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Preface 

 
Which of us is not familiar with this situation during the student time: on a Wednesday night, 
one wants to go out to grab a beer (“just one Duveltje”) with friends. Until the end of the 
night (and several beers later) one was trapped in several discussions about religion, 
politics, and one’s field of study. I have to admit, that I have been involved in plenty of such 
discussions, which also stems from the fact that I am a very discussion-friendly and curious 
person. However, I caught myself often saying the same sentence “well, the idea is great, but 
it actually does not really work as it should” with respect to two topics: Aquaponics and 
Communism. This might appear to be a somewhat far-fetched statement, however, for those 
who have neither read Marx nor followed the development of aquaponics the last 30 years: 
in a nutshell it can be stated that both of these ideas follow bottom-up (i.e. local and circular) 
approaches (i.e. for small farmers and individuals).   
 
Additionally to the above, I honestly believe that in times of the financial crisis - in which 
multinational corporations such as [think of big corporations that produce GMO seeds that 
are immune to their pesticides] increase their quasi-monopoly positions on the global food 
market - a paradigm shift back to human-centred and sustainable agricultural development 
is required to ensure both (1) healthy (i.e. pesticide free) diets and (2) food independence. 
In contrast, organic, fair trade, and GMO-free food have recently gained rapidly increasing 
popularity. Consumers want transparent and extensive information about the origin and 
manufacture of the foodstuffs they buy. The development of agriculture and how to use 
(finite) resources efficiently will be crucial with respect to the global development and the 
future of the earth in general. Right now, we are at a crossroads in our history that will 
determine whether either the people or the corporations will be empowered. I intended to 
provocatively illustrate this new class conflict on the book cover with the objective to 
polarize and thus energize the readers themselves to make thoughts and reflections.  
 
So far, I have dedicated over 4 years of my life to study and improve aquaponic systems in 
the hope that one day their production efficiency will be able to compete with state-of-the-
art hydroponic food production systems, while improving circularity. In this thesis, I will try 
to demonstrate why aquaponics does not face the same pitfalls as communism, while sharing 
the empowering people-minded and bottom-up qualities that are required in the 21st 
century.  
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Chapter 1 

General Introduction 
 
 

1.1 Global Food Challenges 
A constantly rising world population and a corresponding increase in consumption confront 
the world with constantly new challenges. In theory, population and food consumption 
should be a linear relationship: the more people live on the planet, the more food will be 
consumed. However, there is a discrepancy between the reality and this relationship. The 
reasons can vary, the consequences are nonetheless worrying.  
 
While more and more food needs to be produced to meet the increasing food demands, 
usable land for agricultural practices decreases since intensive agriculture tends to land and 
soil to degrade. Arid and semi-arid regions also experience more droughts and water 
shortages due to climate change (FAO, 2012a). Agriculture uses 70% of the fresh water 
worldwide. According to FAO (2009), the severe water scarcity will increase in the next 25 
years due to the expected population growth to more than 9 billion people, as approximately 
60% more food will be needed. Water scarcity is even expected in areas that have relatively 
sufficient water resources. Major policy changes are required to avoid such trends (Criscuolo 
and Menon, 2015). These phenomena, in addition to other effects, cause that huge areas of 
precious rain forests are destroyed, which leads to aggravating soil erosion and therefore to 
the loss of fertile soils. Also, rainforests help reducing the amount of solar radiation reflected 
back into the atmosphere, leading to a mitigation of the greenhouse effect. Considering that 
climate change speeds up by depleting this biodiversity-rich ecosystem shows that we are 
trapped in a vicious cycle (Brown, 2009). 
 
Another issue that conventional agriculture faces is that generating three centimetres of 
topsoil takes approximately 1000 years. Regarding the United Nations, the world’s top soil 
could be gone within 60 years if current rates of degradation continue (Arsenault, n.d.). 
Additionally to that, the FAO of the United Nations reports that the amount of arable land by 
2050 will only be a quarter of the level in 1960. This can be attributed to both the growing 
population and soil degradation. Meanwhile, fertilizer consumption per ha of arable land has 
risen from 105 kg in 2002 to 135 kg in 2013 to counteract soil degradation (FAO, n.d.).  
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In addition to nitrogen and potassium, phosphorus is one of the three major nutrients that is 
required for plant growth and improving soil quality for following crops. Approximately 
80% of all mined rock phosphate is synthesized to agricultural fertilizer (Ekardt et al., 2010). 
Like oil, phosphorus is a non-renewable resource. There are no substitutes for phosphorus 
in agriculture to sustain crop yields. A number of scientists have demonstrated that rock 
phosphate reserves may be depleted within 50-100 years (Cordell et al., 2011; S. Cordell et 
al., 2009; Ragnarsdottir et al., 2011; Steen, 1998), while phosphorus demand is constantly 
increasing. The global phosphorus peak is predicted to occur in coming decades (D. Cordell 
et al., 2009; Walan et al., 2014). According to Sverdrup and Ragnarsdottír (2011), 
phosphorus will become an expensive material in the future. Recycling policies and 
innovative agriculture systems are consequently necessary to avoid world hunger and mass 
mortality (Mórrígan, 2010; Ragnarsdottir et al., 2011) and are still expected to meet the UN 
Sustainable Development Goal number 1 that addresses eradication of extreme poverty and 
hunger. A sustainable approach is required in order to prevent tackle the above mentioned 
issues.  
 

1.2 Aquaponics 
Traditionally, aquaponics refers to an integrated system in which aquatic animals and 
soilless-growing plants are cultivated together. In this study, and in line with Nichols and 
Savidov (2012) as well as Seawright (1998) aquaponics can be defined as a multi-trophic 
food production system comprising of a recirculating aquaculture system (RAS) and 
hydroponic (HP) elements (Figure 1.1). In these one-loop aquaponic systems, RAS-derived 
nutrient-rich water from the HP element is directly constantly directed to the hydroponic 
unit providing the plants with essential nutrients for plant growth instead of being 
discharged (Liang and Chien, 2013; Vermeulen and Kamstra, 2013). In one-loop aquaponic 
systems, the partly demineralized water is led back to the RAS (Graber and Junge, 2009; 
Licamele, 2009; Rakocy et al., 2006). The advantage of this approach is that both fish and 
plants can be produced in an environmentally-friendly way. Furthermore, high levels of 
water reuse (Graber and Junge, 2009a) as well as nutrient recycling (Palm et al., 2015, 2014; 
Vermeulen and Kamstra, 2013) are ensured.  
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Figure 1.1. Simplified scheme of a one-Loop Aquaponic System. Water recirculates between the 
aquaculture system and the hydroponic system. 

This approach can be considered highly ecological, since it reduces the overall water 
consumption as well as CO2 emission of both combined systems. Unfortunately, one-loop 
aquaponic systems fail to achieve industrial fish and vegetable production levels. 
 

1.2.1 Recirculating Aquaculture Systems (RAS) 
RAS as one part of the aquaponic system are used for land-based fish production, although 
it is also suitable for other aquatic animals (Lekang, 2007). The systems are usually tank-
based in which fish are grown at high density. Biofiltration processes are required to reduce 
ammonia toxicity. To guarantee optimal growth performances the environmental conditions 
should be controlled as good as possible. The main advantage of RAS is that only very little 
water replacement is required. Compared to conventional aquaculture systems, the water 
exchange is reduced by 90-99%, while requiring less than 1% of the area (Timmons and 
Ebeling, 2013). Furthermore, RAS systems convert nutrients from a very toxic to a less toxic 
form (e.g. ammonia to nitrate). Even though this is a good step towards a more sustainable 
food production, as it tackles the problems of overfishing and fresh water scarcity, major 
issues of concern still remain to be raised. 
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Figure 1.2. Simplified Process Flow Diagram of a Recirculating Aquaculture System (RAS). The fish 
are cultured in the production tanks. In the mechanical filtration step, solids such as faecal material 
and uneaten feed are physically removed prior to biological filtration. The latter contains beneficial 
bacteria that convert toxic ammonia into nitrate, which is relatively harmless to fish.  Before the 
water is recirculated back to the fish, oxygen is injected and carbon dioxide removed. 

However, discharged RAS water and fish faeces are still rich in nutrients. In addition to the 
fact that discharging aquacultural waste might cause eutrophication, valuable nutrients are 
simply wasted. P is mainly lost through faeces in fish production (Neto and Ostrensky, 2013; 
Yavuzcan Yildiz et al., 2017). Håkanson et al. (1998) even reported that 70% of the P fed to 
fish is lost through faeces. As mentioned in Section 1.1, recycling policies and technologies 
are required to tackle this valuable loss.  
 
Given fish production data until 2008, Figure 1.3 shows that aquaculture is becoming 
increasingly important worldwide to meet the future demand of fish. The underlying 
assumptions in Figure 1.3 are stagnating capture fisheries and the UN population growth 
forecast. 
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Figure 1.3. Global Fish Production: Data and Projections 1984-2030 (World Bank, 2013). The latest 
data even expect farmed fish to exceed captured fish in the early 2020s.  

1.2.2 Hydroponics 
The other aquaponic subsystem is hydroponics. Hydroponics is a method to grow plants in 
a soil-free environment by exposing the roots to a mineral nutrient solution. The plant roots 
can either be supported by some medium (e.g. rock wool, gravel, volcanic stones, etc.) or 
simply be exposed to the nutrient solution. The main advantage of applying hydroponic 
methods is that the roots are constantly exposed to oxygenated and nutrient-rich water. The 
growth of the plants is dependent on the flow-through velocity (Buzby et al., 2016; Jones, 
2005), the nutrient solution formulation (Resh, 2012; Sonneveld and Voogt, 2009a), and 
general environmental conditions such as light spectra and intensity, air- and water 
temperature, humidity, etc. (Sonneveld and Straver, 1994),  
 
There are various hydroponic methods. Commercially, the most proven methods are the 
nutrient flow technique (NFT) and the deep water culture (DWC) technique (Figure 1.4). In 
NFT systems, plants grow in slightly tilted channels and are supplied with the nutrient 
solution either by sub- or top-irrigation. NFT top-irrigation (i.e. dripping) systems are often 
used to grow tomatoes or peppers in rock wool; NFT sub-irrigation systems are rather used 
for leafy green vegetables whose roots are exposed to a constant shallow stream of nutrient 
rich water. Compared to NFT systems, the water volume of DWC systems is much higher. In 
DWC systems, plants are usually floating (in net pots on e.g. polystyrene panels) on 
approximately 30 cm deep containers filled with an oxygenated nutrient solution. Just like 
in NFT systems, the nutrient solution is recirculated and oxygenated. Due to a higher volume, 
enriching the water with oxygen as well as recirculating the nutrient solution requires more 
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energy. The outflow of hydroponic systems still contain unused nutrients and usually flows 
back to a basin for recirculation purposes.  
 

