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Abstract

The purpose of this study was to identify and map out the means used to resolve the
treatment functions controlling solids, dissolved oxygen (DO) and CO2, N (nitro-
gen) compounds and organic matter. These functions were classified by Björnsdóttir
(2015) as essential in intensive aquaculture systems. Further, how these means influ-
ence various treatment functions was also explored along with necessary performance
indicators for the treatment function controlling DO and CO2. This literature review
resulted in a taxonomy that provides an overview of available solutions in intensive
aquaculture systems and a QFD - matrix illustrating how these solutions may in-
fluence multiple treatment functions. The results of this study can be useful to
aquaculture practitioners by providing a general overview of available solutions and
what they solve. Finishing the taxonomy and matrix for other treatment functions
is yet to be done along with identifying necessary performance indicators, making
it possible to evaluate the optimum solution. This study is merely at the begin-
ning of the theory building process. Validating the matrix and continuing to map
out all relevant relationships moves us closer towards optimization of a recirculating
aquaculture system.

Útdráttur

Tilgangur þessa verkefnis var að bera kennsl á og kortleggja lausnir fyrir með-
ferðaraðgerðirnar stjórnun fastra efna, uppleysts súrefnis og koltvísýrings, N (köfn-
unarefnis) efnasambanda og lífrænna efna. Björnsdóttir (2015) kortlagði þessar
aðgerðir og skilgreindi sem nauðsynlegar fyrir fiskeldiskerfi með mikinn þéttleika
(e. intensive). Ennfremur var skoðað hvernig lausnirnar höfðu áhrif á mismunandi
meðferðaraðgerðir ásamt því að skoða afkastavísa fyrir meðferðaraðgerðina stjórn-
un uppleysts súrefnis og koltvísýrings. Þessi fræðilega úttekt leiddi af sér flokkun
mögulegra lausna fyrir fiskeldiskerfi með mikinn þéttleika ásamt QFD - fylki sem
sýnir hvernig þessar lausnir hafa áhrif á mismunandi meðferðaraðgerðir. Niðurstöður
þessa verkefnis geta verið gagnlegar fagfólki í fiskeldi með því að veita yfirlit yfir
mögulegar lausnir og hvaða aðgerðir þær leysa. Að klára flokkunina og fylkið fyrir
aðrar meðferðaraðgerðir er enn óleyst ásamt því að greina nauðsynlega afkastavísa
sem gerði mögulegt að greina hagkvæmustu lausnina. Þetta verkefni er eingöngu á
upphafsstigum að framsetningu kenningar. Að staðfesta fylkið og halda áfram að
kortleggja öll viðeigandi tengsl færir okkur nær því að finna hagkvæmustu lausnirnar
fyrir fiskeldiskerfi sem endurnýta vatn.
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Glossary

• Axiomatic design: Is a system design framework that uses matrices to system-
atically analyse the transformation of customer needs into functional require-
ments, design parameters, and process variables. Design is concerned with
"what we want to achieve" (Suh, 1998, p. 204) and how (i.e. by what means)
it will be achieved. (Suh, 1998)

• Backward search: Is identifying and exploring references and work cited in an
article.

• BOD: Biochemical oxygen demand. Measures the amount of oxygen consumed
by aerobic biological organisms when breaking down organic material. Samples
are usually incubated for 5 days at 20°C to determine the oxygen consumption.
This is noted by BOD5.

• COD: Chemical oxygen demand. It can be used to determine the amount of
organic compounds in water by measuring the oxygen demand (mass of oxygen
consumed by liter of solution).

• DO: Dissolved oxygen. The amount of oxygen that is dissolved in water and
available to aquatic life. Unit mg/l.

• Intensive systems: Is an aquaculture system where production per unit volume
is very high.

• Means: The technical solutions used to solve treatment functions.

• Production function: Grouped into input functions, treatment functions and
output functions. These functions are applied in aquaculture in varying degree
depending on the system intensity.

• QFD - matrix: Quality function deployment matrix. Used to describe the
relationship between customer demand, product characteristics, and manufac-
turing processes (Bahill and Chapman, 1993).

• RAS: Recirculating aquaculture system. An aquaculture system that recir-

xi



Glossary

culates culture water through series of treatment units in order to maintain
adequate water quality with minimum water exchange.

• Recirculation rate: Is the rate at which the culture water is recirculated
through the treatment units.

• Taxonomy: Is the scientific form of classification that provides a foundation
for discussion, analysis and information retrieval.

• Therapeutants: Organic chemical sometimes used to control diseases in aqua-
culture.

• Treatment functions: Functions used to optimize the water quality, maintain
healthy culture and high growth rate resulting in adequate quality of harvested
species (Björnsdóttir, 2015).

• Water exchange: Is used when the water quality needs to be improved by
exchanging culture water with poor quality with new high quality water.

• Water treatment: Any act on the culture water that improves its quality.
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1. Introduction

With wild fish stocks being utilized to their fullest and some even overexploited,
the role of aquaculture is becoming increasingly more important (FAO, 2014). At
the same time, aquaculture practitioners are feeling the pressure to make the pro-
duction more environmentally friendly and sustainable (Martins et al., 2010). With
limited freshwater supply, utilizing the water resources in a best way possible is key.
Recirculating aquaculture systems (RAS) are designed to treat and recirculate the
process water therefore minimizing the amount of fresh water intake and maximizing
waste management and nutrient recycling (Martins et al., 2010). These are closed
systems that offer high level of security and control over the environment the fish is
grown in, maximizing the potential to achieve the highest growth and survival rates.
RAS is constructed of multiple components each designed to control specific water
quality parameters.

Recent developments in recirculating aquaculture systems (RAS) are focused on
technical improvements of individual components and re-utilization of nutrients
through integration of fish and plants/algae (Martins et al., 2010). RAS systems
however are not perfect and have and various problems. Many different solutions
for RAS exist, many have failed or are having difficulties that often can be traced
back to the system design (Badiola et al., 2012). A general overview of available
technical solutions and "how to integrate it all together" is missing (Badiola et al.,
2012).

These solution are scattered around in the literature and it takes quite an effort to
get a good grasp of what the options are. Björnsdóttir (2015) analyzed over one
hundred articles in terms of production functions, types and intensity of aquaculture
systems. Production functions were categorized and mapped into input functions,
treatment functions and output functions creating a general overview of the applied
production functions in aquaculture. Björnsdóttir (2015) identified the treatment
functions and their methods, see Figure 1.1, that need to be solved in aquaculture
systems based on the production intensity. Treatment functions are neither input nor
output functions but are used to optimize the water quality, maintain healthy culture
and high growth rate resulting in adequate quality of harvested species (Björnsdóttir,
2015).

Having an overview of possible solutions and the necessary performance indicators
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1. Introduction

Figure 1.1: Treatment functions (Björnsdóttir, 2015)

makes decision making easier when it comes to operating, designing and building
new aquaculture systems. With adequate information regarding available technical
solutions, what treatment functions they solve, how they interact and how to rank
them, a new approach to optimizing a recirculating aquaculture system design could
be on the horizon.

The purpose of this study was to map out by what means treatment functions, that
are essential to intensive land-based aquaculture systems, are solved. An overview
of how these means, or technical solutions, solve multiple treatment functions was
then created. Performance indicators (PI) needed to be identified to compare and
evaluate means in terms of their efficiency. The questions posed were:

1. How are the essential treatment functions in intensive aquaculture solved?

a) How should those solutions be mapped?

2. Do the technical solutions solve or influence more than one treatment function?

2



3. How can we compare and evaluate different solutions?

Theory is the language used in communicating with other researches. Without
theory empirical data has little meaning (Handfield and Melnyk, 1998). The work
done here is at the beginning of the theory-building process. Later on this work
could be built upon and used to design systems, for example based on axiomatic
design (Suh, 1998), therefore continuing the theory-building process.

Chapter 3 is divided into five sections, each covering the means used to solve the
treatment functions. The first section describes methods and means concerning
all treatment functions covered, while the second, third, fourth and fifth sections
cover means regarding the treatment functions controlling solids, controlling DO
and CO2, controlling N compounds and controlling organic matter, respectively.
Chapter 4 presents a new QFD-Matrix regarding how means affect each treatment
function. In Chapter 5, an attempt to identify the necessary performance indicators
for controlling DO and CO2 is presented.

3





2. Methodology

2.1. Scope

The main focus of this study was to map out the ways subsets, i.e. the methods, in
the treatment functions in Figure 1.1 are solved. This thesis is limited to only the
functions identified by Björnsdóttir (2015) as essential in intensive systems, i.e. con-
trolling solids, controlling dissolved oxygen (DO) and CO2, controlling nitrogen (N)
compounds and controlling organic matter. The books "Aquaculture Engineering"
by Odd-Ivar Lekang and "Aquaculture Production Systems" by James H. Tidwell
were used as a starting point of creating a taxonomy of technical solutions used to
solve these treatment functions. Figure 2.1 explains the taxonomy setup as well as
how this thesis adds onto Björnsdóttir (2015) previous work.

Means

Means

Means

ClassificationMethod

Means

Means
Method

Treatment function

Björnsdóttir (2015) This thesis 

Figure 2.1: Taxonomy setup

Only the general description of technical solutions is presented/covered here. Specific
design attributes, often specific to each producer, is not covered. It should also be
clear that this thesis only tends to create an overview of available solutions and how
they can affect the treatment functions. Designing a system, or give any indications
of how a system should be designed, is out of scope in this thesis.

