

The height of wind created waves depends on the
wind velocity (Uv), the duration of the wind (tv), the
fetch length (F) and the presence of other waves
when the wind begins to blow. The fetch length is
the distance where wave development can take
place (Fig. 15.7).

The Beaufort wind scale gives the expected 
wind velocity for the different wind strengths (see
below). Some scales also present the normal wave
height with different wind strengths; however, this
is on open sea with no protection from land or
islands.

In protected water the fetch length where the
wind can blow will limit the ability of the wind to
create waves. The fetch length can be read from a
chart and is the length of the free water surface. If
the fetch where the wind is blowing is narrow, as in
a fjord, the wind effect will be less because of the
friction against land on both sides reducing the
velocity. To calculate the effective fetch length a
compensation factor called the fetch length factor



is used13 (Fig. 15.8). Calculations of effective fetch
length in narrow fjords are given in the following
two examples.

Example
The length where the wind blows is 10km and the
width of the fjord is 2km.

Effective fetch length = fetch length ×
fetch length factor

Fetch length/Fetch width = 2/10
= 0.2

From Fig. 15.8 the fetch length factor is found to be
0.4.

Therefore the effective fetch length is

0.4 × 10 = 4km

Example
Length where the wind blows is 10km and the width
of the fjord is 10km.

Fetch length/Fetch width = 10/10
= 1

From Fig. 15.8 the fetch length factor is found to be
0.9.

Therefore effective fetch length is

0.9 × 10 = 9km

In shallow water the Sverdrup–Munk–Bretsnei-
der (SMB) method may be used to estimate wave
height. Formulae and diagrams have been devel-
oped to find wave heights based on wind velocity
(Uv), wind duration (tv) and effective fetch length
(Fe) (Fig. 15.9). It must be remembered that some
diagrams use the traditional sea units of foot (ft),
knot (kn) and nautical mile (nm) (1 ft = 0.3048m;
1kn = 0.5144m/s; 1nm = 1852m).

To use the diagram in Fig. 15.9, knowledge of the
three factors, wind velocity (Uv), wind duration (tv)
and effective fetch length (Fe) is required. First the
wave height is found based on Uv and tv, and after-
wards based on Uv and Fe. Of the two different
values found, the lower will be the wave height on
the site under the specified conditions because
either wind duration or fetch length will limit 
the maximum wave height. For instance, if the 
wind duration is short a maximum wave height 
will not be attained; if the fetch length is also 
short it will also inhibit maximum development of
waves, even if the wind duration indicates higher
waves.

Example
Use SMB to estimate the wave height and wave
period for a site if a fresh breeze of 20kn blows for
2h and the fetch length is 10nm.

First calculate wind velocity and fetch length in SI
units:
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Figure 15.7 The fetch length is the length of the free
water surface where the wind blows and can create
waves.

Figure 15.8 If the fetch is narrow the wind velocity 
will be reduced because of friction against land. The
effective fetch length is calculated by the use of a 
compensation factor, the fetch length factor. (Adapted
from ref. 13: Saville, 1954.)
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20kn = 20 × 0.5144m/s
= 10.29m/s

10nm = 10 × 1.852km
= 18.5km

Using wind velocity and duration criteria and 
Fig. 15.9

Significant wave height = ca. 0.6m

Significant wave period = ca. 3.3s

Using wind velocity and fetch length criteria and 
Fig. 15.9

Significant wave height = ca. 0.8m

Significant wave period = ca. 3.9s

This means that wind duration is the limiting factor
for development of waves; the wind does not blow
long enough to create maximum wave height in pro-
portion to the fetch length. Critical values for the site
will therefore be:

Significant wave height = 0.6m

Significant wave period = 3.3s

The SMB method with the values and diagram
given above may be used for depths greater than 
15m, which is normal in sea cage aquaculture. For
intermediate depths and shallow water other for-
mulae and diagrams apply.11

In open sea conditions with no limitation of the
wind duration, the wave height will only depend on
the effective fetch length and the wind velocity.The
wave height created is the maximum possible with
the given fetch length. A simplified method can
then be used to calculate wave height in shallow
water11 (Table 15.1):

Hs = 5.112 × 10−4 × UA F1/2 (m)

Ts = 6.238 × 10−2 (UA F)1/3 (s)

UA = 0.71U1.23 (m/s)

where:

U = wind velocity (10min average value 10m
above sea level) (m/s)

UA = adjusted wind velocity (m/s)
F = fetch length (m)
Hs = significant wave height (m)
ts = significant wave period (s).

Figure 15.9 Diagram for calculation of wave height in relation to wind velocity, wind duration and effective fetch
length (adapted from ref. 11 – see here for more details).



The following may be used to estimate the
maximum wave height from the significant wave
height:14

Hmax = 1.9Hs

Example
Use the simplified method to calculate the significant
wave height and wave period for a near gale with
wind velocity of 15m/s and fetch length of 3km.

UA = 0.71 × 27.96
= 19.9m/s

Hs = 5.112 × 10−4 × 19.9 × 30001/2

= 0.56m

Ts = 6.328 × 10−2 × (19.9 × 3000)1/3

= 2.44s

Swell: Swell comprises wind generated waves
created far away, which can also be called ocean
waves; these may also affect cage farms when they
come in from the sea. This is another reason for
sitting cage farms in sheltered positions behind
holms and breakwaters. Swells are characterized by
quite large wave heights and long wavelengths. A
swell can be recognized by its higher wave period
compared to a local wind generated wave: typical
swell periods are in the range 9–20s, compared with
2–11s for wind generated waves.

15.3.2 Wind

Wind is normally not directly harmful to sea cage
farms.The area of the farm above the water surface,
where the wind blows, is small. On large operational
platforms with buildings, however, the wind will
have some effect.

Wind can be separated into two components: one
normal and the other fluctuating (gusts). The
amount of gusting depends on the local topography.
It is normally gusts of wind that cause damage, for
instance to houses.The wind velocity increases with
height above the ground. For meteorological pur-
poses, wind velocity is measured 10m above the
ground (V10). Because it varies continuously it is
given as an average over a period, normally 10min.
Many meteorological stations measure the wind
velocity; however, a large number are located at air-
ports or lighthouses, where the landscape is quite
flat with few mountains to create gusts.When trans-
ferring these wind data to other sites, this must be
taken into consideration. An easy method to
present the wind conditions on a site is by using
wind roses; these show where the major wind is
coming from and may also show the average
strength of the wind from the various directions
over a given period (Fig. 15.10).

15.3.3 Current

Water current is normally the dominant environ-
mental force on a sea cage farm. Several factors
may create a current in the water, including:

• Wind
• Tide
• Local water flows, such as rivers
• Large global oceanic currents or coastal streams

such as the Gulf Stream.

Currents create both horizontal and vertical move-
ments in the water. In fish farming the focus is nor-
mally on the horizontal currents.

There are large variations in the current from 
site to site, and the overall current picture com-
prises all the different single currents. A proper
description of the current conditions on site must
therefore be included in the site measurements (see
below).

Wind generated current

Current is created in the water when the wind
blows over the surface, because there will be a drag
from the wind on the water surface. The velocity of
the created water current depends on the strength
of the wind. Because the drag is on the water
surface, wind created current will be highest near
the surface and decrease with depth. The following
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Table 15.1 Examples of wave heights with fully devel-
oped sea with different wind velocities and effective fetch
lengths (F ). Wind duration is without limitation.

Wind velocity
Wave height (m)

(m/s) F = 1 km F = 3 km F = 5 km F = 10 km

5 0.08 0.14 0.19 0.26
10 0.20 0.33 0.44 0.62
15 0.32 0.56 0.72 1.01
20 0.46 0.79 1.02 1.45
30 0.75 1.30 1.68 2.38
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equation may be used to calculate the current
created by wind in open water:12

where:

U10 = wind velocity measured 10m above the water
surface

U z U
z

sv( ) = −⎛
⎝

⎞
⎠0 02

50
50

10.

z = distance downwards from the surface to the
depth at which the velocity of the wind gen-
erated current is to be found.

Example
Find the current generated by wind at depths of 5m
and 10m. There is open water and the wind is near
gale force.

First the near gale force wind velocity is found from
the Beaufort wind scale to be between 13.9 and 
17.1m/s. Therefore use a velocity of 15m/s.
The current velocity at 5m depth is then

At 10m depth the wind creates a current of:

Usv(10) = 0.02 × 15 × (40/50)
= 0.24m/s

These calculations also show that the velocity is
reduced by the depth.

As can be seen from the first equation, in this
subsection, the surface current velocity is 2% of the
wind velocity (U10) calculated for open sea. In
shallow water the wind generated current velocity
will normally be somewhat higher, partly due to
stratification and reduced thickness of the water
layers being dragged by the wind, and under prac-
tical conditions may be up to 5% of the wind 
velocity.

Tidal current

Tidal current is created by tidal range. The tidal
range varies from site to site around the world. In
Canada, a tidal range of up to 14m occurs. In
narrow fjords and narrow necks the tidal current is
especially high, because the tide forces the water in
and out. In North Norway a tidal current of up to
16kn (8.23m/s) has been measured in Saltstraumen
in the inlet to Skjerstadfjorden, which is the world’s
strongest tidal race.

In open waters the current caused by the tide is
not as high, and depends on the size of the tidal
range in the area. If Norway is taken as an example,
the tidal current varies from 0.2 to 0.8m/s along 
the coast.14 Tidal current is approximately equal

Usv 5( ) = × × −⎛
⎝

⎞
⎠

=

0.02 15
50 5

50
0.27m/s

Figure 15.10 A wind rose may be used to show where
the wind is coming from and how strong it is.



through the total water column and does not vary
with depth.The strongest tidal current occurs in the
middle between high and low tide.

Oceani currents

Solar heating, variation in water density, wind,
gravity and the Coriolis force have influences over
the large ocean currents. The Gulf Stream is one of
the strongest currents known. It starts in the Gulf
of Mexico, passes along the east coast of the USA
and crosses the Atlantic Ocean past Ireland and
Great Britain and continues up past the west coast
of Norway. Where its velocity is 0.4–0.5m/s. Coastal
currents present the largest velocity close to land
and decrease with depth.

Measuring current

When evaluating a site, the water current must be
measured. Specially designed instruments are used
to measure the direction and the velocity of the
current.They are an integral part of a floating buoy,
and also include a recorder to store the results.
Some also have a transmitter for downloading the
monitored results. It is recommended that the 
measuring buoy stays out for quite a long period,
preferably for a whole year or at least in the periods
when the strongest and weakest currents occur.The
results of the measurements can be shown in a
current rose in the same way that the wind data can
be presented.

15.3.4 Ice

In northern and southern regions near polar areas,
ice in the water may be a problem for the develop-
ment of cage aquaculture, especially in fresh and
brackish water, but also in the sea. The problems
are of three types:

• Surface ice
• Drift ice
• Icing up.

Surface ice is mainly a problem where there is a
supply of fresh water which reduces the salinity of
the top layer of the water. This causes the freezing
point to change to close to 0°C, and the water
surface might freeze.This will, of course, also be the
condition on a freshwater site. From time to time

there may be a thin layer of ice on the surface that
is so sharp that it is able to cut the nets on the cages.

Drift ice does not normally present any problem
for traditional aquaculture sites, but may occur near
the polar areas from where it is released.

Icing up of parts of the farm above the surface
might be a problem. Icing up occurs when sea spray
or supercooled rain hits a construction cooled to
below freezing point. When the water hits the 
construction, it will immediately freeze and coat the
construction with ice.This can also happen with air-
craft under certain weather conditions and is the
reason they are de-iced before take off. The same
phenomenon can be observed on fishing vessels
working in polar areas; under unfavourable condi-
tions the vessel may become totally covered with
ice, the amount and weight which can be so large
that the vessel will sink. When sea cages ice up the
same thing can happen; the loads may be so large
that construction breakage occurs. The weight 
of the ice can exceed the buoyancy of the collar and
the cage will sink below the surface. Here, however,
the ice will melt after a time and the cage will
surface again. Windy conditions and relatively low
temperatures may cause icing by sea spray. If the
temperature is very low the water may freeze in the
air before it hits the construction. Ice may cause
supercooling of the water and possibly also fish
death.

15.4 Construction of sea cages
A typical sea cage comprises several parts: the cage
collar or support system (framework), the flotation
system, the net bag, a jumping net, and weights to
stretch out the net bag at the bottom and to stabi-
lize it in the water column.

Three different methods may be used to 
construct the framework/collar for a sea cage 
(Fig. 15.11).

(1) Stiff framework The framework does not follow
the wave movements.An example of a stiff con-
struction is a boat. Some specially designed
steel cages use a stiff framework. The construc-
tion is characterized by large forces transferred
to the framwork.

(2) Framework with movable joints The framework
will to some extent follow the wave move-
ments. An example is a traditional steel cage
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system, where joints are used to connect the
single elements in the framework.

(3) Flexible framework The framework is quite
flexible and will follow the wave movements
well. These include frames made of plastic (for
example, polyethylene, PE) which are flexible
to some degree and those made of rubber (for
example, ocean cages).

15.4.1 Cage collar or framework

The collar or framework may have several func-
tions. It helps to support the cage safely in the water
column, it helps to maintain the shape of the net
bag, it may help with buoyancy and it may serve as
a work platform.

The framework construction for stretching out
the net bag can be combined with the buoyancy, as
seen in plastic floating ring cages (PE or polypropy-
lene (PP) pipes).Alternatively, the buoyancy can be
independent of the cage collar as can be seen when
using wood or steel for support systems with blocks
of expanded polystyrene (PS), such as StyrofoamTM,
as buoyancy.

The buoyancy is necessary to keep the cage bag
in the correct position in the water column. It must
have a smooth surface to inhibit the accumulation
of fouling. Fouling increases the weight of the
collar, which results in increased requirements for
buoyancy; furthermore, fouling will increase the
friction between the flowing water and the sea
cages which again increases the forces on the
mooring system. Expanded polystyrene is com-

monly used as buoyancy; if not covered with PE,
exposure to sunlight causes it to age. It turns yellow
and becomes brittle. Uncovered polystyrene will
also be very prone to fouling, because the surface
becomes so rough. The use of uncovered poly-
styrene in sunlight is not recommended; to increase
its durability it is quite common to put it into PE
cylinders or rhombs.

If too much buoyancy is added the cage collar
will float high up in the water column and fully
follow the wave motions, floating on top of the
water column throughout. Unnecessarily large
forces on the cage bag and mooring system from
the induced vertical motion result if there is much
wave action in the area. The cost of the buoyancy
will also be unnecessarily high. Buoyancy elements
ought to have an aerodynamic shape to reduce the
forces transferred from the water current. The
current forces on the collar are, however, much
smaller than the forces on the net bag.

The framework or collar can be of circular, polyg-
onal or square construction. It is best to use a round
framework because the forces are equal all around
the circumference; polygonal or square frameworks
will have large forces in the corners and eventually
breakages in the construction will occur here (see,
for example, ref. 15). For this reason, good connec-
tions at these points are important. Wooden frame-
works are sometimes used to construct sea cages;
only bolts, nails or ropes are used to connect the
planks at the corners. If these cages are used in
exposed sites with fast currents and high waves, the
framework will break at the weak points in the
corners.

Polygonal collars are better than square collars
because there are more corners to share the total
forces, and the force in each corner is therefore
reduced.

Different materials may be used in the frame-
work (Fig. 15.12), ranging from steel, aluminum,
wood and concrete which are rigid, to more flexible
materials such as PE and rubber. The modulus of
elasticity for the material is a measure of its rigid-
ity and is given by its E value, the load in relation
to non-permanent deformation. Steel has a high E
value, while wood has a rather lower value;1 that for
PE is even lower. Bamboo is also used in cage
collars, but only on low exposed sites.

The risk of corrosion of the framework in sea-
water when using steel or aluminum must be taken

Figure 15.11 Different methods of construction for
frameworks of traditional surface sea cages.



into consideration. If steel is used it must always be
covered, for example with paint or zinc, to avoid
corrosion.

15.4.2 Weighting and stretching

Weights on the bottom of the net bag are used to
keep the net bag down, and to maintain as much
effective volume as possible for the fish. Lead rope
may be used for the bottom line in the net bag
together with lump weights. The lump weights are
normally added at the corners and in the centre. For
example, on a 15m × 15m square cage, the total
amount of weights can be 150–200kg, divided into
lump weights of 25kg in each corner and in the
centre, and the rest evenly spread along the bottom
line as lead rope.

Rapid currents will decrease the effective volume
and adding more lump weights can inhibit this;
however, care must be taken because this will
increase the current forces on the net bag.The need
for buoyancy will also increase, and the same will

be the case for the size of the mooring system. Use
of weights will also increase the dynamic forces 
on the net bag caused by the waves (stretch and
slack).

Instead of using weights, stays may be used to
stretch out the net bag; this gives a rigid construc-
tion. The environmental forces will be greatly
increased by doing this and the bag will require a
much larger mooring system.

15.4.3 Net bags

Net bags can be constructed in different ways and
with different materials.16–18 In the past materials
such as cotton and flax were used. These materials
get heavy in water and their strength is rapidly
reduced; in addition they are not very durable.
Today synthetic plastic materials, such as polyamide
(PA; nylon) predominate. This material is cheap,
strong and not too stiff to work with. PE is also used
to some extent because it is more resistant to
fouling as the surface is smoother; it is however,
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stiffer to work with. Polyester (PES) has also been
tried.

Nylon used for nets is made as a multifilament
consisting of several thin threads spun together to
make a thicker one. The advantage with multifila-
ment is that the thread is easy to bend, easy to work
with, tolerates more loads and is more resistant to
chafing. In contrast, monofilament is a single thread
as used in a fishing line. It can be made of PE; it 
is stiffer and more vulnerable to chafing than a 
multifilament.

Nets are either knotted or knotless, in which 
case they are sewn together. In the past there were
problems with knotless nets because they came
unstitched, but today this problem has been over-
come and both knotted and knotless nets are in
common use.

The normal mesh shape is square; hexagonal
meshes are also used, but to a lesser extent. Hexag-
onal meshes are more commonly used for trawling
bags on fishing vessels.

A number of dimensions are used to describe the
mesh. Bar length is the distance between two knots
while mesh size is the distance between the knots
on a stretched mesh. Mesh size may, however, also
refer to bar length, which makes this expression
rather confusing. In this chapter mesh size is given
as stretched mesh. In a hexagonal mesh, the mesh
size is given as the distance between the two longest
parallel bars (Fig. 15.13).

Another expression that indicates how the net
panel is standing in the sea is how the net is
stretched in the x and y directions. This can be
called the hanging ratio of the net (E). This is the
ratio between the length of the stretched net panel
(Ly) and the length of the line where the net is fixed
(top line) (Lx):

E = LX/Ly

Normally E for net bags for fish farming is in the
range 0.6–0.9, while for a fishing net, for instance,
E is between 0.4 and 0.6, meaning that fishing 
nets have meshes that are more stretched out 
(Fig. 15.14).

Solidity is used to describe how ‘tight’ a net is and
is the ratio between the total area that the net
covers, compared to the area covered with threads
including knots. This relation is important when the
resistance against water flow through the net is to

be calculated. Fouling on the net will increase the
solidity, because the covered area is increased.

The material strength of net panels exposed to
sunlight (UV), wind, rain, acid rain, etc. is reduced.
This process is called weathering. Polyvinyl chloride
(PVC) is the material that is most resistant to

Figure 15.13 Important dimensions used to describe a
mesh.

Figure 15.14 How the net is stretched in the x and y
directions will result in different shapes of the mesh, and
the net panel will appear different in the sea.



ageing, followed by PE and PA; PP has the shortest
lifetime.16 The lifetime can be increased by adding
a coloured (black) antioxidant, so the development
of weathering is reduced. Today, however, white
untreated material is commonly used for net 
bags. As it is usual to add some type of antifoul-
ing agent to the nets, this will also cover the 
multifilament.

The normal lifetime of a net bag will vary with
the site conditions; in Norway, for example, the life-
time of a net bag is usually set as 5 years.19 Another
way of controlling the duration of a net bag is to
carry out a strength test. In Norway, the breaking
strength of the net bag below the surface must not
fall below 65% of the initial strength.

When the bag is exposed to water currents the
volume is reduced by deflection. Because of this, the
net bag must be correctly constructed. Narrow deep
nets are not recommended on sites exposed to cur-
rents. Recommended net depths are 0.8–1.25 times
the diameter of the bag.20

Because wave motions decrease significantly
with increasing depth, it is an advantage to place
the cage bags at some depth on exposed sites; 15–25
m deep is normal for large cages with a circumfer-
ence above 60m. The recommended depth of cage
bags in some exposed sites is more than eight times
the significant wave height.

The merits of vertical or sloping sides in the net
bag are as follows. Volume reduction is limited by
using sloping sides, but if the amount of lump
weights has to be increased to maintain bag volume,
the forces are reduced if the bag has vertical 
sides.

15.4.4 Breakwaters

On sites exposed to waves, breakwaters may be
used to reduce wave height and impact. Hence the
environmental loads on the cages lying behind the
breakwater will also be reduced. Breakwaters may
be constructed in different ways.1 One method is to
use concrete blocks or a steel construction fixed to
the bottom; however, these are expensive to install
and little used for protection of sea cages in deep
water, although they may be used in shallow water.
Pneumatic barriers with air bubbles may also occa-
sionally be used. Most usually a breakwater made
of rubber tyres is used. Old tyres from trucks or cars
are tied up with wire to form a fleet. The width of

the breakwater is important for its effect on the
breaking waves. It is normal to use several break-
waters and their total width must be at least as great
as the width of the farm to be protected. The width
of a breakwater is recommended to be at least 1.5
times its length.21 This is because the most damag-
ing wavelengths are 0.5–1.25 times the length of the
structure. A simple pipe will to some extent func-
tion as a breakwater, but it is much less effective
than specially designed breakwaters; eventually
several pipes can be placed adjacent to each 
other.

Breakwaters can be moored like sea cages. Some
distance is necessary between the breakwater and
the farm: up to four wavelengths is recommended.1

The breakwaters will then create a shadow where
the cages are placed.

The breakwater decreases the wave height by
reducing the energy in the wave. This is because
there is:

• Reflection and waves travelling in the opposite
direction are created

• Distribution in the breakwater
• Transfer of energy to the breakwater
• Deflection of waves hitting the corners of the

breakwater.

15.4.5 Examples of cage constructions

Below, examples of designs used for sea cages are
shown to give some idea of the dimensions.

Plastic cages

Plastic collar cages made either of PE (actually high
density polyethylene (HDPE)) or PP are often 
circular, but may also be made quadrangular and 
be used as a system farm in less exposed sea areas.

In circular cages it is normal to have two pipes of
diameter 200–315mm. Both may be filled with PS,
or one filled with PS while the other is air filled. A
wide range of circumferences are available, com-
monly between 30 and 120m. Between the two
pipes some type of fitting is used, either of plastic
or steel, to ensure strength and make a base for the
walkway. Some also use a chain all round the cir-
cumference to improve the strength. Examples of
required buoyancy are from 40 to 120kg/m depend-
ing on the cage dimensions.
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Steel cages

Steel cages are constructed with pontoons to 
ensure buoyancy, while the steel framework gives
strength and stretches out the net bag. The steel
construction is normally galvanized but can also be
painted. Typically there is a 2–3m wide walkway
that eventually can be used by a small forklift truck.
Normally the buoyancy is in the range 800–4000
kg/m2, the highest value being for walkways for
driving. The walkways around the cages are smaller
(up to 1m wide) and have lower buoyancy of around
500kg/m2. Between the centre gangway and 
side-ways there are special movable hinges. The 
pontoons are normally made of PE infilled with
expanded PS.

Ocean cages

One type of cage suitable for large waves is made
of rubber pipes with a typical exterior size larger
than 400mm. The cages are made as a quadrangle,
hexagon or octagon. Steel pipes are used in the
corners and to connect the parts made of rubber
pipes.The rubber pipes will follow the wave motion
very well. The cages are reported to tolerate very
rough weather conditions, such as wave heights of
up to 8m.22

Ocean spar technology is another technology
available for ocean cages, and these have no typical
cage collar.23 In one system vertical cylinders
(spars) are placed in each corner of a quadrangular
cage bag to stretch it out; the horizontal areas
affected by the waves are thus reduced. Another
type includes a central spar and rim held together
with tension stays. It forms a cube-like construction
that is only partly above the water surface which
will be dragged below the surface when there is
much wave activity or strong currents.

15.5 Mooring systems
The function of the mooring system is to keep the
farm in a fixed position and to avoid transfer of
excessive forces to the cages, especially vertical
forces. Different methods are used for mooring
depending on the type of cage, how exposed the
sites are to the weather, and the requirement for
position exactness. Two major systems are used for

mooring: pre-stressed and slack (Fig. 15.15). Slack
mooring is used to moor ships which drift around
one anchorage point. Such mooring systems are
well adapted for stiff constructions such as ships.
Few cage farming systems are stiff and therefore
pre-stressed mooring systems are most often used,
but slack mooring has also been tried.24 Pre-
stressed systems are well adapted for use in flexible
constructions, and in correctly designed systems the
forces will be equally spread over the entire farm.
Pre-stressing of the mooring system is performed at
high tide and forces can be up to several tens of
kilonewtons.

A special type of mooring is needed for tension
leg cages25 in which the forces are taken up in the
tension legs which, regardless of the weather con-
ditions, are always under tension. In this way the
dynamic loads resulting from the weather, that
affect traditionally moored cages and create slack
and tension in the lines, are avoided. The challenge
when constructing tension leg moorings is to find
technical solutions where the legs will always be
tensioned.

A pre-stressed mooring system contains three
major parts (Fig. 15.15):

(1) Mooring lines which include the point of
attachment to the cages

(2) Buoys
(3) Anchors.

Later in this chapter the design and construction
of different mooring systems are described with
primary emphasis on mooring of seawater cages
exposed to some waves (>1m) and current (up to 
1m/s). In well protected seawater sites and fresh-
water sites the environmental loads transferred to
the cages are reduced and a smaller mooring system
can be used. However, the same basic principles can
be used for design and construction.

15.5.1 Design of the mooring system

The design used for the mooring system depends
on the type of cages to be moored: these may be as
follows (Fig. 15.16):

• Single cages
• System for mooring several single cages
• Single cages with walkway
• Single cages with walkway and landing



• Group of cages – platform cages
• Ocean cages
• Cages lying on sway.

A single cage may be moored by between four
and six single buoys attached to anchors and to the
cage by mooring lines. It is recommended that 
the single mooring line be divided into two before
the fixing point to the cage; this is known as the hen
foot mooring; it reduces the forces at the points of
attachment to the cage framework, because the
number of fixing points is doubled. The points of
attachment are critical in the mooring system,
because all forces are transferred through these
points. The cost of mooring single cages is high; the

system is most viable for circular and polygonal
cages.

Today, systems for mooring several cages are
more usually used. Two or three longitudinal
mooring lines are attached to each other with trans-
verse mooring lines; in this way a frame where the
single cages can be fixed is built. By lowering the
frame 1–2m below the water surface, access to 
the cages by boat is improved. Here again, the single
cages are attached to the frame with a hen foot
mooring. One single cage may be removed, taken
out from the system and transferred to another site.

Single cages may also be moored to walkways.
If the walkway has a landing, the requirement to
keep the cages in the same position is greater (high
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Figure 15.15 The mooring system of sea cages con-
sists of three major parts; the system can be pre-stressed
or slack. Pre-stressed systems are commonly used when
mooring sea cages.
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position exactness); the pre-stress in the mooring
lines must also be higher. With such moorings the
problem is that the wave is transmitted through the
cage and the walkway with different velocities,
resulting in large forces at the connection points.
The connection point may therefore be subject to
material failure. To reduce the forces it is advanta-
geous to use several connection points. Alterna-
tively, the connection point must be flexible. Fixed
connections to walkways are not recommended in
exposed water.

In ocean cages the requirements for the moor-
ings system are large because the forces are so
great. Ocean cages are moored individually and the
producer will normally have their own mooring
systems, which could be an integral part of the cage
construction.

In a platform cage farm the mooring line is typ-
ically withdrawn from each corner and from the
middle of the farm. Such farms are normally sited
in protected water because they tolerate lower
waves, due to their construction with linkages.

If the sway principle is used, only one mooring
point is necessary; it is actually a slack mooring.This
mooring point is exposed to large forces and a big
anchor and buoy are necessary.24 Such farms need
a large area because the unit will drift around the
mooring point. Ageing of the sites is, however,
delayed when using this arrangement. However, the
method is seldom used, mainly because such a large
area is necessary.

15.5.2 Description of the single components in a
pre-stressed mooring system

Fixing point

The mooring line is fixed to the collar by a shackle.
If a rope is used this should be spliced and a thimble
used to reduce the bending of the rope.All bending
will weaken ropes to some extent. A bending diam-
eter of three times the rope thickness is necessary
to avoid significant weakening. A knot can reduce
the strength of the rope by 50%.19 Rings may also
be used in the connections because they tolerate
chafing better. It is an advantage to over-dimension
the connection, for instance by doubling the size of
the maximum transferred forces.26

The force through the connection point can be
divided into horizontal and vertical components.To

avoid breakage of the cage collar by the tide, the
vertical component should be transferred so that 
it is as low as possible, almost negligible. By using
several connection points to the collar, the forces
transferred at each point will be reduced, although
this will increase the mooring costs. Normally at
least four points are used. As said previously, it is
advantageous to split the single mooring line before
attaching it to the collar, so more connection points
are achieved; such an arrangement is known as a
hen foot mooring from its design.

To secure the fixing point against breakage, a sec-
ondary fixing may be used (Fig. 15.17). An extra
rope or wire transfers forces directly from the collar
to the mooring lines if the main fixing point breaks.

Mooring lines

Different materials and designs can be used for the
mooring lines which are often made of synthetic
rope. When choosing rope, the breaking strength is
the most important factor, but price and duration
are also major determinants.The elasticity, given by
the E modulus, must also be taken into account.
How much a line stretches lengthwise when loaded
can be given in the mooring line characteristics.

Lines of synthetic rope are often stretched per-
manently after the first load so are beyond their
elastic range and do not return to their original
length. It may be advantageous to pre-stretch the
rope before it is used; alternatively, the rope must
be tightened after exposure to the environmental
loads.
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Figure 15.17 Double fixing is recommended where the
mooring lines are connected to the collar.



202 Aquaculture Engineering

Different materials are used for synthetic ropes,
such as PA (nylon), PE, PES and PP, all of which
have advantages and disadvantages. PA tolerates
the highest forces with a given diameter, while PP
ropes have the lowest weight. Metal or Kevlar
threads may also be integrated into the rope 
to increase its strength, but this also increases 
the cost.

Ropes may be exposed to chafing and this must
be avoided. The rope may be covered, for instance
with a PE pipe, to reduce chafing. Variable loads,
such as occur in mooring lines, will decrease the
strength of the rope more than constant loads.19 The
lifetime of synthetic rope in a mooring system can
be set as 4 years as a starting point, but will of
course depend on the rope and the loads on it.

If a chain is used in the mooring system, it will 
be exposed to corrosion. Good quality therefore
confers an advantage, but this will be a question of
price compared to duration. Chain is heavier to
handle than rope and therefore more handling time
is necessary. Chain tolerates more mechanical influ-
ence (chafing) than rope. For this reason chain is
often used near the bottom, close to the anchor,
normally for the first 15–20m of the mooring lines.
Afterwards rope is used because it is so much easier
to handle. To avoid the connection point being
exposed to chafing against the bottom, a small buoy
may be added here.

Wire or metal rope, may also be used for
mooring, but even though it is strong, it is expen-
sive and difficult to work with, so it is seldom used.
It may, however, be a good alternative secondary
fixing for cages.

Buoys

Buoys are used to hold the mooring lines up so that
vertical forces on the collar are avoided (Fig. 15.18).

They will also take up the weight of the mooring
system so this is not transferred to the cage if placed
some distance (normally 15–20m) away from the
collar. By limiting this distance, spreading of the
mooring system will also be avoided. Furthermore,
to ensure horizontal transference of forces, the
buoys have a major roll in pre-stressing the farm by
pre-stretching the mooring lines. Buoys will also
function like extension springs and damp wave
movements, for instance. When a load is added to
the cage the buoy will be dragged down and not so
much will be seen on the surface; if the load is
removed it will float up again.

Typical buoy sizes are from 200 to 700 l. The
buoys can be filled with air or foam. To avoid 
puncturing reducing the buoyancy, the use of foam
filled buoys is highly recommended, and in some
places is mandatory. Expanded PS or polyurethane
(PU) is commonly used. If an air-filled buoy is
dragged below the water surface the buoyancy will
decrease rapidly because the buoy is compressed;
reduced volume results in reduced buoyancy.
Foam-filled buoys will also be compressed when
beneath the water surface. PVC foam filling will tol-
erate more pressure, but is more expensive than
PU. The buoyancy of the buoys is recommended to
be somewhat higher than the calculated require-
ment, twice what is necessary, for instance. Round,
cylindrical and polygonal buoys are used in
mooring systems. Experiments in which single
buoys were replaced with multiple floats covering
a distance of the rope showed that these gave a
much smoother dynamic response on the anchor
lines.24

A lump weight can be added to the mooring line
between the cage collar and the buoys. This makes
it possible to go over the lines by boat, and will also
function as an additional pre-stressor of the farm
and reduce jerks in the lines. However, the wear 

Figure 15.18 Buoys are used to
reduce the vertical forces on the
collar, and birdnets are used to avoid
birds taking small fish.



on the mooring lines is increased by this method,
which is therefore not recommend.

From the buoys the mooring lines go to the
mooring points. Depth–length ratios are commonly
set to 2.5–4. Long anchor lines reduce the vertical
forces and reduce the required buoyancy in the
buoys, but have the disadvantages that a greater
area is needed and the cost of the mooring lines is
increased.

The magnitude of the pre-stress in the mooring
lines for a cage farm depends on the site and other
factors. One method is to pre-stress at high tide so
that 75% of the volume of the buoy is below the
surface and 25% is above to take additional loads.
Inspection of the buoys could then constitute a
simple control of the mooring system. Since all
mooring lines are equal and equally pre-stressed, all
buoys will have the same volume above the surface.
It can be an advantage to have distinct marks on
the buoys to control more easily how much of the
buoy volume is below the surface. This check must,
however, be done when no environmental forces
affect the cage. If, for instance, a current is coming
in from one side, the buoys on this side will be
dragged down and those on the opposite side will
float higher in the water as a result of the unequal
loads on the mooring lines.

Anchors

The simplest type of anchor is the dead weight or
block anchor. Theoretically all heavy objects, such
as old engines may be used, but they may be diffi-
cult to handle. In addition, this may result in chafing
of the mooring lines. Concrete blocks are most
commonly used as weight anchors and vary from
some hundreds of kilograms to several tonnes. As
the density of concrete is quite high (around 2.4
t/m3) it will easily sink to the bottom, stay there and
take up forces. The great disadvantage with block
anchors is that they are heavy to handle. Large
cranes are needed on the boats setting them out
and precautions must be taken to avoid tilting the
boat during this operation.

To prevent block anchors being displaced on 
the bottom, good friction between anchor and the
bottom is necessary; this depends on the bottom
conditions and is given by the friction coefficient.
Sand and clay have high friction coefficients while
that of rock is low (between 0.1 and 0.5), meaning

that an anchor will slide easily on rock. Block
anchors are not recommended for use on rocky
ground; here either drag anchors or bolts should be
used. Friction coefficients of 0.5 for sand and 0.3 for
clay may be used as a basis, for anchor choice if no
measurements are done.26

To increase the friction coefficient, the bottom of
the anchors can be rough, even having iron bars
emerging from the base. Another method of
increasing the friction is to add an iron jacket
around the bottom of the block. This will increase
the forces holding the anchor on the bottom,
because it is sucked to the bottom like a sucking
disc, assuming suitable ground conditions such as
clay. The angle at which the mooring line is joined
to the block is, of course, also important in inhibit-
ing horizontal movement (see section 15.7.2). To
avoid tilting of block anchors, the width of the
blocks ought to be large in relation to the height
(>2 :1), or the block anchor may tilt over the
mooring lines and cause chafing.

A drag anchor or ebbing anchor is another type
much used (Fig. 15.19). The aim of the design is for
the anchor to be dragged down into the ground like
a plough and become fixed. Various designs of
ebbing anchors are available, and the different 
suppliers normally have their own designs. The old
traditional one is the stock anchor as used on boats;
today more effective designs for mooring of fish
farms are available. How well fixed an ebbing
anchor is to the bottom depends on the bottom con-
ditions and the design of the anchor; the angle of
the mooring line is also important. The optimum
angle depends both on the bottom conditions and
anchor design. The angle for ebbing anchors used
in sand can be 30–35° and in clay 30–50°.1

An ebbing anchor will tolerate a large horizon-
tal force, but tolerance of vertical forces is low. To
improve this, a heavy chain may be used before the
anchor. Another method is to use a small block
weight on the mooring line before the anchor. An
ebbing anchor is of much lower weight than a block
anchor, because it is based on a totally different
principle, but is more expensive. From the back
edge of the ebbing anchor there should be a rope
to the surface; to keep the rope on the surface
where it can be reached, it is attached to a buoy.
This must be done to ensure the anchor can be
released when removal is necessary, otherwise this
might be impossible as the anchor is normally 
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completely buried in the bottom after the mooring
system has been pre-stressed.