 
 
Figure 1.4. Illustration of (a) nutrient flow technique (NFT) and (b) deep water culture (DWC) 
systems. 

Every plant species/variety requires a different nutrient solution formulation. The right 
composition is subject to ongoing discussions. However, there are many papers that offers 
empirically grounded data for a high variety of greenhouse crops (Resh, 2013; Sonneveld, 
2002; Sonneveld and Voogt, 2009b). There are 6 essential macronutrients and 7 essential 
micronutrients for plant growth. The 6 essential macronutrients are: Nitrogen (N), 
Phosphorus (P), Potassium (𝐾𝐾+), Calcium (𝐶𝐶𝐶𝐶2+), Magnesium (𝑀𝑀𝑀𝑀2+), Sulfur (𝑆𝑆𝑆𝑆4

2−); and 
the 6 essential micronutrients are: Iron (𝐹𝐹𝐹𝐹2+), Zinc (𝑍𝑍𝑍𝑍2+), Copper (𝐶𝐶𝐶𝐶2+), Manganese 
(𝑀𝑀𝑍𝑍2+), Boron (B), Molybdenum (Mo), and Nickel (𝑁𝑁𝑁𝑁2+). In practice, special focus lays on 
both N and P. Whereas N is mostly in form of nitrate (𝑁𝑁𝑆𝑆3

−) or ammonia (𝑁𝑁𝑁𝑁4
+), P is only 

available for plants in form of ortho-phosphate (𝑃𝑃𝑆𝑆4
3−). 

 

1.3 The Fate of one-loop Aquaponic Systems 
One-loop aquaponic systems, as discussed in the previous section, have been the subject of 
considerable research over the last 30 years (Adler et al., 1996; McMurtry et al., 1997; 
Rakocy and Hargreaves, 1993; Rakocy, 1989; Seawright et al., 1998b). From a practical 
viewpoint, the main advantage of one-loop systems lies in the simplicity of technical 
measurements and control requirements (i.e. pH, EC, temperature, etc.). More complex 
system approaches, however, requires improved monitoring and control technologies. 
Although research has been carried out on this subject for decades, the development of 
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aquaponics systems made little progress under the ideological cloak of “cultivating fish and 
plants in one continuous loop system”.  
 
Despite different water quality requirements in the aquaculture and hydroponic systems, 
traditional aquaponics practice has been based on finding a largely sub-optimal balance 
between the needs of plants and fish within a single water process loop. Consequently, the 
efficiency of one-loop aquaponics systems is reduced relative to the sum of productivity in 
independent single crops and fish systems. Moreover, comparing traditional one-loop 
aquaponics systems with hydroponic systems, aquaponics systems have a number of 
limitations. The most prominent limitations is that fish and plants require different 
environmental conditions such as pH, nutrients and essential minerals. Hence, currently, 
one-loop aquaponics systems fail to show a growth advantage relative to independent 
recirculating aquaculture systems (RAS) and hydroponic systems, which both have been 
optimized and can produce food sustainably without major loss of energy or resources. 
 
Further developments of one-loop systems appeared, when Kloas et al. (2015) began 
conceptualising the possibility to decouple elements of the system in order to provide 
optimal conditions to both fish and plants. Their “weakly linked” two-loop INAPRO system 
that is still under investigation in a running EU project uses less than 100 litres of water to 
produce 1 kg of fish (i.e. tilapia) and 1.6 kg of tomatoes. In comparison to that, RAS and 
conventional hydroponic systems require approximately 1000 more litres to produce the 
same amount of fish and tomatoes. In a recent study, both the INAPRO system and a 
hydroponic control system showed tomato growth performance that was very similar (Suhl 
et al., 2016). 
 

1.4 Aim and Approach of this Thesis 
To date, multi-loop aquaponics research is still in an early phase and requires further 
research, as there is only a modest number of publications available that deal with this topic. 
The gaps - which can be seen as black boxes - comprise the suboptimal conditions of both 
plant and fish subsystems, the processing and usage of nutrient-rich aquaculture sludge as 
well as the identification of the determining factor of the water regime in multi-loop 
aquaponic systems. Given these gaps and trends, it can be stated that there is scope to 
optimize aquaponic system technology. 
 
The overall aim of this thesis is to propose and investigate a conceptual framework for multi-
loop aquaponic systems based on experiments, modelling, and literature reviews. Based on 
the identified gaps three specific objectives were formulated to meet these overall goals: 
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• To determine the status quo of aquaponic systems and identify current bottlenecks that 
need to be addressed in order to improve commercial feasibility.  

• To determine statistically to what degree RAS-derived water as well as effluents from 
aerobic and anaerobic remineralization reactors have an impact on plant growth rates, 
and provide hypotheses that could explain these differences.  

• To investigate a multi-loop aquaponic system layout by dynamic system modelling 
considering previous findings and ultimately offer important insights into sizing and 
designing of such systems.  

 
The presented objectives roughly cover the domains of (1) economy, (2) plant growth 
performance, (3) remineralization, and (4) system modelling. Each objective is linked to one 
or more technical chapters. 
 
The domain of aquaponics is multidisciplinary and very little research is available in that 
field so far. This dissertation rather follows a systems approach. In particular, this 
dissertation examines two corresponding main research questions that aim to tackle the 
defined objectives:  
1. To what degree does the implementation of technically more complex multi-loop 

aquaponic systems improve the economic (i.e. production efficiency) and ecological (i.e. 
nutrient recycling, waste prevention, water consumption, etc.) impact compared with 
one-loop aquaponic systems? 

2. What are the determining parameters for both sizing and designing multi-loop aquaponic 
systems? 

 

1.4.1 Experiments 
To investigate the growth performance of plants (i.e. Objective 2), plant growth experiments 
have been performed. These experiments followed the approach of determination of 
variables, data collection using sensors as well as lab analyses, (statistical) data analysis, and 
hypothesis testing.  To date, a considerable amount of literature has been published on 
aquaponics, but no previous study has provided information on plant growth performances 
in multi-loop aquaponic systems; i.e. comparing the growth of plants grown (in equal 
nutrient concentrations) in conventional hydroponic systems with those exposed to RAS 
water. Table 1.1 gives an overview over papers with the subject of their experimental data. 
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Table 1.1 Overview of tested aquaponics systems in scientific papers. 

Kind of System Plant Fish  Author(s) 
One-Loop Lettuce, Basil Tilapia (Rakocy et al., 2006) 
One-Loop Water spinach African Catfish (Endut et al., 2010) 
One-Loop Strawberry Tilapia (Villarroel et al., 2011) 
One-Loop Lettuce Tilapia (Pantanella et al. 2012) 
Two-Loop Lettuce, 

Nasturtium 
Trout (Buzby and Lin, 2014) 

Two-Loop Tomato Tilapia (Kloas et al., 2015) 
Two-Loop Tomato Tilapia (Suhl et al., 2016) 
One-Loop Tomato Tilapia (Schmautz et al., 2016) 
One-Loop Basil Catfish (Saha et al., 2016) 
One-Loop Basil, Parsley Tilapia, Catfish (Knaus and Palm, 2017) 

 

1.4.2 Dynamic System Modelling 
Dynamic systems analysis was used to create a multi-loop aquaponic model to determine 
water and nutrient flows (Objective 3). Causal loop diagrams as well as flow-charts served 
as a basis for physically-based dynamic computer modelling conducted with AnyLogic 
software. The function of the flowcharts was to provide an overview of all procedures 
considered necessary in the context of a comprehensive diagnostic process, whereas the 
causal loop diagrams (CLDs) represented a fundamental tool to understand and illustrate 
the workings of the complex systems. Modelling such a system is important to provide 
insight into nutrient and water fluxes. Additionally, the model serves as a sizing tool with 
respect to the determining factors, such as hydroponic phosphorus-availability and RAS-
water quality. So far, two scholars have developed mathematical computer simulation 
models for multi-loop aquaponic systems (Karimanzira et al., 2016; Reyes Lastiri et al., 
2016), showing that both water and nutrients can be saved when linking the aquaculture 
waste-water stream with a hydroponics unit. This thesis, however, will look deeper into 
auxiliary loops in order to increase the system’s degree of resource usage. 
 

1.5 Thesis Outline 
This thesis comprises eight chapters including the general introduction (Chapter 1) and the 
general discussion (Chapter 8). Figure 1.5 shows that the chapters have been ordered so that 
they run like a red thread through this thesis. Chapter 2 reviews and analyses the gaps 
between current research and the potential for development of successful models for 
commercial medium- and large-scale aquaponics. Chapter 3 provides evidence that multi-
loop aquaponic systems are more than just a trendy food production system. Chapter 4 
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validates the findings from Chapter 3 experimental data on a larger scale. Chapter 5 deals 
with the third loop, the nutrient remineralisation of fish sludge. Before considering the 
integration of such a third loop in decoupled aquaponic systems, the impact of nutrient-rich 
supernatants from both aerobic and anaerobic treatments on plant growth needed to be 
determined. Chapter 6 and 7 therefore follow a modelling and design approach. Here we 
combined the knowledge of the conducted experiments with mass balances of the system. 
Consequently, a model was developed in order to simulate the water flux and nutrient 
dynamics in decoupled multi-loop aquaponic systems. Finally yet importantly, Chapter 8 
discusses our findings with respect to the two main research questions and debates their 
implications for future developments of multi-loop aquaponic systems. Furthermore, it 
contains also an outlook of how and to what degree the cycle actually can be closed. 
 
 

Chapter 1 
General Introduction 

Chapter 2 
Review Paper (Objective 1) 

Identification of chances and challenges of commercial aquaponic systems. 

Chapter 3 
Experiment (Objective 2) 
Plant growth experiment: 

Complemented Aquaponics 
vs. Hydroponics vs. 

Aquaponics 

Chapter 4 
Experiment (Objective 2) 
Plant growth experiment: 

Complemented Aquaponics 
vs. Hydroponics vs. 

Aquaponics 

Chapter 5 
Experiment (Objective 2) 
Plant growth experiment: 

Aerobic vs. anaerobic 
digestates. 

Chapter 6 
Modelling (Objective 3) 

Designing and modelling of a multi-loop 
aquaponic system. 

Chapter 7 
Modelling (Objective 3) 

Identifying and optimizing nutrient fluxes 
and concentrations. 