Handfield and Melnyk (1998) described the theory-building process (Figure 2.2) in
Operation Management and summarized the purpose of each theory-building process
step as; 1a. Discovery, 1b. Description, 2. Mapping, 3. Relationship building, 4.
Theory validation, 5. Theory extension / refinement. Table 2.1 is a fraction of a table
presented by Handfield and Melnyk (1998) that describes the connection between
research strategy and theory-building activities. The work done in this thesis fits

5



2. Methodology

in the description, mapping and relationship building steps of the theory-building
process presented by Handfield and Melnyk (1998).

1a:$Observation$
• Discovery$

1b:$
Observation$
• Description$

2:$Empirical$
Generalization$
• Mapping$

3:$Theories$
• Relationship$
Building$

4a,4b:$Hypothesis$
Testing$
• Theory$Validation$

5:$Logical$
Deduction$
• Theory$Extension/
ReKinement$

This thesis

Figure 2.2: The theory-building process, adapted from Handfield and Melnyk (1998)

Table 2.1: Theory-building activities (Handfield and Melnyk, 1998).
Purpose Typical questions
1b. Description What is there?
Explore territory What are the key issues?

What is happening?
2. Mapping What are the key variables?
Identify / describe key variables What are the salient / critical themes,

patterns, categories?
Draw maps of the territory
3. Relationship building What are the patterns or linkage between

variables?
Improve maps by identifying the linkage
between variables

Can an order in the relationship be iden-
tified?

Identify the "why" underlying these rela-
tionships

Why should these relationships exist?

Positioning the posed research questions in the theory-building steps presented in
Table 2.1 could be done as the following:

1. How are the essential treatment functions in intensive aquaculture solved?
(See 1b., 2. in Table 2.1).

a) How should those solutions be mapped? (See 2. in Table 2.1).

6



2.2. Literature search

2. Do the technical solutions solve or influence more than one treatment function?
(See 3. in Table 2.1).

3. How can we compare and evaluate different solutions? (See 2., 3 in Table 2.1).

2.2. Literature search

This work is based on literature review. Occasionally company’s websites were
searched for more detailed description of certain technical solutions. Literature
searches were carried out using The Web of ScienceTM online citation indexing ser-
vice.

Searching The Web of ScienceTM using the search terms "aquacultur*", "maricul-
tur*" with additional search terms such as "technical solutions", "overview", "com-
ponents", "classification", "taxonomy", "ontology" few publications were found that
provided a general overview of available technical solutions (Losordo et al., 1999).
Most were specific to certain type of components (Crab et al., 2007; Cripps and
Bergheim, 2000; Malone and Pfeiffer, 2006). No taxonomy of technical solutions
used in aquaculture was found. Further no publication providing an overview of
how these technical solutions influence other treatment functions were found. This
is an obvious gap in the literature which this thesis begins to bridge.

Two search sets were selected to be further analyzed for this study, Figure 2.3. Search
1 delivered 126 results and search 2 delivered 96 results. Results were combined and
duplicates deleted. Final count 210 results total. Articles were then analysed in order
to filter out articles that did not discuss specific technical solutions to controlling
solids, DO and CO2, N compounds and/or organic matter. The first filtering stage
resulted in 116 articles.

In the end only 45 articles from the original search were used, although few others
counted for backward search. Backward search counted for 34 articles and books,
specific searches counted for 15 articles and 6 were listed as other. Detailed overview
of articles is shown in Appendix A.

7



2. Methodology

Search 1 results: 126                      
(from Web of Science Core Collection)  

You searched for TOPIC: 
(aquacultur* AND RAS) 
Refined by: WEB OF SCIENCE 
CATEGORIES: 
(AGRICULTURAL 
ENGINEERING OR 
ENGINEERING 
ENVIRONMENTAL OR 
ENGINEERING INDUSTRIAL 
OR ENGINEERING 
MULTIDISCIPLINARY OR 
ENVIRONMENTAL SCIENCE 
OR ENVIRONMENTAL 
STUDIES) 
Timespan: All years. Indexed: 
SCI-EXPANDED, SSCI, A&HCI 

Search 2 results: 96                      
(from Web of Science Core Collection)  

You searched for TOPIC: 
(aquacultur* AND reus*) 
Refined by: WEB OF SCIENCE 
CATEGORIES: 
(AGRICULTURAL 
ENGINEERING OR 
ENGINEERING 
ENVIRONMENTAL OR 
ENGINEERING 
MULTIDISCIPLINARY OR 
ENVIRONMENTAL SCIENCE 
OR ENVIRONMENTAL 
STUDIES) 
Timespan: All years. Indexed: 
SCI-EXPANDED, SSCI, A&HCI 

First analysis results: 116 
Articles regarding technical 
solutions to:  
•  solid control,  
• DO and/or CO2 control , 
• N compound control,  
•  organic matter control  

Combine and delete duplicates: 210 !

Figure 2.3: Literature search process

2.3. Quality function deployment (QFD)

A quality function deployment (QFD) matrix (Bahill and Chapman, 1993) was used
to present the relationship between means and treatment functions. This method
was chosen for it’s simplicity and user-friendly format. Treatment functions were
listed up on the x-axis of the matrix and the means on the y-axis. Three classifica-
tions were used to describe the relationship between certain means and treatment
functions: main function annotated as "++", derived benefit "+" and negative ef-
fect "-". Main function is the function that a particular technical solution (means) is
primarily intended to solve. Derived benefit are other functions that the means solve
or partially solve as well. Negative effect is where means have a negative impact
on another treatment function while solving the main one. Two other treatment
functions were included in the matrix not specifically discussed in this thesis. These
are the treatment functions controlling pH and controlling P compounds. When cre-
ating the matrix it became clear that the means covered could affect these functions
greatly as well. In the matrix they are presented to the far right and are separated
from the other four treatment functions with a thick gray line.

8



3. Resolving treatment functions

In aquaculture it is important to maintain optimum water quality, healthy culture
and high growth rates to achieve satisfactory harvest. For this, certain treatment
functions need to be applied. Treatment functions can be solved in various ways
through/using different methods. In this chapter the technical solutions to these
methods, referred to as means, will be identified and explained. Figure 3.1 displays
the taxonomy of means discussed here (shown in bold) linked to the main treatment
function they solve. In some cases the methods them selves are bold, either because
they are discussed within another treatment function or further classification was
not done. This chapter begins by examining feed management and water exchange
before going into each treatment function; Controlling solids, controlling DO and
CO2, controlling N compounds and controlling organic matter respectively. Partial
taxonomies of means are shown in Figures 3.2 through 3.18, displayed through out
this chapter.

3.1. Water exchange and feed management

The feed is the source of most nutrients into intensive aquaculture systems and its
management can have large impacts on the water quality within the system. Water
exchange is used to maintain water quality in intensive aquaculture systems and flow
through systems rely mainly on water exchange. RAS however aims to minimize
its water usage, therefore applying other treatment functions as well. Feed manage-
ment and water exchange are used in the control of multiple treatment functions
(Björnsdóttir, 2015). To avoid reiteration these are discussed here separated from
other methods.

9



3. Resolving treatment functions

Solid removal methods

Biofiltration

Activated carbon Adsorption

Generated from air
Generated from pure oxygen

Ozone generation

Ozone supply method
Ozone addition

Submerged
Emerged

UV irradiation

Integration with plants or vegetables

Water exchange

Feed management

Controlling organic matter
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3.1. Water exchange and feed management
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Figure 3.1: Taxonomy of means
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3. Resolving treatment functions

3.1.1. Feed management

Feed management concerns multiple treatment functions in aquaculture systems;
Controlling solids, organic matter, phosphorus (P) and nitrogen (N) compounds
(Björnsdóttir, 2015). Oxygen requirements are also influenced by feed management
(Helfrich and Libey, 1991).

Minimizing solid production by maximizing the feed utilization reduces the "required
capacity of treatment systems" (Cripps and Bergheim, 2000). Feed ends up as a
waste in two ways; either after being consumed and excreted by the fish or not
consumed at all and becomes solid and suspended waste. Feed too much and non-
consumed feed becomes waste in the system, feed too little and growth of the fish
is limited.

First, to minimize feed waste the nutritional composition and formulation of the feed
needs to be adequate to maximize nutrient uptake in the fish and minimize P and N
compounds in excrete. Second, the required amount of feed needs to be determined;
using feed charts, often provided by feed manufacturers or in publications, or by
using models to predict growth and energy requirements of the cultured species.
Finally, the fish needs to be given adequate time to consume its determined amount
of feed (Cho and Bureau, 2001).

With the high water recirculation found in RAS facilities, feeding once per day is
likely to not give the fish enough time to consume all the feed before it is washed out
of the tank. It should also be kept in mind that feeding frequency and regime could
influence greatly the production of waste (solids, P and N compounds), causing
peaks in its concentration (Barrut et al., 2013; Dalsgaard et al., 2015; Koko and
Sarker, 2010; Zakęś and Demska-Zakęś, 2006). This requires increased capacity in
certain treatment functions. Practicing continuous or high feeding rates would result
in more stable production of waste, lowering the treatment capacity requirements.

Monitoring the fish behaviour helps determine when to feed. Human observer can
evaluate the appetite of fish to determine when and how much to feed the fish.
Computer techniques for monitoring fish behaviour (Liu et al., 2014) and uneaten
pellets (Cripps and Bergheim, 2000) have been developed that could save labour
cost and increase the feeding accuracy.