Bolts can be used to advantage where it is possi-
ble to fasten the mooring lines in rock, usually
where the mooring lines lead to land, but bolts may
also be use under the water surface. Galvanized
bolts are set into drilled holes; either they can have
an expanding construction or expanding slurry can
be injected into the holes.The bolts are either of the
eye or T-type.

Piles are an alternative in sand and clay bottoms,
but the forces they can take up are normally quite

low; otherwise they must be very large which
increases the cost considerably.

There are several other special anchors that
could be used, but they are normally more expen-
sive. One type used in the offshore oil industry is
the suck anchor. In principle the anchor is a large
specially designed sucking cup that sucks down to
the bottom. This can be made from a wire-spoked
wheel with a plastic cover.

15.5.3 Examples of mooring systems in use

The mooring system will naturally be individual to
each site, and depend on the environmental forces.
Some examples are given below for some exposed
sea sites.The system will also depend on the chosen
quality of the rope, the chain and the type of drag
anchor.

A system mooring is used to moor eight circular
plastic cages with a diameter of 15m. The system
mooring is prefabricated and consists of a frame of
chain (13mm × 88mm alloy). Within the frame a 
36mm synthetic rope is used. The three main 
longitudinal mooring lines are of 58mm rope; this
is also used in the ten side moorings. Anchors are
32mm eye-bolts and drag anchors with a weight of
1.2–1.8t In the last part of the mooring lines to the
anchors/bolts chain is used to avoid chafing.

To moor a platform cage farm with a total of 16
cages with a diameter of 15m × 15m and a bag
depth of 10–15m, 32mm synthetic ropes are used.27

16mm chain with a weight of 3.8kg/m is used on the
last part to the anchors. A lump weight of 100kg is
used at the connection point between the chain and
the rope. Eye-bolts or drag anchors of 800kg are
used as anchors and the buoys are 500 l.

Typical anchor sizes for mooring offshore rubber
cages are 10–30t for block anchors or 3–5t for drag
anchors. The mooring ropes are typically 50–70mm
diameter.22

15.6 Calculation of forces on a sea
cage farm
To be able to design a cage with its mooring system,
it is necessary to calculate the environmental 
forces affecting the farm. On ordinary sites it will
be the current that causes the highest forces, while
on more exposed sites the wave forces will also be

Figure 15.19 Different anchors are used for mooring
sea cages: block (A), drag (B), pile (C), bolt (D). The
photograph shows drag anchors.



considerable.The direct wind forces will be low due
to the small area above the water. Both static and
dynamic (from the waves) forces will affect the
cages. The size of the forces must be known to find
whether the cage construction will tolerate the
forces on the site, or if the construction will break
down. The supplier of the cage ought to have done
these calculations and know whether the equip-
ment will tolerate the forces at the site. However,
the environmental forces will also determine the
size and design of the mooring system, and these
must be determined on site, because the environ-
mental loads will vary with the site.

Calculation of the forces that affect the sea cages
is quite difficult, especially for open ocean cages;
normally computer programs utilizing numerical
methods are employed (for the latest information
see, for example, refs 28–30). In this section only a
brief overview is presented, focusing on simplified
solutions to increase the reader’s knowledge of how
environmental forces affect floating constructions.

15.6.1 Types of force

A construction floating in the water, for instance a
boat or a sea cage, will be exposed to forces as a
result of current, waves and wind.The forces can be
resolved into three linear components in the x, y
and z directions; the torque occurs around the same
three axes (Fig 15.20):1

• Linear movements
– heave: vertical motion
– surge: horizontal motion along longitudinal

axis
– sway: horizontal motion along the transverse

axis
• Rotating movements

– yaw: rotation about the vertical axis
– roll: rotation about the longitudinal axis
– pitch: rotation about the transverse axis.

When doing calculations, the six forces may be
resolved into two forces: a resultant horizontal
force and a resultant vertical force. Even if the
accuracy is less, the calculation is greatly simplified.
Thus there are two forces affecting the farm 
(Fig. 15.21):
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Figure 15.20 Like a boat, the top of a
sea cage top will be subjected to forces
as a result of current, waves and wind.
(Adapted in part from ref. 1.)

Figure 15.21 Resolution of the forces affecting the
cage farm into horizontal and vertical components.
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(1) Drag force parallel with the current direction,
FD

(2) Lift force normal to the current direction, FL.

To give some idea of the environmental forces
involved, the following minimum values have been
recommended in Norway26 when designing a
mooring system for sheltered offshore farms:

• Significant wave height: 1.5m
• Current velocity: 1m/s
• Wind: 30m/s over 10min period
• Storm flood tide: 1m
• Fouling: 30% of the area underwater is fouled

completely.

These values will, however, vary from site to site
around the world, depending of the location.
During the past few years an increasing number of
exposed sites have been used for farming purposes
where environmental forces are greater than those
given above.

15.6.2 Calculation of current forces

General methods

All parts of a cage farm below the water surface 
will be affected by the current.This includes the net
bag, the cage collar (pontoons), the buoys and the
mooring lines. The size of the forces on the ele-
ments depends on the area affected by the current.
Thus the net bag is affected the most because it has
the largest area.

To calculate the current forces affecting a sub-
merged construction, the first part of Morrison’s
equation can be used. The same equation may also
be used to calculate the wave forces, but here an
acceleration term is also included. As the current
velocity is constant, this term can be neglected
when calculating the forces.

Morrison’s equation without the acceleration
term and with forces only in the x direction can be
written as follows:

where:

FD = drag
r = water density

F C U AD D c= 1
2

2r

A = area affected by the current
Uc = current velocity
CD = drag coefficient.

The drag coefficient gives a picture of the current
resistance between the object and the water current
and is determined by experiment. If the object is
square the coefficient will be higher than for an
aerodynamically shaped construction. The drag
coefficient can be found from the bar diameter and
bar length of the net used in the cage bag.31 It can
also be found from the solidity, Reynolds number
and the angle of attack of the current.32

Fouling on the net bag will increase the current
forces because the area of the net is increased, and
by this the area that effects the current. Solidity
increases with fouling because the bar diameter
increases. To calculate the current forces on the net
bag is, however, not easy. Not only does the water
pass through the net bag, but the current will also
cause the net bag to deflect (Fig. 15.22). By having
several net bags one behind another, the current
velocity will be reduced from net panel to net panel
as a result of the resistance to flow through the net
bags; therefore more and more water will gradually
flow below and around the bags behind the first
one.

Figure 15.22 A normal net bag will be deflected by the
current.



The net bag will be exposed to a lifting force due
to the deflection because it is fixed on the surface
by the mooring system. More accurate equations
for the current forces affecting the net bags which
are not rigid, and deflected by an angle a, will there-
fore be as follows:

where:

FD = drag
FL = lift
a = angle of deflection of the net
r = water density
A = area affected by the current
Uc = current velocity
CD = drag coefficient
CL = lift coefficient.

These equations will also only be partly correct
because the net bag is not deflected by a fixed angle
towards the surface, but in a curve (Fig. 15.23). By
dividing the bag into several sections with different
angles it is possible to compute the drag and the lift,
but this requires a lot of calculations. The coeffi-
cients will depend mainly on the solidity of the net
and the attack angle.

Because it is fairly complicated to calculate the
forces on the entire net bag in one go, a method
which divides the net bag into single net panels has
been utilized.33,34 For example, a square cage con-
tains four side panels and one bottom panel. The
force is then calculated for each panel and the total
force represents the sum of the forces on the sepa-
rate panels: a trial showed that the calculated forces
were in the range 0.9–1.3 of the measured forces.

The amount by which the net is deflected
depends on the current velocity, the weights in the
bottom of the bag, and the bag design. Experiments
have shown that the reduction in volume of the net
bag can be over 90%, when the velocity is increased
from 0 to 1m/s.35 To reduce the deformation,
increased lump weights in the bottom could be
used. However, this will increase the horizontal
force on the net several times over and may not be
advisable.33 In addition, if there are waves extra
weights in the bottom of the bag will increase the
wave loads on the net bag.

F C U A

F C U A

D D c
2

L D c
2

= ( )

= ( )

1
2
1
2

r a

r a

Reduction in velocity

When the water current passes one net panel the
current velocity will be reduced by friction from the
net; much of the water is then forced to go under
and around the following nets. When the water
current hits the next panel, the force on this panel
will be reduced because the water velocity is
reduced. To be able to calculate the forces on the
following net panels it is necessary to know the size
of this reduction, particularly since the velocity is
squared in Morrison’s force equation so gives a
large contribution.

The following equation may be used to estimate
the current velocity Ui after i net panels:33

Ui = Ucri

Sea Cages 207

Figure 15.23 The cage is not rigid but will be deflected
at an increasing angle by the current.
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where:

i = number of net panels that the water has to
pass

Uc = current velocity of the water when it hits the
first panel

r = reduction factor (depending on the solidity,
Sn, for the net).

The velocity reduction factor may also be expressed
by the drag coefficient CD, which again is affected
by the solidity, Sn:

r = 1 − 0.46CD

If Sn is between 0.1 and 0.35 CD may be calculated
as follows:

CD = 0.04 + (−0.04 + Sn − 1.24Sn
2 + 13.7Sn

3)cosa

where:

a = angle of deflection of the net.

If using rigid cage bags the equation will be as
follows:

CD = Sn − 1.24Sn
2 + 13.7Sn

3

As seen there is a dramatic reduction in velocity for
every net panel the water has to pass.

In addition, to reduce the forces on the net bags
that lie behind the first one will result in a reduc-
tion in supply of new oxygen-rich water. When
having several cages, one after another in the direc-
tion of the current, lack of oxygen might occur in
the last cages that the water passes. As the water
exchange is reduced there will also be a reduction
in removal of metabolic waste substances, which
also shows the importance of correct individual
placing of the cages in relation to the current 
direction.

By increasing amount of fouling the current
velocity will be reduced even more, as a result of
increased solidity, so it is important to minimize
fouling on the nets.

Example
Three cages are lying behind each other. The veloc-
ity of the current that hits the first net panel is 0.7m/s;
CD is 0.32. Calculate the current velocity in each of
the three cages assuming rigid nets.

First the velocity reduction factor (r) is calculated
from CD

r = 1 − 0.46(0.32)
= 1 − 0.15
= 0.85

Then the velocity inside cage 1 (after 1 net panel),
cage 2 (after 3 net panels) and cage 3 (after 5 net
panels)is calculated:

U1 = 0.7 × 0.851

= 0.6m/s

U2 = 0.7 × 0.853

= 0.43m/s

U3 = 0.7 × 0.855

= 0.31m/s

Simple method for calculating the current forces
with rigid nets

As shown, there is a lot to consider when calculat-
ing the current forces on sea cages, and usually spe-
cially designed computer programs are used for this
purpose. For rigid nets, however, it is possible to cal-
culate the forces employing quite simple methods.
Use of rigid nets will, however, result in overesti-
mation of the forces compared to the real situation,
but will show the principles. Using the values
obtained to calculate the size of mooring lines 
and anchors will also ensure that the mooring is
large enough, although the mooring system will be
more expensive than necessary because it is over-
specified.

A simple set of equations and diagrams have
been developed for calculation of the current forces
on rigid sea cages.33 The method assumes rigid
mesh/bags with no deflection, so therefore no 
lifting forces. In addition, only forces normal and
parallel to the current on the farm are taken into
consideration.

First the drag on the net panel normal to the
current direction, FDN, must be calculated; then
forces parallel to the current direction FDP are cal-
culated; these are then added to give the total 
forces FDtot:
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where:

FDtot = FDN + FDP

r = density of the liquid
CDN = drag normal to the current direction

= Sn − 1.24Sn
2 + 13.7Sn

3

CDP = drag parallel to the current direction (set to
0.04 based on the shape of the bag)

Uc = current velocity
B = width of the cage bag
D = depth of the cage bag
l = length of the cage bag
n = number of cages parallel the current direction
m = number of cages normal to the current 

direction
r = reduction factor

= 1 − 0.46CDN.

The above equation is used to find the force when
the farm is parallel to the current direction. To use
it when the farm is normal to the current direction
requires only that the values of n and m in the equa-
tions be exchanged.

Example
A rectangular system farm includes two cage bags,
one after another and eight side by side in relation
to main current direction, a total of 16 cages.The size
of the single cage is: width 10m, length 15m, depth
12m. The design water flow is 0.8m/s. Calculate the
current forces that affect the farm, presuming rigid
nets.

The drag coefficient CDN must be calculated first:

CDN = Sn − 1.24Sn
2 + 13.7Sn

3

= 0.3 − 1.24 × 0.32 + 13.7 × 0.33

= 0.56

Calculate r

r = 1 − 0.46CDN

= 0.74

Then the forces on the net panels normal (FDN)
on parallel (FDP) with the current direction can be
calculated.

S solidity

bar diameter
bar length

n =

= ×2

Drag normal to flow direction:

Drag parallel to flow direction:

Total drag:

FDtot = FDN + FDP = 354724 + 38103 
= 392827N
= 392.8kN

Another very simple method is to use Morrison’s
equation on the total length of the rope used to
create the net panel. By calculating the current
resistance from the total length of the rope the total
forces affecting the bag can be found.18

where:

N = number of meshes in the length of the panel
Im = bar length
f = coefficient of decrease (normally around 0.7)
L = length of the panel
T = number of meshes in the depth of the panel
D = depth of the panel.

Next the length of the filament (rope) per side (LT)
is calculated:

LT = 2NTImkn

where:

kn = knot factor.
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Therefore the total drag force on the net panel can
be calculated by Morrisons equation:

where:

d = rope diameter (bar diameter)
CD = drag coefficient for a cylinder is used since this

is the same as that of the rope, and this is 1.2.

15.6.3 Calculation of wave forces

Waves are important when designing sea cages.The
wave forces will influence design of both the cage
collars and the net bag. If the wave forces are too
high the collar may break. The wave forces will,
however, also affect the mooring systems and must
be taken into consideration when calculating the
size of the mooring system, even if they are smaller
than the current forces.

Calculation of wave forces normally involves the
use of computer programs and numeric solutions.
Methods for calculating the wave forces include, for
instance, Morrison’s equation, diffraction theory
and Froude–Krylov forces.7,12 Calculations for tra-
ditional fixed offshore constructions will overesti-
mate the forces for a pre-stressed cage farm floating
on the surface and following the sea.

Compared to currents waves apply dynamic
forces to the construction. Use of Morrison’s equa-
tion can illustrate this. Morrison’s equation has two
additional terms, one for the velocity of the water
particle in the wave and one for the acceleration of
the water particle:27

where:

Fi = forces on the object in the x, y or z direction
r = density of the liquid
A = area of the object
CM = mass coefficient
CD = drag coefficient
ai = water particle acceleration in direction i
ui = water particle velocity in direction i
V = volume of the object.

Without going deeper into this equation, it shows
that in addition to the drag term, as there was for

F C Va C u u Ai M i D i i= +( ) +1
1
2

r r

F C v L dD D T= 1
2

2r

current forces, there is a mass force term that is pro-
portional to the acceleration. The total force is the
sum of these two forces.

Wave forces are dynamic, which means that they
come again and again. This will result in reduced
loads being tolerated by structures before breakage
occurs. Experiments have shown that a cage may
only tolerate a dynamic load which is 10% of one
single static load.5 Waves impose additional forces
on the mooring system. On normal, partly pro-
tected off-shore sites, the wave forces will be much
lower than the current forces. Usually waves add up
to 20–30% to the current forces, but this is of course
site-dependent.

Due to the complexity of calculating wave forces
and measuring water particle velocity and accelera-
tion, this will not be further described here. Spe-
cialized literature is recommended, as mentioned
earlier.

15.6.4 Calculation of wind forces

Since such a small part of a cage farm is above the
water surface where the wind is blowing, the forces
transferred to the cage and further to the mooring
system will be very low compared to the forces
from the current. To calculate the forces on the
jumping net the following equation may be used:32

where:

r = density of air
U = wind velocity
m = drag coefficient
A = effective area of the jumping net
n = protection factor (for instance, distance from

other jumping nets).

The wind forces will be considerably higher if, for
instance, a feed barge is moored together with the
cages.

15.7 Calculation of the size of the
mooring system

15.7.1 Mooring analysis

A calculation of the size of a mooring system must
include a performance analysis under extreme con-

F U Anw = 1
2

2r m



ditions,36 for instance for an intact mooring system,
with a break in one of the mooring lines and with
an increase in the water level compared to normal
due to a storm tide of 1m for example (require-
ments in the Norwegian standard for cages).14 The
analysis must show that the mooring system will
withstand such situations without breakdown.

What is then happening when the environmental
forces affect a pre-stressed moored sea cage farm?
A total environmental force (F) will try to move the
cages out of their original position. In all mooring
lines on the side where the forces F is acting there
will be additional tension, and a corresponding
reduction in the lines on the opposite side. Depend-
ing of the degree of pre-stress and the elasticity of
the lines, there will be a drift away from the equi-
librium position caused by the acting forces, but the
farm will not drift freely. The mooring lines will
gradually create an opposing force towards F that
prevents the cage farm drifting freely. A new equi-
librium position will be established where forces
from the mooring lines are opposite and equal to
the forces created by the environmental factors.
The tension in the mooring lines on the side where
the environmental forces are acting is now much
higher than when the cages were in their original
positions; there might also be slack in lines on the
opposite side.

If, in addition, there are waves additional
dynamic forces will be imposed on the farm and it
will oscillate around the equilibrium position as
long as the mooring system does not break. The
maximum load in the mooring lines will therefore
be higher than from the static current force.

If there is a break in one of the mooring lines due
to unforeseen circumstances the farm will drift into
a new equilibrium position. This movement will be
determined by the tension in the broken line, the
weight of the farm and the resistance against move-
ment from the net bag and cage collars. When the
farm is drifting and needs to be stopped, it is impor-
tant that the tension in the remaining lines does not
exceed their breaking strength. If this happens
other lines will break and most probably this will
result in progressive breaking of all the remaining
mooring lines so the cages will drift freely. If one
mooring line to a cage breaks, there is also the pos-
sibility that the cage will crash into another cage 
or fixed construction such as the walkway whilst
drifting towards its new equilibrium position. This

may cause a material break in the cage collar, for
instance. When doing mooring calculations a break
in one of the mooring lines will normally be toler-
ated, but progressive breaking must not occur in
such situations.

15.7.2 Calculation of sizes for mooring lines

There will always be some inaccuracy when
describing and calculating the environmental loads
affecting cage farms. For example, this can be that
the current velocity or wave height varies and might
be slightly higher than expected. A load factor is
recommended to compensate for the possible inac-
curacy. Normally the load factors are between 1 and
1.5 depending on the uncertainty in the calculations
of environmental loads. A load factor of 1.5 means
that the environmental loads can be up to 50%
more than those calculated and the mooring will
still hold. The total force that is used in further cal-
culations is then:

Ft = giFE

where:

Ft = total force
FE = calculated environmental forces
gi = load factor.

In the new Norwegian standard for mooring analy-
sis, the standard load factor is set at 1.15 for
unmanned farms and 1.3 for continuously manned
farms when doing static analysis i.e. the safety
factor is larger.14

The breaking strength of the different types of
mooring line is also given with some accuracy by
the suppliers and is based on a number of mea-
surements.To take care of possible inaccuracy when
testing the material, and minor variations in the
materials, it is recommended that a material factor
(gm) be used. However, will this vary with the mate-
rial and the degree of testing of the material that
has been performed. Normally it lies between 1.1
and 5. To find size of the mooring lines necessary
this must be taken into consideration, which gives
the following equation:

FR = FTgm

where:

FR = mooring forces (the force that the mooring
lines shall tolerate)
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FT = calculated total forces including load factor
gm = material factor.

The following material factors are used in the 
Norwegian standard for cage farms:14 chain, 1.5;
synthetic rope with knot, 5.0; synthetic rope, 3.0;
synthetic rope specially resistant to ageing, wave
and water absorption 1.5.

Example
To show how a mooring analysis can be performed
an example is shown where the mooring line, buoy
and anchor are to be dimensioned (Fig. 15.24). On
a cage farm the calculated environmental force that
an anchoring line must take up is 1 t or approxi-
mately 10kN. The length and type of mooring line,
buoy type and size, and anchor type and size should
be found to keep the farm in position. The depth of
the site is 30m and the bottom is sand. Current veloc-
ity is set to 0.2m/s.

First the design of the mooring system must be
found. Choose to have the buoys 15m away from the
cage collar. The mooring line is set to 3× the depth,
and becomes 90m. The total length of the mooring
line is therefore 90 + 15 = 105m. The forces on the
buoys can then be found. First the angle a that the
mooring line has from the bottom and to the surface
must be found:

a = 19.47°

sina = 30
90

Then calculate the force in the direction x on the
mooring line:

The mooring line must therefore tolerate a force of
10.61kN.

Calculate the force in the y direction:

y = sinax
= 3.54kN

The buoy will be dragged down with a force of 
3.54kN.

Now the buoy can be described. The requirement
for buoyancy is set to twice the force F in the
mooring line which is 7.08kN. Archimedes law is
used to calculate the buoyancy; the density of sea-
water, rw = 1025kg/m3.

F = rwgV
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Figure 15.24 Environmental forces
will affect the forces in the mooring
system.



where:

F = buoyancy
rw = density of the displaced liquid
g = acceleration due to gravity
V = displaced volume.

This means that the buoy needs a volume of 700 l or
more to stay in the correct position on the surface.
In addition the buoy must have buoyancy that covers
its own weight; this depends on buoy type and is
given by the supplier.

The next step is to calculate the size of the anchor.
A block anchor is chosen. First the size to withstand
the vertical lifting force (y) is calculated:

y = 3.54kN

Choose a concrete block anchor with density fc of
2500kg/m3.The weight of the anchor (G) is given by:

G = mg
= rcVg

where:

m = mass of anchor
V = volume of anchor
g = acceleration due to gravity
rc = density of cancrete.

The buoyancy (F0) that will lift the anchor is, from
Archimedes law:

F0 = rwVg

where:

rw = density of seawater.

The following equation may be used to find the nec-
essary volume of the block anchor (y):

y = G − Fo

= rcg − rWVg
= Vg(rc − rW)

The horizontal force is calculated using a friction
coefficient of 0.5 for the sand bottom. The horizon-
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tal force (F) that will try to move the anchor is 
10kN, while the weight G will keep the anchor in
place. In addition the buoyancy F0 of the anchor will
have effect, because it will reduce the weight com-
pared to when it is on shore. The following equation
can be set up:

F = f(G − F0)
= fVg(rc − rw)

where:

f = friction coefficient for the block anchor.

Therefore the volume of the block anchor must
exceed 1.382m3 or the mass be above 3.46 t. In prac-
tice two or three anchors will be used.

15.8 Control of mooring systems
After setting out the mooring system, it is impor-
tant to do necessary checks to avoid breakages.
Insurance companies will normally require some
type of checking of the mooring system. There may
also be national standards to prevent breakage and
possible escape of fish. For instance the following
may be used:

• The supplier’s specification must be used to set
out the cage

• Parts in the mooring system above the surface
must be checked daily

• The whole mooring system including under
water installations must be checked every year.

Some time after the mooring system was first set
out, a more comprehensive and systematic check
should be carried out, for instance every 4 years.
This includes load tests on important and heavily
loaded parts. Components exposed to hard wear
should be replaced, such as mooring ropes, chain,
wire, fixing points and eventually links.
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Feeding Systems

small feed particles, for example for marine or
freshwater fry, might be a problem. If the feed is
like meal, it might be difficult to get it through the
feed dispenser; it might clog inside the hopper, and
the sliding angle is very high.

16.1.3 Selection of feeding system

Today is it normal to use automatic feeding systems
in all types of intensive fish farming. Which type of
automatic feeding system to choose, however,
depends on a number of factors of which the most
important are: feed type, production species,
production type, production size and access to 
electricity.

A feeding system could range all the way from
simple dispenser with no need for electricity to an
advanced computerised feeding system which con-
trols the feeding on the basis of the appetite of the
fish.

16.1.4 Feeding system requirements

The requirements for the feeding system depend on
the chosen type. In the following, some general
claims especially adapted to dry feed are presented:

• Simple operation
• Low maintenance
• Tolerate wind and sea (offshore farms)
• Tolerate high humidity
• Simple to fill with feed
• Simple calibration (to control the amount dis-

pensed)
• High dispersion accuracy
• Cause few breakages

16.1 Introduction

16.1.1 Why use automatic feeding systems?

Feeding can be done by hand, or by automatic
feeders or feeding systems. The time used for
feeding can be considerable for large farms with
intensive production, and can justify the investment
in a system for automatic feeding. For instance, the
daily requirement of feed for a rainbow trout farm
with a standing biomass of 100t of 100g fish is at
least 3500kg per day with a water temperature of
16°C.

For intensive fry production, several species
require an almost continuous supply of food, espe-
cially in the first feeding stage. This requires a
tremendous amount of work, and is therefore nor-
mally done by automatic feeders. Feeding systems
are of most interest for intensive aquaculture
systems because of the importance of getting as
much feed as possible into the fish.

16.1.2 What can be automated?

How easy it is to automate the feeding depends on
the feed type used.1–3 Dry, extruded or pelleted feed
is quite easy to deal with: the particles are fixed and
hard. Wet feed or moist feed is rather more difficult
to feed automatically. To find good systems for dis-
tribution of dense particles is also difficult.Wet feed
may be fed through pump systems, but here it is dif-
ficult to obviate the possibilities for over feeding;
possible environmental impacts are also much
higher with this type of feed.

The size and shape of the dry particles will also
influence the feasibility of feeding automatically:
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Of the more general engineering subjects that are
of interest for increasing the basic knowledge of
automatic feeding there are, for instance, solids
handling, solid conveying and bulk solids handling
(for example, refs 4–6).

16.2 Types of feeding equipment
Feeding equipment can be divided into groups
based on its construction and function. One classi-
fication is as follows:

• Feed blowers
• Feed dispenser
• Demand feeders
• Automatic feeders, feed machines
• Feeding systems.

This is specifically for the dry feed that is most com-
monly used in intensive fish farming. For wet and
moist feed other separations can be made, but only
a few methods are used for this type of feed.
Feeding equipment for wet and moist feed will not
be dealt with here.

16.2.1 Feed blowers

A feed blower is only a tool to simplify hand feeding
(Fig. 16.1). There are different blower types based
on the ‘carrier’ used for the feed particles which is
normally either air or water. The feed can either be
sucked up from a tank or a bag by vacuum, or the

feed can be filled into a hopper standing over a pipe
with flow of air or water.The hopper can be fixed on
a boat or be movable.

16.2.2 Feed dispensers

A feed dispenser is often confused with a feeding
machine, but does not have the distribution unit.
Actually it is therefore something between a feed
machine and hand feeding. A weighed portion of
feed is placed on the dispenser and the dispenser
will empty it during a fixed period, normally from
one to three days. It either goes continuously or
stepwise controlled by a control unit. To get the
wanted feed ration, the actual amount of feed must
be put in the dispenser. This is normally weighed
out.

A great advantage with the feed dispenser is its
simple and robust construction. It is also easy to
monitor visually whenever it is functioning and the
amount of feed that has been dispensed. The con-
struction is favourable to use in research operations
because if you weigh out the feed exactly you can
be sure that the dispenser will supply the exact
amount to the fish. The great disadvantage, com-
pared to a feeding machine, is that it takes quite a
long time to measure and/or weigh the feed that
should be placed in the dispenser.

Several designs of feed dispenser are used 
(Fig. 16.2). In a disc feeder a scraper rotates on a
horizontally fixed circular plate, and the feed falls

Figure 16.1 A feed blower being
used to simplify hand feeding.



off the edge of the plate and into the fish tank. A
disc dispenser needs electricity to run the motor,
normally 24V a.c. The feeder normally goes step-
wise, controled by a unit that regulates the start and
stop intervals. Another much used construction is a
rubber conveyor belt that is dragged along on
rollers. When starting, the belt is dragged back-
wards so it creates a surface where feed is supplied.
The end of the belt is fixed to rollers; when these
rotate the belt will be dragged up and the surface
where the feed is lying will gradually be decreased
so that the feed falls off and into the fish tank.
This type is either powered by electricity or by
clockwork. An advantage with this type of feed 
dispenser is the possibility of running it without
electricity. Feed is either dispensed continuously or
stepwise.

16.2.3 Demand feeders

A demand feeder is normally a mechanical con-
struction. A stick is attached to a slightly bowed
plate sitting under a feed hopper (Fig. 16.3). The
stick goes from the feeder down into the water.
When the fish touch the stick, feed will be dispensed
from the hopper. At the end of the stick is a knob,
or something similar, which the fish touch. A great

advantage with using demand feeders is that there
is no need for an electricity supply. Furthermore,
the design is simple with few moveable parts.

The fish operate the demand feeder themselves,
and can therefore theoretically be fed according to
appetite (ad libitum). However, some feed loss has
been registered. The fish may use the demand stick
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Figure 16.2 Typical feed dispensers: (A) disc feeder and (B) conveyor belt feeder.

Figure 16.3 The fish operate a demand feeder when
they move the stick hanging down in the water.
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as a toy and feed may be lost; demand feeders are
also sensitive to movements in the water, such as
waves; wind may also affect the demand feeder so
shielding may be included.

Demand feeders are used for almost all species,
even if some species, such as Atlantic salmon, are
slow to learn the system. The fish need a training
period to learn how to operate the system.1 Com-
pared to hand feeding, both improved and less good
growth results have been shown.7

In electronic demand feeders feeding is triggered
by electric signals. The mechanical stick is replaced
by an electric cable with a pressure sensor at the
end.When the fish touch this sensor a signal is given
to the feeder which starts. This system allows extra
control over the demand feeding, for instance by
setting fixed interval for the operation of the feeder
or by setting a maximum limit of distributed feed
per portion or per day. A more advanced control
system is, however, required in this type of feeder.

Much literature is available on the use of demand
feeders, including the possibility for controlling the
appetite of the fish experimentally.8–12

16.2.4 Automatic feeders

A feeding machine or an automatic feeder consists
of four major components (Fig. 16.4): a feed con-

tainer (hopper), a mechanism for feed distribution,
an electrical power supply for the distribution
mechanism and a control unit for starting and stopp-
ing the distribution mechanism. The feed distribu-
tion mechanism is the main component in an
automatic feeder and distinguishes it from a feed
dispenser. The feeders are fixed in a rack on the
tank or on the cage, but may also be included in a
buoy (see, for example, ref. 13). When using an
automatic feeder, the amount of feed that has to be
distributed over a period of time is known and the
distribution unit runs for the period that satisfies
this requirement.

Feed is distributed by volume. In specially
designed and more expensive feeders, the systems
may also use feed mass.When using volume for dis-
tribution, the volume: mass ratio (litre/kg), i.e. the
density, of the feed must be known. The density of
the feed varies with formulation, from producer to
producer, and also depends on the size of the feed
particles. Because volume distribution feeders only
distribute a certain volume of feed, and the in mass
feed is of interest, calibration of the feeders is nec-
essary. To calibrate the feeder, it is run for a known
time period; then the exact amount of feed that has
been dispensed is weighed so that the feed distrib-
uted per unit time can be calculated. This informa-
tion is then used to find the necessary time that the
feeder has to run to distribute a certain mass of
feed.

Example
A fish tank requires 3kg feed per day. For how long
must the feeder be run to deliver this amount?
First the amount of feed delivered from the feeder
per unit time must be found. The feeder is run con-
tinuously for 1min and the amount of feed delivered
is weighed and found to be 1kg. The feeder is there-
fore delivering 1kg/min; to deliver 3kg to the fish
tank, the feeder must be run for a total of 3min per
day.

If the feeder starts every 30min throughout the day
and night, it starts 48 times in total. Each time it must
therefore run for: 3min (= 180s)/48 = 3.75s.

Distribution mechanisms

Many mechanisms for feed distribution are avail-
able.3,14,15 Some important types are described
below.

Figure 16.4 An automatic feeder consisting of a feed
container (hopper), a mechanism for feed distribution,
an electrical power supply and a control unit.



Screw: A screw allows a specific batch of feed to be
dispensed for every rotation (Fig. 16.5). The screw
is installed under a hopper from which it is filled.
The amount dispensed per unit time is related to
screw diameter, design of the screw (rise of the
screw thread), the speed of rotation, the degree of
filling and the angle of the screw.

Vibrator: A plate that vibrates may be used to dis-
tribute a volume of feed. When the almost hori-
zontally fixed plate starts to vibrate the feed on the
plate will fall over the edge. One method of getting
vibration is to attach a weight to one side of a ver-
tically fixed shaft that rotates. When the shaft
rotates there will be imbalance in the shaft and in
the plate fixed to it. Another method is to use an
electromagnet with an anchor fixed by a leaf or coil
spring.When the electricity is turned on, the anchor
is dragged towards the magnet by a varying mag-
netic field, making the whole vibrator shake; a slope
on the feeding plate causes the feed to be shaken

over the edge. Advantages of the electromagnetic
vibrator are its simple construction and that it stops
immediately the electricity is turned off. The
amount of feed distributed is controlled by adjust-
ing the voltage and hence the amplitude of the
vibrator.

Cell wheel: A vertically installed rotating wheel
with wings, cells or chambers sitting under a feed
hopper may also be used to distribute feed (Fig.
16.5). When the wheel rotates it transports the feed
in the cells; when the cells approach the lowest posi-
tion, the feed is released. The amount of feed
released depends on the number of chambers in the
wheel and the speed of rotation. The leaf dispenser
and drawer dispenser are similar in principle to the
cell wheel.

Others: A number of other mechanisms might be
used for feed distribution, of which a rotating disc
with a scraper at the bottom of a cylindrical hopper
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Figure 16.5 Different types of feed 
distribution mechanisms: (A) screw feeder;
(B) vibrating feeder; (C) cell wheel feeder;
(D) rotating belt feeder.
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is one. When the disc rotates feed will be distrib-
uted with the help of the scraper fixed to the
hopper. This system must not be confused with the
disc dispenser which has no hopper. The distance
between the rotating disc and the feed hopper regu-
lates the amount of feed that is distributed. Use of
a conveyor belt system is another method for feed
distribution; the rotating belt is placed under the
feed container and a distribution bar regulates the
thickness of the feed layer on the belt and by this
the amount of feed distributed.

For all methods the amount of distributed feed
is, to various extents, dependent on the height of the
feed in the hopper. When the hopper is full the
pressure of feed is increased and more feed is dis-
tributed because the distribution mechanism is
sited at the bottom of the hopper.

Another fairly new method used for distributing
feed is a bowed screw with an open centre – actu-
ally a spring. The advantage with this arrangement
is that the amount of feed dispensed does not
depend so much on the level in the hopper because
the screw is filled with feed from the side.

If the feed particles are very small (as in meal), the
feed particles may clog around the inlet to the distri-
bution unit.This is a particular problem for particles
that have a high sliding angle. In fish farming today,
the particles are larger and the sliding angle is quite
low, so this is normally not a problem.

To achieve more exact dispensing and to avoid
the chore of calibration, automatic weight control

can be used as a supplement. However, this is quite
expensive and has only been used in fish farming to
a limited extent. This can, however, be a solution if
requirements for dispensing are very precise. Elec-
tronic weight cells (tension and pressure) have
been used, especially in feeding systems. The prin-
ciple of weight cells is that they measure the tem-
porary deformation of the material, which is related
to the weight of feed/in them. When this system is
used, a volume dispenser adds the feed, but is con-
trolled by the weight cell, signals from which regu-
late the running time for the volume dispenser.

Feed hopper

Above the feeding mechanism is sited the feed con-
tainer or hopper. Hopper size varies from some
litres to several hundred litres, depending on the
size of the fish to be fed. Hoppers are usually con-
structed of plastic or metal (aluminium) and must
be designed in a way that gives easy access for refill-
ing and ensures that all feed slides out easily.

Spreading of feed

On some feeders a unit for spreading of the feed is
attached underneath the distribution mechanism.
The purpose is to distribute the feed over a larger
part of the pond, tank or cage. Three spreading pat-
terns are used: point feeding (no spreading mecha-
nism), sector feeding and circle feeding16 (Fig. 16.6).

Figure 16.6 The feed can be spread
in sectors of the cage, or in a circular
pattern.



The sector feeding system normally consists of a
vertical rotating plate or brush. When this rotates
the feed is spread out in a sector in the cage or the
pond. A circle feeding technique employs a cen-
trifugal scattering system. The feed particles drop
down from the distribution unit and hit a horizon-
tally placed rotating disc. Because of the centri-
fugal forces the feed is spread out in a circle. The
spreading unit may be integral part of the distribu-
tion system or it may be installed separately under-
neath the distribution unit. The velocity of the disc
or plate determines the area of the sector or the
circle where the feed is spread. However, a high
velocity will increase the amount of breakage
because the forces transferred from the spreading
unit to the feed particles will increase.