Chapter 8 
General Discussion 

 
Figure 1.5. Schematic representation of the chapters of this thesis following the red thread approach. 
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Chapter 2 

Challenges of Sustainable and Commercial 
Aquaponics 

 
 
 
This chapter is based on:   
Goddek, S., Delaide, B., Mankasingh, U., Ragnarsdottir, K., Jijakli, H., & Thorarinsdottir, R. 
(2015). Challenges of Sustainable and Commercial Aquaponics. Sustainability, 7(4), 4199–
4224. http://doi.org/10.3390/su7044199 
 

 

Abstract 
The world is facing a number of serious problems of which population rise, climate change, 
soil degradation, water scarcity and food security are among the most important. 
Aquaponics, as a closed loop system consisting of hydroponics and aquaculture elements, 
could contribute to addressing these problems. However, there is a lack of quantitative 
research to support the development of economically feasible aquaponics systems. Although 
many studies have addressed some scientific aspects, there has been limited focus on 
commercial implementation. In this review paper, opportunities that have the potential to 
fill the gap between research and implementation of commercial aquaponic systems have 
been identified. The analysis shows that aquaponics is capable of being an important driver 
for the development of integrated food production systems. Arid regions suffering from 
water stress will particularly benefit from this technology being operated in a commercial 
environment. 
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2.1 Introduction 
Aquaponics is an integrated multi-trophic system that combines elements of recirculating 
aquaculture and hydroponics (Rakocy, 1989), wherein the water from the fish tanks that is 
enriched in nutrients is used for plant growth. It is a soil-free down-sized natural process 
that can be found in lakes, ponds and rivers. Using fish waste as fertilizer for crops is an 
ancient practice. The most well-known examples are the “stationary islands” set up in 
shallow lakes in central America (e.g., Aztec’s Chinampas 1150–1350 BC) (Turcios and 
Papenbrock, 2014), and the introduction of fish into paddy rice fields in South-East Asia 
about 1500 years ago (Coche, 1967). In the late 70s and early 80s, researchers at the New 
Alchemy Institute North Carolina State University (USA) developed the basis of modern 
aquaponics (Love et al., 2014). The probably most known example was set up at the 
University of the Virgin Islands (UVI) in 1980 (Rakocy, 1989). A survey, conducted by Love 
et al. (2014), shows that aquaponics has been receiving growing interest since then (Diver 
and Rinehart, 2010), which underpins its increasing significance for society as an innovative 
response for food security.   
 
Its role for food security would be particularly relevant because the global population now 
exceeds 7.2 billion and is growing rapidly. It is expected to reach 9.6 billion around 2050 
with more than 75% living in urban areas (UN, 2013). Urban population growth will require 
an increasing demand for animal protein (Alexandratos and Bruinsma, 2012). However, the 
future of conventional farming, including intensive animal protein production, in meeting 
this demand is challenged by rising but fluctuating energy and oil costs, climate change and 
pollution. Resource limitations including the decrease of arable surfaces, constrained 
freshwater supplies, soil degradation and soil nutrient depletion also add to these challenges 
(Bindraban et al., 2012; Klinger and Naylor, 2012). This alerts researchers to the necessity 
to compensate existing sustainability deficits in agricultural food systems.   
 
The interlinking of aquacultural and hydroponic procedures allows some of the 
shortcomings of the respective systems to be addressed, and this represents a promising 
sustainable food production method. Aquaponics can be considered a sustainable 
agricultural production system regarding the definition of Lehman et al. (1993), who define 
sustainable agriculture as a process that does not deplete any non-renewable resources that 
are essential to agriculture in order to sustain the agricultural practices. Francis et al. (2003) 
add that sustainable agricultural production can be achieved by resembling natural 
ecosystems and “designing systems that close nutrient cycles”, which is one of the main 
characteristics of aquaponics.   
 



15 
 

Mineral transfers from aquaculture to hydroponics support efficient nutrient recycling, 
while water recirculation reduces the water use (Turcios and Papenbrock, 2014). High yield 
hydroponic systems require a considerable amount of macro- and micronutrients from 
industrial and mining origin, leading to high energy (i.e., for production and transport) and 
finite resources use (e.g., phosphorus and oil) (Sverdrup and Ragnarsdottir, 2011). Also, in 
no-recirculating systems, intermittent disposal of the considerable amounts of nutrient rich 
water leads to high water consumption as well as surface and groundwater pollution 
(Gagnon et al., 2010). The regular exchange of water performed in conventional aquacultural 
systems is not necessary in aquaponics. In this respect, 1 kg of beef meat requires between 
5000 and 20,000 L of water (IME, 2013) and the same amount of fish bred in semi-intensive 
and extensive conventional aquaculture systems requires a range of 2500–375,000 L (Al-
Hafedh et al., 2003). Recirculating aquaculture systems, on the other hand, have a high 
degree of water reuse (i.e., 95%–99%) (Dalsgaard et al., 2013), with water usage down to 
below 100 L kg−1 of fish produced (Martins et al., 2011). In aquaponics, nitrate in excess is 
used for valuable plant production instead of being removed in gaseous form in 
denitrification units (Van Rijn, 2013).   
 
Although preliminary research has shown that developed aquaponic system components are 
not yet fully realized in view of either cost effectiveness or technical capabilities (Rakocy 
2012; Vermeulen & Kamstra 2013), the aquaponics concept is promising to contribute to 
both global and urban sustainable food production and should at the same time diminish 
pollution and need for resources. In order to meet the goal of establishing large-scale eco-
efficient and economically viable aquaponic farming projects, this paper reviews the 
technical and socio-ecological developments that have been undertaken to date and 
demonstrates which aspects still need to be addressed. The purpose of this paper is to 
highlight current aquaponics challenges and give directions for further research. For each 
challenge, various approaches are described. 
 

2.2 Principles of Aquaponics 
Aquaponics combines hydroponics and recirculating aquaculture elements. Conventional 
hydroponics requires mineral fertilizers in order to supply the plants with necessary 
nutrients but the aquaponics systems use the available fish water that is rich in fish waste as 
nutrients for plant growth. Another advantage of this combination lies in the fact that excess 
of nutrients does not need to be removed through periodical exchange of enriched fish water 
with fresh water as practiced in aquaculture systems. The system results in a symbiosis 
between fish, microorganisms and plants, and encourages sustainable use of water and 
nutrients, including their recycling (Figure 2.1). Within this synergistic interaction, the 
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respective ecological weaknesses of aquaculture and hydroponics are converted into 
strengths. This combination substantially minimizes the need for input of nutrients and 
output of waste, unlike when run as separate systems. 
 

 
Figure 2.1. Symbiotic aquaponic cycle. 

 
Plants need macronutrients (e.g., C, H, O, N, P, K, Ca, S and Mg) and micronutrients (e.g., Fe, 
Cl, Mn, B, Zn, Cu and Mo), which are essential for their growth. Hydroponic solutions contain 
well-defined proportions of these elements (Resh, 2012) and are added to the hydroponic 
solution in ionic form with the exception of C, H, and O, which are available from air and 
water. In aquaponics systems, plant nutrient input from the fish tanks contains dissolved 
nutrient rich fish waste (gill excretion, urine and faeces), comprising of both soluble and 
solid organic compounds that are solubilized to ionic form in the water and assimilated by 
the plants. To sustain adequate plant growth the concentrations of micro- and 
macronutrients need to be monitored. Periodically some nutrients may need to be added to 
adjust their concentration, for example iron is often deficient in fish waste (Rakocy et al., 
2004; Seawright et al., 1998). 
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Aquaponic systems need to be able to host different microorganism communities that are 
involved in fish waste processing and solubilization. Ammonia (NH4+) from fish urine and 
gill excretion can build up to toxic levels if not removed from the system. This can be done 
by step-wise microbial conversion to nitrate. One of the most important microbial 
components is the nitrifying autotrophic bacteria consortium that is established as a biofilm 
on solid surfaces within the system and is principally composed of nitroso-bacteria (e.g., 
Nitrosomonas sp.) and nitro-bacteria (e.g., Nitrospira sp., Nitrobacter sp.). The ammonia 
within the system is converted into nitrite (NO2−) by nitroso-bacteria, before being 
transformed into nitrate (NO3−) by the nitro-bacteria (Tyson et al., 2008). The final product 
of this bacterial conversion, nitrate, is considerably less toxic for fish and due to its 
bioconversion, is the main nitrogen source for plant growth in aquaponics systems (Endut 
et al., 2010; Graber and Junge, 2009a; Rakocy et al., 2006). In most systems, a special 
biofiltration unit where intensive nitrification occurs is required. 
 
The optimal ratio between fish and plants needs to be identified to get the right balance 
between fish nutrient production and plant uptake in each system. Rakocy (2007) reports 
that this could be based on the feeding rate ratio, which is the amount of feed per day per 
square meter of plant varieties. On this basis, a value between 60 and 100 g day−1 m−2 has 
been recommended for leafy-greens growing on raft hydroponic systems (Rakocy and 
Bailey, 2012). Endut et al. (2010) found an optimum ratio of 15–42 grams of fish feed day−1 
m−2 of plant growing with one African catfish (Clarias gariepinus) for eight water spinach 
plants (Ipomoea aquatica). Hence, finding the right balance necessitates fundamental 
knowledge and experiences with regard to the following criteria: (1) types of fish and their 
food use rate; (2) composition of the fish food, for example, the quantity of pure proteins 
converted to Total Ammonia Nitrogen (TAN); (3) frequency of feeding; (4) hydroponic 
system type and design; (5) types and physiological stages of cultivated plants (leafy greens 
vs. fruity vegetables); (6) plant sowing density, and (7) chemical composition of the water 
influenced by the mineralization rate of fish waste. Additionally, since fish, microorganisms 
and plants are in the same water loop, environmental parameters such as temperature, pH 
and mineral concentrations need to be set at a compromise point as close as possible to their 
respective optimal growth conditions. 
 

2.3 System Description 
As outlined above, the aquaponics system can be seen as the connection between a 
conventional recirculating aquaculture systems (RAS) and hydroponics components. In 
short, water recirculates in a loop as it flows from the fish tank to filtration units, before it is 
pumped into the hydroponic beds that are used as water reprocessing units. The filtration 
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units are composed of mechanical filtration units for solid particles removal (e.g., drum filter 
or settling tank), and biofilters for nitrification processes (e.g., trickling or moving bed 
biofilter). Although system configurations and complexity can vary greatly, Figure 3.2 
illustrates a typical layout. 

 
 
Figure 2.2. Basic aquaponic system layout. 

Three types of hydroponic beds are commonly used: media-based grow bed, Deep Water 
Culture (DWC) bed, and Nutrient Film Technique (NFT) gutter shaped bed. The media-based 
grow bed is a hydroponic trough filled with inert substrate (e.g., expanded clay, perlite, 
pumice, gravel), serving as root support and microbial substrate. The water is commonly 
supplied in an ebb and flow pattern, ensuring sequential nutrition and aeration. The DWC 
system consists of large troughs with perforated floating rafts, where net plant pots are 
inserted. In the DWC system, these plant pots are generally filled with media, such as rock 
wool, coco or pumice that support the roots, which are then continually submerged in the 
water tank. The Nutrient Film Technique (NFT) consists of narrow channels of perforated 
squared pipes where the roots are partially immersed in a thin layer of streaming water. A 
comparison of the advantages and disadvantages of these hydroponic beds versus soil 
culture is presented in Table 2.1. 
 