3.1.2. Water exchange

Water exchange can be used to manage many treatment functions, including all that
are within the scope of this study.
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3.2. Controlling solids

In flow through systems water exchange is used to bring water quality to acceptable
limits. The removal rate of waste products by water exchange needs to be equal
their mass production rate to avoid accumulation within the system (Couturier et al.,
2009). In systems where water is recirculated the water quality is maintained by
recirculating the water through water treatment system, in addition to the water
exchange. The water exchange rate then becomes dependent on the recirculation
rates and the efficiency of the water treatment (Lekang, 2007). The recirculation
rate, water treatment and the water exchange needs to be calibrated together to meet
the cultured species requirements for oxygen and concentration of waste products
such as CO2, ammonia (Brazil, 2006), nitrate (Díaz et al., 2012), solids (Couturier
et al., 2009), etc. Too high water exchange indicates that the water treatment system
is not big enough (Davidson et al., 2009). So if the water treatment system can not
restore the water quality to acceptable limits, water exchange needs to take place.

3.2. Controlling solids

The function of controlling solids covers all methods used to remove or control
accumulation of solids in the culture water whether they are floating, settling or
mixed. This section deals with the means used to carry out the treatment function
of controlling solids. Solids can be both inorganic and organic matter so the means
presented here can also be used in the control of organic matter. By removing
solids the biochemical oxygen demand (BOD) in the system is reduced along with
N and P compounds (Summerfelt and Penne, 2005). Several methods are used for
solid control; sedimentation methods, mechanical filters (screens or granular media),
biofiltration (bead filters), hydrocyclones, flotation along with previously mentioned
water exchange and feed management.

3.2.1. Sedimentation methods

Sedimentation methods are methods where the relative higher density of particles is
used to separate settleable solids from the main water flow. It is often used as the
first stage in solid removal (Cripps and Bergheim, 2000). Figure 3.2 displays the
partial taxonomy categorized as sedimentation.

Inside the culture unit

Settleable particles can be separated from the main water flow from the rearing unit
by controlling the water flow in and out of the tank and by proper positioning of
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3. Resolving treatment functions
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Figure 3.2: Partial taxonomy: Sedimentation

drains. In raceways with plug flow (flow parallel to the long axis of the raceway),
water flow near the bottom can be increased and a sediment trap be placed at the
end across the whole width of the raceway (Losordo et al., 1999).

Dual-drain systems are a way to extract suspended solids from a circular fish-rearing
tank and are often the first step in the solid control. One drain is placed in the
bottom centre and rotational motion of the water flow is used to attract particles
towards the drain. Concentrated sludge can then be removed through this drain
while the majority of the water flow is withdrawn through an elevated drain (Lekang,
2007; Summerfelt and Penne, 2005). Several designs exist such as the Cornell dual-
drain system with a centre and a sidewall drain (Tidwell, 2012) and the particle
trap "ECO-TRAP" with both drains in the centre, one on top of the other (Losordo
et al., 2000).

Settling basin

Sedimentation/settling basin is a tank/unit where water flow is slowed down in
order to let solids settle by gravitational forces (Tidwell, 2012). Settled particles
collect at the bottom or on constructed surfaces and need to be extracted from
the unit later. Clarified water exits the basin from an elevated position. In high
intensity recirculating systems settling basins can be located inline for water reuse
(Summerfelt and Penne, 2005) or offline where they are used for further sludge
treatment (Cripps and Bergheim, 2000; Fischer et al., 2009).

Various designs exist. The settling basin can be designed to have a horizontal or
vertical flow. The water flow through the unit must not exceed the sinking velocity
of the particles. The simplest design is a tank with large surface area and horizontal
flow with the inlet and outlet at opposite end. The outlet is positioned so it collects
the top water flow where the particles have had time to sink below the outlet.

A simple vertical flow design is the standpipe where the water flow moves upwards
slower than the settling velocity of the particles (Summerfelt and Penne, 2005).
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3.2. Controlling solids

Lamella plate or tube separation filter can also be added to increase the efficiency
of the basin (Losordo et al., 1999). Plates or tubes are arranged at an angle few
cm apart. Process water flows upwards while the plates regulate the water flow
and allow for short settling distance for particles. Another method is the so called
"biological lamella sedimentation". A biofilm is established on bioblocks that attract
small particles and increases the settling basin efficiency (Lekang et al., 2001).

Cleaning of settling basins needs to be done regularly due to potential nutrient
leakage and re-suspension of particles (Summerfelt, 1998). This can be done in
various ways manually and automatically. Scrapers, vacuums, vibration, tank design
for sludge collection, flushing, air diffuser.

Radial-flow settler

Radial-flow settler (or gravity thickening settler) is a circular tank with the water
inlet in the centre of the unit. Water flows outwards in radial direction and is
collected at the perimeter of the settler. Cone shaped bottom collects settable
particles which are extracted through a bottom drain (Davidson and Summerfelt,
2005).

Chemical addition

Chemicals (polymers, alum or combination of both) can be added to increase coagu-
lation/flocculation of fine particles, increasing their size and settling speed (Ebeling
et al., 2006). This makes removal of small particles easier.

3.2.2. Mechanical filters: Screen filters

Studies show that RAS are dominated by fine particles (Cripps and Bergheim, 2000;
Fernandes et al., 2014). To remove fine and suspended solids special methods need
to be applied. Chemical addition can be used to increase flocculation of small par-
ticles therefore increasing these methods performance. When removing suspended
and fine solids, which pass through settling methods or swirl separators, screens are
often the next step. Screens are fine mesh material stretched on a frame. Water
is passed through it, leaving small particles on the mesh surface. These can be of
different shapes and designs which can be classified into static and rotating screens
as shown in Figure 3.3.
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3. Resolving treatment functions
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Figure 3.3: Partial taxonomy: Mechanical filters (Screens)

Rotating microscreen filters

Microscreen drum filters are most widely used in RAS (Badiola et al., 2012). In a
drum filter, straining cloth is fixed to a drum frame rotating on a horizontal axis.
Partially submerged, water flows into the drum and passes radially through the
straining cloth, which with appropriate mesh size captures fine particles.

Vertically rotating disk filter is a set of vertical disks that the water needs to pass
perpendicular through. The disks are arranged having decreasing mesh size gradu-
ally capturing smaller particles and rotating them out of the water (Losordo et al.,
1999).

Rotating belt filter is a belt cloth set at an incline. Process water passes through
the submerged part of the belt and particles collect on the belt. The belt rotates
lifting the particles out of the water (Ebeling et al., 2006).

Horizontally rotating disk filter is placed above the water surface. The processing
water comes in from above and filters through the circular cloth, which then rotates
for easy removal of trapped particles (Lekang, 2007).

Various parameters influence the performance of rotating screen filters. Pore/mesh
size, submerged area, backwashing frequency all have great influence on the filter’s
flow capacity and particle capture (Dolan et al., 2013). With time the layer of
solids gets thicker, stopping smaller and smaller particles. Eventually the cloth gets
blocked and water can no longer go through the filter. This layer is called filter cake.
The thickness of the filter cake can be controlled with the frequency of backwashing
and used as a method to filter out particles smaller then the filter’s pore size (Dolan
et al., 2013). Backwashing is either continuous or it is intermittent and the frequency
is then automatically controlled using sensors (Cripps and Bergheim, 2000; Ebeling
et al., 2006; Lekang, 2007).

16



3.2. Controlling solids

Static screen filters

Static screens are a fixed obstruction in the process water path. It can be from
fine mesh material to a grading (perforated) plate or a bar rack. It can be made
out of various material. As with rotating screens, accumulated particles need to be
removed. That could be done by backwashing, mechanical vibration, vacuuming or
manually (Lekang, 2007).

The TriangleTM filter is a static screen set at an angle. The main water flows down
onto and through the screen while at the same time it carries particles down the
filter’s sloped surface to the sludge collector. (Mäkinen et al., 1988)

Bowed screens are similar in design to triangle filters. The mesh surface is bowed;
water enters from the top and through the filter. Part of the water travels with the
filter’s surface and carries the filtered particles to the sludge collector.

Stacked perforated trays allow water to trickle down through the stack. Each tray
can be set at an incline leading overflow water to the next tray below and leaving
particles on the tray’s surface (Fernandes et al., 2015).

Geotextile bag filters are mostly used in sludge dewatering. Process water is pumped
into the bag, which retains particles inside while water goes out the bag walls (Shar-
rer et al., 2010). The bag is placed in a containment basin for water collection
(Guerdat et al., 2013). When the bag starts to clog it is either replaced or washed.

Cartridge filter is an easily replaceable filter unit that is replaces when clogged.
Depending on the supplier it can be made of different materials and collect particles
below 1µm (Lekang, 2007, pp.51).

Membranes are basically just a filter with very small pores. Membranes have been
tested for controlling colloidal particles (30nm-1µm) in reuse systems (Holan et al.,
2014b). They can reduce turbidity and potentially be used for advanced water
treatment in recirculating aquaculture systems where extra high water quality is
needed (Holan et al., 2014a).

A challenge with membranes is that particles form cake layer and pores are clogged
by colloidal particles. Fouling can also become a problem. To control this periodic
backwashing and relaxation techniques, and air-scouring are used (Holan et al.,
2014b). Chemical cleaning needs to be used occasionally (Holan et al., 2014a).
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3. Resolving treatment functions

3.2.3. Mechanical filters: Granular media

In granular media filters the process water is forced through a layer of granular
material such as sand, gravel or plastic. Granular media filters can be classified,
based on their hydraulic capacity, into unpressurized, pressurized and continuously
back-flushed granular media filter (Lekang, 2007). Partial taxonomy is presented in
Figure 3.4.
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Figure 3.4: Partial taxonomy: Mechanical filters (Granular media)

The process water is filtered through a medium, trapping suspended solids. The
filter medium can be of various shapes, sizes and densities all depending on the
filter’s application. The filter can be packed with media ranging in size and density
creating layers that capture different particles sizes (Lekang, 2007).