Control units

The control unit manages the current to the motor
on the dispensing system; this also controls the
feeding. The simplest control unit sets the time
interval between each meal and the running time,
i.e. the length of each meal. Some control units are
equipped with a photocell which only permits
feeding during daylight. In more advanced units a
daily increase in the running time may be added
related to the expected growth rate of the fish in
the production unit.

There may be an individual control unit for each
feeder or the unit may control several feeders with

the same feeding regime. There can also be one
control unit with several channels, which means
that it can control several feeders individually. The
control unit can be a simple interval relay, where
running time and time interval between each start
are set (Fig. 16.7). Several relays may be set
together in a multichannel control unit. The pro-
grammable logic controller (PLC) is a more
advanced system carrying out the same tasks as a
multichannel control unit.The input and output can
be switched on or off, and it is quite easy to extend
the system with more inputs and outputs. Each
output channel can be programmed individually. In
addition input signals can also be used to control
the output signal. For instance, the output can only
be started when the input signal from a light sensor
registers that it is daylight; this means that feeding
is only permitted during daylight.

A personal computer (PC) equipped with special
‘cards’ may also be used to control larger feeding
systems. The PC can also collect data that can be
used to control the feeding, such as water tempera-
ture and light intensity. PCs may also be used as a
data logger to store, for instance, how much is fed
every day.

Electric current

Both distribution and spreading mechanisms
contain motors that normally need an external
supply of power. This is normally electricity, either

Feeding Systems 221

Figure 16.7 A feeder control unit
with a transformer and relay.
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from a central electric power station (alternating
current) or from batteries (direct current). A clock-
work mechanism may also be used on small feeders.
Direct current motors normally require a supply of
12V or 24V.Alternating current motors for feeders
are either low voltage (12V or 24V) or normal
voltage (110V and 220V). The advantage with high
voltage is that thinner cabling is required and
current loss in the cables is reduced, particularly
when using long cables. The disadvantage is that
normal voltage, high humidity and free water sur-
faces can be a dangerous combination. When using
normal voltage it is therefore important to be
careful when laying electric cables and ensure that
the feeding system is correctly insulated and
earthed to avoid jump sparks. Qualified profes-
sionals must perform such work.

Normally the mains voltage is used as the elec-
tricity source. If low voltage feeding systems are to
be connected, the use of a transformer is necessary.
If direct current is to be used, a rectifier is also
needed.

If there is no electricity supply, for instance on a
sea cage, either batteries or a diesel-powered elec-
trical generator must be used. Use of batteries
requires direct current motors on the feeder. In
these cases the battery must be taken out regularly
for recharging; solar panels or windmills may also
be used to charge batteries.

Direct current motors used on feeders have the
advantage that the speed of rotation of the motor
can easily be regulated. By adding a variable resis-
tance, the size of the incoming current that is
running the motor will be regulated. Regulation of
the speed of rotation will control the amount of
feed coming from the feeders.

The motor output should be matched to the need
for forces to run the distribution unit. Motors that
are too powerful can result in more breakage of
feed and are not recommended. The main reason
for adding a larger motor is to avoid wedging so
that the system is more reliable. Care should,
however, be taken regarding the possibility of
breakage when feeders are equipped with large
motors.

16.2.5 Feeding systems

The term feeding system refers to a complete
system that takes the feed directly from the feed

silo or hopper, transports it to the fish production
unit, and at the end distributes it to the fish. A com-
plete feeding system may comprise three parts: a
storage unit, a transport unit and a feed distribution
unit. Today feeding systems can be divided into two
types:

(1) Systems where the feeder is centrally placed
and feed is transported to the single fish pro-
duction units (tanks, ponds or cages) through
pipes, normally known as feeding systems.

(2) Systems where the feeder is installed on a rail
system that covers several units, normally
called feeding robots.

Central feeding system

A central feeding system consists of storage silos, a
sluice valve, tubes with a flow of water or air for
transporting of feed, a selector valve, and eventu-
ally a distribution unit (Fig. 16.8).

In this system the feed is delivered from the silo
and into an auger that brings the feed particles into
a hopper placed above a sluice valve. The sluice
valve brings the feed particles from the hopper and
into the pipes for further transport to the tanks or
cages. To transport the feed particles, water or air is
used as a medium and the sluice valve therefore
also provides an air or water lock between the
hopper and the transport medium; the sluice valve
also represents the feed distribution unit.

Whether air or water is used as a transport
medium, the velocity in the tubes is such that the
feed particles will always stay in suspension. A
blower or a pump ensures adequate velocity inside
the tubes. During the past few years, air has become
the major transport medium. After being trans-
ported for a short distance in the pipes (some
metres) the feed enters the selector valve whitch
determines the production unit to which the feed
portion is sent. There are several designs of 
selector valve; normally a rotating or a horizontal
moving selector is used.

After the selector valve the feed is transported to
the production unit through the tubes. In sea cages
the tubes may be up to several hundred metres in
length. The silos and selector valve may be placed
on-shore or on a barge. If the system is for large
cages, a unit for spreading the feed may also be
included.



Correct design and use of the feeding system is
important to avoid feed breakage and dust produc-
tion. Important factors are air temperature, pick-up
velocity, material in the pipes, design and use of the
selector valve and pipeline routings.17,18

A centrally placed computer controls this type of
feeding system. The amount of feed to the different
units can be set as fixed or be created automatically.
Addition of the initial weight, water temperature,
expected growth and mortality in to the computa-
tion ensures correct feeding. The computer also
stores the inputs and is an important tool for pro-
duction planning and production control.

Central feeding systems are also available for
automatic feeding of moist feed.

Feeding robots

Put simply, a feeding robot is a feeder suspended
from a rail system hanging above the fish tanks (Fig.
16.9). A motor to push the feeder along the rail
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Figure 16.8 A feeding system used on a fish farm: (A)
feed silos with a rotating selector valve; (B) selector
valve; (C) the end of the tube from which feed is spread
into the tank.

Figure 16.9 A feeding robot is simply a feeder 
suspended from a rail system hanging above the fish
tanks.
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system is included. The rail system is laid over the
production units and under the feed silos.The robot
may have its docking station under the silos where
it enters for automatic refilling with feed when the
hopper on the feeder is empty. When the robot is
feeding it moves along the rail until it hits a chip
attached to the rail over each tank. Based on infor-
mation in this chip, the feeder (robot) recognizes
the tank. On the robot there is a computer where
the amount to be fed to the actual tank is pro-
gramed. When the robot hits the chip it will there-
fore feed the programed amount of feed to the
tank. After this it continues to the next tank, and so
on. When the hopper on the robot is empty it auto-
matically goes back to the silos for refilling. Several
individual feeders can be attached to the same
robot, so that it can deliver several feed sizes in the
same operation. The electricity supply to the feeder
and the motor may be an integrated part of the rail
system, or it can be a battery which is recharged in
the docking station. The great advantage with this
system is that the same feeding mechanism can be
used for feeding of several tanks. In this way more
investment in this unit means it can be designed to
feed more accurately.Accuracy can be improved by
using double dispensers (multistage), as is in some
robots.

16.3 Feed control
The appetite of the fish is affected by external
factors, such as variation in water temperature,
water quality, waves (in cages) and light conditions.
With a normal feed control, the amount of feed to
distribute during a given period is fixed. If there is
variation in fish appetite there are no possibilities
for controlling this. This requires one of two solu-
tions: the use of restrictive feeding with no feed loss,
(really underfeeding), or acceptance of a certain
feed loss which is expensive and damaging to the
environment.

Hand feeding is an old-fashioned system for regu-
lating feed supply. The person who is feeding
observes the appetite of the fish visually, and in this
way regulates the amount of feed supplied accord-
ing to fish appetite. One way to improve the feed
control and utilization of feed is to use a feeder for
basic feeding and hand feeding for topping up; this,
however, requires manpower. Based on this,
systems have been developed for automatic feed

control which are of special interest in production
units where large amounts of feed are used, such as
large sea cages.

16.4 Feed control systems
Feed control systems can be divided into manual
and automatic systems. In tanks, manual systems
are used. The dual drain system with a particle trap
represents such a system (see Chapter 13). If this
system is correctly designed, it is easy to observe
any feed loss in the screen or separation unit for the
particle outlet. When screening the total outlet
water from each tank, the feed loss may also be
observed. This, however, requires a large screen on
each tank, which is more expensive.

In sea cages a number of methods have been
introduced. A manually operated method is to use
a submersible video camera under the cage and
watch randomly for feed loss when the feeder is
running. Another manual method is to use a stock-
ing (a small net bag in the shape of a tube) in the
lower part and under the net bag. Here feed loss
and dead fish are collected. An airlift pump brings
the feed loss and dead fish to the surface and into
a collecting bucket, where feed loss can be visually
controlled and the daily feeding amount may be
regulated (Fig. 16.10). Equipment to detect the
gathering behaviour, such as infrared photoelectric
sensors, has also been used to control feeding.19

Figure 16.10 By using an airlift pump the feed loss on
the bottom of the cage is collected and brought to the
surface and into a tray where it can be seen. The system
can also be used for collecting dead fish.



Hydro-acoustic sensors, photocells, linear video
and Doppler signals are all used for automatically
measuring feed loss.20–25 Either the sensor can be
placed under the cage or inside it to measure the
feed loss over a sample area. The sensor sends a
signal to the feed controller to stop when feed loss
exceeds a certain level. In tanks ultrasonic devices
have been used to control the waste feed.20 A
system observing the gathering behaviour in rela-
tion to feeding has also been used for automatic
feed control.26

16.5 Dynamic feeding systems
Dynamic feeding systems go even further and use
the feed loss to control the amount of feed to be
delivered. In one system a collector for feed loss 
is placed inside the cage.27 When feeding starts,
the pump takes the collected food lost from the 
previous feeding and pumps this through a 
pipe that delivers it to the top of the cage bag 

(Fig. 16.11). In this pipe circuit an infrared device
detects eventually uneaten feed. If there are no
feed particles left, the feeder starts to add a new
portion of feed. The same procedure happens 
when starting the next feeding. The system follows
the appetite of the fish in a dynamic way, with
increasing appetite increasing the amount of feed
and decreasing appetite decreasing the amount 
of feed. Such systems have no feed loss to the 
environment, and it is possible to get early 
warning of eventual abnormal behaviour of the 
fish.
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17
Internal Transport and Size Grading

ports the fish out of the farm. Several handling
operations may be necessary throughout these
processes. One example of a handling line for inter-
nal transport of fish on a farm with tanks can be:

• Crowding in tank
• Dip net for lifting fish out of the tank
• Bucket for internal transport of the fish
• Dip net for lifting of the fish from the bucket an

into the new tank.

It is important that the separate handling methods
and equipment used in the handling line are com-
patible. The handling methods may also be an inte-
gral part of the farm construction,1 and therefore
be designed and the equipment selected before
planning and building the farm. Use of ‘alternative
models’, where alternative methods for performing
the different handling operations in the line are
included, can be an effective tool for selecting han-
dling methods (see Chapter 22).

17.2 The importance of fish handling

17.2.1 Why move the fish?

The amount of fish or shellfish that can be produced
on a farm depends on the fish density in the pro-
duction units. Land-based fish farms equipped for
intensive farming require high investment per unit
farming volume. Continuous high fish density 
is therefore necessary to attain good production
economy;2–4 this will require frequent transport or
reallocation of fish as they grow (Fig. 17.1).

How often the fish must be moved is mainly
decided by their growth rate, but input density and
maximum allowed density in the production units

17.1 Introduction
Various forms of handling are necessary in all aqua-
culture activity. In extensive farming the fish are
handled very few times, but frequency increases
when the farming becomes more intensive. There
are several reasons for handling fish and other
aquatic organisms. They are transported within or
between farms, or from farms to slaughterhouse;
examples include the transport of fry to on-growing
farms, and adult fish from on-growing farms to
slaughterhouse (see Chapter 18). The need for this
type of transport, of course, depends on the pro-
duction strategy of the farm; however, most is 
performed inside the farm area. Internal transport
is performed for various reasons in connection 
with other handling activities, such as division of
fish groups, size grading, weight sampling and 
vaccination. In this chapter a description of differ-
ent methods and equipment for handling of aquatic
organisms inside the farm is given, mainly for 
fish, although some of the methods and equipment
may also be used on shellfish and other aquatic
organisms. A brief description of the advantages
and disadvantages of fish handling is also 
included.

Independent of the handling procedures and
equipment used, it is important that the operation
is performed by trained personnel and in a way that
minimizes the possibility for injury and stress to the
fish.

When deciding on fish handling systems, it is
important to consider the entire operation starting
from when the fish are moved from the production
unit and ending when the fish have been returned
to the production unit or are in the unit that trans-
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are also important.An example can be used to illus-
trate this.

Example
On a farm for ongrowing fish, the fish will not be
moved during production (from input to delivery).
Average stocking density is set at 45kg/m3, and the
maximum density to avoid growth reduction is set at
100kg/m3. Calculations show that the input density
cannot therefore exceed 2kg/m3 (determined by
exponential growth in kg/m3). This shows that poor
utilization of the production units will result if the
fish are not moved. The length of production
depends on input size, harvesting size and specific
growth rate (SGR) in relation to fish size (daily
growth rate expressed as percentage of body weight).

If higher average density is to be achieved, fre-
quent moving of the fish is necessary, as illustrated
by the following example. Maximum density must
not exceed 100kg/m3, and required average fish
density in the production units on the farm is 
70kg/m3.The SGR is set at 0.9.The intervals between
the movements for dividing/splitting of the fish
group are calculated to be 3–4 months. The table

illustrates the interval between handling (months) in
relation to SGR, input density, average density and
maximum density where the input weight of the fish
is 100g and the harvesting weight 4kg. This clearly
shows that increased growth rate increases the need
for handling.

Interval between handling 
Fish density (kg/m3) (months) for different SGR

min avg max 0.3 0.5 0.7 0.9 1.1 1.3

40 70 100 10–11 ca. 6 4–5 3–4 ca. 3 2–3
40 60 80 ca. 8 ca. 5 3–4 2–3 ca. 2 1–2

17.2.2 Why size grade?

In a fish group there are several reason for size
grading of fish.

Improved growth

In a large group of fish in tanks or cages, there is
individual variation in the growth rate. Some indi-

Figure 17.1 To keep high average fish
density in the production unit, frequent 
handling is necessary.



viduals grow faster than others so differences in the
individual weights for the fish in the group will
develop over a period of time, even if all the fish in
the group have exactly the same weight when the
feeding period starts. This is a sub-optimal situation
for several reasons.

An ordinary biological population will typically
have a normal (Gaussian) distribution of weight
resulting from genetic variation in growth rate.
Under farming conditions with artificial feeding,
this normal distribution may develop to form a
hierarchy preventing smaller, less dominant indi-
viduals gaining access to feed. Because of this, the
variation in size might become so large, the bigger
fish will eat the smaller ones. How fast cannibalism
develops in the population is species dependent.
For instance, cannibalism will develop very rapidly
if bass are not graded.5 The distribution in the fish
group may develop from normal distribution to a
two group distribution, with typical winners and
losers; this may reduce the total growth in a fish
group6,7 (Table 17.1).

The coefficient of variation (CV) can be used to
describe the weight variation in the fish group. The
CV is the standard deviation (d) expressed as a per-
centage of the mean value 

CV = (d/Xmean) × 100.

If the mean weight of fish in group is 2kg and the
standard deviation is 0.5kg, the CV will be (0.5/2)
× 100 = 25%. In a fish group the CV varies with
species, size, age and farming conditions. The CV 
in a fish group is related to the growth rate;
faster development occurs with faster growth. For
example, in salmon smolt production the CV can be
up to 100%, while in on-growing production in sea-
water the CV is seldom above 30%.

When size grading a fish group into several
weight groups, the individual weight variation in
each of the new groups will be less than in the start-
ing group. When dividing a fish group into two, fish
smaller than the mean size are put in one group and
those that are larger in the other.When grading into
three or four groups, the size variation in each
group is of coarse even less. On a typical salmon
smolt farm between three and five gradings per
year are normal.8,9 For on-growing in cages, one
grading is normally enough plus a possible grading
in connection with harvesting.

Production control

To ensure good production control in an intensive
drifted farm, it is necessary to maintain a small size
variation, i.e. a low CV.10 Production must be con-
trolled to maintain a satisfactory growth rate on the
farm in relation to budget. This requires regular
weight sampling to ascertain average fish size in the
group. In a tank or cage with tens of thousands of
fish it is impossible to weigh all the fish individually,
so only a sample of the fish is withdrawn for weight
sampling; this sample must be representative of 
the whole group. However, this is difficult, espe-
cially if there is a large size variation in the group.
Several methods, including the use of monitoring
instruments (see Chapter 19), can be used for this
purpose.

One manual method of weight sampling uses a
dip net to take fish from a group, for instance, from
a tank of juvenile fish.11 Three samples of at least
50 fish each are taken out from the total fish group
in the production unit using the dip net. A require-
ment of this method is that the CV of the three
samples shall vary by less than 2%, otherwise more
samples are needed. Below an example is used to
illustrate how this functions in a population with
some size variation.

Example
Three samples taken from a large fish group in a
tank of juvenile fish give the following results:

Internal Transport and Size Grading 229

Sample 1 2 3

No. of fish 103 107 98

Total weight (g) 1102.3 1155.6 1009.4

Av. weight of each fish 10.5 10.8 10.3
(g)

The average fish weight based on the average of the
three samples is 10.53g. To simplify the calculations
an equal number of fish between the samples is
assumed. Between the three samples the standard
deviation (d) is 0.252. This gives a (coefficient of
variation) (CV) of:

(0.252/10.53) ¥ 100 = 2.39%
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This does not fulfil our requirements for a CV below
2% and another sample needs to be taken.

Sample 4: 102 fish of total weight 1071.0g, so average
weight of each fish 10.50g.

New average weight = 10.525g new standard devi-
ation (δ) = 0.206; new CV = 1.96%. This is satisfac-
tory, below 2%.

This shows the difficulties of taking representative
weight samples from a fish group. It is not normally
possible to obtain an acceptable (CV) without size
grading the fish.

Manual weight samples also include other
sources for mistakes. Before taking out the fish for
sampling it is important to mix them. Experience in
tanks has shown that there is a tendency for the
largest fish to be near the bottom; in cages the
largest fish are always in the deepest layers when
fish are collected for weight sampling (Fig. 17.2).
Further, all the fish that have been withdrawn in the
sample in the dip net must be weighed, not just the
first individuals that are removed (see example
below). If the fish are small it is quite easy to get
far more than 50 fish in the dip net.

Example
Below the results from the author’s experiment
where the weight (g) of different fish withdrawn
from a fish group collected in a deep net are shown.

The results are given for the first 10 fish, the middle
10 fish and the last 10 fish withdrawn from a 
sample of 50 fish, for an ungraded and a graded 
fish group.

Ungraded fish group
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Sample 1 2 3

Weight First 10 16.1 15.7 13.6
(g)

Middle 10 8.7 12.2 9.6

Last 10 5.2 4.7 4.5

Xmean 9.99 10.93 9.31

Sample 1 2 3

Weight First 10 38.4 37.2 37.3
(g)

Middle 10 38.1 37.0 40.2

Last 10 32.1 33.5 33.7

Xmean 36.92 35.93 37.07

Figure 17.2 If the large fish are not
included in a weight sample the wrong
average weight of the fish group will be
obtained.

Total Xmean = 10.10g, d = 6.05, CV = 8.07%

Graded fish group

Total Xmean = 36.63g, d = 6.8, CV = 1.69%



232 Aquaculture Engineering

These results show the largest fish are withdrawn first
and the smallest at the end.

Harvesting of fish

When a pond, tank or cage is to be harvested, it is
a great advantage if the fish in it have been size
graded. If not, the slaughterhouse must deal with
several sizes of fish which must go to the consumer
in different weight classes. It is also more difficult
to estimate precisely the amount of fish in each
weight class and therefore to achieve a good price.
An example is given below where the fish are
ungraded (adapted from ref.10). Another solution
is to size grade in connection with harvesting and
send the fish that are too small back to the pro-
duction unit.

Example
A fish population with 10000 fish (n) is to be har-
vested. The average fish size (x) is 4kg and the 
standard deviation (d) is measured as 1kg giving 
a coefficient of variation (CV) of 25%. Find the
number of the different weight classes represented,
and the assumed number in each weight class of 1
kg if the fish group distribution is normal.

In this case a normal distribution table can be used,
from which the value of d is found to be 0.841. This
means that 84.1% of the fish have a weight less than
x + d (5kg). 15.9% of the fish in the group must
therefore be larger than this, so of the 10000 fish,
1590 are over 5kg.

Similarly the number of fish under x − d = 4 − 1 =
3kg can be calculated and is 1590.Therefore between
3 and 5kg there are 10000 − (1590 + 1590) = 6820
fish. These are equally divided between 3–4kg and
4–5kg weight classes, each of which comprise 3410
fish.

Next the numbers of fish larger than 6kg and smaller
than 2kg are calculated; this represents x + 2d. Again
the normal distribution table is used and 2δ = 2 gives
the value 0.977, meaning that 97.7% of the fish are
smaller than 6kg and larger than 2kg, so 2.3% are
larger than 6kg and 2.3% smaller than 2kg. 2.3% of
10000 = 230 fish. Therefore there are 1360 fish
between 2 and 3kg and also between 5 and 6kg. The
numbers of fish below 1kg and over 7kg are very
low (13 fish in each case) and can be ignored.

As this shows, there are six different weight classes
that have to be sent to the slaughterhouse. This
makes management quite difficult.

17.3 Negative effects of handling 
the fish
Even if handling is necessary, especially in intensive
farming, it includes a number of possible adverse
effects. Before selecting handling routines and
equipment, this must be taken into consideration.
Handling creates a stress response in the fish, which
may affect the production results negatively. When
the fish become stressed, the primary and sec-
ondary effects will not normally be discovered
unless special measurements of heart rate, oxygen
consumption or blood characteristics (for instance
cortisol or glucose) are taken.12–17 The farmer nor-
mally registers the secondary or tertiary effects of
stress manifested by reduced growth and reduced
immune defence,18–21 which again may directly
reduce productivity.

It is also important to consider the possible stress
response involved in pre-harvest handling. This
may increase the consumption of glycogen stored
in the muscle (part of the stress response). The
results of this may be an earlier occurrence and a
shorter duration of rigor mortis after slaughtering,
which again will reduce the fish quality.22

How much the fish is affected by handling is
species dependent: some species are more tolerant
of handling than others. Results also show that fish
may adapt to handling procedures, and the stress
responses will gradually be reduced. This can be
seen, for example, when the fish tanks are washed.14

The first time the tanks are washed it is possible to
measure a high stress response, but this will gradu-
ally decrease as the fish begin to tolerate this pro-
cedure. Breeding programmes may also be used to
adapt the fish to more and more of the normal han-
dling operations in fish farming.23–25 When starting
to rear a new species, it is collected from natural
wild stocks and put into farming conditions. The
behaviour of such stocks differ from that of wild
stocks that have been farmed and bred for genera-
tions as is clearly seen when looking over the edge
of the tanks containing farmed and wild stock; dif-
ference in behaviour is also shown by the number
of involuntary collisions between the fish and the
tank walls.



Fish may also suffer physical damage if handled
too roughly. Tolerance here, of course, also depends
on species and life stage. The fish may be wounded,
by rough handling leading to fungal attack. It is
especially important to avoid physical damage in
pre-slaughter handling because it may reduce the
flesh quality and hence the price of the product.

All handling includes some kind of human work,
which requires time and creates costs.The total eco-
nomic cost and possible negative effects of handling
must therefore be compared to the positive effects
handling will have on the production. For this
reason it is very important to use effective handling
procedures and handling lines which affect the fish
as little as possible.

17.4 Methods and equipment for
internal transport
Two different principles may be used to move fish
inside the farm:

(1) With a supply of energy
(2) By the use of signals or stimuli to get the fish

to move voluntarily.

The first method is totally dominant, while the
second is mainly the subject of research. The most
common methods within each group are described

below. For more information about integration of
handling methods in farms see Chapter 21.

17.4.1 Moving fish with a supply of external
energy

With supplied energy, the total internal transport
process may again be divided into three phases:

(1) Crowding of the fish inside the production 
unit

(2) Vertical transport where the fish are lifted
between the levels

(3) Horizontal transport of the fish between the
units.

When moving the fish to a lower level no vertical
transport is necessary; stored potential energy is
used here as a source for the process. When moving
fish between two equal levels, crowding can be used
to force them to move.

Crowding

In almost all methods for vertical transport, crowd-
ing of the fish in a restricted volume is necessary.
Too much crowding may, however, result in
unwanted stress (Fig. 17.3). During the crowding
process fish behaviour should be observed; if 
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Figure 17.3 Fish that are 
overcrowded.
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odd behaviour occurs, further crowding must be
avoided.Two methods are commonly used to crowd
fish:

• Reduction of water level (tanks, ponds)
• Reduction of available volume (ponds, tanks and

cages)

If reduction of water level is to be used to crowd
the fish, the outlet of the tank or pond must be
designed in a way that makes drainage possible (see
Chapter 13). If there is no drain, a drainage pump
can be put inside the tank or pond, but this makes
the handling operation more difficult. Lack of
oxygen in the water may occur during this opera-
tion and supplementary oxygen may have to be
supplied; the oxygen level must therefore be 
monitored.

In cages, the net bag can be lifted to reduce the
volume available to the fish, and through this crowd
the fish.A seine net may also be used in ponds, large
tanks or cages, but is less effective. In tanks, fixed
or removable grids may be used to crowd the fish.
A combination of collection grid and a decrease in
water level can also be employed (Fig. 17.4).

Vertical transport

Dip net: The dip net is constructed with a round or
rectangular frame with a net or tarpaulin bag inside
(Fig. 17.5). Round frames are suitable for net bags
to be used in cages, while rectangular frames are
more suitable for use inside tanks. For a dry net,
small mesh knotless netting should be used to avoid
wounds. Plastic net have also been tried to reduce
the possibilities for wounding.26

If a tarpaulin bag is used the fish will always be
in water; this is also called a wet net. A hydraulic or
mechanical crane must be used to operate a wet net
because of the weight. A mechanism opens the
bottom to empty the wet net of fish and water.

Use of nets is labour-intensive, especially for han-
dling larger fish. Normally wet nets are between 100
and 500 l capacity. Fish densities above 50–70% fish
compared to water are normally avoided to reduce
the possibility of wounding the fish.

Pumps: A pump supplies energy to the water so it
is either set under pressure or vacuum which causes
the water and hence the fish to move. The fish are
therefore in water throughout the entire handling

operation. Several systems for pumping fish are
available, including centrifugal, vacuum, ejector and
airlift pumps; crucially these have an open con-
struction that does not injure the fish.

Centrifugal pump: A centrifugal pump used for
pumping fish utilizes the same principle as a cen-
trifugal pump used for pumping of water (see
Chapter 2). To avoid injuring the fish it does,
however, have an open impeller with large channels
and no narrow passages (Fig. 17.6). Because of its
construction, it is not commonly used on fish larger
than 1kg. If such a pump were to be made for 4–
5kg fish the required dimensions of the impeller
would be very large. It is normal to use submerged
pumps or at least pumps with a supply pressure.
Fish pumps can be made self-sucking with special
adaptors. The impeller may be driven by hydraulic
pressure.This makes it quite easy to move the pump
around in the farm area, because only the impeller
unit is moved. The pump may also be driven
directly via a shaft from an electric motor. Cen-
trifugal pumps are commonly used both in produc-
tion farms and in well boats; they have been used
for many years in traditional fishery well boats,
among others, for pumping herring.

Vacuum–pressure pump: A vacuum–pressure
pump consists of a tank to which inlet and outlet
tubes are connected via valves (Fig. 17.7); a small
pump is also attached. This pump can either pres-
surize the larger tank or withdraw the air from it,
causing a partial vacuum. The function of the pump
is first to evacuate the tank; then the valve to the
inlet pipe is opened and water and fish are sucked
into the tank; after this the inlet valve is closed and
the tank is pressurized; lastly the outlet valve is
opened and the fish are forced out through the
outlet tube. The operation is repeated, and a new
batch is pumped through.

The pump does not deliver water and fish 
continuously, because it operates in two phases:
vacuum and pressure. However, two pumps can be
used alternately to obtain more equal delivery of
fish and water. A vacuum head of more than 5m
H2O is normally avoided to prevent injuries to the
fish; use of less than 40% water relative to fish
should also be avoided for the same reason. Here
the manufacturer’s recommendations must be 
followed.
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Figure 17.4 A grid can be used to
crowd the fish.



236 Aquaculture Engineering

Pumps of different sizes are required for han-
dling small fish and harvesting large fish. The dif-
ference is the size of the tank, the pipes and the
pump used to evacuate and pressurized the tank.
Pumps are used on farms, in well boats and in
slaughterhouses.

Ejector pump: In an ejector pump, a high velocity,
high pressure part flow creates a region of low pres-
sure (suck) in the larger main stream (Fig. 17.8).
The fish travel with the water in the main stream.
When the water flows past the ejector it will go
from low to higher pressure. The pump can 

Figure 17.5 Various types of dip net can be used to lift the fish.



therefore deliver fish in a continuous flow of water.
The pump has no moveable parts that can injure the
fish. A suction head that is too high must be
avoided; it is better to take a larger part of the
lifting head on the pressure side. When fish have
already lost scales, as occurs to young salmon
during smoltification, they can easily lose more
scales in these pumps, especially if the ejector is
badly adjusted.

Different sized ejectors are available, adjusted to
fry and to on-growing fish. The smallest size is
portable and easy to move around the farm. Har-
vesting of mussels has also been performed with
this type of pump. Some pumps have ejectors at
both ends of the pipes so it is possible to change the
flow direction; these are of interest on well boats
for pumping fish in and out of the well.

Airlift pump: An airlift pump can be used for
pumping fish (Fig. 17.8). Air is added to create
bubbles that rise to the surface through a vertical,
water-filled pipe suspended in the fish cage or tank.
The bubbles cause drag on the water particles near
them and create an upward flow of water inside the
pipe. This moves the fish that are in the water up
through the pipe. The capacity and the lift height in
such a pump depend on the depth of the water, at
which depth the air is supplied and the amount of
air supplied. If using airlift pumps for fish transport,
there are always possibilities for supersaturation of
the water with nitrogen gas. Because of the short

fish retention time in the pump, this will not 
normally result in any problems, but if the fish stay
in the water for a longer period, problems may
occur.

More generally, fish pumps can be used for dif-
ferent fish sizes from juvenile through to fish ready
for harvesting.The difference is the size of the tubes
or pipes. Pumps may also be used for harvesting
shells and mussels from the bottom culture, espe-
cially airlift and ejector pumps.

It is very important that pumps are used accord-
ing to the supplier’s recommendations. Several
problems have occurred when transporting fish due
to incorrect pump use; examples include fish that
have been cut by valves, eyes that come out because
of incorrect pressure conditions, and scale loss;
they all show the importance of correct pump use.
Awareness of the correct suction head is especially
important.

The great advantage of pumps over other han-
dling methods is their large capacity. Today pumps
are being used increasingly in intensive aquaculture
as well as in slaughterhouses.

Fish screw: The fish screw, or pescalator, is based
on the Archimedes screw which was used for lifting
water in ancient times (Fig. 17.9). A screw is fixed
inside a pipe which has a belt around its circumfer-
ence. The belt is further connected to a small elec-
tric motor; when the motor starts the belt will rotate
as will the pipe and therefore the screw relative to
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Figure 17.6 A centrifugal pump for pumping fish.
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Figure 17.7 A vacuum–pressure
pump for pumping fish.
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Figure 17.8 Airlift (top) and ejector (bottom) pumps for pumping fish.
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it. This is not a traditional screw which rotates; the
pipe in which the screw is fixed rotates. Rotation 
of the pipe will result in lifting of water and the 
fish within it. The fish appear to be lying with water
in small basins. Fish must be crowded around the
inlet of the pipe for the screw to be filled with fish.
Hence the screw may be placed in a well where the
fish are automatically crowded. Another solution is
to use a special perforated tank around the inlet,
which again stands inside the fish basin or pond. A
dip net may be used to lift the fish up and into a
perforated tank. The lift height achieved depends
on the length of the screw. To avoid damage to the
fish it is not recommended to have an angle towards
the horizontal plane of more than 40°. Usually the
screw length is between 3 and 6m, while the diam-

eter of the pipe varies between 30 and 45cm. An
area around the tank or pond where the screw is to
be used is required, so that the screw can be repo-
sitioned. Such screws are commonly used in tanks
with low water levels and in ponds.

Transport tanks: The transport tank is specially
designed with smooth surfaces and angles to avoid
wounding the fish during transport (Fig. 17.10). The
fish have first to be transferred from their ordinary
production unit to the transport tank, for instance
by use of a dip net or by pumping the fish. It is nec-
essary to have mechanical equipment, such as a
forklift truck or a tractor with a front loader, to lift
the transport tank because of its heavy load of
water and fish. The fish can stay in the transport

Figure 17.9 A fish screw used to
move fish.



tank at quite a high density; it is not usual to add
extra oxygen into the tank during internal transport
on the farm. The period that the fish can stay in the
tank without a supply of oxygen is, however,
limited.

The size of tank selected depends on the size of
the fish to be transported. Tanks of 300–800 l are
normal. Fibreglass or aluminium are the usual con-
struction materials for transport tanks, and the
design is very similar to that of tanks used for ordi-
nary fish transport (Chapter 18), but smaller. Tanks
for internal transport may therefore be used for

transporting small amounts of fish out from the
farm (external transport). The tanks are not,
however, insulated like many of the long distance
transport tanks. To enable the fish to be tapped out
of the transport tank there may be a hatch close to
the bottom which makes emptying of the tank
quick and easy. The tank may also be used for ver-
tical transport at the farm, being lifted with either
a forklift truck or a tractor.

If tanks are to be used for fish transport, quite a
large transport area is required. This must be as
level as possible, to prevent the tractor or forklift
truck tilting when lifting the tank. Use of a trans-
port tank to move juvenile fish is physically unde-
manding. The capacity of this internal transport
method depends on the size of the tank, the fish
density and the duration. Fish density is species
related; for example, over 500kg in 1000 l of water
can, easily result in lack of oxygen. Transport with
such high densities must therefore only last for a
short period of time.

Horizontal transport between units

Pipes are commonly used for internal transport of
fish. The method is also often combined with
pumping, for instance in cage farming. Here the
pump transports the fish vertically and the hori-
zontal transport is done through pipes. A certain
excess pressure (head) is necessary for fish trans-
port in pipes. If not using a pump to create this 
pressure, one possibility is to create a magazine of
fish and water from which the fish can be tapped by
gravity; alternatively, the pipe must slope down-
wards and use gravity.

If there is a natural slope in the building area, a
fish farm may be built in terraces with start feeding
in the upper part and on-growing in the lower parts
(Fig. 17.11). Fish transport can then be performed
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Figure 17.10 A tank used for internal transport of fish.

Figure 17.11 The farm may be ter-
raced to utilize gravity for internal
transport.
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through pipes utilizing the natural slope. Another
method is to use a common tapping centre to which
tapping pipes from the fish tanks are connected.
This can either be a common tapping pipe system,
or there can be individual pipes from the separate
tanks. From the tapping centre, vertical transport
can be performed by some of the methods men-
tioned previously, a fish pump or a fish screw, for
example. It must be possible to reduce the water
level in the tapping centre to crowd the fish before
vertical transport (Fig. 17.12); this can, for instance,
be used to transport the fish back to other tanks or
to a grader.

The same principle may also be applied in ponds,
where the fish are tapped out to the harvesting
tank. This requires the pond to be constructed to
allow this, with a self-tapping pipe through the pond
levee.

When selecting the diameter of the tapping pipe,
experiments have shown that it should be large

Figure 17.12 A common tapping
centre may be used for collecting fish
from several tanks.

enough to enable the fish to turn inside.27 A dia-
meter of at least half a fish length is a good start,
but this will of coarse also be species dependent.
The flow velocity inside the pipe must be suffi-
ciently high that the fish understand it is not possi-
ble to fight against the water flow and will only be
dragged along with the water flow. If the velocity is
too low the fish will fight against the water flow and
be exposed to more stress. The correct velocity will,
of course, depend on the species and its swimming
performance; for salmonids an appropriate velocity
in the pipe is three to four fish lengths per second27

(Fig. 17.13).
The capacity of the system depends on the velo-

city of the water, the diameter of the pipe and the
size of the fish; the distribution of fish through the
pipe depends on the diameter of the pipe and 
the size of the fish. Normally, completely water
filled pipes, such as from pumps, are recommended;
otherwise quite large slopes on the pipes are nec-

Figure 17.13 Use of pipes for fish
transport.



essary. If using partially filled pipes, after-flushing
with additional water must be carried out to empty
the pipe completely of fish. If after-flushing is
started before the pipes are empty of fish a more
even distribution of fish through the pipes will
result. If the farm is constructed with a good system
for tapping of fish there is minimal requirement for
human work to operate the handling system. The
capacity is large both in total and per man-hour.