Table 2.1. Advantages, disadvantages and nutrient uptake for different grow components in 
aquaponics with regard to different practical and productivity aspects. 
 

 
Media-based growing bed DWC NFT Soil 

Advantages - Biofiltration: media serves 
as substrate for nitrifying 
bacteria (Rakocy, 2007)  
- Act as a solids filtering 
medium 
- Mineralization in grow bed 
- Colonized by a broad 
microflora 

- Constant 
water flow 
- Small sump 
tank needed 
- Ease of 
maintenance 
and cleaning 
(Endut et al., 
2010) 

- Constant 
water flow 
- Small sump 
tank needed 
- Ease of 
maintenance 
and cleaning 
- Require 
smaller volume 
of water 

- Less 
infrastructure 
- Natural roots 
environment 
- Colonized by 
broad 
microflora and 
fungi (Lennard 
and Leonard, 
2006)  

http://www.mdpi.com/2071-1050/7/4/4199/htm#fig_body_display_sustainability-07-04199-f002
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- Light 
hydroponic 
infrastructure, 
suits well for 
roof farming 

- Accepted as 
"organic way of 
production" 

Disadvantages  - If flood and drain method: 
sizing and reliability plus 
large sump tank needed 
- Heavy hydroponic 
infrastructure 
- Maintenance and cleaning 
difficult 
- Clogging leading to water 
channeling, inefficient 
biofiltration and inefficient 
nutrient delivery to plants 
(Endut et al., 2010)  
 

- Separate 
biofilter needs 
to be added 
(Lennard and 
Leonard, 2006) 
- Require large 
volume of 
water 
- Heavy 
hydroponic 
infrastructure 
- Device for 
roots aeration 
mandatory 
(Bulgarelli et 
al., 2013) 

- Separate 
biofilter needed 
- Lower yields 
(showed for 
lettuce by 
(Lennard and 
Leonard, 2006)) 
- Expensive 
material 
- the system is 
less stable as 
there is less 
water, 

- Small control 
on the soil 
nutrient 
solution 
- Good soil not 
available 
everywhere 
- More 
vulnerable for 
diseases 
- Lower basil 
and okra yield 
than in 
aquaponics 
(Tyson et al., 
2008) 

Nutrient uptake - High - High - Lower because 
smaller root-
water contact 
area 

- Lower 

 
 
 
With respect to a holistic system approach, there are many ways to frame an aquaponic 
system in terms of hydrological and functional design. A few scientific papers provide 
working knowledge about different design and key parameters. Table 2.2 gives an overview 
of these. 

Table 2.2. Comparison of design and key parameters in well described aquaponic systems 
found in scientific articles. 

 
System A System B System C System D 

System Type Nutrient Film Technique 
(NFT) configured in the 
conveyor production 
system. 

Deep Water Culture 
(DWC) 

Deep Water 
Culture (DWC) 

Deep Water 
Culture 
(DWC) 

Source Adler et al. (2000) Roosta and Hamidpour 
(2011) 

Rakocy et al. 
(2004)  

Endut et al. 
(2011) 

Location The Conservation 
Fund’s Freshwater 
Institute, Shepherdstown, 

University of Rafsanjan, 
Iran 

University of 
Virgin Islands, 
USA 

University 
of Malaysia 
Terengganu 

http://www.mdpi.com/2071-1050/7/4/4199/htm#table_body_display_sustainability-07-04199-t002
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W. Va., USA 

Based on The system was 
theoretically valuated 
using data from studies 
conducted at the 
Conservation Fund's 
Freshwater Institute 
during 1994 and 1995 
(Adler et al., 2000, 1996)  

UVI-System Own setup 
(UVI-System) 

Own Setup 

Volume RAS 
(m³) 

>38 0.848 43 3 

Size 
Hydroculture 
(m²) 

498 Unknown (consisting of 
8 plants) 

220 2 

Plant Density 
(pcs/m²) 

5.7 per meter of NFT trays - 8 (basil); 2-4 
(okra) 

ND 

Fish Density 
(kg/m³) 

113.4 17.69 (Common Carp), 
23.58 (Grass Carp), 
17.69 (Silver Carp) 

61.5 - 70.7 ND 

Daily feed input 
/ plant growing 
area (g/day/m²) 

ND ND 81.4 - 99.6  15 - 42 

Fish:Plant Ratio 
(kg) 

ND ND ND 1:8 

Plants Used Basil (Ocimum basilicum); 
Lettuce (Lactuca sativa 
L.‘Ostinata’) 

Tomato (lycopersicon 
esculentum) 

Basil (Ocimum 
basilicum); 
Okra 
(Abelmoschus 
esculentus) 

Spinach 
(Spinacia 
oleracea) 

Fish Used Rainbow Trout 
(Oncorhynchus mykiss) 

Common Carp 
(Cyprinus carpio), 
Grass Carp 
(Ctenopharyngodon 
idella), Silver Carp 
(Hypophthalmichthys 
molitrix) 

Nile Tilapia 
(Oreochromis 
niloticus L.) 

African 
Catfish 
(Clarias 
gariepinus) 

Hydroculture 
(Wet) Biomass 
(kg/m²) 

ND ND 2 (basil); 2.9 
(okra) 

1.16 

Biofiltration Fluidized Sand Filter + 
Carbon Dioxide Strippers 

Net Filter Net Filter Rapid Sand 
Filters 
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Mechanical 
Filtration 

Drum filter Clarifier plus Net 
Plastic Filter 

Clarifier plus 
Net Plastic 
Filter 

Rapid Sand 
Filters 

Water 
Parameters (pH; 
°C) 

pH 7.2; Temp : ND pH 7.0-7.7; Temp : 25.7 
°C 

pH 7.0-7.5; 
Temp : 28 °C 

pH 5.6-7.3; 
Temp : 
27.5-28.8 
°C 

Temporal length 
of experiment  

ND 108 days 28 weeks 
(basil); 11.7 
weeks (okra) 

35 days 

Cost of setup ($ 
U.S.) 

$100 120 (hydroponic 
part)* 

- - - 

Cost of annual 
running ($ U.S.) 

$204 040 (lettuce); 
$194,950 (basil) 

- $24,440 
(tilapia+basil) 

- 

Break-even price 
($ U.S.) 

$13.8 (per box of 24 
lettuces); $0.53 (per basil 
plant) 

 
$3.23 (per kg 
of tilapia); 
$1.66 (per kg 
of basil) 

 

Potential annual 
profit ($ U.S.) 

$12,350-$44,350 (for box 
of 24 lettuces sold at 14 -
16$); $27750-$66090 (for 
basil plant sold at $0.60 – 
$0.70) 

- $116,000 (for 
tilapia sold at 
$5.5/kg and 
basil sold at 
$22.5/kg) 

- 

 
*Economic analysis is only about the hydroponic part | ND: Not described in the source 
 
With respect to Table 2.2, it is particularly noticeable that DWC systems are mainly used, and 
important design parameters such as fish to plant ratio or daily feed input are sometimes 
missing from the literature. It must be mentioned that some costs (i.e., labour costs) are not 
taken into account, so the financial viability can only be partially estimated. 
 
Apart from the UVI system, there is a lack of scientific literature when it comes to aquaponic 
experiments on large scale and during long time sequences. Moreover, many experimental 
setups published are small-scale replicates of the UVI design. Limited data on cost and 
potential profit of such systems are available (Adler et al., 2000; Endut et al., 2011; Love et 
al., 2015; Rakocy et al., 2004). As aquaponics is still in a maturing experimental phase, 
scientific research has focused more on technical aspects than economic viability. However, 
economic challenges need to be addressed. Experiments covering bigger production systems 
exist, but they are performed by private research centres or companies, whereby 
confidential findings are not always made accessible to third parties. 
 

http://www.mdpi.com/2071-1050/7/4/4199/htm#table_body_display_sustainability-07-04199-t002
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2.4 Technical Challenges 
Aquaponics system design and application can be considered a highly multidisciplinary 
approach drawing from environmental, mechanical and civil engineering design concepts as 
well as aquatic and plant related biology, biochemistry, and biotechnology. System specific 
measurements and control technologies also require knowledge of subjects related to the 
field of computer science for automatic control systems. This high level of complexity 
necessarily demands in-depth knowledge and expertise of all involved fields. The biggest 
challenge in commercial aquaponics is its multi-disciplinarity, needing further expertise in 
economics, finance and marketing. Thus, a high degree of field-specific insight in terms of 
both practical and in-depth theoretical knowledge is required. This leads to an increasing 
level of complexity, which directly affects the efficiency factors of the running system. In the 
interest of highest efficiency and productivity, some numerical trade-offs are recommended 
and are outlined below. They include pH stabilization, nutrient balance, phosphorus, and 
pest management. 
 

2.4.1 pH Stabilization 
A crucial point in aquaponic systems is the pH stabilization, as it is critical to all living 
organisms within a cycling system that includes fish, plants and bacteria. The optimal pH for 
each living component is different. Most plants need a pH value between 6 and 6.5 in order 
to enhance the uptake of nutrients. The fish species Tilapia (Oreochromis) is known to be 
disease-resistant and tolerant to large fluctuations in pH value with a tolerance between pH 
3.7 and 11, but achieves best growth performance between pH 7.0 and 9.0. The nitrifying 
bacteria have a higher optimum pH, which is above 7. Villaverde (1997) observed that 
nitrification efficiency increased linearly by 13% per pH unit within a pH range between 5.0 
and 9.0 with the highest activity of ammonium oxidizers at 8.2. Similar observations were 
made by Antoniou et al. (1990), who report the overall nitrification pH of approximately 7.8. 
There are three major bacteria, for which optimal pH conditions are as follows: (1) 
Nitrobacter: 7.5 (Keen and Prosser, 1987); (2) Nitrosomonas: 7.0–7.5 (Hatayama et al., 
2000), and (3) Nitrospira: 8.0–8.3 (Blackburne et al., 2007). 
 