The process water travels with either upward flow through the filter’s bed or down-
ward flow. Common types used in aquaculture are the down flow pressurized sand
filter and the up flow sand filter (Ebeling, 2000).

If not continuously back-flushed solids accumulate in the media bed and within the
unit and need to be backwashed on a regular bases. When backwashing, water is
flushed in the opposite flow direction, the fixed bed is expanded and solids trapped
within the medium are released (Steicke et al., 2007).

3.2.4. Biofiltration (Bead filters)

Bead filters offer both biofiltration (see Subsection 3.4.5) and solid capture. Opti-
mizing it for both functions might be difficult (Cripps and Bergheim, 2000).

Bead filters (Figure 3.5) have a fixed bed of low-density beads that are kept afloat
by upward water flow. The beads come in various shapes, sizes and densities. Solids
are trapped in the beads as the process water passes up through the bed. In a bead
filter solids are caught by four mechanisms; sedimentation, straining, interception
and adsorption (Malone and Beecher, 2000). Solids accumulate in the bed and
within the unit and need to be backwashed on a regular bases. Backwashing can be
done by mechanical (propeller), hydraulic (hour glass) or pneumatic means (Malone
and Beecher, 2000).
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3.2. Controlling solids
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Figure 3.5: Partial taxonomy: Biofiltration (Bead filters)

A propeller-washed bead filter uses a propeller located within the bed of beads to
expand the bed releasing solids that were trapped within (Malone et al., 1998). After
the expansion the beads are allowed to re-float and form the filter bed while the solids
settle and concentrate at the bottom of the chamber (Losordo et al., 1999). The
sludge is then removed through a bottom valve, which can be automated (Ebeling,
2000) or manual (Malone et al., 1998).

Another design of bead filter is the bubble washed bead filter. Shaped like an
hourglass the filter has two chambers connected by a narrow throat. In the upper
chamber the fixed bed filtrates solids out of the up-flowing water. When backwashed
all the water is flushed out of the unit and the chamber filled with air. The beads
pass through the narrow throat and air bubbles releasing trapped solids. (Malone
et al., 1998)

The third type of bead filter is a filter that uses charged air for backwashing. Water
flows upward through the floating bead bed and at the same time air is forced into a
separate charge chamber. When a certain air pressure is reached the air is released
below the media bed. The sudden release of air agitates and expands the bead bed,
releasing trapped solids which then collect in the charge chamber. Later they are
removed. (Malone, 2003)

3.2.5. Hydrocyclones

In a hydrocyclone or swirl separator a circular flow is created, inside a cylinder, by
letting the inlet water in tangentially. Centrifugal forces move heavy solids towards
the wall and down to the bottom of a cone shaped bottom where the discharge is
continuous (Losordo et al., 1999). One of the downside of hydrocyclones is that they
need constant water speed and only remove large heavy particles.

3.2.6. Flotation

Flotation, also known as protein skimming or foam fraction, can be used to concen-
trate solids. Fine suspended solids and dissolved organic compounds can be removed
by using foam fraction (Tidwell, 2012, pp.254). Bubbles of air are introduced at the
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3. Resolving treatment functions

bottom of a closed column of water. Particles attach to the surface of the bubbles,
which collect at the top and form foam (Losordo et al., 1999). The partial taxonomy
is shown in Figure 3.6.
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Figure 3.6: Partial taxonomy: Flotation

Several designs exist. Counter current flow has been used to increase the contact
time between the water and air, increasing the efficiency of the equipment. Water is
introduced at the top of the column and flows down against a stream of rising bubbles
(Losordo et al., 1999). In airlifts (Loyless and Malone, 1998) and vacuum airlifts
(Barrut et al., 2012b) the diffused air is used to create an upward flow of water
within the pipe, therefore providing water transport in addition to foam fraction
(Barrut et al., 2012b). Cyclonic foam fractionator is also commercially available
(Brambilla et al., 2008).

Bubble size and quantity influence the performance of airlifts (Brambilla et al.,
2008).

3.3. Controlling DO and CO2

Maintaining right levels of dissolved gasses, such as dissolved oxygen and carbon
dioxide, is vital to the health of the cultured species and the operation of certain
processes (Colt, 2006). The treatment function controlling DO and CO2 deals with
methods used to maintain DO and CO2 close to optimum level. Those methods
are: aeration, oxygenation, air-stripping, chemical treatment (bases to regulate pH),
biofiltration and water exchange. This section deals with the means used to carry
out the treatment function controlling DO and CO2.

3.3.1. Aeration

Aeration can be considered as any system where water is brought to contact with
air. Either water droplets are moved through air or air bubbles are moved through
water (Summerfelt et al., 2000). Figure 3.7 displays the partial taxonomy of means
in the aeration category.
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3.3. Controlling DO and CO2
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Figure 3.7: Partial taxonomy: Aeration

Water through air

In a packed column aerator (PCA), sometimes called stripping columns (Summerfelt
et al., 2000), media with high surface area is packed in a column. Water is distributed
from the top (perforated plate, spray nuzzle) and trickles down through the media
and exits at the bottom. A packed column aerators can be used for both oxygen
transfer and nitrogen removal (Hackney and Colt, 1982). Airflow though the column
needs to be sufficient and can be maintained/controlled with fans or blowers; Counter
current flow is preferred (Hackney and Colt, 1982). Column and packing diameter
need to be at appropriate size to prevent poor distribution of the water, decreasing
the performance of the PCA (Hackney and Colt, 1982).

Media can be randomly packed or structured packed (Summerfelt et al., 2000). Var-
ious models have been developed to estimate the CO2 stripping efficiency (Summer-
felt et al., 2000) and oxygen transfer (Hackney and Colt, 1982) for packed columns.

In cascade aerator water is distributed at the top and cascades down through ob-
structions that break up the water flow and create large void spaces; this increases
the water to air contact surface and time. These obstructions can for instance be
horizontally stacked perforated plates, structured blocks of cross-corrugated sheet
media or tall tubular media (Summerfelt et al., 2003) or randomly packed material
(Summerfelt et al., 2015). Air is blown through the column preferably counter-
current to the cascading water. Structured packing is not as efficient as random
packing but it is less prone to clogging and fouling (Summerfelt et al., 2000).

It seems in the literature that packed columns are referred to as columns with ran-
domly packed media with high surface area (>150m2/m3) while cascade columns
have structured or random obstruction or media with lower surface area (<110m2/m3)
offering higher air to water ratio (Hackney and Colt, 1982; Summerfelt et al., 2003,
2004a, 2015; Watten et al., 2004). Here we consider all packed columns as cascade
aerator but not all cascade aerator are packed columns.
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3. Resolving treatment functions

Venturi pumps utilize air as the working fluid. Compressed air is forced through a
narrow champer, which lowers the pressure. Water is introduced at this low pressure
point and is drawn into the airstream.

Air through water

Diffusers are simply a construction where small gas bubbles are created below the
water surface (Lekang, 2007). The bubbles are allowed to rise in the water column
and gas transfer takes place. A porous tube or ceramic stones can be used to create
bubbles.

Airlifts, that were briefly mentioned earlier, can be used for aeration and degasifi-
cation along with their water delivery (Loyless and Malone, 1998).

Venturi injections utilize the venturi effect to create thousands of fine bubbles in
the water stream. When water enters the injector it is forced through the narrow
injector champer increasing its velocity. At the same time the absolute pressure of
the water decreases, creating a vacuum and drawing air from the suction port into
the water stream. The pipe expands again increasing the pressure and thousands of
micro bubbles have been formed.

3.3.2. Oxygenation

Injecting pure oxygen into the water has been done for many years and can be
done in various ways. Providing oxygen to fish cultures has a high operating cost
thereforee doing so efficiently is vital (Summerfelt et al., 2000). Here, oxygenation
is also considered methods where water droplets are forced in contact with pure
oxygen. The means are summarized in Figure 3.8.

Water through oxygen

Pressurized packed columns (sealed column), mentioned earlier can be used for pure
oxygen aeration by substituting the inflow air with pure oxygen (Lekang, 2007).
Excess oxygen can be recirculated, resulting in higher efficiency.

In a spray tower water enters a sealed vertical chamber through a spray nozzle near
the top. Pure oxygen is added to the chamber which then can be recirculated. In
aquaculture spray towers have mainly been used for pure oxygen aeration (Vinci
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3.3. Controlling DO and CO2
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Figure 3.8: Partial taxonomy: Oxygenation

et al., 1996). Though similar in construction as packed columns, spray towers,
having no packing material, are less prone to clogging and fouling (Vinci et al.,
1996).

Davenport et al. (2001) described a low head oxygenation unit which is essentially
a box divided into multiple (5-10) vertical chambers. Water is distributed equally
at the top via distribution plate, trickles down the unit and exits below the water
level in a receiving pool. Pure oxygen enters from the side and flows from chamber
to chamber via holes in the division plates until it is vented out on the other side.
LHO provides a simple and efficient way of adding oxygen and stripping nitrogen
from water (Davenport et al., 2001).

Oxygen through water

Same as with air, diffusers can be used to dissolve oxygen in water. It is important
that bubble size is small enough and depth is sufficient to allow for sufficient contact
time between the water and the bubbles.

U-tubes are two vertical tubes one inside the other. The outer tube is closed at the
bottom while the inner one is open. Oxygen is added to the water flow as it flows
down the inner tube. The depth of the tubes is a minimum 10m (required to add
one atmospheric pressure). The U-tube is usually placed below the tank to minimize
the pumping requirements (Losordo et al., 1999). Off gas recycling can increase the
efficiency of U-tubes (Wood et al., 1996).