One question may be raised regarding the use of
a common tapping centre where pipes from several
tanks are connected, because there is the possibil-
ity of transferring diseases between fish tanks
through the pipes and the common tapping centre.
When a farm is going to be constructed or recon-
structed, much effort must be put into the disinfec-
tion systems, drainage and insulation of single
tanks, when a tapping centre is to be used.

If the fish are to be tapped through pipelines, all
the valves in the system must be of the ball or throt-
tle type; with these valves the pipe diameter can be
completely open through the total cross section.
This is important to avoid narrowing in the pipes
and by this possible damage to the fish.

17.4.2 Methods for moving of fish without 
the need for external energy

Today there are no commercial systems available
based only on voluntary movement of the fish.
Some experiments have, however, been performed
where the aim has been to move fish without sup-
plying energy. If stress, wounds and labour are con-
sidered, such methods are, of course, of interest.

To get the fish to move voluntarily, they need a
signal or a stimulus that tells them to go. This can
either be a positive signal that will attract the fish
or it can be a negative signal from which the fish
will swim away. The fish may also be trained so that
a signal gives a positive or negative response. What
type of signal or stimuli that can be used depends
on the species and age. Practical observation has
shown that the fish will keep away from areas with
low oxygen levels. It is, however, important that
environmental conditions are varied in a positive
and not a negative way, which again may stress the
fish. Flow of water is interpreted as positive stimu-
lus for species that naturally prefer to stay in a
water flow, such as salmon. Here juvenile and on-
growing fish will swim against the water flow while

smolts will drift with the flow.28 One way to achieve
voluntary transport is to equip the tanks with
hatches, and have a channel where the fish can swim
through and into the next tank (see Chapter 21).
Water flow and light conditions can be manipulated
to improve voluntary transport.29,30

The addition of chemical substances to the water
can be interpreted as a positive stimulus by the
fish.31–33 Experiments have shown that certain types
of amino acids can attract fish34 (Fig. 17.14). Mani-
pulation of the light conditions may also have a pos-
itive effect on the voluntary movement of fish; dark
zones may attract them.35

The fish may also be trained to respond to a stim-
ulus voluntarily.The simplest way is to teach the fish
to associate a signal with a positive stimulus, i.e. to
condition their behaviour.The Russian physiologist
Pavlov demonstrated this with his famous dog
trials: every time the dog was fed a bell rang and
after a while the dog salivated in anticipation of
food merely when it heard the bell ring. In fish
farming, similar experiments have been carried out
in connection with collecting fish.36,37 In the author’s
experiments fish were trained to associate a flash-
ing light with feeding38,39 (Fig. 17.15); after a period
the fish crowded together around the flashing light,
even if they were not fed. Similar principles have
been used in the sea. Sound has been used as a
signal when feeding fish in a cage. After a period of
training the net bag was removed and the fish
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Figure 17.14 Chemicals can be used to attract the
fish.
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A

B

C

Figure 17.15 (A–C) If fish are
trained to associate feeding with a
flashing light, they will come to the
light when it is flashed. (C) A rig was
developed for doing experiments that
allowed the fish to move between
tanks.



released;40 they could now swim and search for
natural feed over a larger area. By making a sound
again the fish crowded around the feeder and col-
lection for harvesting was possible. In tanks a sound
signal is difficult to use because of echoes from the
walls which make it impossible for the fish to locate
the sound source exactly.

The main problem with voluntary transport is its
effectiveness and the time needed when the fish are
to be moved. Not all the fish respond to the chosen
stimulus, which also represents a problem.

17.5 Methods and equipment for size
grading of fish
Similar to the methods and equipment for internal
transport, the size grading equipment may also be
divided into systems that do and do not require
addition of extra energy. It may not be necessary to
supply energy to the grader, but the equipment may
be of a design that requires potential energy; the
fish must be lifted to a higher level before grading
and sent from there into the grader.

All size grading will stress the fish, even if 
there are variations from species to species. For 
this reason, it is important that the equipment 
used and methods employed are implemented 
correctly to minimize the stress response of the 
fish. Wounds may also occur as a result of incor-
rectly adjusted grading equipment. Therefore
graders must be used according to the supplier’s
recommendations.

Several methods are used for grading of fish.
Equipment can be separated into that needing a
supply of energy and equipment where the fish vol-
untarily grade themselves. The first method is
totally dominant. The effectiveness of the different
methods is to some degree dependent on the
species to be graded. The latter method is mainly
used in research activities. A brief survey of the
methods most used follows.

17.5.1 Equipment for grading that requires an
energy supply

Methods where the fish are taken out of the water

Manual: Fish can, of course, be size graded manu-
ally. Each fish is taken on a table, visually graded by

hand and sent to the different size classes. This
method can be used to grade very small amounts of
fish, but it is labour intensive. Therefore some types
of automatic grader are used.

Fish cradle: A grading cradle is simple in construc-
tion and cheap to buy (Fig. 17.16). It is quite
common to use a cradle, especially for the first
grading, or for small species. The same is the case
for smaller farms or on more extensive drift farms
that seldom grade their fish. A cradle is basically a
box with ribs or bars in the bottom. When using a
traditional cradle, fish of different sizes are crowded
into the cradle which is placed inside the fish tank.
The cradle is then lifted up and shaken. Small fish
will now fall between the ribs in the bottom of the
cradle and remain in the fish tank. The cradle 
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Figure 17.16 Using a fish cradle to grade fish.
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containing the larger fish is then lifted out of the
tank and swung into another tank where the large
fish are released. In relation to capacity the use of
cradle for grading is labour intensive. A cradle that
is lifted manually will impose large loads on the
operator’s back. The advantage with using a cradle
is that it is simple, inexpensive and does not require
any additional equipment.

Grading box: A grading box is based on the same
principle as the grading cradle. The fish are lifted
out of the fish tank, for instance using a dip net, and
poured into a box with a grading grid in the bottom.
The smallest fish will fall through the bottom of the
grading box under gravity. The bottom consists of a
grid made of bars; the distance between the bars is
adjustable.The box normally slides on a rail system,
and when the small fish have fallen out the box is
moved over a new tank using the rail system. Here
the distance between the bars in the bottom of the
box is increased and fish of a new determined size
then fall through the grid. Afterwards the sliding
box can be moved above yet another tank and the
distance between the bars increased once more, so
the largest fish will fall out. The equipment has low
capacity and is only recommended for grading
small fish.

Tilt grader: A tilt grader is based on a similar prin-
ciple. Fish are poured over a grid system, normally
with two or more sections on top of each other (Fig.
17.17). The fish are poured into the middle section

and the smallest fish fall through all the grids and
into a tank below. Then the top grading grid, which
has the largest distance between the bars, is tilted
to one side and the largest fish will follow and fall
into a tank. Then the grader tilts the intermediate
grade to the other side and the medium sized fish
will fall into another tank. If a small amount of 
fish is being graded, the grid may be tilted manu-
ally. For larger fish and larger quantities, hydraulic
cylinders may be used to tilt the grids. This type of
grader normally divides the fish into three size
classes. It has quite low capacity and is also labour
intensive.

Another method based on the same principle 
is also used on large fish. The fish are crowded 
into a grading box fixed to a sledge. When a 
reasonable number of fish have come into the 
box, hydraulic cylinders lift it. The smallest fish 
then fall through the grids in the bottom and down
into the tank fixed below. When the sledge reaches
the top of the rail system, the fish are dropped into
different size groups separate from each other. In
this system the vertical transport is part of the
grader.

Grading grids
Design of a grading grid: There are a number of
ways to design a grading grid, which may be placed
horizontally or vertically. The grading grid can
either have a fixed or variable distance between the
bars. If the distance between the bars is fixed sepa-
rate sizes of grading grid must be available on the
farm according to the size of the fish to be graded.
To achieve a variable distance between the bars
several methods are available (Fig. 17.18). One
method is to set the bars in a frame where the two
opposite sides can be displaced parallel to each
other, so changing the distance between the ribs.
The scissor principle may also be used. Here the
separate bars are placed in the centre of a scissor
construction; by opening this out, the distance
between the bars is changed. It is also possible to
place removable knots of various sizes between 
the single bars to obtain a grading grid with 
variable distances between the bars, but changing
the spacing between the bars will require more
time.

The same bar construction may also be used in
grading grids which are to be placed vertically in
the water, in a net cage, pond or sea cage. The gridFigure 17.17 A tilt grader for grading fish.
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may either stay fixed in one place or dragged
through the production unit as an integral part of
the seine net.

Distance between the bars: The distance between
the grading bars determines the size of fish to be
placed in the different classes. This size, or actually
the thickness of the fish, is related to its weight. It
is, however, difficult to give exact values for the dis-
tances that should be used to grade out fixed sizes
of fish. This of course varies with the species,
because they have different body shapes. However,
it also varies with the condition of the fish within
the same species. A fish in good condition will be
thicker than one in poor condition. Normally a fish
is thickest just behind the gills, but this may vary
from species to species.

To obtain a rough estimate of the distance
between the bars, salmonids can be taken as an
example. A rough estimate says that The width of
the fish i.e. the thickness (T), is around 1/10 of the
length of the fish. The condition factor of the fish
(C) and the weight of the fish (W) in grams may
also be used to estimate in mm (and hence the dis-
tance between the bars). The following formula
may be employed:

C = (W × 100)/T 3

T = C/(W × 100)1/3

where:

T = thickness of the fish (mm)
C = condition factor of the fish
W = weight of the fish (g).

Grading machines (graders): A number of princi-
ples are used to determine the design of grading
machines or grader. For all machines described the
fish must be lifted out of the water; it is also neces-
sary to lift the fish up to the grader, and the lifting
height depends on the principle used for grading.
Because the fish are graded in air, it is usual to spray
them with water to prevent them drying out. After
grading, the different fish sizes are delivered into
different tanks through a pipe system, each housing
a different size of fish, or the different sizes can
return directly to the different fish tanks, depend-
ing on the total handling system. To get effective
grading the grader must be fed continuously; the
fish must not come in batches. Depending on con-

struction, the grading machines are to various
degrees adapted to take fish with different body
shapes, for instance flatfish. Before choosing a
grader it is therefore important to ensure that the
grader is appropriate for the species.

Bar graders: In a bar grader the fish slide down on
a slightly sloped ‘rib table’ constructed of beams or
bars (Fig. 17.19). The distance between the bars is
smallest close to where the fish enter the table and
then gradually increases.Therefore the smallest fish
will fall through the bars first into the tank under-
neath. Since the distance between the bars gradu-
ally increases larger fish will fall through when they
have advanced some distance from the entry point.
This type of grader is usually used to divide the fish

Figure 17.19 A bar grader.



group into two or three size classes. The advantage
with the bar grader is that there are no movable
parts, but it has limited capacity compared to the
other graders. What decides the capacity is the
slope angle on the grading board. However, if 
the slope is too large sub-optimal grading will
result; many fish will enter the wrong weight groups.
In each case there will be an optimal slope, and this
must be tested on the site.

Roller grader: The design of the roller grader is
similar to the bar grader, but the bars are replaced

by rotating rollers. This system can be utilized for
all size classes; the size of the graders is the only dif-
ference. Roller graders are normally installed on
land-based farms, but may also be installed on boats
or rafts for grading fish in sea cages. A machine
located on a raft can be partly submerged to reduce
the required lifting height.

The principle of ‘dry placed’ roller graders for
juvenile and on-growing fish involves lifting and
pouring the fish, so that they flow over the ‘table’
with the rotating rollers (Fig. 17.20). Two pairs of
rollers rotate away from each other so that the fish
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Figure 17.20 A grader equipped with rotating rollers,
where two pairs of rollers rotate away from each other.
The rollers are driven by electric motors.
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are not squeezed between the rollers, but lifted up
so that they fall through the grading table in the
correct place. Between the pairs of rollers there is
a ridge. The distance between the rollers increases
from the start to the end of the grading table. Two
different types of rollers are used: the first type of
roller is the same diameter along the whole length
and is installed with a fixed angle between the pair
of rollers; in this way an increasing distance
between the two rollers is achieved. The other type
of roller has a diameter that decreases in steps
along the direction of movement of the fish,
because of which there will be an increase the dis-
tance between the rollers; this ensures separation of
the fish based on thickness. A roller grader has an
electric motor to drive the rollers via gear wheels.
Normally this grader will divide the fish group into
three to four different sizes. Roller graders have
higher capacity than bar graders. The capacity
depends on the number of rollers, or actually the

width of the machine, the length and the slope of
the rollers.

To use this type of machine, the fish must be lifted
up to the grading table. The head loss over the
machine is quite low (about 50cm H2O). Normally
it is therefore possible for the fish to fall directly
from the machine back into ordinary fish tanks
through pipelines. This type of machine is normally
equipped with wheels so can be easily moved
around the farm and stored when not in use.

Belt grader: In a belt grader the fish slide between
two rotating belts that are positioned obliquely to
form a V-shaped channel with no bottom (Fig.
17.21). The rotation of the belts helps to drive the
fish forward in the channel. To rotate, each belt is
equipped with its own electric motor. From the
point where the fish are poured into the machine,
the distance between the belts gradually increases.
When the distance between the belts is large

Figure 17.21 In a belt grader the
distance between two rotating belts
gradually increases.



enough the fish will fall through into tanks under-
neath, the smallest fish first followed by the other
sizes. Normally this grader is used to grade into
three size classes or more. These graders have a
very low head loss, so only a low lifting height is
required for the fish to enter the grader. This type
of grader is also equipped with wheels for easy
movement inside the farm; it is long and narrow
(3–5m) and so requires a long space.

It is important not to overload the grader with a
too many fish. Sub-optimal grading will result,
because the small fish may stay on top of the larger
fish and in this way drop into the wrong size class.
This problem may also occur with roller and beam
graders, but in these cases a wider grading table can
be used to increase the capacity and in this way
reduce the problem.

Band grader: This is a fairly new grading principle
which combines the belt and the roller grader (Fig.
17.22). A tilted rotating belt or band of PVC into
which the fish are lead is used. The fish lie on their
side and move in the direction of rotation of the
band. A roller is sited above the belt. The distance
between the band and the roller gradually increases
in the direction of transport. When the distance is

large enough the fish will slide under the roller. In
this way division into groups is achieved. It is
normal to grade in groups of three sizes with this
machine.The machine has also proved adequate for
grading flatfish such as turbot.

Level grader: On a level grader the fish are poured
onto the top and gradually slide down through
tilted grids that form a ‘grading table’ similar to the
bar grader (Fig. 17.23). The larger fish will not go
through the grid and will therefore be removed on
the first grid. Smaller fish will continue to fall
through onto a new tilted grid where the next fish
size is removed, and then the same process may
continue with new grids. Normally this grader will
also divide fish into three size groups, but the
machine may quite simply be adjusted to grade
several sizes. The advantage with this machine is
that there are no moveable parts and that the
largest fish are removed first. The machine has a
quite a high head loss and the fish must be lifted in
order to enter the machine. Such graders are not
normally mobile, but lightweight versions may be
produced so that moving is possible. This type of
machine is recommended to stay centrally placed in
the farm. If the system for getting fish in and out
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Figure 17.22 A band grader utilizes a
principle that is also adequate for grading
flat fish species.
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Figure 17.23 In a level grader the
largest fish are separated away first,
which prevents the smaller fish
staying on the back of larger fish.



from the grader is well designed, a large grading
capacity can be achieved with this system, for
instance in connection with a tapping centre.

Other types of grader: There are also a number of
other grading systems and principles that can be
used. These are not described here where focus is
on the most general types and basic principles. For
instance, many fish farmers have constructed their
own graders adapted to their specific needs.

Methods for grading the fish in the water

Methods where the fish are maintained in the water
throughout the entire grading process have been
developed for raceways, ponds, sea cages and
grading channels.5,41,42 In raceways this is possible
by using movable vertical grading grids (Fig. 17.24).
When using the grid it is moved towards the fish
which are forced to swim through. It is often used
in combination with a water flow towards the fish.
The smallest fish will pass through whilst the larger
fish will not be able to do so and will gradually be
crowded together.

Pulling two cages together and placing the
grading grid in the middle gives a similar system.

Alternatively, a seine net with a grading grid
included can be dragged through a cage or pond
(Fig. 17.24). The smaller fish will swim through the
grid and remain in the cage or pond, while the
larger fish will be crowded together and can be
removed. In circular tanks a similar method can be
used. A vertically placed grading grid is dragged
through the tank like the hand on a watch. Another
dense grid is fixed in the tank. Both the grading grid
and the dense grid are fixed on a fitting in the centre
of the tank; this may, for instance, be a centre drain
in the tank.43

17.5.2 Methods for voluntary grading 
(self grading)

The same stimuli that are used for voluntary fish
transport have been used for self grading34,42,44 (Fig.
17.25). Water flow towards the fish, scented sub-
stances, manipulation of light conditions and
behaviour training have all had some effect, but full
size grading of an entire fish group has been shown
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Figure 17.24 Moveable grids can be
used for grading in the water in: (A) sea
cages and (B) raceways.
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to be impossible. In addition, it is necessary to have
a slightly larger distance between the ribs when
using stimuli compared to traditional methods for
grading because the fish will not go through small
passages voluntarily. In particular, when the fish
feel the ribs on their sides they will stop swimming
voluntarily. In practice, where time is limited,
stimuli are not useful for voluntary grading of fish.
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18
Transport of Live Fish

hand. Several methods are employed for transport
of fish, and a survey of those used follows.

18.2 Preparation for transport
Since the duration of transport is normally quite
long, several hours at least, it is important to
prepare the fish beforehand. The fish must be in
good conditions and should be starved before being
transported to empty the stomach and digestive
system and hence reduce the release of waste meta-
bolic products that cause the quality of the trans-
port water to deteriorate. Starving the fish will also
reduce the metabolic rate and hence oxygen con-
sumption and secretion of ammonia and carbon
dioxide during transport. The length of the starva-
tion period needed depends on the water tempera-
ture and the fish species, but is 24 hours or more.

Internal transport, size grading and other han-
dling must be carried out in anticipation of trans-
port; the fish must be fully recovered from the stress
that these actions involve before being transported.
Loading the fish into the transport container must
be performed in a manner that affects the fish as
little as possible and minimizes stress.After loading
it is also important to expose the fish to as little
stress as possible to keep recovery times short.

The water used in the transport equipment must
have similar characteristics to the water quality that
the fish are used to so that they are not exposed to
a new stressor. Variations between the temperature
of the farming water and that of the transport water
must also be avoided to minimize stress to the fish.3

Normally a reduced water temperature during fish
transport is beneficial because the metabolic rate,
and hence oxygen consumption and the release of

18.1 Introduction
Because juvenile farms, on-growing farms and
slaughterhouses can be located in different places,
it is necessary to transport live fish and other
aquatic organisms. Live fish may be transported as
fry or juveniles to on-growing farms, and the adult
fish may be transported to the slaughterhouse.
There is also some transport of fry and juvenile fish
associated with restocking in the wild. Transport of
fish can be classified as external transport (normally
known as transport) and internal transport of fish
inside the farm area (see Chapter 17). The dif-
ferences are in the distance and duration of the
transport.

The equipment used for transporting fry/juvenile
and adult fish is similar in design. The main differ-
ence concerns the size of the tank, which must be
of sufficient volume, and fitted with large enough
hatches and/or valves for filling and tapping out 
the fish.

All procedures will vary depending on the
species to be transported. However, all transport
will result in extra stress for the fish, possibly
leading to death;1,2 this will not necessarily occur
during transport, but can do so over several days
after transport. Good preparation before transport
and good routines during transport and reception
are therefore important. There may also be gov-
ernment regulations concerning the transport of
live fish and other aquatic animals, based on animal
welfare needs. Acceptable fish densities and
requirements for adding new water, or water
exchange, serve as examples.These regulations may
also include requirements for design of the trans-
port equipment, so this must be checked before-
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metabolic products such as ammonia and carbon
dioxide, will be reduced. Furthermore, the content
of available oxygen in the water will increase.
However, this may stress the fish unnecessarily,
and some warm water species will also die if the
temperature is too low. Whether it is appropriate
for the transport water to be chilled by adding ice,
for instance, must be checked with regard to the
transported species.

Fish may be more vulnerable during some life
stages than others; for instance, transport of salmon
smolt during smoltification, when the scales are
loose. Special care must be taken when transport-
ing fish in such situations.

18.3 Land transport
Land transport with trucks or smaller vehicles is
commonly used for live fish and also for other
aquatic organisms. The method is especially suit-
able for fry, juvenile and small sized species (<1kg),
because the weight is limited. When moving large
adult fish, the total cargo weight of the vehicle is a
limiting factor. The same is the case for the size of
the fish transport tanks.

18.3.1 Land vehicles

There are several types of land vehicle used for fish
transport, including vans, wagons and trucks. Nor-
mally the vans and trucks have two axles, but larger
trucks with several axles and trucks with a trailer or
semi trailer may also be used. Calculations have
shown that the unit transport cost decreases with
increasing size of truck: in going from a two to three
axle truck, and a tank volume of 4m3 to one of 
8m3, the trucking costs will increase by 30% while
the transport volume is doubled.4 A good journey
on the truck is an advantage for both the fish and
the equipment.

Fish transport trucks can be completely special-
ized. Combined trucks that are also used for other
purposes, such as general cargo, may also be used;
the advantage with the second option is that it
might be difficult to keep the truck fully booked all
year round with fish transport alone.

18.3.2 The tank

Two main types of tank are used for fish transport
(Fig. 18.1): either a separate removable tank is

placed on a platform on the truck, or the tank can
be attached directly to the truck chassis. Removable
tanks are normally prefabricated in sizes ranging
from 200 to 4000 l capacity. Fibreglass is commonly
used for tanks, but stainless steel and aluminium
may also be used. If the truck is to be used for other
purposes the fish tanks can easily be removed. If the
tank is specially designed to be fixed directly to the
truck chassis more time will be needed to remove
it before the truck can be used for other purposes.
Fixed tanks are normally made of stainless steel or
aluminium; inside they are divided into separate
compartments. The principle is the same as that
used for tanks for transporting other liquids such as
milk or fuel. These tanks are also divided into sep-
arate compartments inside, even if this is not appar-
ent from the outside.
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Figure 18.1 Trucks for fish transport either have
removable tanks placed on a platform body or larger
tanks fixed directly to the chassis frame of the truck
(lower photograph).
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The fish are loaded through hatches on the top
of the tanks and unloaded through special tapping
valves in the bottom. It is important that there are
smooth connections so the fish are not wounded.To
avoid temperature variations during transport
tanks may be constructed with a double wall with
insulation in between. However, if insulated cabinet
trucks are used for transport of single tanks, this is
not necessary.

Regular cleaning and disinfection of the trans-
port equipment is necessary; this requires the tank
to be designed in a way that makes it easy to clean,
with smooth surfaces for instance. ‘Dead areas’
where cleaning is difficult must be avoided. The
inner tank surface area must tolerate standard dis-
infection liquids. The material must be of a closed
structure to avoid water being forced into it so that
later disinfection is difficult.

18.3.3 Supply of oxygen

The fish consume oxygen during transportation 
and additional oxygen must be supplied if the 
transport lasts for some time. The amount of
oxygen needed can easily be calculated by looking
at the available oxygen in relation to the consump-
tion by the fish. Oxygen is usually supplied from
bottles attached to the truck and is added to the
water in the fish tanks through diffusers which lie
on the tank bottom. Air may also be used as an
oxygen source for the fish; in this case the truck
must be equipped with an air blower. If transport-
ing fish at high density and only adding air through
diffusers in the bottom of the tank, large numbers
of bubbles in the water can result, which is not rec-
ommended because it will stress the fish. When
adding air, supersaturation with nitrogen must be
avoided (see Chapter 8). It is important to get a
good distribution of the added air or oxygen
throughout the tank;5 an airlift pump may be used
to create a flow inside the tank and hence an
improved distribution.

When fish are transported for long periods of
time (>12h), depending on the density, problems
may result from accumulation of carbon dioxide in
the tanks. Airlift pumps may be used to aerate the
water and will also remove some of the excess
carbon dioxide. They will also cause the water to
circulate inside the tank (Fig. 18.2). When using
such a pump, the air is supplied via a perpendicu-

lar closed pipe which runs from a few centimetres
above the tank bottom to a few centimetres above
the water surface. The addition of air to the water
inside the pipe creates bubbles which will drag the
water towards the surface and in this way generate
a water flow inside the tank. The air blower is fixed
to the frame of the truck. To get proper water cir-
culation, an airlift pump can be placed near the
centre of the tank; however, it must not inhibit
filling of the tanks with fish through the hatches on
the top.

Near the bottom of the tank the airlift pump will
create an area of low pressure and the fish may 
get stuck to the inlet of the perpendicular pipe.
To avoid this, a wide perforated screen should be

Figure 18.2 An airlift pump may be used to add
oxygen and at the same time remove excess carbon
dioxide. The photograph shows the installation in a
transport tank.



placed around the inlet to reduce the water veloc-
ity and possibilities for the fish to get stuck.

When using the airlift pump it is important to be
aware that when carbon dioxide is removed from
the water there will be an increase in pH and hence
an increase in the concentration of ammonia rela-
tive to ammonium ion. Ammonia is rather more
toxic to the fish than ionic ammonium and could
cause problems in high concentrations. The reason
for this is that the equilibrium NH3 ª NH4

+ is pH
dependent (see Chapter 9).

18.3.4 Changing the water

In addition to high concentrations of carbon
dioxide it is possible to get high concentrations 
of ammonia (total ammonia nitrogen, TAN)
depending on fish density, water temperature, trans-
ported species and duration of transport. To avoid
fish mortalities it is therefore necessary to have the 
following:

• Proper water exchange routines
• A system for cleaning and re-use of the transport

water or dosing with additives.

Few trucks are equipped with cleaning and water
re-use systems, and few operators use additives (see
below), so water exchange is therefore the most
common method. Because of this fish transport
must be properly planned, taking into considera-
tion the duration of the trip, the oxygen require-
ments of the fish and the necessity of water
exchange. When exchanging water, the incoming
water must be of satisfactory quality, so that a stable
water environment is maintained for the fish. To
avoid additional stress it must have a similar quality
to that of the production water. When exchanging
water, mixed zone problems must be taken into
consideration,6 In addition the water must not
contain any micro-organisms which are harmful 
to the transported fish. The outlet water must be
treated and released in a secure place, because it
might contain micro-organisms that could harm the
natural fish stocks in the area. It is therefore impor-
tant to know the government regulations regarding
intake and release of transport water.

The length of time during which fish can be trans-
ported without water exchange depends on water
temperature, fish density and tolerance of the fish
species to the decreasing water quality. The water

quality gradually deteriorates as a result of fish
metabolism until it is toxic to the fish. Normal water
exchange intervals are 10–16h, but it is possible to
have longer intervals between water exchanges: low
water temperature will reduce the metabolic rate
and therefore the fish may be transported for a
longer period without water exchange.

18.3.5 Density

The density of the fish during transport is of impor-
tance for transport economy. Hence the amount of
water transported must be as low as possible in
relation to the amount of fish. An accurate limit of
the correct density for transport is difficult to cal-
culate and may vary greatly among species, size and
development stage. For instance, Tilapia can be
transported at higher densities than rainbow trout.
If the water temperature increases, the density must
normally be reduced. For salmon, which is a species
that has very high requirements regarding water
quality, a rough estimate says that for temperatures
below 8°C a density of up to 90–100kg/m3 may be
supported;7,8 if the temperature is above 8°C, a
density of up to 50kg/m3 is recommended. If the
temperature is very high, transport is difficult,
because both the oxygen requirements of the fish
will increase and the oxygen content in the water
will decrease. Another way to express density is as
the percentage of fish in the total transport water
volume. At a water temperature of 18°C, densities
for catfish of up to 38%, Tilapia 32%, carp 15% and
drum 4% have been reported for transports of
duration 8–16h for fish of various sizes.9

Some insurance companies have their own guide-
lines regarding density of fish under transport.
These guidelines must be known before trans-
portation, if the fish are to be insured. There may
also be government regulations governing fish
density.

18.3.6 Instrumentation and stopping procedures

The temperature and oxygen level should be mon-
itored during fish transportation to control and
avoid critical situations. Therefore the truck must
possess the necessary instruments such as a ther-
mometer and an oxygen meter. These may be
simple portable devices or fixed so that they can be
read straight from the driver’s cab.An alarm system
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may also be installed to detect and respond to vari-
ations in these parameters.

When transporting fish one should not, however,
depend entirely on the instruments installed in the
tank. Visual control is also necessary. Programmed
stops are recommended for observation of fish
behaviour. The frequency of these stops may vary:
a stop quite early in the trip is recommended, for
instance 15min after the start, and subsequently
each hour or every two hours thereafter.

It is necessary to keep a logbook during the
journey in which parameter values and observa-
tions are registered. It is also necessary to record
fish behaviour and any special occurrences during
transportation. If something happens to the fish
during or directly after transportation, the logbook
could be used to find a possible explanation and to
claim on the insurance policy. The economic value
of the transported fish can be quite high: if trans-
porting 100g salmon smolt, each valued at 1 €, in a
10m3 tank with a fish density of 50kg/m3, the total
value of the cargo will be 5000 €.

18.4 Sea transport
Large quantities of fish can be effectively trans-
ported by sea. This may be carried out by special
boats, well boats or by hauling the sea cages or
other floating installations with boats. Compared to

trucks on shore, the advantage with using well boats
is that the well is much larger than the truck tanks
so the amount of transported fish can be increased
and therefore the costs per fish transported
reduced. Larger tanks are also better for larger fish,
for instance for transporting fish to the slaughter-
house because the available volume for the fish to
swim in is greater.

The fish can also be transported by hauling the
net cage or another closed construction. However,
the recommended drag velocity is quite low; this is
of course also species dependent, but is never rec-
ommended to be above 1 or 2 knots. Such veloci-
ties will also impose large forces on the dragged
constructions.

18.4.1 Well boats

Boats used for live fish transport are equipped with
wells (internal tanks) for holding the fish (Fig. 18.3).
Well boats have for many decades been used for
transporting various species, such as herring and
pollack, from traditional fisheries. The same boats
may today be used for transporting farmed fish.
Special systems for loading and unloading the 
fish may be installed. The normal size of well boats
varies from 20 to 60m and they may accommodate
up to 150t of live fish.10 Traditional V-shaped hulls
are usually used, but catamaran types that are faster

Figure 18.3 Well boat for live fish
transport.



have also been tried. The wheel house is placed
either in the bow or the stern. On new boats it is
typically placed in the bow.

18.4.2 The well

In the well boat there is a constant flow of new
water through the well to ensure enough oxygen is
supplied to the fish and the waste products are
removed. Special well valves are placed in the front
and in the back of the well (Fig. 18.4). If the boat is
moving these valves are opened and new water will
flow through the well from front to back. The well
valves are operated directly from the bridge. If the
well boat is in dock, large circulation pumps ensure
the renewal of water in the well and by this the
supply of necessary oxygen to the fish and removal
of waste products.

When the well boat is transporting fish it may be
necessary to close the well valves in some areas
(special zones) and continue with closed valves.
Reasons for this are to avoid possible transfer of
disease either from surroundings to the fish in the
well, or from the fish in the well to the surround-
ings. Special zones can be areas near fish farms or
important natural fish stocks. On these occasions 
it is necessary to ensure that the fish get enough
oxygen even if the circulation pumps are inopera-
tive. An oxygen supply system or air blower is
therefore necessary, together with the necessary
distribution system, for example diffusers located in
the bottom of the well. Most modern well boats are

equipped with systems for adding oxygen and may
carry the fish for a long period of time without
opening the well valves.The wells function similarly
to those used on truck transport. Similarly the tanks
can be equipped with systems for individual circu-
lation of the water and also water purification 
(re-use) systems. The well boat may also be
equipped with a refrigerated seawater (RSW)
system for cooling the seawater, to keep a low tem-
perature in the well and also to chill the live fish
before slaughter.

Well boat size commonly varies from 50 to 
1000m3. Inside the well is normally divided into
several tanks separated by fixed walls. The con-
struction and surface of the sidewalls and bottom
must be designed not to damage the fish. Use 
of nets for dividing the well into additional com-
partments is therefore not satisfactory. It is also
important that the well is designed in a way that
ensures good water distribution and exchange of
the total water volume. Well boats with circular
tanks have also been constructed.The well will then
function in the same way as a circular tank with the
same flow pattern, and a very good distribution of
the incoming water is ensured.

As for tanks on trucks, it is important that the
wells are easy to clean and disinfect. It is also
important to have control of the real well volume
when adding disinfectant.11

18.4.3 Density

As for truck transport, the transport density will
vary with the species, but here it is also important
from an economic perspective. For Atlantic salmon,
the density is normally around 35–50kg/m3, and for
adult fish to slaughterhouse densities of between
150 and 180kg/m3 have been reported.12 When
transporting large amounts of fish to the processing
plant, the cargoes are very valuable. A well capac-
ity of 1000m3 and a fish density of 150kg/m3 mean
that 150t of fish is being transported. If the price is
3 €/kg the total value of the cargo is 450000 €. This
also shows the necessity of control to avoid 
accidents.

18.4.4 Instrumentation

Instrumentation to control water temperature,
oxygen content and salinity, when transporting in
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Figure 18.4 Valves that are open in the front and back
of the wells ensure water flow through the well during
transport.
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seawater, is essential in well boats. In all boat trans-
port it is important to have proper records and to
keep a logbook. This can either be done manually
or in a computer log with automatic data-logging of
the parameters.

When transporting fish by well boat, special
attention must be given to variations in tempera-
ture and salinity in the sea because these changes
may be very stressful for the fish. Large variations
in temperature may occur when there are large sup-
plies of freshwater, for example close to the outlet
of large rivers. Variation in water quality during
transport is not good; for instance, there may be
reduced salinity just outside large rivers and also
large organic burdens so that a mixing zone with
negative water quality may occur.6,13

Boat transport in rough weather must also be
avoided. The fish in the well boat may suffer from
some kind of seasickness. Some species will attempt
to compensate for the wave pressure and try to stay
at the same depth in the well by taking air in and
out of the swim bladder. This may exhaust the fish
totally and they will sink to the bottom of the well
where they will lie, sliding about on the bottom of
the well so incurring wounds and losing scales.
Therefore it is important to listen to the weather
forecast before transport, and record the weather
conditions and approximate wave height.

All well boats have some type of equipment for
loading and unloading the fish. Some sort of fish
pump, for instance an ejector or vacuum–pressure
pump, is normally used today, but a wet net may
also be employed (Fig. 18.5). There have also been
some specially designed boats that allow the fish to
move in and out of the well voluntarily. This is pos-
sible by lifting the stern so that the well is opened.
Sliding walls can be used to crowd the fish without
pumping the water out from the well and reducing
the water level. It is thus possible to reduce the
volume in the well by moving one wall.

Many well boats are also equipped with grading
equipment so that they can be used to grade fish in
sea cages in addition to transporting fish.

18.5 Air transport
Live fish may also be transported by helicopter or
by aircraft. Because of the high cost this option 
is seldom used. Reasons for using air transport 
are mainly remote geographical conditions or bad

infrastructure (roads, bridges), that make sea or
land transport difficult and expensive. For restock-
ing of lakes transport of live fish with small 
seaplanes is quite normal, but because of the low
loading capacity (some hundreds of kilograms) this
is not very useful in commercial aquaculture.
Larger multi-engine aircraft can be used; in such
cases seaplanes are equipped with large internal
tanks for storing the fish, and pure oxygen gas is
used. However, it is fry or small fish that are most
often transported by air.

The use of helicopters is quite a new method for
live fish transport. In one method, a large barrel of
400–500 l capacity filled with fish and water hangs
on a wire below the helicopter.14,15 This is basically
the same equipment as when using helicopters to
fight fire. To fill the barrel, the helicopter lowers it
and the fish and water are lifted in; to empty the
barrel, the helicopter lowers it into the water and

Figure 18.5 Detail of the deck on a well boat with the
well hatch and wet net for lifting the fish.



the fish are released by tilting the barrel. The heli-
copter is maintained in flight throughout the entire
loading and unloading procedure.This method may
be a solution for fry/juvenile transport in areas with
low quality roads and where the geographical con-
ditions made long distance sea transport necessary.