Based on these data, the highest possible pH value should be consistent with the prevention 
of ammonia accumulation in the system. Then, the ideal pH value for the system is between 
6.8 and 7.0. Although root uptake of nitrate raises pH as bicarbonate ions are released in 
exchange (Kaiser et al., 2011), the acidity producing nitrification process has a higher impact 
on the overall system pH, leading to a constant and slight decrease in the pH-value. There 
are two approaches to counteract that trend: 
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(1) Nutritional supplementation is the most applied method in use. By adding carbonate, bi-
carbonate or hydroxide to the system, the pH value can temporarily be adjusted in line with 
the requirements. Also, they increase the alkalinity parameter that prevents large 
fluctuations in pH and thus keeps the system stable. The buffers should preferably be based 
on calcium, potassium, and magnesium compounds, since they compensate for a possible 
nutritional deficiency of those essential nutrients for plants (Rakocy, 2007). Regarding the 
composition of the supplementation, it is important to seek a balance between those three 
elements. 
 
(2) A proposed alternative approach is the implementation of the fluidized lime-bed reactor 
concept (Sverdrup et al., 1981) into the field of aquaponics. This water neutralization 
concept consists of the controlled addition of dissolved limestone (CaCO3) to the acid water 
that leads to a continuous pH-elevating effect due to carbonate solubilization that releases 
hydroxide anions (OH−). 
 

CaCO3(s) ⇌Ca2++ CO32− 

Depending on pH, when CaCO3 dissolves, some carbonate hydrolyses produce HCO3− 

CO32− + H2O ⇌HCO3− + OH− 
The degree to which the pH is raised is dependent on the adjustable flow rate. However, this 
concept requires preliminary empirical measurements with respect to the system’s steady 
pH-drop in order to determine the size of the lime-bed reactor taking the specific flow-rate 
into consideration. 
 

2.4.2 Nutrient Balance 
As an innovative sustainable food production system, the challenge in aquaponics is to use 
the nutrient input efficiently, minimizing its discard and tending to a zero-discharge 
recirculating system (Gelfand et al., 2003; Neori et al., 2007). Fish feed, the main nutrient 
input, can be divided into assimilated feed, uneaten feed, and soluble and solid fish excreta 
(Neto and Ostrensky, 2013). Soluble excreta are mainly ammonia and is the most available 
mineral until it is successively transformed into nitrite and nitrate by nitrifying bacteria 
(Chen et al., 2006; Lekang and Kleppe, 2000). Both uneaten feed and solid faeces need to be 
solubilized from organic material to ionic mineral forms that are easily assimilated by plants. 
Minerals have different solubilization rates and do not accumulate equally (Seawright et al., 
1998b), which influences their concentrations in the water. All involved microorganisms and 
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chemical and physical mechanisms of solubilization are not well understood (Krom et al., 
2014; Van Rijn, 2013). Under current practices in RAS, the solid wastes are only partially 
solubilized as they are mechanically filtered out on a daily basis (Cripps and Bergheim, 
2000). These filtered wastes can be externally fully mineralized and reinserted into the 
hydroponic beds. 
 
Given the objective of obtaining a low environmental footprint, a zero-discharge 
recirculating system concept should be achievable according to Neori et al. (2007), but more 
research needs to be carried out on fish waste solubilization with the objective to transform 
all added nutrients into plant biomass. There are two methods for mineralizing organic 
material that could be implemented: (1) anoxic digestion in special mineralization or settling 
units using bioleaching abilities of heterotrophic bacteria (e.g., Lactobacillus plantarum) 
(Jung and Lovitt, 2011); and/or (2) using earthworm species such as Lumbricus rubellus 
capable of converting organic wastes to water enriching compounds in wet composting or 
grow beds (Bajsa et al., 2003). Vermiculture can facilitate a high degree of mineralization as 
worm casts contain micro- and macronutrients broken down from organic compounds (Qi, 
2012; Torri and Puelles, 2010). Addition of external sources (e.g., food waste) of feed for the 
worms to provide the aquaponic system with additional organic fertilizers has also been 
suggested (Jorgensen et al., 2009). 
 
Feed composition directly affects the nutrient excretion by fish, consequently affecting the 
water chemistry (Martins et al., 2011; Rakocy and Hargreaves, 1993). One challenge is to 
find the right fish feed composition for aquaponics in order to attain a water composition 
that is as close as possible to hydroculture requirements. There is a need to establish the 
macro- and micronutrient proportion that fish can release in the water for a given feed in a 
given system; this depends on fish species, fish density, temperature, and type of plants (i.e., 
fruity plants or leafy greens). This will allow prediction of the subsequent mineral addition 
needed to match optimal plant growth requirements. Inorganic mineral input adds extra cost 
and issues for sustainable resource management (e.g., global P peak production reality) 
(Gilbert, 2009; Ragnarsdottir et al., 2011; Sverdrup and Ragnarsdottir, 2011). Thus, fish feed 
composition should be adapted to minimize this mineral addition while ensuring required 
nutrition properties for fish yield and avoiding phytotoxic mineral accumulation (e.g., Na). 
The fish feed origin regarding its environmental footprint should also be taken into account. 
Low trophic fish species should be preferred and alternative production solutions should be 
promoted such as human food waste recycling (Amadori and Daley, 2012), insects, worms, 
aquatic weed, and algae as a feed base (Mandal et al., 2010; van Huis, 2013). Also, some fish–
plant couples might be more appropriate than others in terms of overlap between nutrients 
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profiles offered by excreta and nutrient profiles demanded by plants. Identifying these 
couples would assure an optimum use of the available nutrients. 
 
A comparison of mineral concentrations in the published aquaponics literature (Table 2.3), 
with recommended recirculating hydroponics solutions leads to two main observations: (1) 
there is a lack of aquaponic data for some macro- and micro-elements, indicating the 
necessity of more research focus on them; (2) for the available data, the aquaponic 
concentrations are below the recommended hydroponic level. However, Rakocy and 
Lennard (pers. comm.) report that hydroponics and aquaponics nutrient solutions are not 
comparable for many reasons. The nature of the total dissolved solid (TDS) is not the same 
in these systems. In hydroponics, TDS consists mainly of mineral compounds, while in 
aquaponics it includes organic molecules wherein nutrients can be locked up and overlooked 
by measuring procedures such as electrical conductivity (EC) or aqueous sample filtration. 
Both aqueous sample filtration and the EC measurement methods only take nutrients that 
are available in ionic form into account. These suspended organic solids are assumed to 
promote growth because they might simulate natural growing conditions as found in soil, 
unlike the growing environment of hydroponics (Böhme, 1999). 
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There is a lack of knowledge about the nature of organic molecules and the biochemical 
processes occurring for their assimilation by plants. Some can be taken up directly or need 
complex biodegradation to make them available. Another difference is the microflora 
inherent to aquaponics while sterilization occurs in hydroponics. This microflora can have 
significant beneficial effects on plant growth and organic molecules assimilation. Hence 
some aquaponics investigators report similar or even better yield than hydroponics for some 
crops, despite lower concentrations of mineral nutrients (Lennard and Leonard, 2005; 
Nichols and Lennard, 2010; Pantanella et al., 2012; Rakocy, 1989; Savidov, 2005; Savidov et 
al., 2007). 
 
Voogt (2002) identifies three aspects of the hydroponic nutrient solution composition that 
should be taken into account in aquaponics: (1) elemental uptake ratio compared to nutrient 
composition; (2) ease of uptake of specific elements; (3) the type of growing system that also 
require a specific nutrient composition. The composition of a nutrient solution must reflect 
the uptake ratios of individual elements by the crop, otherwise it will lead to either 
accumulation or depletion of certain elements. As the demand between crops differ, the basic 
compositions of nutrients solutions are crop specific (de Kreij et al., 1999). The uptake of 
certain elements differs widely, the absorption of some of them can be more difficult and 
necessitates relatively higher ratios than the mere uptake ratio of the crop. 
 
The optimal nutrient levels for leafy and fruity vegetables in aquaponics systems are not yet 
well established. Additional research should be carried out to assess the optimum value of 
mineral concentration per single crop or hybrid multi-crop systems regarding growth rate 
and crop yield. Optimal suspended organic solids level should be identified with respect to 
its impact on vegetative growth. Also, a special emphasis should be placed on crop quality 
since productivity should not be the only argument for competitiveness. For output 
purposes, this should be compared to (1) hydroponic crop grown with mineral nutrient 
solution, (2) conventionally soil-based agricultural methods, and (3) organic soil-based 
agricultural methods. Within-system comparative studies address the productivity, as the 
macro- and micronutrient composition of the products will play a decisive role with respect 
to future orientation of healthy and efficient quality food production. A deeper 
understanding of the biochemical processes occurring in solid fish waste solubilization is 
necessary with the aim to increase mineral levels in aquaponic water by implementing 
process and specific waste biofiltration units. 
 

2.4.3 Phosphorus 
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Among the different minerals, phosphorus (P) deserves a specific attention. It is a 
macronutrient, which is assimilated by plants in its ionic orthophosphate form (H2PO4-, 
HPO42-, PO43-). It is essential for both vegetative and flowering stages of plant growth (López-
Arredondo et al., 2013). In RAS, 30-65% of the phosphorus added to the system via fish feed 
is lost in the form of fish solid excretion that is filtered out by either settling tanks or 
mechanical filters (Schneider et al., 2005; Seawright et al., 1998b). Moreover, organic P 
solubilized as orthophosphate can precipitate with calcium (e.g. hydroxyapatite – 
Ca5(PO4)3(OH)) making these elements less available in solution (Krom et al., 2014; 
Seawright et al., 1998b). Consequently, aquaponic experiments report a range of 1-17 mg L-

1 PO4-P (Al-Hafedh et al., 2008; Endut et al., 2010; Rakocy et al., 2004; Villarroell et al., 2011). 
However, recommended concentrations in standard hydroponics are generally between 40 
and 60 mg L-1 PO4-P (Resh, 2012; Sikawa and Yakupitiyage, 2010; Sonneveld and Voogt, 
2009c). This discrepancy suggests that phosphate should be added to aquaponic systems, 
especially for fruity vegetables that do not yet show satisfying yields in aquaponics (Nichols 
and Savidov, 2012). Phosphorus is a finite and scarce mining resource and subsequently, an 
expensive component of hydroponic solutions. Sufficient phosphorus production will 
certainly be a major concern in the near future (Gilbert, 2009; Ragnarsdottir et al., 2011; 
Sverdrup and Ragnarsdottir, 2011). Therefore solutions to reuse the discharge of P-rich 
effluents must be explored (Cordell et al., 2011; Shu et al., 2006). As up to 65% of P can be 
wasted in form of aquaculture effluent sludge, recovery solutions should be developed to 
achieve zero-discharge systems. For example, leachate rich in P could be obtained by sludge 
digestion with selected P-solubilizing microorganisms (Jung and Lovitt, 2011) and then 
reinserted in the hydroponic part of the system. The ultimate objective is to develop a zero-
discharge recirculating system with maximum nutrient recycling transformed into plant 
biomass and improved yield. 
 