In oxygenation cones (down flow bubble contactor, speece cone) water and oxygen
enter the cone from the top. The water velocity at the inlet is set higher than the
upward velocity of the bubbles, preventing them from escaping through the top. As
they travel down the cone the water velocity decreases until it equals the upward
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3. Resolving treatment functions

velocity of the oxygen bubbles creating a long contact time between the water and
oxygen. Cones can be used either at low pressure (Losordo et al., 1999) in the main
water stream or a part of the main stream is pumped at high pressure through the
cone (Lekang, 2007) resulting in higher oxygen saturation which is then mixed again
with the main water flow.

Ebeling (2000) described a counter current diffusion column, which is a simplified,
and less expensive version of the oxygen cone. Water enters a uniform column from
the top while oxygen is introduced from the bottom. The water velocity is set just
so the oxygen bubbles do not reach the top. To manage varying water velocities
of the inflow, the column could be constructed from pipe segments with different
diameters, approximating the shape of a cone.

3.3.3. Air stripping

Air stripping is used to strip gasses such as CO2 and nitrogen gas out of the process
water. Several techniques are available as seen in Figure 3.9.
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Figure 3.9: Partial taxonomy: Air stripping

Cascade columns can be used for air stipping. For better CO2 removal in cascade or
packed columns, a high volumetric air:water loading rate (up to 10:1) (Summerfelt
et al., 2003) or higher columns (Summerfelt et al., 2000) is needed. Barrut et al.
(2012a) found that vacuum airlifts could be a promising method for stripping CO2.
Other airlifts could also provide air stripping (Loyless and Malone, 1998; Seginer
and Mozes, 2012). Modifications of the spray tower have been tested to provide
concurrent CO2 stripping (Watten et al., 2004)

3.3.4. Chemical treatment

Another way of controlling CO2 is using chemical treatment to regulate pH. In-
creasing the pH decreases the CO2 "concentration by shifting the carbonate carbon
balance to bicarbonate and carbonate ions" (Summerfelt et al., 2000). Bases with
or without carbon can be used to control CO2 and pH (Summerfelt et al., 2000).
Figure 3.10 displays the partial taxonomy.
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3.4. Controlling N compounds
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Figure 3.10: Partial taxonomy: Chemical treatment CO2

3.3.5. Biofiltration (DO and CO2 control)

Biofilters have a main purpose of removing ammonia from the process water in
recirculating aquaculture systems. Some types of biofilters also provide aeration
and some CO2 stripping. They are listed in Figure 3.11 and are described in more
detail in Subsection 3.4.5.
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Figure 3.11: Partial taxonomy: Biofilters for DO and CO2 control

Trickling filters can aerate the water and provide some CO2 stripping (Losordo et al.,
1999; Summerfelt et al., 2000). Floating microbead biological filters can provide CO2

stripping. If a gas space between the top of the beads and the water spray is created
stripping can be forced (Timmons et al., 2006). Brazil (2006) found that rotating
biological contactors removed an average 39% of carbon dioxide.

3.4. Controlling N compounds

Nitrogen is a nutrient essential to all living organisms. Main sources of nitrogen in
aquaculture are metabolic waste from fish and uneaten or undigested feed (Crab
et al., 2007). Fish also discharges various nitrogenous waste products that de-
compose into toxic compounds such as ammonia and nitrite. These compounds
are toxic to fish and therefore of great interest in intensive recirculating aquacul-
ture systems (Tidwell, 2012). The treatment function controlling N compounds
deals with methods used to maintain concentration of N compounds below cer-
tain toxicity levels. Those methods are: periphyton treatment, bio-floc treatment,
earthen ponds/reservoirs, wetlands, biofiltration, pH control methods, integration
with plants / vegetables, water exchange and feed management. This section de-
scribes the means used to control N compounds.

Nitrification is a major biological process used in aquaculture waste water treat-
ment (Crab et al., 2007). In nitrification processes ammonia and nitrite are oxidized
to less toxic nitrate (Tidwell, 2012). To prevent accumulation of nitrate in the
system, water exchange or denitrification process is needed (Hamlin et al., 2008).
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3. Resolving treatment functions

Nitrification is aerobic process therefore consuming oxygen, while dinitrification is
anaerobic process converting nitrate into nitrogen gas (Tidwell, 2012). The nitrifica-
tion process consumes approximately 0,15-0,19 kg of sodium bicarbonate / kg feed
(Davidson et al., 2011). This alkalinity consumption needs to be compensated with
base addition to prevent lowering of the pH (Loyless and Malone, 1997). Within a
nitrification system the overall O2 consumption is 4,6 mg/L for every 1 mg/L total
ammonia nitrogen (TAN) removed while at the same time producing 5,9 mg/L of
CO2 for every 1 mg/L TAN (Summerfelt and Sharrer, 2004). It has been shown that
the nitrification accounts for 37% of the system dissolved CO2 production and that
needs to be accounted for in the system design (Summerfelt and Sharrer, 2004).

3.4.1. Periphyton treatment

Periphyton is a mixture of plants and animal organisms that are attached to an arti-
ficial substrate in the culture system. These organisms trap and process suspended
organic matter and utilize nutrients in the water via photosynthesis. It therefore pro-
duces O2, removes CO2 and potentially provides extra food for the cultured species
(Beveridge et al., 2002). It could also help manage the pH (Crab et al., 2007).
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Figure 3.12: Partial taxonomy: Periphyton treatment

Crab et al. (2007) concluded that a periphyton treatment in intensive aquaculture
would not be feasible. Beveridge et al. (2002) however reflected, although not utilized
so far in intensive aquaculture, that periphyton treatment could potentially be used
to some degree in such systems. For instance in fingerling production or by stocking
two fish species, high-value carnivorous fish can utilize feed while another species
is able to utilize the periphyton (Beveridge et al., 2002). This can be either inside
the culture unit or in a separate unit within the system (Zhang et al., 2011). In
the taxonomy (Figure 3.12) the periphyton treatment is classified as either inside or
outside the culture unit.

3.4.2. Bio-floc treatment

Bio-floc is a co-culture of heterotrophic bacteria and algae grown in suspended flocs
usually within the culture unit. These flocs take up particulate organic matter
and nitrogen waste from the fish, decreasing ammonium concentrations within the
system and create a supplementary protein source for the fish (Azim and Little, 2008;
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3.4. Controlling N compounds

Crab et al., 2007). The heterotrophic bacteria need organic carbon to immobilize
nitrogen; carbohydrates therefore need to be added to the system. Carbon can be
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Figure 3.13: Partial taxonomy: Bio-floc treatment

supplied either directly as additional organic carbon source (glucose, glycerol, etc.)
or the feed composition can be manipulated (De Schryver et al., 2008). This process
is aerobic therefore lowering the dissolved oxygen content of the water. The bio-
floc can be grown outside the culture unit in “external bio-flocs reactor” and then
redirected to the unit as feed (De Schryver et al., 2008). This way sensitive species
are protected from DO variations. Metabolic activity, structure and suspension
time of floc are influenced by DO level. Organic loading rate is also important (De
Schryver et al., 2008). The taxonomy (Figure 3.13) classifies bio-floc either as inside
or outside the culture unit.

3.4.3. Earthen-ponds/reservoirs
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Figure 3.14: Partial taxonomy: Earthen-pond/reservoirs

In Figure 3.14 the partial taxonomy is given of earthen-ponds/reservoirs. N removal
is primarily done either by nitrification or photosynthesis (phytoplankton uptake).
Phytoplankton, such as algae, can be used as a supplement feed source for animal
cultures (Gál et al., 2007). Here water recirculates between the culture unit and an
earthen treatment pond/reservoirs. Water quality is controlled by a combination of
mechanical and natural processes that take place in the pond. Waste assimilation,
nutrient recycling and food production are all combined in the earthen pond (Crab
et al., 2007). Algae retains phosphorus (Gál et al., 2007) and sediment in ponds
can have good P absorption capacity (Hargreaves, 2006). Ammonia can be removed
from the culture unit in two ways, either by water exchange or nitrification within
the unit (Hargreaves, 2006). In the latter case the pond then serves as a denitrifica-
tion unit (sediment important). The ratio of unit area to treatment pond area and
the hydraulic retention time needs to be determined in terms of desired ammonia
removal (Hargreaves, 2006). Ammonia transformation in ponds can be carried out
by phytoplankton uptake, immobilization and nitrification. These processes are de-
pendent on various variables including dissolved oxygen, organic particle suspension
sunlight, C:N ratio and temperature (Hargreaves, 2006). Some of those variables can
be mechanically manipulated while others are dependent on other input functions
or the surrounding environment.
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3. Resolving treatment functions

3.4.4. Wetlands
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Figure 3.15: Partial taxonomy: Wetlands

Constructed wetlands can be used for water treatment in recirculation systems to
reduce total suspended solids (TSS), TAN, P (Lin et al., 2003). Constructed wet-
lands can have gravel or rock beds therefore having a subsurface flow (SSF) (Lin
et al., 2003) or a soil based bed, which is then flooded; so called free water surface
(vegetated submerged bed) (Tilley et al., 2002). Figure 3.15 displays the partial
taxonomy. Plants of various types serve, among other organisms, the purpose of
removing nutrients (N and P) from the processing water for reuse (Kadlec and Wal-
lace, 2009). This is done via nitrification and plant uptake (Kadlec and Wallace,
2009). The water flow through SSF wetland can be vertical (Zhang et al., 2010) or
horizontal (Lin et al., 2003; Tilley et al., 2002). SSF might require pre-treatment to
prevent TSS accumulation (Zachritz et al., 2008).