18.6 Other transport methods
Plastic bags may be used to transport small
amounts of fish, for instance to transport fish for
lake cultivation and for transport of ornamental
fish. A common size of transport bags is 85cm ×
60cm. Thick polyethylene (PE) is used to make the
bags resistant to puncturing. The bag is normally
filled with between one-quarter and one-third of its
volume with water before the fish are loaded. Air
is then removed from the bag by pressing it
together, which is then filled with pure oxygen until
it assumes a balloon like form. The atmosphere
over the water in the bag will then be pure oxygen.
Cooling of the plastic bag minimizes the oxygen
consumption of the fish and maximizes the duration
of oxygen supply. Using ice on top of the bag, and
not exposing the bag to direct sunlight may help
with this. During transportation it is recommended
that the bag is shaken from time to time to mix the
oxygen that is in the atmosphere above into the
water. The duration of the journey using this
method depends directly on the fish density and
their oxygen consumption. For example, a density
of 1kg salmon smolt per 3–4 l of water and 10 l of
pure oxygen in plastic bags at 5°C has been used
for air transportation for a couple of hours.16

An alternative to plastic bags is plastic contain-
ers. Here also the containers are filled with approx-
imately one-third of water and fish, above which
there is a pure oxygen atmosphere. Special equip-
ment is required to remove the air from the can and
replace it with pure oxygen.

Special types of tractor-trailers designed for fish
transport can be used for short journeys (Fig. 18.6).
Goods wagons equipped with tanks for live fish
transport have also been tried for railway 
transport.17

18.7 Cleaning and re-use of water
In some situations it can be necessary to transport
live fish over large distances and for longer periods

of time (12–16h). In these circumstances there must
be either a water exchange or continuous flow-
through of water as in well boats, depending of the
species being transported. It is, however, also pos-
sible to design a transport tank system that includes
a circuit for cleaning and re-using the water (Fig.
18.7) so that high concentrations of carbon dioxide
and ammonia in the water can be avoided. Such
transport tanks really function as a recycling plant
with 100% re-use of water. Complete removal of
metabolic waste products is impossible from an
economic view, so even here the water quality will
gradually decrease, but over a much longer time
period. Compared to a re-use plant, the degenera-
tion of the water quality will be slower because fish
respiration is reduced due to prior starvation.

Airlift pumps may be used for removal of carbon
dioxide in addition to adding oxygen and creating
water flow. Biofilters are not efficient systems for
removal of TAN during transport because these are
biodynamic systems that require a start-up time to
establish a culture of bacteria before use. However,
an ion exchanger can be used to remove ammonia.
When the water passes through the ion exchanger
the ammonia is removed (NH4

+ exchanged with
Na+); after use the ion exchanger must be regener-
ated, and this can be done between journeys.

Long journeys and high degrees of water circu-
lation may also cause the water temperature to
increase as a result of the pumping required for
water re-use and fish metabolism. Installation of a
cooling system on the transport tank can therefore
be advantageous. The oxygen supplied to the water
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Figure 18.6 Using a tractor trailer for fish transport.
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may be either produced by generators or by bottles
of oxygen gas attached to the truck.

In Norway salmon smolt and juvenile turbot
have been transported for up to 5 days without
water exchange using a specially designed tank with
a water re-use system.18

18.8 Use of additives
Many additives are available that can be added to
the transport water to improve the transport results
and allow fish transport over longer periods.

Instead of using filters and water re-use systems,
additives can be applied to the water to give similar
effects.Addition of seawater to freshwater will have
a positive pH regulating effect because of its buffer-
ing capacity. The same will be the case with addi-
tion of other buffering substances. Sodium chloride
can be added to freshwater as a defoaming agent.
Addition of clinoptilolite to the water (as used in
an ion exchanger) will reduce the concentration of
ammonia.

Addition of salt may reduce osmoregulatory dis-
turbance, and by this the total stress when trans-
porting freshwater fish.19,20 Antibiotic can be added
to reduce the development of bacteria in the trans-
ported water.21

Addition of sedatives, such as MS222 and clove
oil, to the transport water may also be done to calm
the fish down and reduce the metabolic rate.22–26

This will reduce oxygen consumption and decrease
the excess of carbon dioxide and ammonium ion;
the fish will also tolerate more stress.

All use of additives will, however, require accu-
rate control of the water quality during transport;
they may not always function or the effect may be
minor. It is best therefore normally to avoid 
using additives. Adding of antibiotics and sedatives
ought to be avoided unless there are very special
conditions pertaining to the live transport. These
may not be allowed before the fish go to process-
ing plants because they may leave residues in the
flesh.

References
1. Barton, B.A., Haukenes, A.H., Parsons, B.G., Reed,

J.R. (2003) Plasma cortisol and chloride stress
response in juvenile walleyes during capture, trans-
port, and stocking procedures. North American
Journal of Aquaculture, 65: 210–219.

2. Iversen, M., Finstad, B., McKinley, R.S., Eliassen,
R.A., Carlsen, C.T., Evjen, T. (2005) Stress responses
in Atlantic salmon (Salmo salar L.) during commer-
cial well boat transport, and effects on survival after
transfer to sea. Aquaculture, 243: 373–382.

3. Strange, R.J., Schreck, C.B., Golden, J.T. (1977) Cor-
ticoid stress responses to handling and temperature
in salmonids. Transactions of the American Fisheries
Society, 106: 213–218.

4. Wahlberg, B. (1977) Aktuelle fisktransportsfrågor.
Rapport Vattenfall (in Swedish).

5. Børjesson, H. (1987) Synspunkter for trans-
portutrustning for fisk. In: Fisktransport handbok.
Mittnordekommitten før vattenbruk (in Swedish).

6. Krogelund, F., Teien, H-C., Rosseland, B.O., Salbu, B.
(2001) Time and pH-dependent detoxification of 
aluminium in mixing zones between acid and 
non-acid rivers. Water, Air and Soil Pollution, 130:
905–910.

Figure 18.7 It is possible to design a
transport tank system for long journeys
that includes a circuit for cleaning and
re-using the water.



7. Mittnordenkomitten før vattenbruk (1987) Fiske-
transporthandboken. Mittnordenkomitten før vatten-
bruk (in Swedish).

8. Pursher, J., Forteath, N. (2003) Salmonids. In: Aqua-
culture, farming aquatic animals and plants (eds J.S.
Lucas, P.C. Southgate). Fishing News Books, Black-
well Publishing.

9. Johnsen, S.K. (2000) Live transport. In: Encyclopedia
of aquaculture (ed. R.R. Sickney). John Wiley & Sons.

10. Willougby. S. (1999) Manual of salmonid farming.
Fishing News Books, Blackwell Publishing.

11. Johnsen, S., Simolin, P. (2002) Volumbergning av van-
nmengde i brønn og rørsystem i brønnbåt ved bruk av
sporstoff. VESO rapport (in Norwegian).

12. NIVA (2003) Transportkvalitet av fisk I brønnbåt.
Prosjektfakta, NIVA (in Norwegian).

13. Rosseland, B.O., Blakar, I.A., Bulger, A., Kroglund,
F., Kvellestad,A., Lydersen, E., Oughton, D.H., Salbu,
B., Staurnes, M., Vogt, R. (1992) The mixing zones
between limed and acidic river waters: complex alu-
minium chemistry and extreme toxicity for salmonids.
Environmental Pollution, 78: 3–8.

14. Sheperd, B.G., Bérézay, G.F. (1987) Fish transport
techniques in common use at salmonid enhanchement
facilities in British Columbia. Canadian manuscript
report of fisheries and aquatic sciences 1946. Cana-
dian Department of Fisheries and Oceans.

15. Anon. (1988) Up, up and away. Air-lifting smolts is a
job for helicopter specialists. Fish Farmer, 6: 37.

16. Gjedrem, T. (1986) Fiskeoppdrett med framtid. Land-
bruksforlaget (in Norwegian).

17. Berka, R. (1986) The transport of live fish: a review.
EIFAC Technical Report 48, FAO.

18. Lekang, O.I. (1992) Avansert levendefisktransport.
Nordisk Akvakultur, 6: 32–33 (in Norwegian).

19. Carneiro, P.C.F., Urbinati, E.C. (2001) Salt as a stress
response mitigator of matrinxã; Brucon cephalus
(Günter) during transport. Aquaculture Research, 32:
297–304.

20. Johnson, D.L., Metcalf, M.T. (1982) Causes and con-
trols of freshwater drum mortality during transport.
Transactions of the American Fisheries Society, 111:
58–62.

21. Amed, D.F., Croy, T.R., Beverly, A.G., Johnson, K.A.,
McCarthy, D.H. (1982) Transportation of fish in
closed systems. Transactions of the American Fisheries
Society, 111: 603–611.

22. Mishra, B.K., Kumar, D., Mishra, R. (1983) Observa-
tions on the use of carbon acid anaesthesia in fish fry
transport. Aquaculture, 33: 405–408.

23. Prinsloo, J.F., Schoonebee, H.J. (1985) Note on pro-
cedures for the large scale transportation of juvenile
fish. Water SA, 11: 215–218.

24. Stickney, R.R. (1994) Principles of aquaculture. John
Wiley & Sons.

25. Swanson, C., Mager, R.C., Doroshow, S.I., Cech, Jr.,
J.J. (1996) Use of salt, anaesthetics and polymers to
minimize handling and transport mortality in delta
smelt. Transactions of the American Fisheries Society,
125: 326–329.

26. Cooke, S.J., Suski, C.D., Ostrand, K.G., Tufts, B.L.,
Wahl, D.H. (2004) Behaviour and physiological
assessment of low concentration of clove oil anaes-
thetic for handling and transport of largemouth 
bass (Micropterus salmoides). Aquaculture, 239:
509–529.

Transport of Live Fish 265



19
Instrumentation and Monitoring

can be more damaging than if no measuring equip-
ment were used at all. This implies that mainte-
nance and running costs must be included in the
price of an instrument, not just the purchase cost.
Extra effort must be given to maintenance of
instruments used to monitor water quality.This also
includes frequent calibration according to the man-
ufacturer’s instructions so that the values shown are
reliable. Depending on the type of instrument, the
sensors may have a limited duration, so must be
exchanged at fixed intervals.

Measurement of biological performance has also
increased during the past few years as a result of
the increased focus on profitability in intensive fish
farming. By automatically measuring development
in terms of weight and total fish biomass, it is pos-
sible to control the development and intervene if
something does not correspond to the production
plans.

Due to the large expense involved and the
amount of technical equipment that can fail, it is
increasingly common to have a total monitoring
system on the farm, which also includes a significant
use of computer tools.1–4 On land-based farms using
pumps for the water supply or in farms with re-use
of water such systems are essential.5

There is much general literature available
describing measurements, instruments and sensors
(see, for example, refs 6–8). This chapter gives a
general description of the construction of instru-
ments, with some thorough investigation of those
used in aquaculture. In addition there is a brief
review of methods used to count fish, measure fish
size and estimate biomass. The chapter ends with a
description of monitoring systems of which mea-
suring instruments constitute a major part.

19.1 Introduction

Equipment for measuring and recording of various
parameters is more and more commonly used in
aquaculture, especially in intensive aquaculture.
Such equipment controls and adjusts the environ-
mental conditions to obtain optimal production
results. Until now several of the measurements
have been taken manually, which is normally more
time consuming and labour intensive, and therefore
results in fewer measurements. During the past few
years, there has been rapid development in the
automation of instruments and monitoring systems
that can also be used in the aquaculture industry,
mainly based on developments in electronics and
computer science. Therefore many of the trivial
manual measurements are now carried out by spe-
cially designed instruments, releasing manpower
for more important intellectual tasks and to
improve the production results, especially in inten-
sive aquaculture.

One reason for using instruments is to automate
the management of fish farming as much as possi-
ble. For example, video cameras and image analy-
sis can be used to monitor fish and give alarm
signals if odd behaviour is observed. The biological
processes underlying fish production are, however,
both complex and difficult, unlike the production of
nails. Even with today’s knowledge, it is only a
dream to believe that it is possible to fully replace
the fish farmer with instruments and robots.

When buying and installing instruments, the
requirements for maintenance and calibration,
adjusted for special circumstances must be taken
into account. The values read from the measuring
equipment must be reliable; otherwise the result
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19.2 Construction of 
measuring instruments
The construction of measuring instruments
depends on the measuring principles used and the
signal transfer. One classification is mechanical,
hydraulic, pneumatic, electrical and electronic,
where the last is being increasingly used.9

A measuring instrument often comprises three
major parts (Fig. 19.1):

(1) A sensor or probe
(2) A transmitter to transfer the signal
(3) A display or another type of indicator (con-

nected to the transmitter).

In some instruments the three major parts are con-
nected within the same unit, while in other instru-
ments the parts are separate and connected via
cables for electric signals or another principle for
transfer of the measured values. Measuring equip-
ment can either give continuous signals (ana-
logues), or on/off signals (digital). An example of
the first case is an oxygen meter that shows the con-
centration of oxygen. Flow indicators that register
if there is water flow or not (on/off) are an example
of the latter case.

The sensor in the unit is used to record the phys-
ical conditions in the medium, such as the probe in
an oxygen meter. The transmitter can either be
electrical or mechanical and translates the signal
coming from the sensor to a scaled signal that as is
further transported to the display or indicator
where the results are shown in an understandable
way. In the display the physical conditions of the
medium are shown. Signals may also go directly 
to a recording unit such as a computer for 

storing the results, or can be used to control a 
regulator.

A short description of the measuring instruments
most used in aquaculture facilities is given below.
Equipment is separated into that used for measur-
ing water quality and that used to measure physi-
cal conditions.

19.3 Instruments for measuring 
water quality
Both chemical and physical parameters are used to
characterize water quality, and many instruments
based on different principles are used. Instruments
for measuring water quality can be divided into on-
line and off-line instruments based on their con-
struction. On-line instruments that can stay in the
water carry out continuous monitoring and are
always a type of electrode or sensor. The same
instrument may, however, also be used off-line for
individual measurements. Off-line instruments are
more closely related to those in laboratories, and
normally more work is needed to perform an analy-
sis, together with experience in performing labora-
tory work in some cases.

On-line instruments or chemical analysers can be
separated into those that use sensors but no
reagents, and wet-chemistry analysers.10 Use of
instruments with a sensor is advised, because they
reduce the manual input. Wet-chemistry analysis
can be classified on the principle of the analyses:
typical examples are colorimetric, titrimetric 
and ion-selective electrodes. Colorimetric measure-
ments are much used, and function by adding a
reagent to the water sample and monitoring the
colour change with a detector. A typical detector is
a spectrophotometer that measures the light
absorption of the sample. The great disadvantage
with wet-chemistry analysers is that a sample from
the water flow needs to be taken to which a reagent
is added. Stopped flow/batch mode analysers and
flow injection analysers are available.10 In the latter
pumps and valves ensure that samples are auto-
matically taken from the water flow and trans-
ported to the instrument for monitoring before
being released so that a new sample can be taken.
Some common devices for water analyses are
described briefly below; more information can be
obtained from the literature, for example, refs 2 
and 9.
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Figure 19.1 An electronic instrument normally com-
prises three major components either linked by cables
or integrated.
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19.3.1 Measuring temperature

In fish farming, temperature needs to be measured
in several situations, for instance, the farming water
or inside slaughtered fish. One principle utilized to
measure temperature is the expansion of certain
substances with temperature as in a mercury ther-
mometer. The construction of the thermometer is
such that even quite a small expansion of the
mercury causes a noticeable change in the level in
the thin pipe where the reading is taken. Ther-
mometer manufactures calibrate the scale accord-
ing to known values: a bath with freshwater and ice
is 0°C at normal atmospheric pressure and is the
boiling point of freshwater is 100°C under the same
conditions. The Celsius scale divides the interval
between 0 and 100 into equal degrees. Other sub-
stances besides mercury can be used in thermome-
ters using this principle.

That the electrical resistance in materials changes
with temperature may also be used to measuring
temperature. What actually is measured is the elec-
tric current going through a circuit of which the resis-
tance material is an integral part; if such material is
exposed to temperature variation its resistance will
change together with the electric current passing
through the circuit. Platinum is often used in digital
thermometers which measure electrical resistance.

The difference in voltage occurring between two
different materials may also be used for measuring
temperature. If two different metals are soldered
together, for instance copper and constantan, a
current will flow, the size of which will be propor-
tional to the temperature. If the point where the
two materials are soldered together is affected by a
temperature gradient, the electrical current will
also vary. This equipment is called a thermocouple;
it is simple but not as accurate as other devices.

A thermistor is also a temperature dependant
resistance, but is more complex and includes semi-
conductor technology. Higher accuracy is achieved
with this principle than with the other methods
described. The device is simple and the price rea-
sonable; thermistors are therefore widely used for
temperature measurement.

19.3.2 Measuring oxygen content of the water

The oxygen content may be measured either chem-
ically or electronically. The normal chemical

method is the so-called Winkler method which is a
titration method, consisting of adding certain chem-
icals to the water and observing a colour change
which will be directly related to the oxygen 
concentration.

When measuring oxygen concentration electron-
ically, a sensor or probe is used. This can be 
constructed using a positively charged conductor
(anode) and a negatively charged conductor
(cathode) separated by an insulator (Fig. 19.2). In
one design, an electrolyte is located around the
electrodes (anode and cathode). A special mem-
brane covers the electrolyte, keeping it in place and
protecting it. The membrane is permeable to
oxygen molecules. As there is a positive and a neg-
ative electrode, electrolysis will occur, and electrons
will pass between the two electrodes. The magni-
tude of the electron transport is affected by the
amount of oxygen in the electrolyte; this again

Figure 19.2 Measuring oxygen content: detail of the
sensor for measuring oxygen content.



depends on the amount of oxygen transported
through the membrane, which is related to the
amount of dissolved oxygen in the water.

It is important to calibrate this type of instrument
accurately. For some instruments it is necessary to
calibrate for air pressure and temperature, while in
others this is integrated. The electrolyte and 
the membrane or the complete sensor, must be
changed at defined intervals. Since the membrane
is very thin it is easy to break, care must be taken
when handling it. Ageing of the membrane can be
detected, because it becomes difficult to get stable
results and the values fluctuate constantly. The
membrane is also exposed to fouling, and must reg-
ularly be visually inspected and cleaned. If fouling
occurs the oxygen values will normally drop in rela-
tion to the correct values.

19.3.3 Measuring pH

Several methods are used to measure pH to prevent
it dropping to critical values. A simple but inaccu-
rate way is to observe the colour change of pH
paper, also known as litmus paper, when it is dipped
into water. This paper contains a chemical, the
colour of which is pH dependent. Similarly, a small
water sample can be taken, a specially prepared
liquid added to it and the colour change observed.

The pH can also be measured by a standard
chemical analysis with titration and observing the
change in colour, which is pH dependent. This
system may be implemented for daily measure-
ments on a fish farm and has the advantages of
requiring low maintenance and being reliable. The
disadvantages are, however, that this takes some
time and experience of working with chemical
equipment, and measurements in a laboratory are
necessary.

A pH meter is constructed on the same principle
as the oxygen meter. Here the probe is constructed
with two electrodes, one for measuring the concen-
tration of H+ and the other as a reference electrode.
In this case the pH electrode consists of a mem-
brane permeable to hydrogen ions. Here also the
membrane creates a cell that encloses the elec-
trolyte. Between the electrodes a current will pass
that depends on the concentration of H+. The
voltage between the pH electrode and the 
reference electrode is then measured, and the pH
calculated.

Instruments for measuring pH must be calibrated
before use. This is performed by placing the probe
in different solutions of known pH and then adjust-
ing the instrument. The pH probe is compact, in
contrast to the O2 probe; therefore it must be com-
pletely replaced if it ceases to function. A disad-
vantage of the pH probe is its limited duration,
normally from 3 months up to 1 year in special
cases. Practical experience with the use of pH
meters in fish farming shows that maintenance is of
extreme importance. Both calibration and changing
of electrodes must be done regularly to achieve reli-
able measurements.

19.3.4 Measuring conductivity and salinity

Conductivity is a measure of the ability of water to
conduct an electric current. In fish farms this is
important in order to evaluate the ability of the
water to inhibit pH fluctuations, i.e. the buffering
capacity. In seawater, Na+ and Cl− ions dominate
and here the instrument is used to measure the
salinity.

The probe consists of two electrodes and is
lowered into the water. A small electric potential
(voltage) is applied across the electrodes. An elec-
tric current will occur between the electrodes, the
size of which depends on the ion concentration in
the water. To prevent the establishment of a layer
on the electrodes which affects the current, it is nec-
essary to use an alternating current as pre-voltage.

Conductivity is affected by temperature, so it is
important to compensate for this parameter when
taking measurements. Each instrument should have
a special table setting out the effect of temperature
on the conductivity. Advanced instruments incor-
porate automatic temperature compensation.

19.3.5 Measuring total gas pressure and 
nitrogen saturation

The total gas pressure in the water is measured
mainly to find not only the total pressure, but also
the amount and saturation of dissolved nitrogen gas
(N2). If the saturation of nitrogen in the water is
above 100%, the fish may suffer from gas bubble
disease. This is more critical in fry stage fish than 
in adult fish. In salmonids problems have been
observed when saturation is over 102%, but it is
recommended that saturation be maintained below
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100.5%. Marine fish fry has been shown to be very
sensitive for supersaturation of nitrogen. Problems
may also occur if the total gas pressure is too high
and there are some indications that above 100%
total pressure may be detrimental.

One method to measure the total gas pressure in
the water is to use a saturometer (saturation meter)
(Fig. 19.3). The main part of the instrument is a
small silicon tube into which the dissolved gases
from the water pass (the silicon acts as a mem-
brane) and become enclosed. A pressure meter is
attached to the tube and the measurement is
carried out by determining the difference in pres-
sure between the local atmospheric pressure and
the pressure inside the silicon tube.

Before using the saturometer, the pressure inside
the cylinder must be equalized to the surrounding

environmental pressure. This is carried out by
placing the probe in the air for some minutes before
placing it in the water. A perforated cover sur-
rounds the cylinders and a manual pump is used to
ensure water flow past the cylinder. The instrument
has to stay in the water for 5–10 minutes before a
reading can be taken.

In order to determine the total gas pressure when
using a saturometer the following equation must be
employed:

Where:

TGP = total gas pressure of dissolved gases
BP = local barometric pressure (normally read in

mmHg (mercury))
ΔP = pressure difference (read from the saturom-

eter) between total gas pressure in the water
and local barometric pressure (mmHg).

When calculating the nitrogen pressure, which is
a critical factor for avoiding gas bubble disease, the
following equation may be used:

N2 (%) = [BP + ΔP − ((O2/bO2) × 0.5318
− PH2O)/((BP − PH2O) × 0.7902)] × 100

Where:

N2 = partial pressure of nitrogen gas in the water
(percentage nitrogen saturation)

BP = local barometric pressure (mmHg)
ΔP = difference between total gas pressure and

local barometric pressure, measured by a
saturometer (mmHg)

O2 = oxygen concentration in the water measured
by an oxygen meter (mg/L)

bO2 = Bunsen’s coefficient for oxygen (see 
Appendix 8.2)

PH2O = partial pressure of the water vapour (mmHg)

The two numbers in the equation are conversion
factors.

There are also other instruments available for
monitoring the nitrogen gas saturation which are
simpler to use.

19.3.6 Other

As a result of the rapid development of instruments
for online measurements, sensors for online mea-

TGP %
BP

BP
( ) = +⎛

⎝
⎞
⎠ ×ΔP

100

Figure 19.3 A saturometer used for measuring the
total gas pressure in the water.



suring of carbon dioxide, ammonia and nitrate are
available. The sensors can either be single, or multi
instruments comprising several sensors connected
in a multiprobe (Fig. 19.4). The sensors in the 
multiprobe can be changed with sensors for other
quality parameters, but the instrument remains the
same.

Instruments using traditional chemical labora-
tory methods have also been developed for use
under field conditions; for instance there are special
types for aquaculture facilities. One commonly
used instrument is based on a spectrophotometer,
in which the sample is illuminated by light of a 
specific wavelength and the amount of light 
passing through is monitored. Before putting the
sample in the spectrophotometer a chemical is
added and so that a colour change will occur,
the size of which will depend on the amount of 
substance to be measured in the sample. To avoid
much work with weighing out of chemicals specially
prepared ampoules, each with the correct amount
of chemical for one water sample, are delivered
with the instrument. Many chemical analyses can be
run in such instruments which are quite simple 
to use.

19.4 Instruments for measuring
physical conditions
There are many places were there is a need to
control physical conditions. In aquaculture, the
water condition is of major importance, particularly
the following factors: water flow, water level and
water pressure. Many methods can be used to
measure these parameters; some can also be used
to measure more than one. There are differences
both in price and accuracy of available instruments.
Methods used are reviewed below; for more infor-
mation see, for instance, refs 9 and 11.

19.4.1 Measuring the water flow

It is a common practice to measure water flow to
be sure that it is constant and that the correct
amount of water passes through the pipes. Water
flow measurements can be carried out at various
places in a fish farm. Flow meters may be located
in the main inlet pipe, in part flow pipes or in the
inlet pipe to a single tank. Several principles are
actually used, such water as velocity and head loss.
The methods used to measured the flow in open
channels and pipes are different. The main empha-
sis here is on measurement in pipes that are full of
water, since this is the most common situation in
fish farming. Some of the methods presented may,
however, also be used in open channels.

Measuring water velocity

The water velocity is proportional to water flow
(see Chapter 2). If the water velocity and the inter-
nal diameter of the pipe are known, it is easy to cal-
culate the water flow.

A simple way to measure the water velocity in a
pipe is to use a propeller, paddle wheel or turbine
(Fig. 19.5). Propellers with a variety of designs are
used. The working principle is that the water will
move the propeller and the rotational velocity of
the propeller will reflect the water velocity in the
pipe. Either the propeller can be installed in an
existing pipe system, known as an inset meter, or it
can be a completely separate system in which the
propeller and instruments are connected, forming 
a complete unit adapted to the pipe. Propeller
systems are simple and inexpensive, but one of the
disadvantages is that the head loss will increase.
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However, the main disadvantage is that the pro-
peller will be exposed to fouling because it is within
the water flow. Normally, fouling will reduce the
measured velocity compared with the actual veloc-
ity. Correct maintenance is therefore important in
such a system.A further disadvantage is wear of the
continuously moving propeller.

An electromagnetic flow meter can also be used
to measure water velocity (Fig. 19.5). The principle
utilized here is that an electromagnetic field
changes when the water velocity varies. A conduct-

ing fluid, such as water, in a magnetic field will
induce an electric voltage, which correlates with the
water velocity. The water must have some electrical
conductivity if this type of instrument is to function;
in fish farming this will always be the case.

Ultrasound waves may also be used for measur-
ing the water flow, as in an ultrasonic flow meter
(Fig. 19.5). Two combined ultrasound source and
receiver units are placed, one on each side of the
pipe and crossed diagonally. Sound waves are sent
from one side and travel with the water flow; from
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Figure 19.5 Instruments for measuring water velocity: (A) propeller; (B) ultrasound; (C) electromagnetic.



the opposite side of the pipe another sound wave is
sent against direction of the water flow. The times
taken for the sound waves to reach the receivers are
compared; the water velocity can be calculated
because the water flow deflects the sound waves
and alters their velocity. A fixed unidirectional
ultrasonic system can also be used which calculates
the time difference during which the sound waves
travel. The advantage of this system is that the
instrument may be attached to the exterior of exist-
ing pipes; if the type of pipe is known the water flow
inside can be found. Flow meters utilizing this prin-
ciple will not give any head loss and are very accu-
rate; however, they are quite expensive. The
instruments may also be affected by air bubbles or
high particle concentrations.

The various types of flow meter have different
accuracies, and this must be checked before selec-
tion. Generally, greater accuracy incurs greater
expenditure, so the meter must be fit for purpose.

Measuring head loss

Head loss in a pipe will occur when the water passes
an obstruction in the pipe or any other object that
reduce the water flow. Measurement of the head
loss may therefore be used to calculate the water
velocity, since the head loss depends on the veloc-
ity; an increase in velocity will increase the head
loss. When this principle is used for flow measure-
ments, a known obstruction is set inside the pipe. A
very accurate plate with a hole in the centre, slightly
smaller than the internal pipe diameter, known as
an orifice plate, is usually used (Fig. 19.6). The dif-
ference in the pressure before and after the plate
gives an indirect measurement of the water flow.
This instrument is also called a differential pressure
flow meter. The physical relation used when mea-
suring the head loss is defined by the Bernoulli
equation:

Where:

p = pressure
r = density
v = velocity
h = elevation (height)
g = acceleration due to gravity.

p v gh+ + =1
2

2r r constant

The disadvantage with this method is that a head
loss occurs, especially with the orifice plate, so
instead a venturi can be used which functions in the
same way, but the head loss is reduced.

Another instrument based on measuring the dif-
ferential pressure (actually the head loss) to calcu-
late water flow is the pitot tube which measures 
the dynamic head (total head) and the static head
(Fig. 19.6). Based on the difference between these
two values, the water velocity can be calculated
(from the Bernoulli equation). Correct use of 
this is important because there is a velocity pro-
file inside the pipe that must be taken into 
consideration when locating the pitot tube.

A rotameter or hover velocity meter also utilizes
the head loss measurement, but with a constant
head loss. The construction of a rotameter includes
a conical glass or plastic pipe, with a floating device
inside (Fig. 19.6); this device is lifted when the water
starts to flow. Since the pipe is conical the height by
which the floating device is lifted will depend on the
magnitude of the water flow, because the area
where the waters is flowing is increased. A normal
rotameter must be placed vertically to function. In
a similar instrument the device is set on a spring
with known characteristics, and this is compressed
when the water flows by an amount that depends
on the water flow. Vertical installation is not neces-
sary for this flow meter.

19.4.2 Measuring water pressure

Water pressure is measured to control water levels
in tanks or the pressure in pipes. If the pressure is
too high or low a warning signal can be given.

Diaphragm manometers are often used to
measure the water pressure. The principle is that
pressure can alter the shape of a diaphragm (Fig.
19.7). An increase in pressure will change the form
of the diaphragm and this change can be used to
control an indicator. The manometer is fixed
directly to the pipe where the measurements are
taken.

A bourdon tube manometer may also be used for
pressure measurements (Fig. 19.7).This system con-
sists of a hollow bent pipe that is connected directly
to the place where the pressure is measured. When
the pressure increases, the bent pipe will try to
straighten as the pressure is considerably higher on
the outside of the bend than on the inside because
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the area where the force acts is larger; this move-
ment will be registered on a scale calibrated to
show the pressure. There are also other devices
using the same principle, such as pressure capsules
and bellows.

Today, however, the most commonly used instru-
ments are electronic load cells or pressure trans-
ducers. They function because there is a small
change in the electric resistance in an electric circuit
related to the pressure. A pressure transducer may
be installed on the bottom of a tank or inside a pipe.

19.4.3 Measuring water level

Measuring the water level is necessary at various
places to avoid overflows and water shortages. This

can be carried out in a head tank or directly in the
individual fish tanks. Water level sensors are nor-
mally digital, sending a signal if the level of the
water is below or above defined values. The system
may also be analogue; this generates a signal that is
proportional to the water level.

Different types of electronic floats may be used
for controlling the water level. The float will lie on
the surface and change position if the water level
varies; this variation can be utilized to control the
level. When this happens a signal will be sent and
action taken, for instance switching the water
supply on and off. A commonly used float is the
level rocking sensor (Fig. 19.8) which floats on the
surface; if the water level decreases it will gradually
become more upright. The sensor is located in the
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Figure 19.6 Instruments for measuring head loss: (A) orifice plate; (B) pitot
tube; (C) rotameter.



Figure 19.7 Membrane and bourdon manometers
used to measure water pressure.

end of a cable and when it is in the floating posi-
tion there may or may not be contact between the
two conductors located inside the float. If the
sensor is hanging vertically an automatic switch will
take the opposite position (opened or closed as the
case may be) to make or break the electric circuit.
This can then be used to control the water level. On
submerged pumps this is a common method for
starting and stopping the pumping, depending on
the water level.

Other methods are also used to measure the
water level in fish farms, of which pressure sensors,
as described above, are the most common.

Capacitance sensors are becoming popular for
monitoring water levels (Fig. 19.9). These sensors
detect how well a material keeps its electrical
charge. Water may keep 80 times as much electrical
charge compared to air and the sensor can there-
fore register changes in electrical charges associ-
ated with changes in water level. If the tank wall is
thin, the sensor may be placed on the outside of the
tank wall and will be capable of sensing whether the
tank is filled with water or not. If the water level
decreases to beneath the position of the sensor, an
electrical circuit will be either opened or closed and
a signal given.

Water level can be controlled very accurately 
by ultrasound devices A transmitter and receiver
are placed above the water surface. By transmitting
a sound wave and measuring the time of reflection
with the receiver, it is possible to calculate the 
distance from the transmitter to the water surface
and hence the water level. If the water level
decreases, the time taken by the sound wave to
travel between the transmitter and receiver will
increase.

19.5 Equipment for counting fish,
measuring fish size and estimation of
total biomass

19.5.1 Counting fish

To count fish manually on large aquaculture 
farms is very labour intensive; for example, a juve-
nile production plant delivering 1 million juveniles
to an on-growing plant. Therefore it is beneficial to
do this automatically. The problem when counting
fish automatically is to separate the individuals 
and to avoid two or more fish coming together and
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Figure 19.9 Capacitance sensors used for measuring
water level (A) in a pipe and (B) in a tank.

being counted as one. One challenge when devel-
oping equipment for counting fish is therefore to
find a way to separate the fish on an individual
basis.

Counting can be done when the fish are in or out
of the water. Self-counting of the fish when they are
put into water has been very difficult in practice
because the fish are reluctant to pass any obstacle
voluntarily (see Chapter 17). Some of the equip-
ment used for counting fish can also be used 
for measuring the size of the fish (see section
19.5.2).

A suitable place to count the fish is in connection
with internal transport or grading. Here the fish are
normally taken out of the water and it is quite easy
to count them and carry out the other operations,
most of which will also require counting to control
the number of fish.

One fairly cheap and simple method used to sepa-
rate the individual fish is to let them slide in a
convex V-shaped channel (Fig. 19.10). By having a
convex channel the velocity of the sliding fish will
gradually increase. This will separate the individ-
uals and it is now quite easy to count the single fish,
for instance with the use of light sensitive cells. The
light diodes create a beam that is broken by the
sliding fish, which is thus counted.

Counting of the fish in water is normally done in
connection with pumping or transport through
pipes. Some kind of camera is commonly employed,
either a video camera or a linear camera.

During the past few years camera technology has
developed rapidly together with the use of image
analysis, which has also been utilized for counting
fish (Fig. 19.11). The challenge when using cameras
is to achieve good pictures, with sufficient contrast
to the background because black and white images
are commonly used. A chamber with proper light
conditions is therefore required. This may be
included on the pump pipe as a separate unit. To
avoid two fish coming together and being counted
as one, image analysis, either with two cameras or
one camera and a mirror to give two pictures, is
employed. This system may also be used to calcu-
late the size of the fish (see section 19.5.2) but then
other algorithms are used.

The difference in conductivity between water
and fish may also be used to count them, but 
here also it will be difficult to separate the 
individuals.
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19.5.2 Measuring fish size and total fish biomass

It is no longer necessary to lift fish out of the water
and weigh them to obtain a traditional weight
sample, or to lift them into a calibrated tank and
use Archimedes’ law to calculate the weight of the
fish group.Archimedes law can be used because the
fish will displace a volume of water equal to their
own volume. If it is assumed that 1 l of water weighs
1kg of water the volume displaced in litres will be
equal to the weight of the fish in kilograms. By
having a scale on the tank wall the increase in water
level can be monitored and in this way the biomass
found. Equipment for measuring fish size and total
biomass is useful for production planning and

control, and also for deciding when to size grade
and for planning harvesting.

Today, various equipment is available for mea-
suring fish size automatically whilst they remain in
the water.The equipment used for automatic count-
ing and weighing of the fish can be separated in two
depending on whether: the fish stay in or are taken
out of the production unit. The first category com-
prises equipment that is lowered into the produc-
tion unit and does not disturb the behaviour of 
the fish; the second normally comprises measuring
equipment connected to a fish pump.

Measurements where the fish stay in 
the production unit

Several systems have been developed, mainly for
sea cages, to measure either the single fish size or
the total biomass of the fish in the cage, or a com-
bination of the two. The reason for the interest in
measuring in sea cages is due to the large amount
of fish and high feed consumption. Good control 
of fish weight and development are therefore
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Figure 19.10 Counting fish with a convex V-shaped
channel and light cells.

Figure 19.11 A video camera in a chamber used for
counting fish and estimating their size.
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important. In a cage it is impossible to control
totally environmental factors that affect the
appetite of the fish. Neither is it possible to foresee
exactly changes in environmental factors (i.e. the
weather) for prognosis.