2.4.4 Pest and Disease Management 
The challenges of disease management is another aspect that needs further improvement 
(Vermeulen and Kamstra, 2013). Aquaponic systems are characterized by a broader range 
of microflora than conventional hydroponic systems, especially because the breeding of fish 
and biofiltration occur in the same water loop. Conventional pesticides that are used in 
hydroponics cannot be used in aquaponics because of toxicity risk to the fish and to the 
desired biofilm (e.g. autotrophic nitrifying biofilm) (Nichols and Savidov, 2012). The need to 
maintain the nitrification biofilm and other nutrient solubilizing microorganisms also 
prevents the use of antibiotics and fungicides for fish pathogen control and removal in the 
aquatic environment. Furthermore, antibiotics are not allowed for plant application so their 
use against fish pathogens must be avoided in aquaponic systems. These constraints demand 
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innovative pest management solutions for fish and plants that minimize impacts on fish and 
desired microorganisms. 
 
Rearing and crop practices that decrease the occurrence of diseases could be applied such as 
preventive sanitary measures, low density of fish and/or plants, and/or control of 
environmental conditions, which decrease relative humidity around the plants.  In addition 
to these practices, a few innovative methods of biocontrol already exist for plants cultivated 
under field or greenhouse conditions. These methods are based on the use of 
microorganisms with biocontrol activity (Jijakli, 2011; Saraf et al., 2014), or extracts of such 
microorganisms or extracts of plants (including essential oils) that show high antimicrobial 
efficiency and short residence time (Kouassi et al., 2012; Lang and Buchbauer, 2012). It will 
be a challenge to select and adapt these methods to aquaponics systems, considering their 
compatibility with the other living organisms of the system. Furthermore, microbial 
diversity can be beneficial for plants. The presence of some mutualistic microorganisms in 
the plant biosphere can retard the development of pathogens (Bulgarelli et al., 2013; 
Fujiwara et al., 2013, 2012) while promoting growth (e.g. plant growth-promoting 
rhizobacteria and plant growth-promoting fungi).  
 
Since the presence of a broad range microflora belongs to aquaponic practices, the 
occurrence of pathogens and risk for human health should also be established, in order to 
assess the safety of aquaponics and conduct to appropriate quality control. These challenges 
can lead to the production of products that are quality and pesticide free certified (e.g. 
organic) and thereby achieve a higher prize in the market and leads to a healthier population 
(Crinnion, 2010). 
 

2.4.5 Other Technical Challenges 
The regulation of the nitrate level in aquaponics is another challenge. Leafy vegetables need 
100-200 mg L-1 of NO3-N concentration, while fruity vegetables need lower level at species 
specific growth stages (Resh, 2013). Intermittent intervals of high nitrate can be harmful for 
fish and nitrate concentration must stay under a certain threshold to avoid adverse physical 
effects to sensitive species (e.g. 100, 140, 250 mg L-1 NO3-N for Oncorhynchus mykiss, Clarias 
gariepinus, Oreochromis niloticus, respectively (Davidson et al., 2014; Schram et al., 2012; 
Webster and Lim, 2008)). Therefore it is of particular relevance to determine the best 
practical means (BPM) fish:plant ratio before setup and/or implement a flow-controlled 
denitrification unit in the system in order to be able to adjust the desired nitrate level. Some 
denitrification tanks are already used in RAS (Martins et al., 2010), however, the technology 
is not yet fully developed. The approach involves creating anoxic conditions in a column by 
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using the sludge as an organic carbon source for heterotrophic denitrifying microorganisms 
and recirculates the nitrate-rich water through it. If anoxic conditions are applied in sludge, 
heterotrophic microorganisms are able to use nitrate instead of oxygen as electron acceptor 
and reduce it successively to gaseous nitrogen (N2) (Kampschreur et al., 2009). A critical 
step is to guarantee additional bio filtration before discharging the treated water back into 
the system to reduce the risk of toxic NO2- ions from the denitrification process entering the 
system. 
 
Together with environmental conditions, the population density is the most important 
parameter for the fish well-being. In outdoor aquaponics facilities such as the UVI system, 
the common tilapia fish density without use of pure oxygen is around 30-40 kg m-³. A higher 
density up to 60 kg m-³ can be achieved in greenhouses (Losordo et al., 1999); this may be 
due to more algae and cyanobacteria blooms under longer daylight conditions, producing 
more oxygen from increased photosynthesis. These characteristics, however, cannot be 
generalized. In fact, different fish species require different optimal water quality; e.g. warm 
water species tilapia require a dissolved oxygen (DO) level of 4 - 6 mg L-1, whereas the cold 
water species trout needs at least 6 - 8 mg L-1 DO (Timmons and Ebeling, 2013). Dissolved 
oxygen is not the only factor that needs to be kept stable. Large fluctuations in temperature 
and pH might harm fish, plants, and nitrifying microorganisms (Stark, 1996; Zhu and Chen, 
2002). Despite this fact, temperatures for warm water species such as tilapia and nitrifying 
bacteria can be 25°C to 30°C, whereas most plants rather prefer colder water temperatures 
(approx. 20°C - 25°C).  
 
Thus far, aquaponics has been built on a trade-off between the needs of fish and plants, 
respectively. Development is now needed to achieve optimal conditions for both fish and 
plants with either: (1) emphasis on interdependent parameters of both system components 
(e.g. combining fish and plant species that preferably require similar environmental 
conditions within the same range of temperatures and pH that ensure bacterial nitrification); 
or (2) the physical separation in two recirculating loops, i.e. an aquaculture and hydroponic 
loop, described as decoupled systems, where optimal condition for each system is applied 
with periodic water exchange between them. These are different types of solutions that may 
contribute to the breakthrough of commercial aquaponics. 
 

2.5 Socio-Ecological Challenges 
Aquaponics as such is also responding to diverse ecological and social challenges, which 
point to the importance to focus on efficient and sustainable forms of agricultural 
production. Socio-ecological challenges include mineral recycling, water scarcity, energy 
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availability, overfishing, as well as urban farming and short supply chains. They are outlined 
below. 
 

2.5.1 Mineral Recycling 
In terms of sustainability, both phosphorus and potassium are major components of 
agricultural fertilizers, and like oil, they are non-renewable resources. Therefore, increasing 
use and depletion of these minerals without reuse or recapture has a negative impact on and 
is of significance to their future supply. The current annual human population growth rate 
of 1.14% also increases the demand for food production (FAO, 2012b). In this context, an 
essential aspect to be considered is the maximum in the rate of extraction of global 
phosphorus and potassium that can be expected within the next decades (Beardsley, 2011; 
Sonneveld and Voogt, 2009b). Sverdrup and Ragnarsdottír (2011) demonstrate that 
phosphorus production peak is now whereas Cordell et al. (2011) anticipate a global 
phosphorus peak for 2030, and the total depletion will occur most likely within this century. 
This in turn would have dramatic consequences for global food security. Nutrient recycling 
policies, especially for phosphorus, are crucial in order to avoid global food shortages 
(Ragnarsdottir et al., 2011; Sverdrup and Ragnarsdottir, 2011). 
 

2.5.2 Water 
An increasing number of countries are facing economic and physical water scarcity, leading 
to a growing incapability in feeding their people (WWAP, 2012). On average, global 
agriculture uses around 70 percent of the available freshwater resources. In arid climate 
zones such as the Middle East and North Africa the agricultural water consumption can even 
be up to 90% (FAO, 2005a). Compared to conventional agriculture, aquaponics uses less 
than 10% of water, depending on the climatic conditions (Bernstein, 2011). Aquaponics can 
reduce fresh water depletion associated with irrigation whilst guaranteeing safe farming and 
food production practices, which in turn reduce the freshwater consumption in countries 
facing water stress. System related water losses that occur in evaporation, plant 
transpiration and the water content of the agricultural products can be compensated by 
capturing water from air humidity (Fraunhofer-Gesellschaft, 2009) or by reverse osmosis 
desalination plant in coastal areas (Duriau, 1968; Greenlee et al., 2009).  
 

2.5.3 Energy 
The energy requirements of aquaponics are likely to be based on system configuration 
(design, species, scale, technologies) and geographic location (climate, available resources). 
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For each location different measures are needed in order to ensure that each system will 
have a suitable sustainable energy source all year around to provide stable conditions for 
fish and plants. This is crucial, as fluctuations in temperature might harm fish, plants, and 
nitrifying microorganisms (Stark, 1996; Zhu and Chen, 2002). This requirement constitutes 
a mandatory factor in regions with constantly and seasonally changing climatic conditions 
as well as in hot and arid climatic zones. Ensuring stable conditions may be practicable in 
equatorial areas without additional technology. Harnessing the sun energy can be beneficial 
in order to either run climate control systems within greenhouses (e.g. via air conditioning 
operated by solar photovoltaic modules), or to heat up a low-energy greenhouse with 
passive solar heating (Chan et al., 2010). The latter option is practicable for small sized non-
commercial (passive solar) greenhouses, but may not be suitable for larger greenhouses 
because of the high thermal resistance and high energy losses, associated with medium and 
large greenhouses. These larger structures may require alternative solutions. In countries 
such as Iceland, and Japan near-surface geothermal energy can be used by means of heat 
pumps and direct geothermal heat for maintaining the indoor temperature at the desired 
level (Bakos et al., 1999; Ragnarsson, 2003). Countries with comparatively unfavourable 
geological conditions still might assess possible options in terms of using waste heat of 
combined heat and power (CHP) units to heat the greenhouse during cold days (Ismail and 
Ahmed, 2009) or cool them down during hot days. Those CHP units can mostly be found in 
combination with agricultural biogas plants, which surplus heat is fairly cheap for further 
disposal.  
 

2.5.4 Overfishing 
Eighty percent of the world’s oceans are fully- or over-exploited, depleted or in a state of 
collapse (Pulvenis, 2014). One hundred million tons of fish are consumed worldwide each 
year, providing 2.5 billion people with at least 20% of their average per capita animal protein 
intake (FAO, 2012b).  Fish is one of the most efficient animal protein producer - with a food 
conversion ratio (FCR) between 1 and 2 (Belal, 2005). Since fish demand is increasing whilst 
the fishing grounds are overexploited (Millennium Ecosystem Assessment, 2005), 
aquaculture is the fastest growing sector of world food production (FAO, 2012b). Adverse 
effects of this development include the high water consumption in case of conventional fish 
protein production (EPI, 2008), and release of up to 80% of N and 85% of P per kg of fish 
feed (Schneider et al., 2005; Van Rijn, 2013) into the environment. This causes the loss of 
valuable nutrients, resulting in eutrophication in rivers, lakes and coastal waters, leading to 
vast dead zones in the oceans (Dybas, 2005). 
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2.5.5 Urban Farming and Short Supply Chains 
Aquaponic systems can be set up almost everywhere and have the potential to (sub-) 
urbanize food production. This could bring important socio-environmental benefits. 
Aquaponic farming plants could be implemented in old industrial neglected buildings with 
the advantages of re-establishing a sustainable activity without increasing urbanization 
pressure on land. Roof gardens would be another possibility, allowing the saving of space in 
urban areas. If greenhouses are used on roofs, they can insulate buildings while producing 
food (Hui, 2011). Another important aspect is minimizing the distance between the food 
producer and consumer. The longer the supply chain, the higher transport, packaging, 
conservation and labour needed, leading to substantial decrease for resources and energy 
consumption (e.g. up to 79% of the retail price in US conventional food distribution 
(Wohlgenant, 2001)). Shortening and simplifying the food supply chains can drastically 
diminish its environmental impacts, while providing cities with fresher products. This also 
allows the consumer to clearly apprehend his food origin (Bon et al., 2010; Toumi and Vidal, 
2010). 
 