3.4.5. Biofiltration

Biofilters use media with high specific surface area (i.e. surface per unit volume)
to allow for growth of nitrifying bacteria (Tidwell, 2012) and appropriate void ratio
to reduce clogging and improve hydraulic performance (Eding et al., 2006). Ni-
trification biofilters are fixed film filters and can be classified as either emerged or
submerged (Malone and Pfeiffer, 2006). In Figure 3.16 a modified classification from
Malone and Pfeiffer (2006) is presented. Various designs exist, but here we cover
the most common ones found in the literature.
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Figure 3.16: Partial taxonomy: Biofiltration
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3.4. Controlling N compounds

Emerged filters

In rotating biological contactor (RBC) the biofilm supporting media is attached to
a partially submerged horizontal shaft that rotates, temporarily lifting the media
out of the process water. As the media contacts the air CO2 is stripped from
the water and oxygen is supplemented (Brazil, 2006). The RBC can be rotated
using compressed air (Prosser, 1975), water or simply a shaft motor (Brazil, 2006).
The degree of RBC medium submergence influences the performance. RBC that
operates at submergence around 70-90% is called submerged biological contactor;
Aeration decreases while larger media volume is available (Cortez et al., 2008).
Several stages can be used. By recycling part of the process water from the last stage
to the first, studies show improvements in COD, BOD5 and ammonia removal and
increase DO concentrations (Ayoub and Saikaly, 2004) along with denitrification of
the recirculation water (Cortez et al., 2008). Ayoub and Saikaly (2004) demonstrated
that step-feed improved NH3-N, COD removal rates and resulted in higher DO
values.

Trickling filters resemble packed columns. In trickling filters water enters the unit
from above and trickles down over a thin biofilm on the packing media. Water needs
to be well distributed at the top to achieve good utilization of the filter volume. This
can be accomplished using a moving arm, perforated screen or a nozzle (Eding et al.,
2006). The packing media is constructed so it creates a cross flow, vertical flow or
random flow of water through the filter (Eding et al., 2006). The height of the
packed media can vary between 0,6 and 4,5 m (Kamstra et al., 1998). Ventilation
of the filter is vital. To assure/ensure good ventilation the filter has either an
open bottom or closed bottom equipped with a fan for forced ventilation. With
controlled ventilation (ratio of air to water flow needs to be around 10) trickling
filters can also provide degassing or CO2 stripping and even evaporation cooling in
warm climates (Eding et al., 2006). Water exiting the trickling filter is usually close
to DO saturation (Kamstra et al., 1998).

Submerged filters

Malone and Pfeiffer (2006) classified submerged filters further as packed, expandable
and expanded filters.

Packed bed filters are filters where the bed medium is not expandable. They are not
very effective at solid removal and biofilm is controlled by endogenous respiration
(Malone and Pfeiffer, 2006). Water flows either from the top or from the bottom
through the biofilm covered packed bed.
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3. Resolving treatment functions

Expandable bed filters are filters where the media bed is occasionally expanded in
order to remove trapped solids and biofilm growth. Granular media filters, discussed
in Section 3.2, can be used as nitrification filters (Lekang, 2007, pp.127). Floating
bead bioclarifiers also discussed in Section 3.2 are categorized as expandable bed
filters. They provide nitrification in addition to solid removal and if operated in
anaerobic conditions, denitrification (Malone and Beecher, 2000).

Expanded bed filters are filters where the media is constantly kept suspended by
hydraulic or pneumatic means (Malone and Pfeiffer, 2006). Summerfelt (2006) de-
scribed the design and management of fluidized sand biofilters (FSB). Sand bed
(can be other material) is kept fluidized within a tank by an upward flow of water
entering at the bottom of the bed. The design of flow distribution mechanism at the
base of the unit is critical; not only to maintain well distributed water flow but also
to prevent clogging, fouling and loss of sand (Summerfelt, 2006). Fluidized sand
filter can aslo be used for heterotrophic denitrification (Tsukuda et al., 2015).

Down flow microbead filters provide nitrification. They are "a combination of trick-
ling and granular type biological filters" (Timmons et al., 2006). Water is distributed
from the top and trickles down through a floating media bed into a retention vessel,
from there water leaves the filter by gravity. The media used is a highly buoy-
ant polystyrene beads between 1-3 mm in diameter, hence microbead (Greiner and
Timmons, 1998; Timmons et al., 2006). The depth of the bead bed is limited to
around 50 cm (Timmons et al., 2006). The media can be allowed to float freely in
the retention vessel or it can be forced to be submerged by the water distribution
plate at the top (Timmons et al., 2006), simply by raising the water level in the
retention vessel for example. By allowing space between the media and the water
spray gas stripping can be forced (Timmons et al., 2006). Air blower and ventilation
then needs to be installed.

In moving bed bioreactor (MBBR) water is fed into a reactor containing a bed
of plastic media which is kept suspended either by agitation from air, for aerobic
process (nitrification), or by a mechanical stirring (propeller) or circulating pumping
(careful placement of inlet and outlet) for anoxic and anaerobic processes (Rusten
et al., 2006). It can be totally closed, capturing exhaust gas, or open. The media size
particularly range from 0,5 to 1,5 cm and density around 0,92-0,98 g/cm3 (Ödegaard,
1994).

3.4.6. pH control methods

Managing the pH in the system is vital. The pH controls the ratio of un-ionized
ammonia (NH3) and ionized ammonia (NH+

4 ) formed. It also has major effect on the
performance of nitrifying bacteria in biofilters (Loyless and Malone, 1997). Several
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3.4. Controlling N compounds

methods to manage pH exist (Björnsdóttir, 2015) but are not discussed here.

3.4.7. Integration with plants / vegetables

Aquaponics are the integration between aquaculture and hydroponics. In hydro-
ponics plants are grown in soilless medium where all the nutrients are delivered
dissolved in water. Hydroponics strip the process water of nutrients such as nitrates
and phosphorus. Some aquaponic systems collect suspended solids and facilitate
conversion of the fish waste to more available forms for the plants before entering
the hydroponic bed. A biofilter is then placed before the hydroponic bed to con-
vert ammonia to nitrate which is then taken up by the plants roots (Lennard and
Leonard, 2006). Hydroponics can be considered either as liquid hydroponic systems
or aggregated hydroponic systems (Diver and Rinehait, 2010) as seen in Figure 3.17.
Liquid hydroponic systems use the nutrient film technique (NFT) or floating rafts,
while aggregate hydroponic system uses some sort of media bed (Diver and Rinehait,
2010).
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Figure 3.17: Partial taxonomy: Integration with plants / vegetables

The integration of fish and plant species is important in aquaponic systems. Plant
selection depends on the intensity of the aquaculture system and therefore available
nutrient levels in the effluent for plant uptake (Diver and Rinehait, 2010). Both crop
and cropping method have considerable impact on nutrient removal (Buzby and Lin,
2014). Plants to fish ratio, hydraulic loading rate, DO and water temperature all
influence the overall performance of the system (Endut et al., 2010). Lennard and
Leonard (2006), comparing NFT, floating rafts and media beds, found DO of the
process water to decrease over all three types of hydroponic beds.

Liquid hydroponic systems

In NFT systems plants are placed in a narrow channel or gutter and a thin film of
the nutrient rich process water flows over the bare roots of the plants. The channel
has a slight slope to sustain constant water flow and prevent ponding. In floating
raft systems the plants are supported by a raft, such as polystyrene sheets (Lam
et al., 2015), which floats on the surface of the nutrient rich process water with the
plant roots expanded in the water. The floating rafts can be placed in the culture
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3. Resolving treatment functions

tank or in a separate tank. Solids can accumulate on the plants roots prohibiting
oxygen and nutrient uptake.

Aggregated hydroponic systems

The media bed is contained in a holding vessel such as bag, trench, pipe, or bench.
Media include gravel, sand, expanded clay, perlite, peat, sawdust, etc. Plant roots
and media also provide surface area for nitrifying bacteria and solid capture (Endut
et al., 2010; Lennard and Leonard, 2006). The process water can be fed directly
to the hydroponic bed, which then removes dissolved solids and facilitates nitrifica-
tion. The media bed can be (but not necessarily) alternately flooded and drained
improving aeration which benefits nitrifying and heterotrophic bacteria and plants
roots. (Diver and Rinehait, 2010)

3.5. Controlling organic matter

Organic matter are impurities in the culture water that originate from feeding and
metabolic waste. Organic matter can be split into solid and dissolved organic mat-
ter. The function controlling organic matter covers all methods used to remove,
or control accumulation of organic matter (Björnsdóttir, 2015). This section deals
with the means used to carry out the treatment function controlling organic matter.
Some methods used to solve other treatment functions also solve this one (Björns-
dóttir, 2015) as displayed in Figure 3.18. These methods are: solid removal methods,
biofiltration, integration with plants / vegetables, water exchange and feed manage-
ment. Only the methods adsorption, ozone addition and UV irradiation have not
been discussed earlier in this thesis.
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Figure 3.18: Partial taxonomy: Controlling organic matter
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3.5. Controlling organic matter

3.5.1. Solid removal methods

Solid organic matter can be removed using the solid removal techniques covered
in Section 3.2. Some methods such as flotation with ozone are very effective in
removing particulate organic matter (Barrut et al., 2013).

3.5.2. Biofiltration

In biofilters (Subsection 3.4.5) dissolved organic matter can be oxidized therefore
reducing its concentration (Gutierrez-Wing and Malone, 2006). They are however
not effective at removing particulate organic matter (Michaud et al., 2006) and in
too much quantity it can cause problems such as clogging (Eding et al., 2006).