Two principal methods dominate12:

• Remote sensing by hydroacoustics or submerged
cameras

• Detailed measurements obtained by leading the
fish through a sensor for individual registration,
e.g. by optical, impedance, capacitance or ultra-
sounds techniques

One commonly used technique based on the
second method is a measuring frame13. This is a rec-
tangular frame that is lowered into the cage. In the
walls of the frame there are a number of light
diodes placed in rows so they create a linear camera
(Fig. 19.12). When the fish swim through the frame
the light diodes create a shadow picture. Using a
computer, the approximate size of the fish is calcu-
lated, based on image analysis of the shadow
picture. The system is based on a random sample of
fish voluntarily swimming through the frame during
a given period. This will occur in cages because the
fish are swimming voluntarily around in the cage.
The number of passages through the frame depends
on the fish density. At fish densities between 10 and
20kg/m3 a typical swimming frequency is 30–200
fish per hour13. If two fish pass through the frame
together, the image analyses will remove the

picture as not being useful. Only the passages
where a single fish passes through the frame and a
good picture is achieved are used to calculate the
average fish size. This is done based on a side view
of the fish when it passes through the frame. The
side area of the fish is highly correlated with its size.
Based on the large number of measurements on
single fish, the average fish weight with a standard
deviation can be calculated for the total cage.
Comparison of these data with the actual weight
achieved at the slaughter house has shown good
correlation.The standard deviation gives important
information about the size variation of the fish in
the cage and can be used to tell when size grading
is necessary. If the average size of fish is known, it
is possible to calculate the total biomass provided
that the number of fish in the cage is known. When
using such a system for calculating the total
biomass, it is of course very important to account
for the dead fish, and there must be no unregistered
escape of fish from the cage. To use the frame it is
necessary that the fish swim voluntarily around in
the production unit; it is not possible to use the
system in fish tanks with a water flow, because here
the fish will stay still in the water flow.

Another method based on camera technology for
finding the size of fish in a cage utilizes a stereo-
video system14,15. Two video cameras sitting above
each other in a rack with a known distance between
them are used (Fig. 19.13). By taking pictures of the
fish, with both cameras, it is possible to calculate 

Figure 19.12 A measuring frame
used to determine fish size in sea
cages13.



the distance from each camera to every point on the
fish; image analysis will give the length and height
of the fish; there is a high correlation between these
measurements and the weight of the fish. Experi-
ments using three cameras simultaneously to count
fish in cages have also been performed.16

Video cameras like those used for counting fish
can also be used for biomass estimation.17,18 This
system is quite large for use in cages and it may be
difficult to get the fish to swim through the unit or
channel voluntarily. When using such a unit in con-
nection with pumping, this does not present any
problem because here the fish are moved by force.
By taking a picture from the side when it passes the
video camera and calculating the area of the fish,
its weight can be found.

Hydroacoustics is a totally different principle
used for measuring total fish biomass in a sea cage
which employs an echo sounder.19 This is actually
the same method as used in traditional fishing to
find where and at what depth the fish are swimming.
It also gives some information about the amount of
fish. An echo sounder contains a source that emits
sound pulses at fixed intervals and a transducer
which is normally placed below the cage. The
source sends the sound pulses up to the water
surface in the cage; this is the opposite direction to
the echo sounders used for fishery which send
sound pulses down to the bottom. When the sound
pulse hits a fish it is reflected. A receiver fixed near
the sound source beyond the cage receives this
reflected signal (echo), which is travelling in the
opposite direction to the sound pulse that was sent
out (Fig. 19.14). The sound pulses are very short 
(1ms is typical) and separated by longer intervals

during which the receiver is listening for echoes
before the next sound pulse is sent out. Therefore
several echoes are received over the course of a
minute. The size of the echo depends on the size of
the individual fish or fish shoal. By using an echo
sounder it is also possible to obtain information
about the behaviour of the fish and the depth in the
cage at which they are swimming under various
environmental conditions. It is often the swim
bladder of the fish that is the source of the echoes
registered by the echo sounder; a good echo is 
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Figure 19.13 Use of two cameras and stereoscopy for
calculating fish size.

Figure 19.14 The principle used in an echo sounder
for finding fish in the sea may also be used for finding
the total biomass in a sea cage, but it is used in the
opposite way with the receiver being placed under the
cage.
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generated here because the swim bladder is filled
with air. Echo sounders are not used to measure the
size of single fish with high accuracy because the
magnitude of the echo is highly dependent on the
direction of the swim bladder in relation to the
sound source and will vary if the fish is swimming
upwards, downwards or horizontally. For the whole
fish group it will, however, give quite a good 
estimate. Echo sounders cannot so easily be 
used in tanks because sound reflections from 
the tank bottom and walls will interfere with the
measurements.

Measurements where the fish are removed from
the production unit

It is possible to install a video camera in a pipe used
for pumping fish or an ordinary pipe.This takes pic-
tures from the side and eventually above, and cal-
culates the fish size from image analysis of the
pictures (Fig. 19.15). The system is the same as
described earlier for counting fish, the only differ-
ence being the image analysis program used to cal-
culate fish size.

19.6 Monitoring systems
On an aquaculture facility it is necessary to control
all the different factors that are involved in the
management of the farm. This can for instance be a
water quality factor such as the concentration of

oxygen, ensuring sufficient water flow, or the
correct water level in a head basin. Of course this
can be done with manual measurements and obser-
vations, but is very time-consuming if done with
high regularity. How regularly measurements must
be taken depends on the economic consequences if
something fails. In intensive fish farming with high
stock density and much use of technical installa-
tions that can fail, the need for regular measure-
ment and control is obvious. The time available 
for remedial action when something fails is also
limited. Systems for automatic control are there-
fore used based on economic and practical conse-
quences, especially in intensive fish farming. To
illustrate this a land-based marine fish farm that
requires pumping to supply water to the fish can be
used as an example. The importance of continuous
control of the water flow into the fish tanks is
obvious.

A monitoring system comprises three major
components (Fig. 19.16):

• Sensors and measuring equipment which control
the conditions

• Monitoring centre which receives signals from
the sensors and measuring equipment, interprets
them and eventually sends out alarm signals or
signals to regulators

• Equipment for warning when something is failing
and emergency equipment that is started and
stopped by regulators.

Figure 19.15 A well boat equipped
with a system for automatically 
measuring fish size when they are
pumped.



Signals are transferred between the components.
These are normally electrical signals via cables;
wireless connections however, may also be used. A
monitoring centre is always equipped with a battery
back-up so that it can always function indepen-
dently whether or not there is an electricity supply.

19.6.1 Sensors and measuring equipment

To control the conditions a number of sensors
which function as monitoring points in the alarm
system can be used.20 Sensors can be used to control
water level, water flows or water quality parame-
ters, all described earlier in this chapter. Sensors are
much used also to indicate whether the electricity
supply is connected or not. The number of factors
to be controlled determines the size of the moni-
toring system. From the sensors or measuring
equipment electrical signals are sent to the moni-
toring centre: these can be digital signals, i.e. current
or not current, for example from a level sensor
where an electric circuit is broken and the signal to
the monitoring centre changes from current to no
current. The signal may also be analogues which
means that the current coming into the monitoring
centre varies depending on the value read from the
sensor; an example of such an instrument is an
oxygen meter.A current corresponding to the meas-
ured oxygen level is sent to the monitoring centre;

thus if the oxygen concentration decreases, less
current flows. Normally this standardizes low
current signals of between 4 and 20mA.

19.6.2 Monitoring centre

The construction of the monitoring centre that
receives the signals, interprets them and eventually
sends out signals to the warning equipment, depends
on the complexity of the system. Even though the
monitoring centre is usually built especially for
aquaculture facilities, it is based either on a pro-
grammable logic controller (PLC) or a computer.

A PLC can be visualized as an electronically
operated switch system. It includes a number of
input channels and a number of output channels.
Electric signals from the sensors come through the
input channels. The electrical output signals (i.e.
how the switches are functioning) can be pro-
grammed based on the input signals. Programming
of the PLC is done using an external keyboard con-
nected to the ‘brain’ of the PLC. Whether output
signals will be sent, and through which of the output
channels, depends on the input signals and the loca-
tion of the switch system. In and out signals can be
digital or analogue, or most commonly both.

To illustrate the functioning of a PLC, take a
simple monitoring system on a farm as an example.
The farm equipment includes a pump that delivers
water to a head tank from which it flows under
gravity to the fish tanks. Pure oxygen gas from an
oxygen bottle can be added to the single fish tanks
through diffusers at the bottom of the tanks. The
following measuring instruments are included: a
level sensor in the head tank and an oxygen sensor
in each of the fish tanks. In addition there is a
reserve pump on stand-by, a magnetic valve that
controls the emergency oxygen supply, and a siren
available on the farm.

The programme for the PLC might be as follows.
If the water level in the head tank is too low a signal
will go from the level sensor to the PLC. The PLC
is then programmed to send an output signal to the
reserve pump to start it. If the oxygen level in the
tank is too low, the value input to the PLC is under
a programmed value and a signal is sent out
through the channel that controls the magnetic
valve on the oxygen gas bottle. This will change
from the closed to the open position. In addition, a
signal is sent to the channel that starts the siren.
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Figure 19.16 A monitoring system comprises three
major parts: the sensors, the monitoring centre and the
warning equipment.
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If a computer is used as a monitoring centre it is
normally equipped with special cards known as I/O
cards or data acquisition cards (DAQ) that make 
it possible to import signals, including analogue
signals, and send out the same types of signals as
the PLC. By using a computer the input signals can
easily be recorded and stored. It is also possible to
get a hard copy of the time points for alarms, includ-
ing which of the sensors registered the failure. It is
also possible to get a picture of the farm, including
the sensors and their individual status, on the com-
puter screen, which makes visual control of opera-
tions easier (Fig. 19.17). Today, both PLC and PC
are used in combined systems.

19.6.3 Warning equipment

From the monitoring centre electric signals are sent
through the output channels to external warning
equipment. The warning equipment is installed on
the farm and normally includes both equipment
that creates light and sound, such as warning lights
and sirens. A telephone may also be included in 
the system. This dials fixed programmed phone
numbers, among others to the watchman’s mobile
phone. On more advanced systems, a message
saying what is wrong appears on the telephone
display.

Figure 19.17 By using a PC as the
monitoring centre it is easy to obtain
a picture of the farm and the status of
each sensor on the computer screen.

Figure 19.18 A generator for providing electrical power
in the event of a power failure on the farm.



19.6.4 Regulation equipment

The signals may also be used to start emergency
equipment or to regulate the functioning of equip-
ment. For instance, in the event of a power failure,
a generator will start (Fig. 19.8). The equipment
may also open emergency oxygen supplies to the
fish tanks or start stand-by pumps. Often there is a
combination of starting emergency equipment and
starting external warning equipment.

19.6.5 Maintenance and control

For a monitoring system to be reliable it is very
important to carry out proper maintenance and
testing. The maintenance normally includes testing
and calibration of the sensors. It is advisable to have
a fixed routine for testing the monitoring system,
for instance once a week. The sensors are then
tested to ensure that the signals being emitted and
also that the signals are being sent from the centre
to the warning equipment. Emergency systems 
such as electric generators and systems for adding
oxygen must also be tested at fixed intervals, to be
sure that they will function if a real emergency sit-
uation occurs.
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20
Buildings and Superstructures

insulated or uninsulated, and can be built for
various lifetimes, either short or long.

The simplest superstructure is a shadow net. This
is used to prevent the fish getting sunburned and to
inhibit solar heating of the water. A slightly more
advanced construction results when plastic sheet-
ing or tarpaulin is substituted for the shadow net
and a tent is created. Normally a framework of steel
pipes keeps this upright. The tent can either be for
one tank or larger for the complete farm. On single
tanks a hemispherical shaped construction is com-
monly used. It is also possible to have an insulated
tent made of two layers of plastic with insulation in
between. A bowed shape is a cheap construction to
use here.

A typical building is, however, based on weather-
tight walls and a roof made of fixed materials.
The duration of such buildings is much longer than
of the simpler tent constructions. Buildings on the
farm may have one or several storeys. If there are
possibilities for utilizing the terrain and hence
gravity for internal transport of fish and feed, it will
be advantageous. For instance, if small fish can be
grown on the first floor and on-growing takes place
in the ground floor, tapping of the fish to the on-
growing department is possible, which gives a simple
system for internal transport of fish. The feeders
may also be filled from the first floor if they hang in
the roof of the ground floor over the fish tanks.

20.2.2 Shape

Buildings may have different shapes. When think-
ing of economy, the best is to have a square or espe-
cially a rectangular shape for the building. Angles
in the ‘body of’ the building will increase the costs.

20.1 Why use buildings?
Buildings or superstructure are used in aquaculture
for several reasons. It will shelter the production
facilities from environmental factors such as wind,
sun, rain or snow and the working environment for
the farmers will be improved. It also makes possible
photomanipulation of the grown organisms, which
is an important part of optimizing the farming 
conditions for different species, especially in the fry
and juvenile stages and during maturation.

The buildings or superstructure can be used to
cover the entire farm, part of the farm, or only the
production units. Buildings are used mostly on
land-based fish farms; on sea-based farms they can
be used for protection of feed storage on a barge
and for housing the mess room and WC. In a land-
based farm there will always be a building housing
the toilet, mess room and office; it might, however,
be an integral part of a larger building that also
covers the production area.

Building design and construction is a large spe-
cialist field and here only a very brief survey is
given with special attention to aquaculture facili-
ties. Many textbooks are available on the subject;
see, for example, refs 1–4.

20.2 Types, shape and roof design

20.2.1 Types

Several types of buildings can be used for aquacul-
ture facilities. On the basis of their construction
they can be categorized into different types ranging
from simple superstructures with or without walls
to complete buildings (Fig. 20.1). Buildings can be

284



The reason for having angles must therefore be 
to improve the functionality of the building, for
example, by improving the feed or fish handling.

20.2.3 Roof design

The roof may also have different constructions. A
ridge roof is the most usual, but a sloping roof may
also be used. Normally a ridge roof will be the most
economic. A flat roof may also be used, but is much
more difficult to build correctly and is especially
difficult to get completely watertight. In areas with
snow a flat roof is not recommended; it may be nec-
essary to clear the snow, which is difficult. In addi-
tion the weight of the snow will press the roof
down, so a large and costly frame is necessary. The
chosen shape and roof of the building will also
depend on available materials.

20.3 Load-carrying systems
A load-carrying system keeps the walls upright and
the roof in position; it also takes the weight of 
the roof which, in colder regions also includes the
load from snow. The cost of the load-carrying
system is an important part of the total cost of the
building.

Various constructions are used as load-carrying
systems; these are based, among other things, on the
material used (Fig. 20.2). Either separate construc-
tions can be used for the wall and the roof, or com-
bined systems can be employed, where the walls
and roof are integral parts of the load-carrying
system. In the first case the wall system carries the
roof; different types are explained later.

When designing the load-carrying system, the
necessary free span, i.e. the available floor area with
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Figure 20.1 Different types of buildings used in aquaculture.



Figure 20.2 Different load-carrying systems can be
used to keep the walls upright and the roof in position.



no pillars, is of great interest. The size of the free
span determines the size of the construction; a
larger free span results in a larger construction. To
reduce the size of the free span, pillars or internal
walls are used to carry the weight of the roof at
several points.The use of pillars will reduce the cost
of the load-carrying system, but inhibit the use of
the building, constraining internal handling and
space utilization.

Roof constructions that cover a large free span
(above 10–15m) are expensive. Long distances
between the outside walls, without pillars or inter-
nal walls, will increase the building costs because
the size of the roof construction is increased.

The timber lattice roof (W) truss is quite a com-
monly used roof load-carrying system. It may be
built on site, but is normally prefabricated. A free
span distance of up to 12–13m width is easily
covered with such a construction. If the building is
wider, it is recommended that pillars be used to
take the weight of the roof, if the aim is to keep the
cost of construction low; a load carrying internal
wall will have the same effect. This is a cheap and
simple building construction.

Steel, concrete or wood beams or trussed beams
are also much used. They can be used on large free
spans in excess of 20m, and even up to 100m if the
beams are bowed, as in a velodrome.Trussed beams
are favoured for large constructions. However, for
this type of construction also, the costs increase
exponentially with the free span. Longitudinal
beams of wood or steel in the building give quite a
simple construction, especially when used in free
spans below 20–25m; however, pillars are recom-
mended if the span is longer.

In combined systems, the load-carrying system
for the roof and walls is integrated. A much-used
construction here consists of large frames, either in
steel or wood and often of a bowed shape, that are
set into the foundations. The distance between the
frames varies, but is normally in the range 3–5m, or
equal to a section of the building. The rest of the
wall and roof structure is also built of steel or wood
and connected directly to the frames. A great
advantage of this construction is that it is quite fast
to erect, and can be used on large buildings with a
large free span. The method is fairly expensive and
will normally require cranes to put up the building.

If the tanks are large, individual superstructures
for separate tanks can be used. A cheap construc-

tion uses a hemisphere created with a frame of steel
pipes and a cover of tarpaulin.

20.4 Materials
Various materials are used for constructing build-
ings (Fig. 20.3). Wood is simple to work with and
simple to join together. Normally it is cheap, at least
in smaller buildings and in areas with timber. It is
used in walls, roofs and load-carrying constructions.
To increase the strength and the length, glued
beams can be used. Wood may also be part of con-
structions, for example in chipboard panels.

Metals such as steel or aluminium are also quite
easy to work with; pieces are either welded or
screwed together. Metals are much used in load-
carrying constructions, such as beams or frame-
work. Metal plates are used for covering interior
and exterior surfaces on walls and roofs.

Concrete is a widely used building material. It is
made of a mixture of sand and gravel with cement
that functions as a glue, and water.After mixing fol-
lowed by some hardening time this makes a per-
manent construction. The method of mixing and
proportions of materials used will give concrete of
different strengths.

Concrete has good compressive strength but poor
tensile strength. Therefore iron is used, either 
as rods or mats, as reinforcement in concrete to
enable it to withstand tension, while the concrete
can withstand compressive forces. In small con-
structions, concrete is quite simple to handle and
work with, and in addition it is fairly cheap. It can
either be mixed on site or in a factory and delivered
in special trucks ready mixed but not hardened.
This latter method is most normal in larger 
constructions.

Concrete can also be delivered as prefabricated
elements which are finished and hardened. Ele-
ments, such as beams, may also be pre-stressed to
increase tolerance to higher forces without increas-
ing the weight too much. Sizes of components 
vary from small blocks to bars to complete parts of
buildings, such as wall elements or roof elements.
Concrete may also be used for beams in load-
carrying constructions.

A lightweight version of concrete is also avail-
able as blocks and bars. Here the gravel is replaced
with a light material, for example, expanded clay
products.
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20.5 Prefabricate or build on site?
Buildings can be built on site from the foundations
up or can be delivered as prefabricated parts that
are put together on site. Various sizes of prefabri-
cated elements can be delivered; options include
the degree of finishing. These elements could be
complete parts of the walls or the roof, where
everything is finished. The time to establish a pre-
fabricated building is, of course, much less than for
buildings constructed on site. Whether prefabri-
cated buildings are to be used or not depends on
the price which will vary from case to case depend-
ing, among other factors, on the freight costs. The
available building period will also influence the
final choice.

20.6 Insulated or not?
In a cold climate, the building should be insulated
if the air inside is to be temperate. The greatest
amount of heat is lost through the roof; it is also lost
through the walls and the floor. In addition, there
are high heat losses through the windows and
doors. The thickness of the insulation depends on
the climate and winter temperature; lower winter
temperatures mean that more insulation is
required. In walls and roofs mineral wool made 
of glass or rock is used for insulation; expanded
polystyrene (PS) is commonly used in the floor
when this is of concrete. All these materials have a
low k value (see Chapter 7). PS can also be used 
in walls or roofs providing it is covered by concrete.

A B
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Figure 20.3 Different materials used in buildings on aquaculture plants: (A) wood panelling; (B) metal sheets; (C)
concrete; (D) lightweight concrete blocks.



This is because it can produce toxic gases if it
catches fire. Taking Norway as an example, it is
normal to use 15cm mineral wool in the walls and
30cm in the roof.The PS in the floor is 5–10cm thick
(equal to 20–25cm of mineral wool which has a
higher k value.

Whether insulation is to be used or not depends
on the rooms and how they are utilized. The office,
mess room and toilet are normal insulated in cold
climates. Whether the production rooms are insu-
lated or not depends on the desire to improve the
working environment.

If the building is insulated, it will be of sealed
construction so it will be necessary to use a venti-
lation system to ensure exchange of the air inside.
If the walls are not insulated and airtight, the wall
construction can be open so that a ventilation
system is not required. Then the wall can be simply
made with split panels or only a plastic grating;
natural air exchange is thus ensured and there is no
need for ventilation.

20.7 Foundations and ground
conditions
When starting to build, proper foundations are very
important to prevent part of the construction
moving after the building is finished. Important
components may break if the foundations move
under the load from the building.

The ground conditions must be suitable for erect-
ing a building. Rock, stone and sand/gravel form
good building ground, while clay and silt are not as
suitable because they are less stable. In colder
regions, where the ground freezes in the winter
season, clay and silt are not recommended for
building ground, because the frozen ground will
create movement in the building during freezing
and thawing. The ground must carry the weight of
the building, which makes marshy areas unfit for
normal building constructions unless special pre-
cautions are taken, such as having raft construction
as the foundation for the building.

Foundations are normally laid as concrete slabs.
In areas with frozen ground, insulation under the
slabs is necessary to avoid problems with heave.
Alternatively, a ring foundation wall that goes
down to frost-free ground must be used to ensure
that the frozen ground not does affect the building.

Normally this is recommended to go below 1.5m
depth, but this varies with the depth of the frozen
ground. It is important to use drainage pipes to
ensure that water is removed from the proximity of
the walls to avoid possible movement.

20.8 Design of major parts

20.8.1 Floors

In aquaculture facilities concrete is normally used
for the floor (Fig. 20.4). Iron mats or rods are used
to reinforce the concrete.The normal slab thickness
is 10–15cm, but it might be greater under the walls
and pillars because the floor needs to withstand the
additional weight transferred from the wall or
pillars. In cold climates is it necessary to use PS as
insulation under the floor. To avoid frost heave
either flank insulation or a ring foundation can be
used for the building. If using flank insulation, it is
laid under the surface, extending 1.5–2m outside
the flanks of the building. In this way frost inhibit
from going down in the ground close to the build-
ing; it will go some distance out, so does not reach
into the building and the problem with frozen
ground is eliminated. If using a ring foundation this
goes down to below the frozen ground and ensures
that the building remains independent of the frozen
ground. The thickness of a ring foundation wall is
10–20cm, and typical depths are 1.5–2m below
ground level.

In the production room, at least, it is necessary 
to have a smooth surface on the floor that is easy
to clean. It is normal to seal the floor with some
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Figure 20.4 Normal method for constructing a con-
crete floor in a production room.
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type of epoxy two component paint, especially 
suitable for concrete surfaces, to increase the
smoothness of the floor so that it is easier to 
clean. However, it must not be too slippery; in the
walkways, sand grains can be included in the epoxy
paint.

To keep the floor clean and dry, it is important to
have sufficient slope on the floor and enough gullies
to collect the water; the recommended slope is from
0.1 to 1%. It is better to have too great a slope than
too little. Farms have also used heat cables in the
concrete floor to keep the floor dry, but this is very
expensive.

20.8.2 Walls

The walls must be constructed to stay upright and
keep the roof in position, keep the building stable,
and prevent wind damage to or deformation of the
building. How the wall is constructed depends
whether it is insulated or not, the material used, and
the load carrying system employed.

If the wall is not insulated, an open construction
is recommended, because then no ventilation
system is necessary and the air inside will be the
same as the air around the building. It is, however,
an advantage to have some walls to shield the inside
of the building from the wind.

A closed or insulated wall construction, if this is
necessary, consists of the following three major
parts:

• Exterior covering to shelter and protect the load-
carrying system

• Wall construction including the load-carrying
system and insulation layer

• Internal covering to screen the inside and protect
the load-carrying system.

These parts can be separate, or all the parts can be
included in one construction, depending on the
material used.

Several materials can be used for construction of
the wall (Fig. 20.5). One major material could be
used or the wall can be a mix of different ma-
terials. The major materials are wood, steel and
concrete. A normal weathertight wall (the same
principle is also used in the roof) of wood or steel
can be constructed as described below.

The exterior covering that protects the wall con-
struction and prevents ingress of rain and wind can

be wooden boarding or metal plates (steel or alu-
minium). Under these boards or plates, sheathing
cardboard or plates can be used to stop strong 
wind and driving rain penetrating into the wall 
construction.

In the farming room, plastic-covered chipboard
sheets or metal plates can be used for the internal
wall covering. To avoid humidity from the produc-
tion room penetrating into the wall, a damp course
is used under the plates and on the wall construc-
tion. This is a thin clear plastic sheet, and is of great

Figure 20.5 Construction of a wall.



importance in protecting the wall against high
humidity and possible decay.

Timber framework is widely used; typical plank
sizes are 5cm × 10cm, or 5cm × 15cm, which gives
walls of thickness 10cm or 15cm, respectively. The
planks are joined to form a frame that is torsion
stable in every direction. The frame is typically
covered on both sides with metal plates or wood
panelling.

If using concrete, the thickness of the walls is
10–30cm, and iron bars are used as reinforcement.
If the building is insulated, PS can be an integral
part of the wall. Because the PS is enclosed in con-
crete, problems with toxic gases from the PS in the
event of fire are avoided. When building concrete
walls, formwork must be used on both sides before
the concrete is poured in and the hardening process
can take place. Concrete blocks or light concrete
blocks may also be used. This is a simple way to
build a wall, where no formwork is needed. The
blocks are laid with cement mortar. Blocks are also
delivered with integral insulation. The concrete or
concrete blocks represent the total wall construc-
tion, and will keep the roof in position, so they func-
tion as the load-carrying system.

The exterior and internal coverings are easy to
apply to concrete walls. The concrete can be plas-
tered and painted so a smooth surface that is easy
to clean can be established on both sides (Fig. 20.6).

When using concrete and light concrete, a weath-
ertight construction is achieved. Some kind of ven-
tilation is therefore necessary, even if the walls are
not insulated, to avoid excessive humidity.

20.9 Ventilation and climatization
In a building with a weathertight wall construction,
there is no exchange of air. After working there for
a period the air quality will gradually decline
because, no new oxygen is added and no carbon
dioxide removed. Exchange of air (ventilation) is
therefore necessary.

Both in areas for water treatment and in the fish
production rooms there are large free water sur-
faces. This will increase the humidity, which means
that there are large amounts of water vapour in the
air. The material and equipment that is going to be
used in the room must be able to withstand high
humidity.

The amount of water that the air can take up
depends on the air temperature (Fig. 20.7); if this
drops the amount of water that can be kept in the
air is reduced and condensation will result. Typical
surfaces that have a lower temperature and where
condensation will accumulate are exterior walls,
windows and floors. Excessive humidity can cause
problems with the feed. Especially problematic is
when the feed is taken from a cold room; because
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Figure 20.6 It is important that sur-
faces are easy to clean.
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the feed is colder than the new surroundings, water
will condense on its surface. Problems with humid-
ity occur when the water temperature is high and it
is cold outside the building. To avoid these, the
humidity of the air must be reduced; this is known
as air conditioning.

Two things must therefore be done: exchange of
air to improve the air quality and reduce the humid-
ity.These problems can be solved in combination or
separately, and a number of methods and solutions
are available.

One method of reducing the humidity in the air
is to use a dehumidifier. This functions in the same
way as a heat pump or a refrigerator. A fan blows
the air from the room over a cold surface (the evap-
orator); the water in the air condenses on the
surface and is collected in a tray. Since the temper-
ature of the air is reduced the amount of water that
the air can contain will be reduced. Afterwards the
air is transported over a heated plate (the con-
denser) and its temperature is increased; because of
this the humidity is decreased even more.

Another method to reduce the humidity is to
increase the air temperature 2–3°C above that of
the water. It is, however, difficult to achieve a higher
temperature in all parts of the building; this shows

Figure 20.7 The amount of water that can be taken up
by air depends on the temperature.

Figure 20.8 A ventilation system containing an air-to-
air heat exchanger.

the importance of good insulation in all cold areas
of the building. In practice, this is difficult, because
there will always be parts of the building where the
temperature is lower and condensation will occur.
Otherwise the room temperature must be very
high, which is very expensive. Good circulation of
air in a room is also very important when using such
methods to smooth out temperature differences.

To combine reduction of humidity with ventila-
tion is also a solution. Air from outside normally
has a lower humidity than air inside a building.
By bringing air in from outside to replace the 
air inside, humidity is reduced and ventilation
enhanced.

The simplest way is to achieve ventilation is to
create a small vacuum inside the building. By using



vacuum in the building and new cold air can be
taken in from outside through valves in the wall. Of
course, a combination of the different methods may
also be used.

To avoid the need for ventilation, as mentioned
previously, an open wall and roof constructions can
be used. This requires free circulation of air from
the outside to the inside. Split panels or plastic grat-
ings are examples of this. In addition an open roof
ridge can be used, so that hot air can escape. This is
a specially designed roof part.

References
1. Ching, F.D.K., Ching, F.D. (1996) Architecture: form,

space and order. John Wiley & Sons.
2. Ching, F.D.K., Adams, C. (2000) Building construction

illustrated. John Wiley & Sons.
3. Allen, E., Iano, J. (2003) Fundamentals of building con-

struction: materials and methods. John Wiley & Sons.
4. Chudly, R., Greeno, R. (2004) Building construction

handbook. Elsevier Science.

Buildings and Superstructures 293

a fan that blows air from inside the building reduces
the air pressure. The air from outside will then flow
in through air valves on the walls due to the partial
vacuum inside the building. In this way good air
exchange can be achieved. Alter-natively, air from
outside can be forced into the building with a fan
and inside air forced out through valves in the walls.
This is not recommended, because humid air will 
be forced into equipment and the fabric of the
building.

To recover the energy from the air that is taken
out, heat exchange with the inflowing air can be
used. An air-to-air heat exchanger is shown in Fig.
20.8. Air is withdrawn with a fan, and an equal
amount of new air is dragged in via a pipe system.
A neutral pressure is then created inside the room.

Another method is to use a so-called breathing
intermediate ceiling. The phenomenon utilized is
that hot air will go upwards because it is less dense
than cold air. A special open ceiling through which
the hot air can go is then used to create a small



21
Design and Construction of 

Aquaculture Facilities

reduce the amount of new inlet water necessary, but
the need for equipment for water treatment
increases. The design will also depend on whether
the re-use units are placed on single tanks, or
whether one re-use unit is centrally placed to serve
several tanks. In a plant with a water re-use system,
the amount and size of the equipment for water
treatment is increased, and the same will be the case
for the required area.

A land-based farm for hatching and juvenile pro-
duction based on intensive production and a flow-
through system can be separated into the following
sections (Fig. 21.1):

• Water intake and water transfer to the farm
• Water treatment
• Hatchery
• First feeding
• On-growing
• Feed storage
• Workshop, staff room
• Wastewater treatment
• Equipment for feeding and handling that could

be integral parts of the farm construction.

21.2.2 Water intake and transfer

The design of the water intake and transfer system
depends on whether the water source is at a higher
altitude than the farm, so the water flows under
gravity into the farm, or whether the source is on
the same or at a lower level than the farm, so that
pumping of the inlet water is necessary. If possible,
the first alternative is of course recommended 
(Fig. 21.2).

21.1 Introduction
The design and construction of a production plant
for aquaculture depends on a number of factors,
including the intensity and size of the production.
Production plants can be classified according to
whether the production is based on freshwater or
seawater, and if it is onshore or offshore. The 
development stage of the organism may also be
used as a basis for classification. A farm may
produce eggs, fry, juvenile or on-growing fish ready
for market, or it can have a complete production
system with all life stages, from eggs to harvesting,
on the farm.

In this chapter some general examples of farm
design are given.The focus is on intensive fish farms
because such farms use technology to the greatest
extent.A land-based farm for hatching and juvenile
production, and a sea-based farm for on-growing
are used as examples.

21.2 Land-based hatchery, juvenile
and on-growing production plant

21.2.1 General

Land-based production may be classified according
to the production units used: tanks, ponds or net
pens in lakes. The tanks can either have circular
water flow or be raceways. Here the focus is on
intensive farms having tanks with circular flow,
because this system can give the largest production
per unit surface area.

The design of an intensive land-based farm
depends on whether a flow-through system or a re-
use system is used. Use of a re-use system will
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Transfer pipes can be quite large, and therefore
expensive, so it is recommended to have as short a
distance from the water source to the farm as pos-
sible. If the distance is more than 500m the cost of
the inlet pipe will be considerable. Hence land-
based fish farms should be located as close to 

the water source as possible. The same is of course
the case for the distance between the farm and the
recipient water body, if the water is to be trans-
ported through a pipeline.

If the water is to be pumped into the farm, a high
lift head is not recommended because this increases
the pumping costs; heads 10–15m will result in
quite large costs. If such conditions prevail, the case
for increased oxygenation and use of recycling
systems must be evaluated, to reduce the amount
of water needed and hence reduce the operating
costs of the farm.

Water inlet

The inlet design depends on the source: lake, river,
groundwater or the sea.

Lake: In lakes deeper than 10–20m there is nor-
mally thermal stratification. The ratio between the
water temperature and the water density causes
this stratification. Because water is most dense at
4°C, water at this temperature will sink to the
bottom and warmer water will float on top. In areas
where the water temperature falls below 4°C in the
winter, there will be mixing of water during spring
and autumn. In the autumn, the surface tempera-
ture is reduced; when it reaches 4°C mixing will
occur because all the water will have the same
density and only a slight breeze on the surface 
will ensure mixing. Strong winds may also result in
mixing of water in the column at other times of the
year.

It is normal to divide the water column into three
layers, the surface layer (epilimnion), a layer with a
steep temperature gradient where a large differ-
ence in temperature occurs (metalimnion), and the
bottom layer (hypolimnion) (Fig. 21.3). The depth
at which the steepest temperature increase/
decrease occurs is known as a thermocline. Water
collected from below this depth is said to have been
collected below the thermocline. If there is such a
layer in the lake it is recommended that the inlet
be sited below the thermocline to avoid tempera-
ture variations that are large and difficult to
control.Two intakes can be installed, one above and
one below the thermocline, so that the warm
surface water can be used to increase fish growth,
but then possible problems with fouling must be
taken into account.
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Figure 21.1 Main parts in an intensive drifted land-
based farm for hatching and juvenile production.
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Figure 21.2 Water sources supplying
the farm under gravity are recom-
mended to avoid pumping.

A

B

Figure 21.3 (A) The water in a deep
lake can be divided into three layers,
but a shallow lake may show no 
stratification. (B) Circulation of water
by season due to water temperature
gradients (highest density at 4°C).



In a lake the inlet pipe is normally laid on the
bottom. The pipe must be correctly aligned, and
large stones and deep cracks avoided; regular
sloping of the bottom is advantageous. Under
watercameras or an echo sounder should be used
to align the pipe before it is fixed in position with
weights. These are normally concrete blocks
clamped to the pipe; the distance between them
depends on the pipe size and water flow.

The actual inlet ought to be placed some distance
from the bottom to avoid mud and small stones
being sucked into the inlet pipe. This can be
achieved in different ways, for instance by adding a
float at the end of the pipe or by using an elbow
that directs the pipe upwards in the water column
(Fig. 21.4). To avoid fish and other large substances
being dragged into the inlet pipe, a screen is used
at the orifice. The water velocity through the screen
must not be too large to prevent small fish and
other objects getting sucked onto the surface of the
screen and blocking the inlet. Water inlet velocities
of less than 0.1m/s are recommended, while in the
inlet pipe itself flows of 1–1.5m/s are used. Poly-
ethylene (PE) has proved to be a suitable material
for inlet pipelines, because it is both reasonably
priced and to some extent will follow the contours
of the terrain.

Sea: In the sea the same principles for an inlet in a
lake are used. However, the thermocline is nor-
mally located deeper in the sea, normally from 30
to 70m. Here also it is advantageous to have the
inlet below the thermocline. The water tempera-
tures will then be predictable, at least when the
farm has been in use for some years, or if much his-
torical data are available. For future production
planning predictable temperatures are a great

advantage but predicting surface water tempera-
ture is impossible. Another great disadvantage with
having the water inlet above the thermocline and
close to the surface is the problem of fouling inside
the pipe. With high water temperatures, the inlet
pipe will become totally fouled quite quickly and
the water flow will be dramatically reduced. Facili-
ties to clean the inlet pipe must, in such cases, be an
integral part of the construction.

For water inlets at great depths, it will be difficult
to clean the grating if it becomes blocked, so self-
cleaning inlet gratings should be used (Fig. 21.5).
Another, and probably a better solution, is to 
place the grating in the pumping station near the
surface instead of end of the inlet pipe. The 
inlet pipe is now completely open at the bottom;
objects will be swept in with the water but are
stopped by the grating in the pumping station. A
funnel at the start of the inlet pipe may also be
used. This will reduce the water velocity and at the
same time the resistance head (see Chapter 2). In
the pumping station it will be quite easy to inspect
the grating visually and remove accumulated
debris.

An infiltration intake may also be used if ground
conditions are suitable. As for infiltration inlets
from rivers described below (Fig. 21.6), various
designs of the inlet are possible.1 For example, a
well can be built on the beach but the beach mate-
rial must be sufficiently permeable.