2.6 Economic Challenges 
The current literature cannot be used to critically assess and predict economic challenges; 
as presented in Table 2.2, only two economic sub-studies are available in the peer-reviewed 
literature (Adler et al., 2000; Rakocy et al., 2004). At this early stage of scientific research the 
main focus has been on technical aspects of aquaponics; financial figures held by private 
research entities are not shared with the public. Furthermore, it is difficult to compare the 
two systems to determine which is better as information may not be available for all system 
parameters and outputs. For example, light intensity (lm) was not reported by Rakocy et al. 
(2004), yet this is one of the major factors affecting plant growth and thus the harvested 
biomass. Overall, system costs can be measured in the cost per square meter, which is 
influenced by the complexity of the system and this is closely related to climatic and 
geographic conditions such as seasonal daylight availability, temperature extremes, and 
fluctuation of warmth and cold. Also dynamic costs as maintenance costs (i.e. price per kWh 
and labour) and sales revenues in regional markets might differ, complicating conclusions 
towards economic evaluations. Even comparing the most expensive item within a system is 
difficult, as they differ per region and country (e.g. electricity prices, heat availability, etc.). 
Consequently, there is no general optimal system, as the system must be adjusted to their 
environmental conditions. Another approach could be to calculate the cost saving by 
comparing the cost of RAS and hydroponics run separately to the same system integrated as 
aquaponic system, in the same environmental and market conditions. Hence, Rupasinghe 
and Kennedy (2010) calculated an improvement of the net present value of 4.6% in an 
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integrated aquaponic system of lettuce and barramundi.  Unfortunately, there are no other 
studies available for comparison. 
 
Market prices, one of the major factors for profit, can greatly vary between countries due to 
several (e.g. cultural, historical availability) reasons. However, the profit margins will 
definitely be higher if the product manufacturing costs are low and the food distribution 
supply chain is short. The transport, packaging and conservation of the food are time and 
energy consuming, which has an effect on the additional costs and freshness of the products. 
In order to meet these problems, more urban and peri-urban fresh food production plants 
need to be implemented to guarantee efficient short food supply chains (Toumi and Vidal, 
2010). 
 
Rakocy (2012) showed with respect to the crop choice, leafy greens generally achieve a 
higher profitability than fruity vegetables. In an initial economic analysis, given the 
University of Virgin Islands (UVI) system design, they had profit margin with basil exceeding 
almost by a factor 4 the one of lettuce. This finding should be viewed with a degree of caution 
because of different domestic market dependencies. Nonetheless, when addressing 
economic optimization, the three most important factors are: (1) sustainability 
considerations, as in the case of aquaponics, are interrelated with economic profits, since the 
reuse of resources should cut costs for the producer and for the customer; (2) technical 
optimization of processes (e.g. nutrient availability in different growth stages, nutrient 
recycling, etc.), and; (3) system components (e.g. design of the hydrological regime, P 
recycling unit, pH stabilizing reactors, etc.). 
 
Although, Vermeulen and Kamstra (2013) state that the actual perceived environmental 
benefits of nutrient reuse, energy efficiency and land use seem only marginally cost-effective, 
the aspects of possible differences in product quality and societal value are not necessarily 
reflected in business costs. Also the use and cost of fertilizers in hydroponic production 
systems has an increasing importance, as fertilizers cost lie between 5-10% of the overall 
costs, and scarce fossil fuels are required in their manufacture (Hochmuth and Hanlon, 
2010). The costing forecasts for fossil fuels could rather exacerbate the situation further and 
increase the demand of alternative fertilizing solutions such as using waste. Another 
resource that becomes increasingly scarce is fresh water. Reprocessing instead of 
discharging contaminated water will be a big challenge that needs to be met in the future. 
Taxes for wastewater discharge or strong limitations in discharge by local or national 
policies might become a factor as all point source discharges are regulated by water quality 
policies. Anticipating this trend will ensure economic and financial advantages with respect 
to conventional agriculture or hydroponic approaches. 
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2.7 Education as a Necessity 
A broad range of knowledge is required to understand and implement the multidisciplinary 
concept of aquaponics. From the theoretical perspective, the multidisciplinarity of the field 
and a lack of training in holistic thinking is a hurdle to fully comprehend the concept of 
aquaponics covering all interrelating issues. The bundling of field-specific in-depth 
knowledge is required in order to consolidate available scientific knowledge and evidence. 
At most universities, the two main disciplines, i.e., hydroponics and aquaculture, are either 
not taught, or offered in different schools, which could complicate access and exchange of 
knowledge. In practice, aquaculture and hydroponic technologies are well-known. The 
problem lies in the fact that those disciplines need to be connected. This lack of information-
sharing shows the necessity for developing an education network dealing with the 
improvement of the interconnection between (scientific) disciplines involved in this field. 
Aquaponic stakeholders, including researchers, entrepreneurs and technicians, need to have 
basic knowledge covering all disciplines that are involved in this field. Furthermore, experts 
within every connected field are required to address specific issues within theoretical, 
scientific, financial as well as practical frameworks. 
 

2.8 Discussion 
Challenges underlying sustainable socio-ecological, technical and economic factors 
pertaining to aquaponics are discussed in this paper to demonstrate the need and the means 
of extensively investing more research and development and education in the aquaponics 
sector. Taking these factors into account is necessary because a pure financial perspective 
faces significant constraints, notably in terms of natural resource scarcity and their long-
term economic consequences. The commercial development of sustainable and financially 
viable aquaponic systems confronts several technical challenges that need to be addressed 
further: (1) improved nutrient solubilization and recovery for a better use of the nutrient 
input and reducing extra-mineral addition, e.g. phosphorus recycling; (2) adapted pest 
management; (3) reduce water consumption to a high degree by limiting the need for water 
exchange; (4) use of alternative energy sources for hot/cold and arid areas (e.g. CHP waste 
heat, geothermal heat, etc.); and (5) innovative pH stabilization methods by implementing 
fluidized lime-bed reactors that have successfully been used in natural waters (Sverdrup et 
al., 1981).  
 
All the factors mentioned above require additional attention, because some production 
parameters still need to be determined and optimized to prepare aquaponics for commercial 
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use as some components and their interactions are not technically mature yet. This cannot 
be sufficiently achieved without a greater focus on combining existing knowledge of the 
different involved fields within a scientific and international framework. These aspects are 
important, as the commercially aligned technology should not be restricted by certain 
external conditions. Instead, the systems to be developed should be universally applicable, 
which implies resource-economic (i.e. resource-saving) production systems that can be run 
in arid, hot, cold, and urban areas or any combination thereof.  
 
Vermeulen and Kamstra (2013) report only a marginal cost reduction for environmental 
benefits of nutrient reuse and energy efficiency when aquaponics is compared to RAS and 
hydroponics run separately. However, this study did not take socio-ecological factors into 
account, such as operating in a resource (e.g. phosphorous, water) limited world. Energy cost 
and fertilizer prices are constantly rising and governmental policies encourage reduction of 
emitted pollution (e.g. tax incentive schemes), so this cost margin benefit of aquaponics is 
inevitably expected to rise. Although the highest financial profit margin has been shown with 
leafy greens, it is still necessary to determine the purpose and the scale of the respective 
systems before building them; the needs on a microeconomic level in terms of food self-
sufficiency or local food supply might differ from profit-oriented approaches.  It may be 
speculated that aquaponics is especially beneficial and profitable for certain niche markets, 
which will differ from country to country. 
 

2.9 Conclusions 
Aquaponics seems to be a promising solution for sustainable aquaculture and hydroponic 
practices. However, further research and developments are needed as demonstrated by the 
challenges described in this paper. These challenges need to be resolved with the aim to get 
fully controlled and standardized aquaponic systems that will be easy to handle and 
economically viable. The competitiveness of the production method depends on 
technological developments, local markets, and climatic and geographic conditions that need 
to be assessed and cannot be generalized. Only addressing those factors thoroughly will 
eventually confirm aquaponics as a sustainable food production alternative. 
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Chapter 3 

Lettuce (Lactuca sativa L. var. Sucrine) 
Growth Performance in Complemented 

Aquaponic Solution Outperforms Hydroponics 
 
 
This chapter is based on:   
Delaide, B., Goddek, S., Gott, J., Soyeurt, H., Jijakli, M. (2016): Lettuce (Lactuca sativa L. var. 
Sucrine) Growth Performance in Complemented Aquaponic Solution Outperforms 
Hydroponics. Water 8, 467. 
 

Abstract 
Plant growth performance is optimized under hydroponic conditions. The comparison 
between aquaponics and hydroponics has attracted considerable attention recently, 
particularly regarding plant yield. However, previous research has not focused on the 
potential of using aquaponic solution complemented with mineral elements to commercial 
hydroponic levels in order to increase yield. For this purpose, lettuce plants were put into 
AeroFlo installations and exposed to hydroponic (HP), aquaponic (AP), or complemented 
aquaponic (CAP) solutions. The principal finding of this research was that AP and HP 
treatments exhibited similar (p > 0.05) plant growth, whereas the shoot weight of the CAP 
treatment showed a significant (p < 0.05) growth rate increase of 39% on average compared 
to the HP and AP treatments. Additionally, the root weight was similar (p > 0.05) in AP and 
CAP treatments, and both were significantly higher (p < 0.05) than that observed in the HP 
treatment. The results highlight the beneficial effect of recirculating aquaculture system 
(RAS) water on plant growth. The findings represent a further step toward developing 
decoupled aquaponic systems (i.e., two- or multi-loops) that have the potential to establish 
a more productive alternative to hydroponic systems. Microorganisms and dissolved organic 
matter are suspected to play an important role in RAS water for promoting plant roots and 
shoots growth. 
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3.1 Introduction 
Aquaponics is an integrated closed-loop multi-trophic food production system that 
combines elements of a recirculating aquaculture system (RAS) and hydroponics (Endut et 
al., 2010; Goddek et al., 2015; Graber and Junge, 2009a). Aquaponic systems where the 
nutrient flows and concentrations within the different components (e.g., aquaculture and 
hydroponic parts) are independent of one another are called decoupled aquaponic systems 
(DAPS) (Goddek et al., 2016b), or double recirculation aquaponic systems (DRAPS) (Kloas 
et al., 2015). Aquaponic systems designed with independent loops offer greater control over 
the hydroponic component, where water can be complemented with mineral salts for 
increased nutrient concentrations, and pH adjusted to fall within an optimal range. 
 