3.5.3. Adsorption process

Adsorption onto activated carbon can be used for the removal of dissolved organic
carbon along with therapeutants (Aitcheson et al., 2000). An adsorption is where
dissolved compounds accumulate on a solid with highly porous surface due to inter-
molecular attraction forces. The adsorption capacity depends on the accessibility of
the organic molecules to the inner surface of the adsorbent (Moreno-Castilla, 2004).

3.5.4. Ozone addition

Ozone can improve multiple water quality indicators including oxidizing toxic nitrite
to nitrate (Schroeder et al., 2011), removal of organic compounds by oxidizing dis-
solved organic matter and improving flocculation of fine and colloidal particulates;
that results in better particle removal via settling, filtration (Summerfelt et al.,
2004b) or foam fractionation (Schroeder et al., 2011). To apply ozone within aqua-
culture systems an ozone generator is required. Ozone gas is unstable and therefore
needs to be produced on site from either air or pure oxygen. Ozone can then be sup-
plied to the water by the same techniques used for oxygenation (see Section 3.3). It
needs to be taken into considerations that the equipment is made of ozone resistant
material and that it is leak free due to the high oxidizing properties and toxicity
of ozone (Gonçalves and Gagnon, 2011). Ozone cannot come in contact with the
cultured species due to its toxicity. To remove excess ozone a retention chamber
can be added to allow time for normal ozone decay, water can be passed through
forced-ventilation column, air-stripping or it can be destroyed using UV irradiation
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3. Resolving treatment functions

(Summerfelt et al., 2004b).

3.5.5. UV irradiation

UV irradiation can be used to destroy ozone (Summerfelt et al., 2004b) and inacti-
vate microorganisms (Sharrer et al., 2005). Within the scope of this thesis the UV
irradiation has no other purpose than to destroy ozone residue. UV lamps are placed
either submerged in the water flow or above it. Ozone is destroyed at wavelengths
between 250-260 nm. The required UV intensity (quantity of energy transmitted)
to deliver desired UV dose through the water to target (microorganism or ozone)
needs to be established (Summerfelt, 2003).

3.5.6. Integration with plants / vegetables

Aquaponic systems are discussed in Subsection 3.4.7. Hydroponic beds can re-
move dissolved organic matter in recirculating aquaponic system (Lam et al., 2015).
Further, media bed hydroponics can provide some solid capture and nitrification
(Lennard and Leonard, 2006).
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4. QFD - Matrix

Quality function deployment (QFD) is derived from the Japanese phrase HinShitsu
KiNo TenKai and can be translated to "method for allocating features, or method for
translating characteristics" (Bahill and Chapman, 1993). This is a simple approach
used to describe the relationship between customer demand, product characteristics,
and manufacturing processes (Bahill and Chapman, 1993). QFD can be used to
grasp whole systems designs. Multiple matrices are linked together in a waterfall
manner where each succeeding matrix goes further into the systems details.

In this thesis QFD will be used to present how one solution can influence more than
one treatment function. The performance indicators identified in Chapter 5 could
then be plotted against the means in the next matrix in the QFD as seen in Figure
4.1. To put this in better context with QFD we can consider that preceding matrices
are as shown in Figure 4.2 in red.

Figure 4.1: QFD matrix setup
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Figure 4.2: QFD matrix setup

4.1. Means vs. treatment functions

Technical solutions (means) often influence more than one treatment function. The
QFD - matrix presented here was developed to describe the relationship between a
specific technical solution and all treatment functions. In matrix I, separated into
Figures 4.3 throughout 4.6 and combined in Appendix B, the treatment functions
are on the y-axis divided into sub-functions. The means are listed up on the x-
axis roughly in the order they appear in Chapter 3. Three classifications are used to
describe the relationship between the means and the treatment functions; main func-
tion (++), derived benefit (+) and negative effect (-). For example, solid removal
techniques have the main function (++) of removing solids. By removing solids
they will not be degraded in the system and cause reduction in DO and increased
CO2 (+). Further, solids can contain 7-32% of the total nitrogen and 30-84% of
the total phosphorus in the system (Cripps and Bergheim, 2000) (+). Foam frac-
tion techniques used for fine solid removal and dissolved organic compounds (++)
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4.1. Means vs. treatment functions

also provide aeration at the same time (+). With ozone injection organic matter
removal becomes much more efficient (++). With proper feed management, waste
production can be reduced resulting in less amount of organic (++) and inorganic
(++) solids, BOD is reduced (+) as well as nitrogen and phosphorus loading (++).
Water exchange is used, in relations to other means, to control all treatment func-
tions (++) within the scope of this thesis. This part of the matrix is presented in
Figure 4.3
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Figure 4.3: QFD matrix, Means vs. Function

In Figure 4.4 means specifically intended for DO and CO2 control (++) are pre-
sented. Means supplying oxygen to the water aid nitrification due to its oxygen
requirements (+). Packed columns and cascade aerators increase the dissolved oxy-
gen in the water (++), while at the same time strip CO2 and nitrogen gas (++).
Spray towers, used for oxygenation (++), can be modified to also strip CO2 and
nitrogen gas (++). Means regulating the pH (++) will counteract the nitrification
negative effect on the pH (+), regulate and help with CO2 control (+).
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Periphyton treatment (Figure 4.5) photosynthesises inorganic nutrients (++) and
carbon dioxide (+) producing oxygen (+) and biomass that also traps organic matter
(+). It also has an effect on the pH (+). Bio-flocs, created by flocculation of
particulate organic matter (+) and bacteria, utilize ammonia nitrogen (++) in an
aerobic process therefore decreasing the dissolved oxygen (-) and organic matter
(+) in the system. In earthen ponds ammonia nitrogen can be removed (++) in
various ways such as photosynthesis, producing O2 (+), or nitrification, consuming
O2 (-). In the pond there’s time for settleable solids to settle (+), phosphorus can
be absorbed by the sediment in earthen ponds or retained by phytoplankton (++).
Long contact time between the water surface and air results in nitrogen gas removal
(+). Other areas of the pond can have denitrification as well (++).
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Figure 4.5: QFD matrix, Means vs. Function

Wetlands (Figure 4.6) remove ammonia nitrogen via plant uptake and nitrification
(++). They have also be found to reduce the total suspended solids (TSS) (+).
Bead filter use nitrification to remove ammonia nitrogen in addition to its solid
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removal function (++). Nitrification however consumes oxygen (-), lowers the pH
(-) and produces CO2 (-) while oxidizing some of the dissolved organic matter (+).
Rotating biological contactors (RBC) and trickling filters can provide O2 addition
(++) and CO2 removal (++) in addition to nitrification (++). RBC’s can also pro-
vide denitrification (++) when used in series or submerged. With aeration nitrogen
gas is stripped (+). Fluidized sand filters, usually nitrification filters (++), could be
operated in anaerobic conditions therefore providing denitrification (++). Down-
flow microbead filters can be equipped to strip CO2 (+) in addition to nitrification
(++). However, that is done prior to the nitrification phase which produces CO2

(-) so net CO2 production/reduction depends on the efficiency of the nitrification
and CO2 stripping. MBBR’s are either operated in aerobic (nitrification)(++) or
anaerobic (denitrification) (++) conditions.
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Figure 4.6: QFD matrix, Means vs. Function

NFT and floating raft aquaponic systems remove dissolved organic matter (++) and
nutrients, nitrate and phosphate, (++) from the water by plant uptake. Media bed
aquaponic systems can facilitate nitrification of ammonia nitrogen (++) to nitrate
which is then taken up by plants roots (++). DO reduction takes place in the
hydroponics (-). Ozone, when injected into the water, oxidises nitrite and organic
matter (++) and improves flocculation of fine particles (++) making them easier to
remove. This results in lower BOD and COD within the system (+). UV irradiation
is used to prevent the ozone from harming the fish.
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5. Performance indicators

Control parameters affect the application of the functions. Björnsdóttir (2015) listed
up control parameters associated with each treatment function. In order to realize
how much effect the technical solutions have on those control parameters, and com-
pare different solutions together, we need performance indicators. Some are straight
forward and relevant to all solutions such as operating cost, capital cost, water usage
and hydraulic capacity while others are specific to each treatment function. In this
thesis indicators relevant to the treatment function controlling DO and CO2 will be
discussed.

5.1. Controlling DO and CO2

The control parameters for controlling DO and CO2 are: DO concentration and
CO2 concentrations (Björnsdóttir, 2015). The ASCE (2007) standard method for
the measurement of oxygen transfer in clean water is often used to determine nec-
essary parameters for oxygen transfer of equipment. These parameters are used to
"evaluate and compare technologies for their capacities of transferring oxygen into
water and their energy efficiencies" (ASCE, 2007). These indicators are:

• Standard oxygen transfer efficiency (OTE) [%] refers to how much oxygen is
absorbed in relation to how much is applied i.e. oxygen absorbed / oxygen
applied.

• Standard oxygen transfer rate (SOTR) [kg O2/h] is mass of oxygen absorbed
per unit time.

• Standard aeration/oxygenation efficiency (SAE/SOE) [kg O2/kWh] is the mass
of oxygen transferred per power unit. This parameter reflects oxygen transfer
efficiency and efficiency of other equipment such as air blowers as well as system
head loss.

For carbon dioxide stripping Colt et al. (2012a) suggested parameters based on the
ASCE oxygen parameters. These are:
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• Standardized carbon dioxide transfer rate (SCTR) [kg CO2/h]

• Standardized stripping efficiency (SSE) [kg CO2/kWh]

These parameters are based on the standard conditions of 20°C, 1 atm and zero DO
(dissolved oxygen) i.e CO2 = 0 mg/kg for oxygen (ASCE, 2007). The suggested
standard conditions for carbon dioxide were 20°C, 1 atm and CCO2 = 20 mg/kg
(Carbon dioxide concentration) (Colt et al., 2012a). Water is also assumed to be
clean. The working conditions in recirculating aquaculture systems are different so
appropriate corrections need to be made. There are models to calculate actual gas
transfer. They exist for oxygen but are underdeveloped for CO2 stripping (Colt
et al., 2012b).