The cost of inlet pipes in the sea can be consid-
erable, because they must be long enough to reach
adequate depth and be below the thermocline; a
good site therefore has a short distance to the
acceptable depth, so deep water close to the shore
is advantageous. A site on a long shallow coastline
is normally poor.
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Figure 21.4 Methods for installing
the inlet pipe to avoid bottom mud
being dragged into the inlet pipe.
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River: When the inlet source is a river, the location
of the inlet is very important. Rivers normally
transport a lot of suspended particles and larger
objects that are unwanted in the inlet water to the
fish farm. The autumn period is especially critical

when a lot of fallen leaves are transported in the
water. Flood situations will also be critical because
the amount of suspended particles in the water
increases due to erosion. The inlet ought therefore
to be laid in an area were the velocity of the river

A

B

Figure 21.5 The inlet grating can (A) be made self-cleaning, or (B) placed within the pumping station so that it is
close to the surface and easily available for cleaning.
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Figure 21.6 An infiltration intake ensures that the inlet
water is purified before entering the farm.
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laid as spokes in a wheel; thus more water is drained
into the vertical well, because a larger area is
tapped.

Pumping station

If pumps are used to transfer water to the farm a
pumping station is needed. The pumps are either

dry placed or submerged. Special equipment is nec-
essary to make dry-placed pumps self-priming if the
pump is installed at a higher level than the seawa-
ter. If such pumping stations are used, special care
must be taken to avoid sucking of ‘false air’. Dry-
placed pumps may be installed in a well where
there is pressure from the water, so circumventing
this problem; this specially designed well must, in
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A

B

C

Figure 21.8 Types of groundwater
well: (A) drilled well; (B) excavated
well; (C) horizontal well with drainage
pipes to increase the area that drains
to the well.
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these cases, be excavated and cast. Submerged
pumps will always be placed in some type of well
(Fig. 21.9); both propeller and centrifugal pumps
can be used. Propeller pumps are recommended
with large water flows and low lift height (below 
10m). If submerged pumps are used, the shore
where the pumping station is to be placed must be
shielded from the waves. It is also recommended

that areas with large waves are avoided when siting
pipes to dry-placed pumping stations. There are
also experiences with drilling the inlet pipe in rock
and siting the entire pumping station inside a
mountain.2 The pumping station can also be placed
on the seashore and water is lead into the station
through pipes. This requires appropriate ground
conditions, sand or gravel for example.

Figure 21.9 Pumping station with submerged pumps for
pumping seawater to a land-based fish farm.



For emergency reasons, the water should be sup-
plied to a farm using at least two pumps. It is impor-
tant that the total efficiency of the pumps is high to
reduce the cost per cubic metre of water. If the
requirements for water delivery vary, it could be
advantageous to use several pumps of different
size; however standardization of the pumps so that
it is possible to change spare parts and have a
common stock of the most needed spares, will be
difficult in such cases. There should be at least one
stand-by pump in the pumping station. A pro-
gramme that alternates between the pumps should
be used so that all pumps will be run for some
period. In this way the stand-by pump is always in
use and not found to have seized up with rust when
needed.

The pumps are installed in a pumping station.

Dry-placed pumps are placed in a building on
shore. For submerged or dry-placed pumps in a
well, the pumping station is placed below the low
tide mark in the sea. The pumping station is often
made of prefabricated concrete or fibreglass. Sub-
merged pumps should be placed on guide rails so
that is easy to take them up for maintenance.

Transfer pipeline

As mentioned earlier, transfer pipes should be as
short as possible to avoid unnecessary expense. If
only a low head is available (<5m) or if the water
is pumped, it is especially important to use piping
that is as smooth as possible. Single resistances with
high friction coefficients must be avoided; 90°
elbows should be substituted with shallower bends,
for instance three 30° elbows, or one long smooth
elbow. Reduced velocity through the pipelines
could also be used to reduce the friction loss, but it
must be above 0.5m/s to avoid settling.

If the water source is at a sufficiently higher alti-
tude than the farm (>30m) the water velocity in the
pipeline could be very high; velocities above 3m/s
should be avoided to prevent breakage in the water
column and vacuum effects. Increased velocities
will also increase the requirements for anchoring
the pipes. In such circumstances a small generator
can be installed to utilize the energy in the inlet
water (Fig. 21.10); it is important to choose one
made of material that is not toxic to the fish. After
the turbine, it is important to aerate the water to
avoid possible supersaturation with nitrogen gas.

Care must be taken if the pipe is laid over a hill
or ridge (high crest) from a lake and is functioning
as a siphon (Fig. 21.11) because a vacuum effect will
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Figure 21.10 A power generator may be included on
the transfer pipeline if there is large height difference
between the water source and the fish farm.

Figure 21.11 On a high crest there may
be a vacuum in the inlet pipe.
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occur on the top crest and the pipe may collapse.
To avoid this, it is important to use a pipe of a suf-
ficiently high pressure class which has a thick wall.
Another problem that may occur when the pipeline
is not evenly sloped in one direction, is the creation
of gas bubbles at the crests. Normally there will
always be some gas bubbles in the water and they
will collect at the crests; when numerous bubbles
collect at this point the effective cross-sectional
area of the pipe is reduced. This will again reduce
the water flowing through the pipe and in the worst
case the water flow can be totally blocked by the
gas bubble. The use of a siphon on the inlet pipe is
therefore not optimal, and if possible should be
avoided. Instead of laying the pipe across the shore
of a lake it may be advantageous to excavate a
channel out of the lake in which the pipe is placed.
It is also important that the pipe is laid with a good
and even slope.

If there are possibilities for gas collection at
points in the transfer pipeline or pipelines inside
the farm, special degassing valves can be used.
These can be automatic and discharge gas when
necessary. Degassing can also be done manually by
installing a valve at the critical point in the pipeline
and open it at fixed intervals. It should be remem-
bered that there must be pressure in the system
when the valve is opened to force the gas out. The
valve can be closed as soon as the water comes out.
In a siphon construction a special valve must be
used to avoid breaking the siphon.

If fouling occurs in the inlet pipeline, it can be
cleaned out by sending plugs through the inlet pipe,
which is known as plugging. The cleaning plug can
be inserted at the start of the inlet pipe and with-
drawn at a point inside the farm (Fig. 21.12). The
plug can, for instance, be made of some type of
foam rubber. It is important to have enough water
pressure to force the plug through the transfer
pipeline.

21.2.3 Water treatment department

In this department the equipment to control and
eventually improve the water quality is installed. It
is a very difficult department to design well, espe-
cially when much equipment is needed (Fig. 21.13).
In several established farms this department looks
a mess. When planning, it is important to allow 
sufficient space. The department will, in all proba-

bility, be changed and modified several times. It is
advantageous to include several valves in the
system so that water flows can easily be stopped
and sent in different directions. It must be possible
to remove all the individual pieces of equipment
without having to shut off the inlet water supply to
the farm.

The amount of equipment needed in this depart-
ment varies with the quality of inlet water and
therefore the need to treat it. In this department
equipment is typically installed for:

• Aeration
• Disinfection
• Oxygenation
• pH control
• Removal of suspended solids
• Heating and cooling.

Figure 21.12 A cleaning plug for sending through the
pipeline to remove fouling.



If using a central re-use system, the equipment for
ammonia removal and the re-use pumps may also
be placed here.

Before starting to plan a water-treatment depart-
ment on a new farm, it is always recommended that
a flow chart be drawn that includes the different
free water surfaces to prevent mistakes (see
Chapter 22). It is quite normal to site the water
treatment department in two rooms, a machine
room and a water treatment room. Equipment for
oxygen production together with equipment for
heating and cooling can be placed in the machine
room. In the water treatment room there are large
free water surfaces and therefore high humidity, so
proper ventilation is necessary here. Examples of
equipment placed in this room include that for 
aeration, ammonia removal and solids removal.
By having two rooms, the expensive mechanical
equipment can be placed in a separate room with
lower humidity.

It is advantageous to locate some equipment
close to the water inlet or where the water transfer
pipe to the farms starts.This ensures some exposure
time before the inlet water reaches the farm. When
using ozone as a disinfectant, or when adding chem-
icals for changing the pH, it can be done in the inlet
and the need for a large retention basin inside the
farm avoided.

There are advantages in having a feeder tank as
a last step before the water reaches the production
system. This will ensure equal pressure in the inter-

nal pipelines.At the same time, the pressure will not
be too high. High pressure in the internal pipelines
will create a lot of noise in the pipes and valves in
the production hall. In addition, it may be necessary
to use pipes and parts of a higher pressure class,
which is more expensive. A feeder tank is also a
suitable place to install the alarm sensors, because
the level will immediately drop when there is
trouble with the water supply (Fig. 21.14); some
reaction time is also achieved if the water flow
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Figure 21.13 Good planning of the
water treatment department is a chal-
lenge because there are several com-
ponents and it is easy to arrange
them poorly.

Figure 21.14 If possible, it is advisable to have a
feeder tank in the water supply before the production
room to ensure equal water pressure in the pipes to the
production tanks. The feeder tank is also a suitable
place for alarm sensors.
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drops, depending on the volume of the header tank.
The disadvantages of using a feeder tank are that it
is necessary to lift the water to a higher level, if no
pressurized water is available. For this reason sea-
water is sometimes sent directly through channels
or pipes into the production room.

21.2.4 Production rooms

The production rooms are normally divided into a
hatchery, a first feeding department and an on-
growing department. The hatchery can be sepa-
rated into an incubation room and a hatching room
depending on the species grown. Reasons for divi-
sion could be to inhibit disease transfer, or to
improve the control and the possibilities for differ-
ent light regimes for different production units.
It may also be that the on-growing department is
outdoors.

Hatchery

Hatchery designs are based on the species farmed.
For some species separate rooms are used for the
incubation of fertilized eggs and for the hatching of
the eggs, because different production units are
required; water temperature and light conditions
may also be different. In a hatchery for salmonids,
for example, it is common to use trays with 40cm ×
40cm troughs (Fig. 21.15).Two to four trays are used

in a stack,and are commonly 2.1m or 3.6m long.The
water inlet is at one end of the tray and the outlet is
at the other.To control the eggs easy accessibility to
all units is important. Because of this it is rather dif-
ficult with four tray stacks. If producing eye eggs for
salmonids, cylinders may be used; this will, however,
require another arrangement. Two cylinders placed
at different heights on both sides of the walkway
might be used.

The main inlet pipeline to the hatchery comes
from the feeder tank. It is recommended that there
is a separate supply to the hatchery to provide
water at the correct temperature and quality; this
can also include removal of smaller particles, use of
protein skimmers and disinfection of the water.The
flow rate to the hatchery will be quite low. Inlet
pipes are either run along the wall or in the roof
with valves to the separate trays. The main outlet
pipeline is laid in the floor (see below).

To avoid disease transfer when personnel enter
the hatchery, they must first pass through a disin-
fection area. If selling eggs, there should be a room
specially for disinfection and packaging of eggs.
Personnel movement between these rooms should
be avoided. A hatch in the wall that connects the
two rooms might be a solution. Between the hatch-
ery and the first feeding department the use of a
hatch in the wall to avoid movement of personnel
and possible disease transfer is also common (Fig.
21.16).

Figure 21.15 Typical arrangement
of trays in a hatchery for salmonid
production.



Normally no windows are used in the hatcheries.
Sunshine may injure the eggs of some species. Some
light sources must also be avoided because they can
damage the eggs; for example, blue–violet light
tubes. Photomanipulation is also necessary for
some species, and having no windows makes this
possible. Some species will also require total dark-
ness, or the use of only red light during some
periods in the hatchery; for example, halibut.

The hatchery must be easy to clean and disinfect
between the hatching seasons. It is important to
remember this when designing the roof and walls,
and installing the equipment.

If a combined hatching and start feeding is used,
a mixed department is built and there is no sepa-
rate hatchery. In smaller farms this might be a good
solution, but of course, this has disadvantages con-
cerning disease control.

First feeding department

The first feeding department is normally a separate
room, but can also be combined with the hatchery
or be a part of the on-growing department. Tank
sizes also vary with the species; this is also the case
with the method of first feeding, for instance if live
feed is used. Normal tanks sizes are in the range 1–8
m2 surface area.

It is important to have good accessibility, because
first feeding is normally the most difficult stage in
the production cycle and where control is most
important (Fig. 21.17). The lighting conditions over

every tank must therefore ensure good visibility.
The foundations of the production results are laid
in this department.

Two storey tanks could be used, but this arrange-
ment can inhibit the accessibility and control of the
tanks and is a challenge in the planning process
(Fig. 21.17).The water can be supplied directly from
a general feeder tank or warm water can be sup-
plied from a separate feeder tank. Photomanipula-
tion can be used to improve the first feeding results,
so no windows are required in this department. The
tanks can be placed along the walls or in the centre,
or both with wider buildings. Walkways between
the tank rows must be at least 1m wide, or wider,
depending on the systems used for transport of feed
and fish.

On-growing department

The on-growing department can be inside or
outside. It has become quite common to have parts
of it inside, because of possibilities for photoma-
nipulation, increased growth and better disease
control, even if this increases the costs. If the on-
growing department is outside it is normal to have
a bird net above to protect the fish from birds. This
may also be combined with a shadow net that
shades the fish from the sun and protects some
species against sunburn.

The tanks are normally quite large with a diam-
eter of 5–20m and water height up to 5m. Because
of their size it can be cheaper to have individual
superstructures for the tanks. The recommended
tank shape is circular, or square with cut corners.
Circular tanks optimize material utilization, while
square tanks optimize utilization of the farming
area.

Depending on the arrangement of the tanks, the
plan can be similar to that in the first feeding
department. Because the tanks are normally higher,
visual control of the fish in them can be a problem.
The following solutions can be used (Fig. 21.18):

• Raised walkways for individual tanks
• Raised walkways for several tanks
• Submerged tanks

Raised walkways are simply constructed. If using a
building, all installations can theoretically be on the
floor and the building will then have a high second
hand value. Submerged tanks are best for fish
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Figure 21.16 Eggs and yolk sac fry can be transported
from hatchery to first feeding department through a
hatch in the wall without the need for staff to move
directly between the departments.
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farming purposes from the point of view of hygiene,
and all the area around the tanks is easy to clean.
This requires a concrete floor, located on the upper
part of the tanks. On very large tanks (>10m) a
walkway across, like a bridge, can be used to
increase the general view of the fish in the tanks.

Since the fish are now larger, the methods chosen
for fish handling are more important. More feed is
also used, and the feed handling method will there-
fore also influence the design.

Water supply, inlet pipelines

The water supply can be routed on the walls, in the
roof or in the middle of the room. Normally, the
water is supplied in pipes, but open channels can
also be used although they create more noise and
water under pressure cannot be used. A continuous

fall from the feeder tank to all the production tanks
is required.

It is important that the main inlet pipe is large
enough to avoid significant variations in the total
flow if the water flow to one tank is increased.
Alternatively, the main pipeline can be installed as
a ring connected at both ends (Fig. 21.19). This
equalizes the pressure at each point in the pipeline,
and ensures enough water in the tanks at the end
of the pipeline. Use of a ring pipeline will also 
eliminate the risk of stagnant water staying in 
the pipeline, when some length of the pipe is not in
use. In seawater this can be a particular problem
because of the biological processes that occur in the
stagnant water.

The water velocity is normally between 1 and 1.5
m/s; flows over 1.5m/s create high head loss. Lower
velocities are advantageous in achieving a larger

Figure 21.17 Different layouts in a first feeding
department.



reservoir and reducing the variation in flow.
However, settling in the pipes may now be a
problem and it must be possible to flush the pipes
out to remove this and prevent blockages. The
valves through which the water flows to the indi-
vidual tanks are set in the sides of the inlet pipe, not
the bottom, to avoid settling in closed or partially
open valves. One valve is set in the bottom to flush
and clean the main inlet pipe. It is best to have a
slope from the inlet reservoir to the valves, and
from the valves to the fish tank. The main pipeline
can also be close to the floor, or below the floor with
vertical pipes up to the single tanks. When using
such systems, care must be taken to avoid air locks
in the pipelines; degassing valves can be used at
critical points in the pipe system. Degassing of the
inlet pipe is especially critical when using oxy-
genated water.

Outlet pipelines

The outlet pipeline starts in the tank. To avoid
fouling and blockages the use of 90° bends in this
pipeline is not recommended; bends should be as
shallow as possible. This will also result in a more
gentle treatment of the faeces, so crushing to
smaller particles can be avoided. The head loss
through the outlet system will also be reduced.

It is easy to get sedimentation in and blockage of
the outlet pipes.To prevent this, a slope on the pipes
of a least 0.5%/m is recommended. In addition it
must be possible to flush and plug the pipes. When
designing the system these requirements must be
met.

For laying the outlet pipes inside the farm,
several systems are employed (Fig. 21.20):

(1) Pipes under the floor
(2) Open channels or culverts in the floor
(3) Pipes in culverts in the floor, either covered

with a grating or concrete block
(4) Pipes laid upon the floor.

All the alternatives have advantages and disadvan-
tages. Method (1) is best for avoiding smell from
the outlet and getting a surface inside the farm that
is easy to clean. A major disadvantage is that lack
of access prevents remedial measures being taken
when something happens. Later reconstructions of
the piping system are also difficult. Open channels
create much noise and are a source of unwanted
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Figure 21.18 Methods of access to higher tanks for
inspection, feeding, etc. include use of submerged
tanks, a raised walkway to a series of tanks, or raised
walkways to individual tanks.

Figure 21.19 If possible, a ring pipeline should be
used to equalize the pressure and avoid flow variation
in the connected tanks.
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smell, but are reasonably cheap. Method (4) is not
recommended, because it will prevent adequate
cleaning of the floor. Its great advantage is,
however, that no special arrangement is necessary
and that re-use of the buildings for other purposes
is easy. Instead of laying pipes directly on the floor,
it can be possible to hang them in the tanks,
depending on the tanks used, and then use racks to
bring the tanks to a correct working height.

Outlet pipes are not always filled with water; two
phases can flow, with air above the water.The veloc-
ity ought to be above 0.3m/s to avoid settling of
solids; otherwise a good slope and easy flushing and
plugging must be possible.

21.2.5 Feed storage

Feed storage depends on the type of feed and how
it is packed. If using dry feed, as is most common in
intensive aquaculture, the feed can be delivered in

bulk and then stored in silos. However, this requires
the use of large quantities. Big sacks are used for
medium quantities and small sacks for small quan-
tities. Whatever their size, sacks should be stored in
buildings, or at least in a sheltered area to protect
the contents from animals and birds. The feed sacks
must also be protected against direct sunlight to
reduce heating and possible destruction of the feed.
This is not necessary if insulated buildings are used
for storage of dry feed. In the feed storage house
concrete floors are typically used because spilled
feed is easily cleaned up.

The size of the feed store depends on the feed
consumption, types and sizes of feed, and the shelf
life. If much feed is bought at the same time, the
price for feed and transport is reduced, but this
requires a larger feed store. Problems will occur if
the feed is stored for too long. The shelf life
depends on the composition and the tempera-
ture in the feed store, and is given by the feed 
supplier.

It is important to be aware of the feed handling
lines when designing the feed store. If using big
sacks, how is the feed going to be transported in and
out of the feed store? For instance, if using big
sacks, they can be hung up for manual tapping into
a wheelbarrow. It is then important to have equip-
ment for lifting the sacks and doors that are wide
enough.

21.2.6 Disinfection barrier

To protect the farm against transfer of disease,
disinfection is recommended. This includes a dis-
infection barrier in front of the total farm area and
others before entering the different production
departments on the farm. A simple method is to
utilize a disinfection mat/bath to which a disinfec-
tant is added. The shoes are disinfected when step-
ping into this bath. It is, however, preferable to use
a barrier where the shoes are changed. Having a
clean zone, where people only walk in their socks
is a possible solution here (Fig. 21.21). Clothes may
also be changed in this zone. It is advantageous to
use different colours for shoes and working clothes
in the different departments. How much sectioning
is to be done into separate departments with prior
disinfection will always be a problem because it is
costly, and more time is needed for changing, espe-
cially of clothes.

Figure 21.20 The outlet pipes can be laid below the
floor, in open or closed channels/culverts or upon the
floor.



21.2.7 Other rooms

In a fish farm it is normal to have a small workshop,
or at least a place to store the tools, because there
is quite a large amount of technical equipment on
an intensive fish farm.

Depending on the size of the farm it is normal to
have rooms for personnel including a mess room,
wardrobe, toilet and bathroom. An office is also
necessary on a fish farm; on large farms this could
even be an administration building.

21.2.8 Outlet water treatment

If the outlet water is to be treated, this normally
only includes equipment for removing particles and
storing the sludge.This equipment should be placed
as close to the production units as possible to avoid
damaging the particles. The water must be treated
as gently as possible before it enters this equip-
ment. Normally the effluent water is treated in a
separate department or building. It is important to
have sufficient slope on the pipes from the produc-
tion unit to the treatment plant to avoid having to
pump because this breaks up the particles. The par-
ticle filter is normally of the rotating screen type
with a mesh size of 90–100μm. Outdoor settling
ponds may also be used. However, phosphorus can
be released from settling ponds.

Contamination of the inlet water by the outlet
water must be avoided to reduce the possibilities
for disease transfer. Therefore there should be no

possibilities for direct movement of personnel
between these departments. Neither should there
be any possibilities for short circuits between the
inlet and outlet pipes. If the inlet water is pumped
from a lake or from the sea and the outlet water is
sent back to the same source, it is important that
short cuts and/or cross contamination are avoided.
The inlet and outlet pipes must be spaced far apart
both in the vertical and horizontal directions.
Transport of the outlet water directly to where the
inlet is placed by the main current must also be
avoided.

21.2.9 Important equipment

Equipment for feeding and feed handling, and
systems for handling fish are important on intensive
fish farms because they are used so much. A great
deal of equipment is available here (see Chapters
16 and 17). This equipment can to some degree be
an integral part of the farm construction, or it can
be portable. Therefore the choice of equipment
influences the design of the farm, so if a farm is
established using a particular system, much recon-
struction can be necessary if it is later decided to
change that system.

Feed handling

Some types of feeding equipment are commonly
used on all intensive land-based farms. This can
range from simple feeders on a single production
unit, to larger automated central feeding systems or
feeding robots. Automation of the feeding system
depends on the amount of feed used. It is impor-
tant that the complete handling process for the feed
from delivery to end use is well thought out. The
necessary components in the handling line will, of
course, depend on the chosen feeding system; if a
feeding robot or a complete feeding system is used,
the feed must be stored in silos.

If using traditional feeders, the feed must be
taken from the store to the fish tanks. Alternatives
for performing this operation can be to carry sacks,
or to use a trolley or wheelbarrow. Trolleys or
wheelbarrows set requirements for the width of the
walkways. The feed is normally lifted from floor
level up into the hoppers of the feeders manually.
The hoppers must therefore be easy to fill.The farm
may also be designed with two storeys, a first floor
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Figure 21.21 A disinfection barrier before the produc-
tion rooms is recommended.
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in addition to the ground floor. Feed is stored on
the first floor; this is also where hoppers to the tanks
on the ground floor are filled, so gravity is utilized
and heavy lifting avoided.

Fish handling

Fish handling is an important part of the work in an
intensive farm, and equipment for doing this is
important, especially when the number of fish and
size increase. Reasons for handlings are various and
include moving between departments, dividing
groups to avoid excessive density, size grading and
when delivering fish. Also here it is important to
think in complete handling lines, where the fish are
taken from the production unit and sent back to the
tank. A handling line for moving fish may, for
instance, include:

• Crowding in the tank
• Vertical transport out of the tank
• Horizontal transport between tanks.

The first operation, crowding, can be brought about
by (1) reducing the water level (it must then be pos-
sible to reduce the water level in the tank), (2) using
a rotating grid, (3) having removable tank bottom.
For the second operation, vertical transport out of
the tank, the following methods can be used: (1)
net, (2) pumps of various types, such as centrifugal
that is lowered into the tank or the handling centre,
vacuum (pressure) that also sucks up fish, ejector or
airlift that require deep tanks, (3) transport tanks
lifted with a forklift truck, (4) fish screw (needs a
large area). For horizontal transport the following
methods are used: (1) dip net and/or buckets, (2)
transport tank, (3) pipelines.

The handling system may also be an integral part
of the farm (Fig. 21.22). Examples of such systems
are: (1) a centrally placed pumping chamber to
where the fish are tapped through in pipelines from
all tanks, (2) by having pump adaptors close to the
bottom in all tanks and a centrally placed pump, (3)
pipelines near the top of all tanks, into which the
fish are poured after using a dip net to take them
out the tank.

For larger fish the tanks may be equipped with
hatches through which the fish either swim volun-
tarily or are forced to go when the water level is
reduced. The first system only requires one channel
between the tanks, and there is a combination of

voluntary and forced movement by movable grids
(Fig. 21.23).The second system is based on channels
on two floors and an elevator that lifts the fish
between the two levels (Fig. 21.24). This system
functions as follows. The water level in the tank is
reduced and the fish are forced to leave via the
hatch in the tank wall. There is a slope on the

Figure 21.22 Farm in which the handling system is an
integral part.

Figure 21.23 Fish farm equipped with channels for
transport of fish.



bottom in the lower channel and by continuously
reducing the water level the fish are forced into the
elevator at the end of the channel system. One tank
inside the silo constitutes the elevator.The fish from
one tank are collected in the elevator that is actu-
ally an ordinary fish tank. By closing the inlet hatch
to the elevator and supplying water to the silo the
water level will increase and the tank that floats
inside will move upwards like an elevator.When the

tank reaches the upper channel level the hatch is
opened and the fish will start to swim out; by con-
tinuing the elevating process they will gradually be
forced to leave. After this the water level in the
upper channel will be gradually reduced and the
fish forced back into their tank. Then fish from a
new tank can be moved in a stepwise process.

The solutions for size grading must also be
decided before the farm is established. If the farm
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Figure 21.24 Fish farm equipped with channels for volun-
tary fish movement. Between the two channel levels there is
an elevator for vertical transport of fish.
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is small and small amounts of fish are going to be
graded, a cradle used directly in the production
tanks might be a solution. Otherwise a machine can
be used, such as a roller, belt or band type. If using
a level grader the high head loss must be remem-
bered. If thinking about the complete system, the
grading machine can be placed in a grading centre,
or it can be portable and moved to the tank that is
to be graded. In the latter case it is important to
have sufficient space in the walkways to place the
grader.

21.3 On-growing production, sea 
cage farms

21.3.1 General

An on-growing farm bases its production on buying
fry or juvenile fish and producing fish ready 
for slaughtering. An inexpensive system for on-
growing production is to use cages, in lakes, calm
rivers or in the sea. Later in this chapter a brief
description of the design of a complete cage farm
is given, focusing on a sea-based farm.

A total sea cage farm includes the following com-
ponents (Fig. 21.25):

• The cage farm with fixed equipment
• An operations base

• A boat
• Net handling equipment.

The cage farm includes the cages with the mooring
system. Equipment fixed to the cage can be feeding
equipment, equipment for collection of dead fish
and feed loss, and a lighting system.

21.3.2 Site selection

When selecting the sites for sea cage farms several
criteria are important. Some species independent
criteria used when evaluating a site are as follows:

• Stable water quality (the actual quality require-
ments will be species dependent)

• Good water exchange, but not too high a veloc-
ity (below 1m/s is recommended)

• Minimum depth under the cages of 5m
• Good infrastructure
• Temperature above 0°C to avoid icing; otherwise

temperature appropriate for the species
• Not close to potential sources of water 

contamination
• For wave heights above 3m the equipment costs

are rather high.

When having a sea cage farm the use of several
sites is recommended. If having species that need
more than one year to reach the marked size or
when having several inputs of juveniles every year
it is advisable to use different sites (Fig. 21.26) to
reduce the possibility of disease transfer between
the inputs/generations. In addition, is it advisable to
let the sites rest for a year after some years in pro-
duction. This has been shown to improve produc-
tion on the site. If this production model is used, the
sites must not be too close together. The distance
depends on the current conditions between the
sites, but typically at least 1.5km is recommended.

21.3.3 The cages and the fixed equipment

Cages and net bags

The number, type and size of the cages depends on
the production regime and the farmed species. The
exposure of the site to waves is also important.
If the site is very exposed, special offshore cages 
are used. Large cages have become increasingly
popular because the production costs can be
reduced.3 In the Norwegian salmon industry, circu-Figure 21.25 Plan of a typical sea cage farm.



lar cages with a circumference of 90 or 110m are
becoming quite common. However, extra demands
are made on the equipment used for handling the
nets.Another trend is to utilize more exposed water
for farming, which sets extra requirements for the
cages, mooring systems and operating boats.

Sea cage farms may also be established close to
the shore, so that a walkway can be constructed
from the land directly to the cages (Fig. 21.27). In
such conditions it is normal to use a system farm,
or at least a farm with a floating walkway, to where
the cages are moored.

A dead fish collector may be used in the cage: this
can either be in the form of a stocking below the
ordinary net bag, or a basket inside the cage. The
basket can easily be lifted to the surface with a rope,
and the dead fish collected.

Lighting system

To increase the growth and reduce early matura-
tion, additional and continuous lights can be used
in the sea cages.4,5 In particular, during the winter

season in high latitudes, this has been shown to
improve the production results for salmoinds by
20–30%.6 Thus in almost every sea cage in Norway
extra light is used to increase growth and reduce
maturation. The light source can stay above or
beneath the surface. When having the light above
the water surface it must be quite strong because it
has to go through the water surface (Fig. 21.28).
Light above the surface may be detrimental to the
surroundings; for instance, there have been com-
plaints from ships. For example, on a cage 15m × 15
m four 500W floodlights have been used; the nec-
essary brightness is around 180 lux, the same as rec-
ommended for rooms not in continuous use, such
as storerooms.

When planning a light installation, the following
factors are important:

• Type of light source
• Placement of light source above or beneath the

surface
• Number of lights
• When in the year it shall be used
• For how large a part of the day it shall be used
• Source of energy
• How to get the energy to the cage; where shall

electrical cables be laid or shall generators be
used?

Today, underwater lights have become much more
commonly used, because they are closer to what is
to be illuminated. Also, they do not cause the prob-
lems associated with non-submerged lights, e.g. nav-
igational confusion.

Feeding system

Several methods are used for feeding fish in cages,
ranging from hand feeding where no additional
equipment is required to automatic feeding where
the additional installations depend on the chosen
feeders (see Chapter 16). If traditional feeders are
used, they are placed on a platform that could be
integrated in the collar. The hoppers can be quite
large (>1m3) and additional buoyancy is necessary.
If central feeding systems are used it is only the
pipes with the feed that enter the cages and no
additional equipment is necessary. It can be possi-
ble to use additional equipment inside the cage
such as detectors for uneaten feed and biomass esti-
mation. Such equipment will, however, be portable
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Figure 21.26 The use of several sites is recom-
mended, both to inhibit to transfer of disease and to let
the sites rest.



Figure 21.27 Cages can be individ-
ual, or part of a system with and
without a walkway to land.



and have no influence on the construction of the
cages.

21.3.4 The base station

A base station is necessary for a sea cage farm (Fig.
21.29). This can be land based or sea based (lying
on a raft), or it can be a combination of the two
alternatives.The size and content of the base station
depends on the size of the production unit and the
management of the farm, including what services
are bought from subcontractors.A base station may
contain various pieces of equipment and storage
facilities.

It is normal to have at least a wardrobe, toilet and
mess room for the workers on the base. In addition
there is a small workshop, or at least a place to have
some tools.

Every farm also needs a system for taking care
of the dead fish; to prevent them becoming an envi-
ronmental problem, they must not be dropped into
the water. A tank to which acid is added can 
be used, and the fish are ensiled (Fig. 21.30); the
produce can, for example, be used to feed fur-
bearing animals. The dead fish may also be stored
in a cold-storage room, for later collection and 
utilization.

It is also normal to have a feed store on the base.
A central feeding system may also be installed on
the base. Feeding barges have become quite
popular because they can be moved between sites
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Figure 21.28 Lighting system used
on a cage farm to improve fish
growth.

if the sites are fallowed. Common construction
materials are steel or concrete; old ferries have
proved quite popular as feeding barges.

The base, whether it is on land or sea, must be of
a design that makes it easy for boats to dock. On a
sea-based barge this is quite simple; if the base is
on land a quay is necessary.

The base may or may not include net storage,
net washing equipment and impregnation equip-
ment. However, today it is quite common to employ
subcontractors to do all the net handling and
storage.

21.3.5 Net handling

Net handling represents a major part of the total
workload on a sea cage farm, and requires addi-
tional equipment. For many sites fouling is a large
problem for nets in the sea and to reduce the
degree of fouling the mesh size needs to be as large
as possible. This means that it is an advantage to
change the nets according to fish growth, so as large
a mesh size as possible can be maintained. One 
or two sizes are typically used per year, but this
depends on growth and species; nets can be much
more frequently changed on exposed sites.7 Net
exchange is heavy work, especially on larger cages;
large cranes are required to handle the nets. This is
also one reason for using subcontractors, because
they have large equipment specially adapted for the
purpose.
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If there is much fouling on the site cleaning or
washing of the nets is necessary. This ensures
enough water passes through the net panel to
supply oxygen and remove waste products. On
exposed fouling sites, the nets need to be washed
several times a year, up to once a month. Washing
may either be done when the net bags are standing
in the sea, or they can be removed and taken to
shore for washing. Special washing equipment is
used by divers to wash nets in the sea. If the nets
are taken to shore, large washing machines are

used. These machines are similar to a traditional
domestic washing machine but have a larger drum
into which the nets are loaded (Fig. 21.31). The
effluent from the washing machines has a high
content of fouling materials. This is discharged at
one place through the outlet pipe and the point
outlet may be too high. Today there are calls for
purification of wastewater from such washing
machines; there is a particular problem with dis-
charge of antifouling agents, because normally at
least 20% of the antifouling agents remain on the
nets at the start of the washing process.

The nets will also need regular repair, because
the mesh will break. This is normally done in con-
nection with washing and before the nets are set out
again.

It is also usual to treat the net with an antifoul-
ing agent to inhibit fouling so that they can stay in
the sea for longer before removal for washing.
Copper-based antifouling agents are widely used
and quite effective. However, there are environ-
mental concerns regarding the use of copper, but no
other antifouling agents have so far achieved the
same efficiency. Different types of biocides may be
used, but there are also environmental concerns

Figure 21.29 Normally a cage farm will be equipped
with a base station which is either land or sea based.

Figure 21.30 A tank for ensiling dead fish.



about these. Much research is being undertaken to
find alternatives. Before setting out the impreg-
nated nets they are dried so that the antifouling
stays on the net.

21.3.6 Boat

All sea-based on-growing farms need a boat 
(Fig. 21.32). In the past, small boats of polyethylene

or fibreglass with an outboard motor were often
used. Today, larger boats of steel or aluminium 
with a working deck are becoming increasingly
common as a result of the trend towards using
larger cages and sites with more feed and heavier
equipment. Faster boats are more common than
previously, and speeds of up to 15–20 knots 
are normal. One reason for this is that the 
distance from the coast is increasing and 
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A

C

B

Figure 21.31 Equipment for washing net bags: (A) and
(B) when the net is on shore with the use of large
washing machines; (C) when the net is in the sea.
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more exposed water is being used for farming.
Catamarans with wide decks and lengths in excess
of 10m are much used today. It is common to 
have a crane on the boats for handling nets and
feed sacks.
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Planning Aquaculture Facilities

facilities.1,2 Despite the biological aspects involved
in the planning of aquaculture facilities, some of
these basic theories and methods can be employed
in addition to the important matters regarding
aquaculture.

In this chapter important elements in the 
planning process of an aquaculture facility are
described. This is done by presenting one simplified
method for performing the planning process.This is
utilized as a tool to avoid missing important ele-
ments during the planning process which, because
of the complexity of the planning process for inten-
sive fish farms is very easy, at least for personnel
who are not highly trained. It is important to
remember that this is only one of several methods,
and planners will often have developed their own
based on experience.

22.2 The planning process
When the planning process starts there is always an
initiative to alter the prevailing situation. For
example, someone may want to establish a com-
pletely new farm, or only be a minor reconstruction
of the farm is wanted. Both require a planning
process to have been completed before building
commences. For the planner, it is important to
ensure that they really understand the needs of the
applicant to be able to execute the planning process
optimally.

The planning process may be separated into the
following parts from the choice of site, to when the
facility is finished and in production:

(1) Site evaluation and selection
(2) Production plan

22.1 Introduction
Planning of aquaculture facilities, of whatever type,
is a complicated process that requires much knowl-
edge to achieve a good result. It is, for example,
more difficult than planning a typical industrial pro-
duction plant, such as for manufacturing metal
parts. Aquaculture facilities involve living individu-
als. The production result depends, for instance, on
the suitability of the tanks, water flow conditions
and whether water quality meets the requirements
of the individuals, whether fish or shellfish. Planning
faults will reduce the performance of the individu-
als, which can be manifest as reduced growth or
more frequent disease problems, for example.

The requirements for planning will vary accord-
ing to the type of facility. The planning of a farm
with one or a few excavated ponds is fairly simple.
A rather more complex situation occurs when plan-
ning a land-based fish farm for indoor juvenile pro-
duction. The planning will be even more complex if
the farm is to include water re-use technology in
addition to flow-through technology. Such complex
planning tasks involve several fields of competence:
for instance, sanitary, electrical, building and archi-
tectural. These are all technological, but because
the production involves living organisms it is 
also necessary to have biological knowledge, for
example of the optimal environmental growth con-
dition for the fish. Since so many subjects are
involved, planning is not simple to perform and a
number of specialists will normally be involved, at
least when planning larger farms.

A number of theories and methods have been
introduced to optimize the planning process,
especially for planning buildings and industrial

321
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(3) Room programme
(4) Necessary analyses, such as function, form,

technology, environmental impact and
economy

(5) Development of alternative solutions based
on the analysis

(6) Evaluation and synthesis of the alternative
solutions

(7) Actual design, making the necessary drawings
and description, calculation of costs

(8) Drawing up invitations to tender, choice of
contractor, starting building

(9) Function test of the plant, with and without
fish

(10) Project review.

If there is only one site available, it will only 
need to be evaluated. It is, however, important to
show the limitations of the site. If an extension 
of an existing plant is wanted, the same will be 
the case. Independent of this, it is always important
to carry out the site evaluation and control to 
ascertain whether the site really can tolerate the
extension and what problems may occur. This may
also set additional requirements in the planning
process, for instance that there will be a limitation
in the water supply and that re-use technology is
required.

A production target or a given production plan
may also be the starting point of the planning
process. If this is the case, a proper site has to be
chosen based on these requirements.

22.3 Site selection
To choose a good site is of course of major impor-
tance for future production results and possible
problems, so proper investigations about site per-
formance must be carried out. In relation to plan-
ning this description will give the criteria for the
further planning process. If several sites could be
used, the description will give the necessary basis
for evaluation and selection of the site.

The site chosen will, of course, depend on the
type of farm that is being planned – a hatchery or
on-growing, land- or sea-based. An extremely
important selection criterion when talking about
aquaculture facilities is, of course, the amount and
quality of available water. There are many stories
of land-based freshwater aquaculture facilities 

suffering from lack of water after some years in
production.

For cage farming, the water quality and current
are of great interest. The depth and bottom condi-
tions are also important because of the mooring
requirements (see Chapter 15). For land-based
farms the water quality will also be of major impor-
tance, but here the amount of water available is also
of great interest. It is important to remember that
when a farm is planned it is designed for a given
water flow. In almost every case, after a period in
production there will be a desire to increase pro-
duction and therefore the need for water will
increase. It is therefore advantageous to include
this possibility in the planning process.When check-
ing the possible amounts of water that could be
withdrawn from the water source and used in the
farm, it is important to find values for the possible
water supply for every month all year round. A
monitoring programme before establishing a farm
must be implemented and surprises resulting from
dry seasons must be avoided. Therefore it is impor-
tant to look up as much historical data as possible
regarding the water source. Possibilities for regula-
tion of the water level in lakes, or damming up
rivers must also be evaluated.

Good water quality will always be the best,
regardless of species farmed. Some species, such as
carps, will not have such high requirements for the
water quality, while others such as salmonids are
more stringent. Water of poor quality can be used
on a salmonid farm but requires additional treat-
ment before use, so resulting in increased costs.

Available infrastructure is also important when
selecting a site. To have easy access to electricity,
good roads and telephone lines reduces the costs of
establishing the farm.

22.4 Production plan
In the production plan an estimate of the future
production is given, for instance how much fish and
of what size is going to be in the farm at different
times of the year, normally every month at least,
to ensure a given production (Table 22.1). This
includes the requirements for oxygen and 
water, eventually requirements for heating or
cooling of water, and necessary units for storing of
the fish.
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A well prepared and detailed production plan is
the basis for the rest of the planning process. It is
important to allow sufficient time when developing
the production plan; mistakes here will be trans-
ferred to mistakes in the planned facility.

22.5 Room programme
The real planning process can now start, and the
first task is to get a survey of the main installations,
including the buildings with necessary rooms and
heavy fixed installations. This is done through a
room programme (Table 22.2). Here a first estima-
tion of the need for size and area is also given. A

Table 22.2 A room programme for a small fish pro-
duction plant.

Area Size

Rearing section
broodstock 2 tanks, >8 m2

hatchery 14 hatching trays
first feeding 12 m2

on-growing 800 m3

Water treatment 50 m2

Various
feed storage 15 m2

workshop/storage 20 m2

office/mess room 15 m2

wardrobe 7 m2

WC/shower 5 m2

disinfection barrier 4 m2

Figure 22.1 Different ways to prepare a connection
analysis.

Figure 22.2 Drawing process diagrams can be a tool
in the planning process.
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Figure 22.3 Various methods for
fish handling illustrated in an alterna-
tives chart.

Figure 22.4 Blasting for establish-
ing aquaculture facilities in the coastal
area may result in unsightly scars in
the landscape.

given production will, for instance, need a tank
volume based on the requirements of the fish. If the
production of fish is known, some assumptions
about the space for feed storage can be made. Some
rooms, such as a changing room, bathroom, mess
room and office may also be necessary. The aim of
the room programme is to obtain some idea about
the size of the different rooms and installations
which can be used in the further analyses, not to
make a complete list of what the facility is going to
look like when it is finished. By summing all these
components an estimate of the total size of the
plant is obtained.

22.6 Necessary analyses
Part of the aim with analysis is to remember to
think through the different possible solutions.

Advantages and disadvantages of the different
solutions are to be discussed, which is really helpful
in the planning process. Whilst analysis can be per-
formed on many topics, it is important to perform
the main analyses. This part must not be confused
with the description of the chosen solution; it must
be an analysis.

One necessary analysis is that concerning area
connections; which areas in the plant are or are not
to have connections. This can be illustrated with an
example: a farm is fenced in and the only entrance
is through a disinfection barrier where the shoes are
disinfected in a bath; there should be no possibili-
ties for direct entrance to the plant in other ways.
During the planning process an area connection
analysis will identify such relations.

One method of performing the analysis is to
spread out the rooms and areas from the room pro-
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gramme like pieces of a puzzle and draw lines
between the areas were connections are wanted
(Fig. 22.1).The same can also be done with an arrow
diagram, where connections and the reason for 
connections are illustrated (Fig. 22.1).

To remember the different process that must
take place process diagrams can used as a tool (Fig.
22.2). The technical analysis includes a survey of
ways of solving technical problems with their
advantages and disadvantages. For instance, if the
water is to be aerated, what types of aerators are to
be used and what are the advantages and disad-
vantages of the different types; another analysis can
be whether or not to use oxygen. Analysis of dif-
ferent materials includes the advantages and disad-
vantages of each. Process diagrams and alternatives
charts are also examples of assistance tools; for
instance, alternatives charts are helpful for showing
various handling methods (Fig. 22.3).

Form and situation analysis includes where in the
terrain the farm can be located, with advantages
and disadvantages; for example, should it be in the
ground or on top. Aesthetic considerations must
also be included.

Analysis of environmental impact is becoming
increasingly important for aquaculture facilities.
How to reduce the discharge is an important analy-
sis. To establish aquaculture facilities near beach
zones may result in large impacts in the landscape,
caused, for instance, by blasting operations that
create large ‘scars’ in the landscape (Fig. 22.4). The
need for proper analysis is necessary in such cases.

An area function analysis of the different areas
is also commonly included where the requirements
and their function are discussed. Taking the feed
storage as an example, this could include the fol-
lowing analysis: will there be possibilities for expan-
sion or not; will there be possibilities for draining
the floor or not; are there any special requirements
for the surface of the floor or not?

22.7 Drawing up alternative solutions
Based on the analyses, the development and plan-
ning of alternative solutions may start.This includes
simple sketches of the different possible options.
The reason for stressing development of alternative
options to meet planning requirements is that this
functions as a tool to develop optimal solutions.The
plans can, with advantage, be as different as possi-

ble from each other. This stresses the variability,
which is important in improving creativity. At least
two or three alternatives should be developed (Fig.
22.5); these can be discussed with the owner of the
farm, to involve them in the planning process and
to make sure that the developed solution meets
their requirements. The water levels are extremely
important, and when planning land-based fish
farms it is important to have control of the free
water levels; therefore it is helpful to prepare dia-
grams showing this.

22.8 Evaluation of and choosing
between the alternative solutions
The next step in the planning process is to evaluate
the alternatives and choose from among the devel-
oped solutions. On this basis the chosen plan can be
further developed. Hopefully the analysis and con-
sideration of different solutions have improved the
plan compared to first proposals. All the developed
solutions will of course have advantages and disad-
vantages, and these must be weighed when devel-
oping the final plan which will often be a mix of the
alternatives.

22.9 Finishing plans, detailed planning
After choosing a solution, this can be further devel-
oped, by preparing more detailed plans and draw-
ings of constructions and/or buildings. Here more
detailed design of the necessary components is also
included and, based on this, a more detailed calcu-
lation of the costs. This is labour-intensive. It may
also be a two-step planning process with a pilot
planning project followed by the detailed planning
process.

The next step is usually to draw up invitations to
tender with the necessary descriptions. When a
tender is accepted, the building process can start.
During the building process is it important to check
progress regularly.

22.10 Function test of the plant
After finishing building the plant or part of the
plant, a period of function testing is necessary, start-
ing with single components and ending with the
entire farm. First is it performed without fish in 
the plant and when everything is functioning the

328 Aquaculture Engineering
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testing can be continued with fish in the system. Suf-
ficient time must be taken at this important stage,
and when establishing advanced facilities can take
up to several months.This is an important stage that
is often underestimated. To put the fish into the
facilities too early may end in disaster if something
fails. If contractors build the entire project, the
owner of the farm must not take it over before
operational testing of components and the whole
farm has been carried out with satisfactory results.

22.11 Project review
It is important to undertake a post-hoc review of
the building process and of the chosen options. The

major object of doing this is to optimise the process
in later planning, and to create future optimal solu-
tions. Post-hoc project reviews are mainly for the
benefit of the planner.
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ammonia removal, 121–32
bacteria, 121–3
biodrum, 125–6
biofilters, 123–9
biological removal of ammonium ion, 121
chemical removal, 129–30
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denitrification, 128–9
filters, 123–9
flow-through system, 123–5
fluid bed/active sludge, 126–7
ion exchangers, 129–30
nitrification, 121–3
Nitrobacter bacteria, 121–3
Nitrosomonas bacteria, 121–3
oxidizing, 121–3
pH, 121–2
rotating biofilter (biodrum), 125–6

analyses, planning, 325–8
anchors, mooring systems, 203–204
angle seat valves, pipes, 10
aquaculture, classification, 1–2
aquaculture facilities

construction, 294–320
design, 294–320
hatcheries, 294–314
juvenile production, 294–314
land-based, 294–314
planning, 321–9

artificial substrate, egg storage/hatching,
154–5

automation
feeding systems, 215, 218–22
instrumentation, 266

back-flushing
depth filtration, 50–51
screens, 46–9

bacteria, ammonia removal, 121–3
ball valves, pipes, 10
band graders, size grading, 251
bar graders, size grading, 248–9
base station, sea cages, 5, 317, 318
basins, see tanks
bead filters, ammonia removal, 127
belt graders, size grading, 250–51



Bernoulli equation, water transport, 16
biodrum, ammonia removal, 125–6
biofilters, ammonia removal, 123–9
biological removal of ammonium ion, 121
biomass estimation, 277–80
boats, sea cages, 5, 319–20
breakwaters, sea cages, 197
buildings, 284–93

cleaning, 290–91
climatization, 291–3
design, 285, 289–91
environmental factors, 291–3
floors, 289–90
foundations, 289
ground conditions, 289
insulation, 288–9
load-carrying systems, 285–7
materials, 287–8
prefabricated, 288
reasons, 284
roof design, 285
shapes, 284–5
types, 284–5
ventilation, 291–3
walls, 290–91

Bunsen coefficient, oxygen/oxygenation, 99,
119

buoys, mooring systems, 202–203
butterfly valves, pipes, 10–11

cage collars, sea cages, 193–5
cameras, fish size, 278–80
carbon dioxide, monitoring, 270–71
cascade aerators, 105–106
cavitation, pumps, 21
centrifugal pumps, 23–7, 234, 237
characteristics curves, pumps, 25–7
characterization of the water, particles, 45
check valves, pipes, 11
Chick’s law, disinfections, 64
chlorine, disinfections, 73
classification

aquaculture, 1–2
pipes, 9–10
production units, 144–9
sea cages, 183

cleaning
buildings, 290–91
closed production units, 165–6
live fish transport, 258, 263–4
self-cleaning, 165–6
transfer pipeline, 304
water inlet, 304

climatization, buildings, 291–3

closed production units, 145–7, 158–73
cleaning, 165–6
components, 158–60
dead zones, 162
design, 162–5
drains, 169–72
flow pattern, 165–6
materials, 163–5
mixing, 162
self-cleaning, 165–6
types, 158–60
velocity profile, 165–6
water exchange rate, 161–2
water flow, 165–6
water inlet, 167–9
water outlet, 169–72
water quantity, 160–61

closed sea cages, 145–7, 158–73
combination units, egg storage/hatching, 157
components

closed production units, 158–60
farms, 2–5
instrumentation, 267
land-based farms, 2–4
mooring systems, 198–9
re-use, 139–40
sea cages, 183–4

conductivity, monitoring, 269
connections

pipes, 12–13
planning, 325–8
pumps, 28

construction
see also buildings
aeration, 101–106
aquaculture facilities, 294–320
heat pumps, 87–9
instrumentation, 267
ponds, 176–8
re-use systems, 136–9
sea cages, 193–8

conveyor belt feeders, 216–17
cooling

chilling of water, 94–5
heat exchangers, 80, 94–5
reasons, 75

counting fish, instrumentation, 275–7
crowding, internal transport, 233–4, 235
current

measuring, 193
oceanic, 193
sea cages, 191–3, 204–210
tidal, 192–3
wind-generated, 191–2
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DE, see diatomite filters
dead fish, tanks, 318
dead zones, closed production units, 162
demand feeders, 217–18
denitrification, ammonia removal, 128–9
density, fish

live fish transport, 259, 261
re-use, 136

density, water, production units, 148–9
depth filtration

back-flushing, 50–51
filters, 49–52

design
aeration, 101–106
aquaculture facilities, 294–320
buildings, 285, 289–91
closed production units, 162–5
mooring systems, 198–201
re-use systems, 141–3
tanks, 162–5
ultraviolet light, 65–7
water inlet, 167–9
water intake/transfer, 294–5
water outlet, 169–71

diatomite (DE) filters, 51–2
diffusers, oxygenation, 111
dip nets, internal transport, 234, 236
disc feeders, 216–17
disinfection barriers, production rooms, 310
disinfections, 63–74

basis, 64–5
Chick’s law, 64
chlorine, 73
dose-response curve, 65
ground filtration, 73
heat treatment, 72–3
methods, 63
natural methods, 73
oxidizing, 63–4
ozone, 68–72
pH, 73
photozone, 72
ultraviolet light, 65–8
Watson’s law, 64–5
wetlands, 73

ditches, pipes, 14–15
drainable/non-drainable ponds, 177–8
drains/drainage

closed production units, 169–72
dual drain tanks, 57, 58, 171–2
ponds, 177–8, 180–81

dual drain tanks, 171–2
particles, 57, 58

echo sounding, biomass estimation, 279–80
ecosystem, ponds, 174

effluent, water quality, 33–5
egg storage/hatching, 150–57

artificial substrate, 154–5
bottom-lying eggs, 153–7
combination units, 157
hatching cabinets, 155–7
hatching cylinders, 155–7
hatching troughs, 153–4
incubators, 151–2
intensive/extensive production units, 150–51
pelagic eggs, 151–3
water flow, 152–3

ejector pumps, 236–7, 239
embankment ponds, 176–8
energy loss, water transport, 16–18
energy, pumps, 22–3
energy requirement, heating, 75–6
environmental factors

buildings, 291–3
sea cages, 185–93

environmental forces
mooring systems, 210–13
sea cages, 204–210

environmental impact, production units, 149
equilibrium

aeration, 99–100
oxygenation, 108

escaped fish, water quality, 35
evaluation

aeration, 102–103
afterevaluation, 329
oxygen/oxygenation, 110–11
planning, 328

excavated ponds, 176–8
extensive/intensive production units, 144–7

facilities, aquaculture, see aquaculture facilities
faeces, particles, 33, 34, 45
feed blowers, 216
feed dispensers, 216–17
feed storage, production rooms, 310
feeding equipment

feed handling, 311–12
land-based farms, 4
sea cages, 4–5

feeding systems, 215–26
automatic feeders, 218–22
automation, 215
cell wheel, 219
central, 222–3
control units, 221
conveyor belt feeders, 216–17
demand feeders, 217–18
disc feeders, 216–17
distribution mechanisms, 218–20
dynamic, 225



electric current, 221–2
feed blowers, 216
feed control, 224–5
feed control systems, 224–5
feed dispensers, 216–17
feed hopper, 220
feeding robots, 223–4
requirements, 215–16
screws, 219
sea cages, 315–17
selection, 215
spreading of feed, 220–21
types, 216–24
vibrators, 219

filters
ammonia removal, 123–9
back-flushing, 46–9
bead, 127
biofilters, 123–9
depth filtration, 49–52
diatomite (DE), 51–2
efficiency, 56–7
examples, 128
fuller’s earth, 51–2
granular, 127
granular medium, 49–52
hydraulic loads, 56
hydrocyclones, 53–4
integrated treatment systems, 55–6
management, 127–8
mechanical, 45–9
media, biofilters, 125
mesh sizes, 49
nitrification, 123–8
particles, 45–54
purification efficiency, 56–7
settling/gravitation, 52–3
swirl separators, 53–4
vacuuming, 46–9

fish feeding department, production rooms, 307
fish counting, instrumentation, 275–7
fish cradles, size grading, 245–6
fish density, re-use, 136
fish handling, see internal transport
fish screws, 237–40
fish size, instrumentation, 277–80
fish transport, see live fish transport
fittings

head loss, 18, 19
pipes, 12, 13

fixing point, mooring systems, 201
flat outlets, water outlet, 169–71
floors, buildings, 289–90
flow pattern

closed production units, 165–6
heat exchangers, 85–6

flow-through system, ammonia removal, 123–5
flow, water, see water flow
fluid bed/active sludge, ammonia removal, 126–7
forces calculations, sea cages, 204–210
frameworks, sea cages, 193–5
freshwater/salt water, production units, 148–9
fry production ponds, 174–6
fuller’s earth, filters, 51–2
function test, planning, 328–9
future trends, 6

gas concentrations, water quality, 33
gas/oil burners, 79
gas pressure, total, see total gas pressure
gases in water, 97–101

see also aeration; oxygen/oxygenation
TGP, 269–70

grading boxes, size grading, 246
grading grids, size grading, 246–8, 253–4
grading machines (graders), size grading,

248–53
grading, size, see size grading
granular filters, ammonia removal, 127
granular medium filters, 49–52
gravitation/settling filters, 52–3
gravity aerators, 103–106
ground conditions, buildings, 289
ground filtration, disinfections, 73
groundwater, water inlet, 300–301
growth, size grading, 228–9

handling fish, see internal transport
harvesting fish, size grading, 232
hatcheries

land-based, 294–314
production rooms, 306–307

hatching cabinets, egg storage/hatching, 155–7
hatching cylinders, egg storage/hatching, 155–7
hatching troughs, egg storage/hatching, 153–4
head loss

monitoring, 273, 274
water transport, 16–18, 19

heat exchangers
cooling, 80, 94–5
flow pattern, 85–6
fouling, 86–7
heat transfer, 80–81
materials, 86
NTU, 81–2
pipes, 83–5
plate exchangers, 83
several-stroke exchangers, 83–4
shell and tube exchangers, 83, 85
size, 81–3
specific pressure drop, 82
types, 83–5
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heat pumps, 87–91
coefficient of performance, 89–91
construction, 87–9
function, 87–9
installation, 90–91
log pressure–enthalpy (p–H) diagram, 89
maintenance, 91
management, 91
reasons, 87

heat treatment, disinfections, 72–3
heating, 75–94

coefficient of performance, 89–94
composite heating systems, 91–4
energy requirement, 75–6
heat exchangers, 79–87
heat pumps, 87–91
heaters, 77–9
immersion heaters, 77–9
methods, 76–7
oil/gas burners, 79
reasons, 75

Henry’s law, oxygenation, 108
high pressure pumps, 28–9
horizontal transport, 241–3
hydrocyclones, filters, 53–4
hydroxides, pH adjustment, 41–2

ice, sea cages, 193
immersion heaters, 77–9
impellers, pumps, 27–9
importance, aquaculture engineering, 6
incubators, egg storage/hatching, 151–2
injection systems, oxygenation, 109–115
Inka aerators, 106, 107
inlet, water, see water inlet
inset layout ponds, 181–2
instrumentation, 266–83

see also monitoring
automation, 266
biomass estimation, 277–80
components, 267
conductivity, 269
construction, 267
fish counting, 275–7
fish size, 277–80
head loss, 273, 274
land-based farms, 4
live fish transport, 259–60, 261–2
nitrogen saturation, 269–70
oxygen content, 268–9
pH, 269
physical conditions measuring, 271–5
salinity, 269
saturometer, 269–70
temperature, 268

TGP, 269–70
water flow, 271–3
water level, 274–5
water pressure, 273–4, 275
water quality, 267–71

insulation, buildings, 288–9
integrated treatment systems, particles, 55–6
intensive/extensive production units, 144–7

egg storage/hatching, 150–51
interactions, water quality, 33
internal transport, 4, 227–45

see also size grading
crowding, 233–4, 235
dip nets, 234, 236
equipment, 233–45
external energy, 233
fish handling, 227–33, 312–14, 324–5
horizontal transport, 241–3, 312
methods, 233–45
negative effects, 232–3
pipes, 241–3
planning, 324–5
pumps, 234–9
reasons, 227–8, 312
transport tanks, 240–41, 242
vertical transport, 234–41, 312–14
voluntary movement, 243–5, 312–14

ion exchangers, ammonia removal, 129–30

jointing, pipes, 12–13
juvenile production, aquaculture facilities, 294–314

lakes, water inlet, 295–7
land-based aquaculture facilities, 294–314
land-based farms

components, 2–4
site selection, 322

land transport, live fish, 257–60
layout

planning, 325–8
ponds, 181–2

legal issues, sea cages, 185
levee ponds, 176–8
level graders, size grading, 251–3
lighting systems, sea cages, 315, 317
lime

pH adjustment, 39–41
sludge production/utilization, 60

live fish transport, 256–65
additives, 264
air transport, 262–3
bags/cans, 263
changing water, 259
cleaning, 258, 263–4
density, fish, 259, 261



instrumentation, 259–60, 261–2
land transport, 257–60
oxygen/oxygenation, 258–9
preparation, 256–7
sea transport, 260–62
stopping procedures, 259–60
tanks, 257–8
vehicles, 257
well boats, 260–61

load-carrying systems, buildings, 285–7
lye, pH adjustment, 41–2

materials
buildings, 287–8
closed production units, 163–5
heat exchangers, 86
net bags, 195–7
pipes, 7–9
sea cages, 194–5

mesh sizes, filters, 49
metal ions, pH, 33, 38–9
micro-organisms, water quality, 33–5
micro screens, particles, 45–9
monitoring, 266–83

see also instrumentation
ammonia, 270–71
carbon dioxide, 270–71
components, 280–81
conductivity, 269
control, 283
head loss, 273, 274
land-based farms, 4
maintenance, 283
nitrate, 270–71
nitrogen saturation, 269–70
oxygen content, 268–9
pH, 269
physical conditions, 271–5
PLC, 281–2
regulation equipment, 283
salinity, 269
sensors, 280–82
systems, 280–83
temperature, 268
TGP, 269–70
warning equipment, 282
water flow, 271–3
water level, 274–5
water pressure, 273–4, 275
water quality, 267–71
water velocity, 271–3

Moody diagram, water transport, 17
mooring, pipes, 13–14
mooring systems

anchors, 203–204

buoys, 202–203
calculations, 210–13
components, 198–9
control, 213
design, 198–201
environmental forces, 210–13
fixing point, 201
mooring lines, 201–202, 211–13
sea cages, 198–204
size, 210–13
types, 198–201

negative effects, handling fish, 232–3
net bags

materials, 195–7
sea cages, 195–7, 314–15, 317–19

net handling, sea cages, 317–19
net positive suction head (NPSH), pumps, 21–2, 27
nitrate, monitoring, 270–71
nitrification

ammonia removal, 121–3
filters, 123–8

Nitrobacter bacteria, ammonia removal, 121–3
nitrogen saturation, monitoring, 269–70
Nitrosomonas bacteria, ammonia removal, 121–3
NPSH, see net positive suction head
number of transfer units (NTU), heat exchangers,

81–2
nutrients, water quality, 34

ocean sea cages, 198
oceanic current, 193
oil/gas burners, 79
on-growing production, 314–20

ponds, 174–6
production rooms, 307–308

outlet water, see water outlet
oxidizing

ammonia removal, 121–3
disinfections, 63–4

oxygen/oxygenation, 106–120
see also aeration
airlift pumps, 258–9
Bunsen coefficient, 99, 119
compressed oxygen gas, 115–16
diffusers, 111
equilibrium, 108
evaluation, 110–11
examples, 111–15
gas transfer, 108
Henry’s law, 108
increasing equilibrium concentration,

108
injection systems, 109–115
liquid oxygen (LOX), 116–17
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live fish transport, 258–9
monitoring oxygen content, 268–9
on-site oxygen production, 117–19
oxygen cones, 113, 114
oxygen gas characteristics, 115
oxygen sources, 115–19
oxygen wells, 113, 114
packed column, 111, 112
principles, 109
PSA, 117–19
purpose, 97
saturation, 97–9
sea cages, 113–15
solubility, 119
sources, 115–19
supply, 258–9
systems, 109–115
theory, 108
water quality, 33

ozone
content measuring, 71–2
design/dimensioning, 70
disinfections, 68–72
dose, 70–71
function, 68
mode of action, 68–70
problems, 71

packed column aerators, 103–106
packed column oxygenation, 111, 112
paddle wheel aerators, 106, 107
parallel layout ponds, 181–2
particles

characterization of the water, 45
definitions, 44–5
dual drain tanks, 57, 58
faeces, 33, 34, 45
filters, 45–54
integrated treatment systems, 55–6
local ecological solutions, 60–61
micro screens, 45–9
removal, 44–62
removal methods, 45–56
screens, 45–9
sludge production/utilization, 57–60
TS, 44
TSS, 44
water quality, 33–5
wave calculations, 186–7

pathogens, water quality, 33–5
pelagic eggs, egg storage/hatching, 151–3
pH

adjustment, 37–43
adjustment examples, 39–42

aluminium, 38
ammonia removal, 121–2
definitions, 37–8
disinfections, 73
hydroxides, 41–2
lime, 39–41
low, 38
lye, 41–2
metal ions, 33, 38–9
monitoring, 269
problems, 38
seawater, 41
sodium hydroxide, 41–2
water quality, 33
water sources, 38–9

photozone, disinfections, 72
physical conditions, monitoring, 271–5
pipes

classification, 9–10
connections, 12–13
ditches, 14–15
fittings, 12, 13
head loss, 16–18, 19
heat exchangers, 83–5
internal transport, 241–3
jointing, 12–13
materials, 7–9
mooring, 13–14
pressure class, 9
production rooms, 308–310
transfer pipeline, 303–304
vacuum, 9
valves, 10–12
water flow, 15–16
water hammer, 9
water inlet, 303–304
water transport, 7–15

planning
afterevaluation, 329
alternatives, 325–8
analyses, 325–8
aquaculture facilities, 321–9
connections, 325–8
detailed, 328
evaluation, 328
function test, 328–9
internal transport, 324–5
layout, 325–8
process, 321–2
production plan, 322–4
room programme, 324–5
site selection, 322
size grading, 324–5

plastic sea cages, 197



PLC, see programmable logic controller
ponds, 174–82

aeration, 179
construction, 176–8
drainable/non-drainable, 177–8
drainage, 180–81
ecosystem, 174
embankment, 176–8
excavated, 176–8
fry production, 174–6
inset layout, 181–2
layout, 181–2
levee, 176–8
on-growing production, 174–6
parallel layout, 181–2
production units, 144–7, 158–73, 174–82
radial layout, 181–2
series layout, 181–2
site selection, 178–9
size, 178
types, 176–8
water inlet, 179–80
water outlet, 180–81
water supply, 179
watershed, 176–8

pressure class, pipes, 9
pressure, pumps, 27–9
pressure swing adsorption (PSA), oxygen/oxygenation,

117–19
production control, size grading, 229–32
production plan, 322–4
production rooms, 306–310
production units

see also closed production units
aims, 144
classification, 144–9
closed, 145–7, 158–73
closed sea cages, 145–7, 158–73
design, 144–8
environmental impact, 149
freshwater/salt water, 148–9
fully controlled/semi-controlled, 147
intensive/extensive, 144–7
land-based farms, 4
ponds, 144–7, 158–73, 174–82
raceways, 144–7, 158–73
sea cages, 4, 145–9
tanks, 145–7, 158–73
tidal basin, 144–8
water density, 148–9

programmable logic controller (PLC), monitoring,
281–2

propeller aerators, 106, 107
propeller pumps, 24–5

PSA, see pressure swing adsorption
pumping stations, water inlet, 301–303
pumps

airlift, 237, 239, 258–9
cavitation, 21
centrifugal, 23–7, 234, 237
characteristics curves, 25–7
connections, 28
costs, 23
definitions, 21–2
ejector, 236–7, 239
energy, 22–3
fish screws, 237–40
high pressure, 28–9
impellers, 27–9
internal transport, 234–9
NPSH, 21–2, 27
performance, 25–7
pressure, 27–9
propeller, 24–5
pump height, 21
re-use, 134, 141–3
regulation, water flow, 29–31
RPM, 29–30
throttling, 30–31
types, 19–20
vacuum-pressure, 234–6, 238
water flow, 27–31
water inlet, 301–303
water transport, 18–31
working point, 27

purification efficiency
filters, 56–7
re-use, 136

quality, water, see water quality

raceways
production units, 144–7, 158–73
size grading, 253

radial layout ponds, 181–2
re-use, 133–43

advantages, 133–4
centralized, 141–3
components, 139–40
construction, systems, 136–9
definitions, 134–6
degree of, 134–5, 139–40
density, fish, 136
design, systems, 141–3
disadvantages, 134
effectiveness, 138–9
mass flow, 136–7
pumps, 134, 141–3
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purification efficiency, 136
theoretical models, 136–9
waste handling, 137–8
water flow, 136–8
water, live fish transport, 263–4
water requirements, 137

recirculation, see re-use
recycling, see re-use
Reynolds number, water transport, 17
river, water inlet, 298–300
roller graders, size grading, 249–50
room programme, planning, 324–5
rotating biofilter (biodrum), ammonia removal,

125–6
RPM, pumps, 29–30

salinity, monitoring, 269
salt water/freshwater, production units, 148–9
saturation, aeration/oxygenation, 97–9
saturometer, instrumentation, 269–70
screens, particles, 45–9
screws

feeding systems, 219
fish screws, internal transport, 237–40

sea cages, 4–5, 183–214
base station, 5, 317, 318
boats, 319–20
breakwaters, 197
cage collars, 193–5
classification, 183
components, 183–4
conditions, 184
construction, 193–8
current, 191–3, 204–210
environmental factors, 185–93
environmental forces, 204–210
examples, 197–8
feeding systems, 315–17
forces calculations, 204–210
frameworks, 193–5
ice, 193
legal issues, 185
lighting systems, 315, 317
materials, 194–5
mooring systems, 198–204
net bags, 195–7, 314–15, 317–19
net handling, 317–19
ocean, 198
on-growing production, 314–20
plastic, 197
production units, 145–9
site selection, 184–5, 314, 322
size grading, 253
steel, 198
water quality, 184–5

waves, 185–91, 204–210
wind, 204–210

sea transport
density, fish, 261
instrumentation, 261–2
live fish transport, 260–62
well boats, 260–61

sea, water inlet, 297–8
seawater, pH adjustment, 41
self-cleaning, closed production units, 165–6
self grading, size grading, 253–4
sensors, monitoring, 280–82
series layout ponds, 181–2
settling/gravitation filters, 52–3
site selection

land-based farms, 322
planning, 322
ponds, 178–9
sea cages, 184–5, 314, 322

size grading
see also internal transport
band graders, 251
bar graders, 248–9
belt graders, 250–51
energy supply, 245–53
equipment, 245–54
fish cradles, 245–6
grading boxes, 246
grading grids, 246–8, 253–4
grading machines (graders), 248–53
growth, 228–9
harvesting fish, 232
land-based farms, 4
level graders, 251–3
manual, 245
methods, 245–54
planning, 324–5
production control, 229–32
raceways, 253
reasons, 228–32
roller graders, 249–50
sea cages, 5, 253
self grading, 253–4
tilt graders, 246
voluntary grading, 253–4
in water, 253

sludge production/utilization
lime, 60
particles, 57–60
wet composting reactor, 59–60

SMB method, see Sverdrup–Munk–Bretsneider
method

sodium hydroxide, pH adjustment, 41–2
steel sea cages, 198
stopping procedures, live fish transport, 259–60



subsurface aerators, 106, 107
superstructures, see buildings
surface aerators, 106, 107
Sverdrup–Munk–Bretsneider (SMB) method, waves,

189–90
swell, waves, 191
swirl separators, filters, 53–4

tanks, 158–73
dead fish, 318
design, 162–5
dual drain, 57, 58, 171–2
internal transport, 240–41, 242
live fish transport, 257–8
production units, 145–7, 158–73
transport, 240–41, 242

temperature, monitoring, 268
TGP, see total gas pressure
throttling, pumps, 30–31
tidal basin, production units, 144–8
tidal current, 192–3
tilt graders, size grading, 246
total gas pressure (TGP), monitoring, 269–70
total solids (TS), particles, 44
total suspended solids (TSS), particles, 44
tower outlets, water outlet, 169–71
transfer pipeline, water inlet, 303–304
transport, see internal transport; live fish transport;

water transport
treatment, water, see water treatment
trends, future, 6
triple way valves, pipes, 11–12
TS, see total solids
TSS, see total suspended solids

ultraviolet light
design, 65–7
dimensioning, 67–8
disinfections, 65–8
dose, 68
function, 65
mode of action, 65
problems, 68

vacuum, pipes, 9
vacuum-pressure pumps, 234–6, 238
vacuuming, screens, 46–9
valves, pipes, 10–12
velocity profile, closed production units, 165–6
velocity, water, monitoring, 271–3
ventilation, buildings, 291–3
video cameras, fish size, 278–80
voluntary grading, size grading, 253–4
voluntary movement, internal transport, 243–5,

312–14

walls, buildings, 290–91
waste handling

land-based farms, 4
re-use, 137–8

water density, production units, 148–9
water flow

closed production units, 165–6
egg storage/hatching, 152–3
monitoring, 271–3
pumps, 27–31
re-use, 136–8
water transport, 15–16

water hammer, pipes, 9
water inlet

aquaculture facilities, 295–301
cleaning, 304
closed production units, 167–9
groundwater, 300–301
lakes, 295–7
land-based farms, 2–3
pipes, 303–304
ponds, 179–80
production rooms, 308–309
pumping stations, 301–303
pumps, 301–303
river, 298–300
sea, 297–8
transfer pipeline, 303–304
water quality, 32–3
wells, 300–301

water intake/transfer, design, 294–5
water level, monitoring, 274–5
water outlet

closed production units, 169–72
flat outlets, 169–71
ponds, 180–81
production rooms, 309–310
tower outlets, 169–71
treatment, 311
water quality, 33–5

water pressure, monitoring, 273–4, 275
water purification, see particles; water 

treatment
water quality, 32–6

ammonia, 33
effluent, 33–5
escaped fish, 35
gas concentrations, 33
inlet water, 32–3
instrumentation, 267–71
interactions, 33
micro-organisms, 33–5
monitoring, 267–71
nutrients, 34
outlet water, 33–5

Index 339



340 Index

oxygen, 33
particles, 33–5
pathogens, 33–5
pH, 33
sea cages, 184–5

water supply
ponds, 179
production rooms, 308–309

water transport, 7–31
energy loss, 16–18
head loss, 16–18, 19
pipes, 7–15
pumps, 18–31
water flow, 15–16

water treatment, 35–6, 304–306
see also particles
land-based farms, 2–3
production rooms, 311

water velocity, monitoring, 271–3
watershed ponds, 176–8

Watson’s law, disinfections, 64–5
waves

breaking, 187–8
calculations, 186–7, 210
creating, 188–91
diffraction, 187–8
reflecting, 187–8
sea cages, 185–91, 204–210
SMB method, 189–90
swell, 191
terminology, 185–6
wind, 188–91

wells, water inlet, 300–301
wetlands, disinfections, 73
wind

calculations, 210
current, 191–2
sea cages, 204–210
waves, 188–91

working point, pumps, 27
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