These parameters are used for equipment specially used for aeration, oxygenation
and air stripping. However, other means also influence the DO and CO2 concentra-
tions in the water and those need to be included in the system design. These include,
as previously mentioned, nitrification, photosynthesis and the oxidation of organic
matter in the water. Biochemical oxygen demand (BOD) [mg/L] and chemical oxy-
gen demand (COD) [mg/L] give an indication of the dissolved oxygen consumed by
microorganisms during oxidation of organic matter. Figure 5.1 summarizes these
indicators.
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Figure 5.1: Performance indicators: Controlling DO and CO2
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6. Discussion

The means presented and mapped out in this study are used to solve the treatment
functions controlling solids, DO and CO2, N compounds and organic matter. This
work is based on literature review and adds on to previous publications by providing
an overview of what was already known but difficult to grasp. With a broad topic
such as this, finite information is presented in the taxonomy and matrix. New solu-
tions generate new information; taxonomy and matrices must be updated regularly
to include important new findings.

Multiple means can be used to solve each treatment function, as Figure 3.1 clearly
states. These means have different efficiencies, reliability and are likely to have
different operating and capital costs. Some are more relevant than others in certain
types of systems or situations. This became clear to the author when looking through
the literature yet it is not mentioned in this study as it is considered out of scope.
It then perhaps becomes obvious that the next step is to identify the indicators
necessary to evaluate the performance of each individual solution, such as efficiency,
costs, etc. This thesis briefly looks at the necessary indicators for the treatment
function controlling DO and CO2. Unfortunately there was not time to finish the
PI work. With all the PI summarized, it then becomes possible to look at how all
the different treatment functions, methods and means contribute to each indicator
and from there determine which solution, or set of solutions, is the optimal choice.
That work however is not finished and linking common PI to treatment functions
and solutions has yet to be done.

This study shows that technical solutions not only affect the treatment function
they are meant to solve but also influence other treatment functions as well. The
treatment functions controlling pH and controlling P compounds were added to
the matrix as it became clear that the means covered could affect these functions
greatly as well. The influence different solutions have on various treatment functions
needs to be taken into consideration when designing and operating RAS systems.
The matrix and taxonomy presented can be useful to aquaculture practitioners by
providing an overview of components and what they solve for. The matrix can be
tailored to each individual system, excluding solutions not in use. This provides a
more focused view of the role each of the system components plays, facilitating the
management of the system.
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6. Discussion

Some of the means or solutions covered in this study fit the category of polyculture.
These are for instance bio-floc and periphyton treatment, wetlands, phytoplankton
in earthen ponds/reservoirs, and integration with plants and vegetables. These
systems focus on nutrient recycling by integrating different species. They are very
complicated and require precise integration of the cultured species. Integrating
multiple species, possibly at different intensities, is a challenging task but is receiving
a lot of attention (Martins et al., 2010). This thesis does not try to cover all aspects of
polyculture but rather highlight the main ideas. Creating a more detailed taxonomy
of those systems is certainly an interesting task, but will have to wait.

Interactions between means/solutions has not been covered here, aside from brief
mentioning of nitrification and the interplay between parameters such as DO, CO2

and pH. Components in recirculating aquaculture systems must be designed to work
in conjunction with one another. Sizing and positioning of individual solutions have
to be determined with regard to the whole system.

This work is merely at the early stages of the theory building process. Finishing
the taxonomy and matrix for all the other treatment functions and identifying all
necessary performance indicators need to be finished. Numerical data gathering
would then also be the next logical step in the theory building process. With an
overview of possible solutions, their performance indicators, how they interact and
how they affect treatment functions, decision making becomes much easier. Looking
towards axiomatic design, the technical solutions (means) and the QFD - matrix
presented here could be used as design parameters in axiomatic designing of new
recirculating aquaculture systems.

6.1. Future research

The scale of this task is extensive and manifold and this thesis is only beginning
to scratch the surface. There is a need for further reviews and case studies and
exploring the following as future research can allow further development in this
area:

• Numerical data gathering through literature review and case studies. Data for
some of the indicators can be found in the literature and from the producers
of certain technical solutions while others might need to be obtained through
testing.

• Testing and validating the QFD - matrix presented. Are the relationships
in the matrix accurate? The easiest way would probably be to compare the
matrix to currently operating aquaculture systems and either confirm or reject
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6.1. Future research

certain relationships between the means and the treatment functions used in
that particular system. The matrix would need to be analyzed and compared
to many diverse types of systems in order to validate as much of the matrix
as possible.

• Look at how strong the relationships, in the matrix, between means and treat-
ment functions are. With numerical values it is possible to evaluate how much
each solution is contributing to each treatment function. Some of these values
are found in the literature while others will need to be examined in the field.

• Interaction between solutions. Through literature review, develop a overview
that shows in greater detail the interaction between each solution. Making it
easier to determine component sizing and positioning.
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7. Conclusion

This literature review was set out to provide an overview of technical solutions
to essential treatment functions in intensive land-based aquaculture systems, how
one solution can influence more than one treatment function and how to compare
and evaluate different solutions. An overview such as these are missing from the
literature which is more focused on individual technical solutions and fish/plants
integration. The study sought to answer these questions: How are the essential
treatment functions in intensive aquaculture solved? How are those solutions or-
ganized in categories and how should they be mapped? Do they solve or influence
more than one treatment function? How can we compare and evaluate different
solutions? The main findings were summarized in Chapter 3, 4, 5. This section will
synthesize these findings to answer the research questions.

1. How are the essential treatment functions in intensive aquaculture solved?

– How should those solutions be mapped?

Björnsdóttir (2015) synthesized the methods used in each treatment function.
This thesis takes a look at available solutions to each method and maps them.
A taxonomy was introduced (Chapter 3) around the technical solutions used
for the treatment functions controlling solids, controlling DO and CO2, control-
ling N compounds and controlling organic matter. These treatment functions
are solved by various means. In the taxonomy each solution is linked to the
main treatment function it solves.

2. Do the technical solutions solve or influence more than one treatment func-
tion? The solutions influence other treatment functions than just its main
function. A new QFD-matrix is presented (Chapter 4) and summarizes those
interactions between the means and treatment functions.

3. How can we compare and evaluate different solutions? By using performance
indicators we can compare and evaluate different solutions. Chapter 5 sum-
marizes the PI for the controlling DO and CO2 treatment function.
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7. Conclusion

This review builds on Björnsdóttir (2015) previous work to bridge a gap in the
publication by providing an overview of available solutions and the influence they
have on multiple treatment functions in intensive aquaculture systems. We can
look at the work done here as being at the early stages of the theory building
process. A lot still needs to be done before an actual system could be designed,
such as identifying the remaining PI and collecting numerical data. The overview of
solutions compiled here enable aquaculture practitioners to move closer to answering
the reoccurring problem of "integrating it all together" for a greater impact in the
world of aquaculture.
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A. Overview of articles

In Figure A.1 the literature used is categorized in four categories depending on how
they were acquired. The articles listed under "Other" are articles/books handed out
be the main advisor of this thesis.
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59





B. QFD-matrix: Means vs.
treatment functions

Figures B.1 and B.2 present the QFD-Matrix introduced in Chapter 4.

Contr.'solids

Contr.'DO'and'CO2

Contr.'pH
++ ++ ++ + + ++ ++ ++ ++
++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++
++ + + + ++ +
++ + + + ++ +
++ + + + ++ +
++ + + + ++ +
++ + + + ++ +
++ ++ ++ + + + ++ +
++ + + + ++ +

++ + + + ++ +
++ + + + ++ +
++ + + + ++ +
++ + + + ++ +
++ + + + ++ +
++ + + + ++ +
++ + + + ++ +
++ + + + ++ +
++ ++ + + + ++ +
++ ++ + + + ++ +
++ + + ++ ++ + 3
++ + + ++ ++ + 3
++ + + ++ ++ + 3

++ + + + ++ +
++ ++ + + + + ++ ++
++ ++ + + + + ++ ++
++ ++ + + + + ++ ++

++ +
++ +
++ +
++ + +

Diffusers'3'porous'tubes
Diffusers'3'porous'stones
Venturi'injector
Venturi'pump

Vacuum'airlift'fractionator
Cyclonic'foam'fractionator
Airlift'fractionator

Cartridge'filter
Membrane
Unpressurized'granular'media'filter
Pressurized'granular'media'filter
Continuously'back3flushed''gr.'m.'filter
Hydrocyclones

Rotating'belt'filter
Horizontally'rotating'disk'filter
Triangler
Bowed'screens
Stacked'trays
Geotextile'bag'filter

Standpipe
Lamella'separation
Chemical'addition'(polymers,'alum)
Radial'flow'settler
Drum'filter
Vertically'rotating'disk'filter

Feed'management
Water'exchange

M
ea
ns

Sediment'trap'in'plug'flow'raceway
Dual'drain
Horizontal'flow'settling'basin

So
lid

Di
ss
ol
ve
d

P pH

Contr.'organic'matter

Contr.'P'compounds

Treatment*functions

Contr.'N'compounds
Se
tt
le
ab
le

Su
sp
en

d.

fin
e

DO CO
2

Am
m
on

ia
'N

N
itr
at
e

ni
tr
o.
'g
as

Figure B.1: QFD matrix Means vs. Function
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B. QFD-matrix: Means vs. treatment functions
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