A number of studies have attempted to show optimal nutrient solutions for growing lettuce 
in hydrocultural environments (Resh, 2013; Sonneveld and Voogt, 2009a). Table 3.1 
provides the results obtained by Resh. Several factors determine the nutrient uptake 
performance of plants, including the availability of all essential nutrients, their presence in 
appropriate ratios, and favourable external conditions, for instance, pH, temperature, O2, and 
CO2. According to Liebig’s ‘law of the minimum’ nutrient availability constitutes a critical 
factor; the nutrient least available determines the maximum growth rate. Several 
researchers (Jones, 2005; Savvas et al., 2006; Sonneveld, 2002) reported an enhanced NO3− 
uptake when the nutrient solution’s N source contained between 5% and 25% NH4+. At a pH 
of 6.8, both NO3− and NH4+ are equally absorbed, whereas NO3− is preferred in acidic and 
NH4+ in alkaline environments (Jones, 2005). The influence of pH on nutrient uptake is also 
observed for other macro- and micronutrients. Indeed, a pH from 6.0 to 8.0 is optimal for the 
uptake of macronutrients such as phosphorus (H2PO4−, HPO42− or PO43−), potassium (K+), 
sulphur (SO42−), Calcium (Ca2+), and Magnesium (Mg2+). Considering that micronutrients 
such as Iron (Fe3+, Fe2+), manganese (Mn2+), boron (BO32−, B4O72−), copper (Cu2+, Cu+), and 
zinc (Zn2+) are preferentially absorbed at pH values below 6.0 (Lucas and Davis, 1961; 
Polomski, 2007); the trade-off pH in hydroponics is approximately 5.5–6.0 (Resh, 2013). 
 

Table 3.1. Optimal nutrient solutions for lettuce growth using nutrient flow technique (NFT) 
and in the University of the Virgin Islands (UVI) system. 
 

System 
pH EC NO3−-

N 
NH4+-

N 
PO43−-

P K+ Ca2+ Mg2+ SO42−-S Fe2+ 

 mS/cm mg/L 
Hydroponics (NFT) (Resh, 

2012) 
5.5–
5.8 

1.5–
2.0 165 25 50 210 200 40 113 5 

http://www.mdpi.com/2073-4441/8/10/467/htm#table_body_display_water-08-00467-t001
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System 
pH EC NO3−-

N 
NH4+-

N 
PO43−-

P K+ Ca2+ Mg2+ SO42−-S Fe2+ 

 mS/cm mg/L 
Aquaponics (UVI) 

(Rakocy et al., 2004) 
7.0–
7.6 

0.7–
0.8 42.2 2.2 8.2 44.9 11.9 6.5 15 2.5 

 
 
In the domain of efficient agriculture the root: shoot ratio of plants has become an important 
issue. Root hairs will be limited or almost absent if the plants are exposed to NO3−-N 
concentrations of at least 100 mg/L or to high P content. However, a phosphorus deficiency 
in the plant’s tissues can be observed if their Al3+ or Ca2+ concentrations are too high at the 
root surface. Sonneveld and Voogt (2009c) showed that a Ca:P ratio of approximately 3:1 
was the most efficient target value. Jones (2005) also showed that the optimal Ca: Mg ratio 
was 3:1. Furthermore, uptake imbalance mostly occurs when K+ concentrations are too high 
in the system in proportion to Ca2+ and Mg2+. In such cases, K+ is more readily absorbed than 
Ca2+ and Mg2+. 
 
Although lower nutrient levels are observed in one-loop aquaponic systems compared to 
hydroponic cultivation methods, a number of researchers have reported a similar lettuce 
yield (Licamele, 2009; E. Pantanella et al., 2012). In most recent studies the growth of lettuce 
has been measured only in aquaponic (AP) and hydroponic (HP) systems. However, the 
growth performance of aquaponic and hydroponic lettuce exposed to similarly high nutrient 
concentrations has not been comprehensively investigated. It remains unclear to what 
degree the aquaculture effluent generates an impact (negative, neutral, or positive) on plant 
growth performance. 
 
The leaf nutrient content can give information on plant health (e.g., nutrient deficiency 
detection); however, this has not yet been investigated in aquaponics. The strict regulations 
within the EU concerning the maximum levels of contaminants in food further the need for 
leaf composition analysis. Consequently, the objective of this study was to compare shoot 
and root yields and leaf nutrient content of lettuce grown in conventional hydroponic 
solutions to those grown in complemented and normal aquaponic solutions. 
 

3.2 Materials and Methods 
Two identical trials (trial 1 and 2) were conducted between May and September 2015 in the 
climate-controlled experimental greenhouse of the Integrated and Urban Plant Pathology 
Laboratory of the University of Liège (Gembloux, Belgium, latitude 50°33′ N, longitude 4°41′ 
E, altitude 157 m). Trial 1 started on 21 May 2015 and trial 2 on 20 August 2015. The air 
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temperature and relative humidity in the greenhouse were recorded every 30 min with a 
USB datalogger (MOINEAU Instruments, Chef-Boutonne, France) in order to control the 
similar climate conditions between trial 1 and 2. Light availability was dependent on the 
natural fluctuations of solar irradiance. The total accumulated solar radiant exposures 
measured from a local meteorological station (IRM-KMI Ernage, Gembloux, Belgium) were 
316.21 and 180.94 MJ/m2 for trial 1 and 2, respectively. The experimental setup consisted of 
three identical nutrient film technique (NFT) systems (i.e., AeroFlo 28, GHE, Fleurance, 
France) that were exposed to the specific nutrient solutions. Each AeroFlo system comprised 
a sump that was connected to four NFT channels containing seven holes each. The total 
planting area was 1 m2 per system with a water volume of 100 L that was constantly 
recirculated by a submersible pump. 
 
For both trials 15-day-old Latin-type lettuce seedlings (Lactuca Sativa ‘Sucrine’, Semailles, 
Faulx-Les-Tombes, Belgium) were placed into the AeroFlo and harvested after 36 days. 
The AeroFlo systems were filled with a fresh 100 L solution on a weekly basis to maintain 
stable nutrient conditions for better reproducibility and comparison among treatments. In 
order to validate such stability, during trial 2 the water nutrient content of the one-week-old 
solution was sampled for analysis before spillage, and another sample of the fresh solution 
was taken directly after the refill.  
 

3.2.1 Nutrient Solution Formulation and Control 
To match the nutrient concentration targets high-purity mineral salts were added. The HP 
solution (i.e., the control) and the CAP solution were formulated to have their nutrient 
concentrations equal to conventional NFT lettuce nutrient solutions based on Resh (2012). 
The HP control solution was formulated with 100% rainwater and the added high-purity 
mineral salts. The CAP solution consisted of 100% RAS water complemented with high-
purity mineral salts to reach the same nutrient concentrations as in the HP control solution. 
The RAS water was taken directly from the sump of a running tilapia RAS fed with a 40% 
protein, 12% lipid, and 3.7% sugar feed (Omegabaars, Lambers-Seghers, Baasrode, 
Belgium). The water did not receive any treatment prior to being used in the AeroFlo system. 
The AP solution was designed to reproduce the macro- and micronutrient concentrations 
found in the single loop aquaponic system of the University of the Virgin Islands (UVI) 
published in Rakocy et al. (2004c). It was formulated with RAS water. The concentrations of 
several nutrients in RAS water were higher than the concentration targets. RAS water was, 
therefore, diluted 1:10 in rainwater, and high-purity mineral salts added to match the 
nutrient concentration targets. For all treatments, the pH was adjusted by adding HCl and 
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Na2CO3. PH, electrical conductivity (EC) and nutrient concentration targets of the three 
solutions are presented in Table 3.1. 
 
The RAS water macronutrient content was analyzed with a multiparameter 
spectrophotometer (HI 83200, HANNA instruments, Woonsocket, RI, USA) with the 
following reagents: HI 93700 (TAN), HI 93728 (NO3−), HI 93717 (PO43−), HI 93751 (SO42−), 
HI 93750 (K+), HI 93752 (Ca2+), and HI 93752 (Mg2+). The macronutrient analysis allowed 
the calculation of salt quantities necessary to add to the AP and CAP solution formulations. 
Salt additions were calculated with the hydroponic-specific HydroBuddy free software to 
match the target concentration values. Sulfate was used as a degree of freedom. For the first 
experimental week only half the quantities of salts were added in order to limit the EC and 
allow the seedlings to adapt to the nutrient solution and avoid osmotic shocks. 
 
The mineral salts used for the macronutrients were MgSO4·7H2O, NH4NO3, K2HPO4, 
Ca(NO3)2·4H2O, KNO3, K2SO4, and HNO3 (65%), and for the micronutrients were Fe-EDTA, 
MnSO4·4H2O, CUSO4·5H2O, ZnSO4·7H2O, (NH4)6Mo7O24·4H2O, and H3BO3. 
The water EC, dissolved oxygen (DO), temperature, and pH were controlled regularly. EC 
was recorded with a conductivity tester (AD31 Waterproof, ADWA, Szeged, Hungary). The 
DO and temperature were measured with a DO meter (HI 98193, HANNA instruments, 
Woonsocket, RI, USA), and pH with a pH-meter (Inolab pH level 1, WTW, Weilheim, 
Germany). 
 
To assess water quality, the concentrations of P, K, Ca, Mg, S, Fe, Cu, Zn, B, Mo, Mn, and Na in 
AeroFlo solutions were measured during trial 2 with an ICP-OES (5100 VDV, Agilent 
Technologies, Santa Clara, CA, USA). Total ammonia nitrogen (TAN) was measured with a 
spectrophotometer (HI 83200, HANNA instruments, Woonsocket, RI, USA) using the reagent 
HI 93700 based on the Nessler method. NO3−-N was measured with a Nanocolor standard 
test (Ref 918 65, Macherey-Nagel, Düren, Germany) using the 2,6-dimethylphenol method. 
Samples of 150 mL of solution were taken directly from the sump of each AeroFlo just before 
and just after weekly renewal of the solution. Samples were 0.45-μm-filtered (Acrodisc, Pall 
corporation, Portsmouth, UK) and frozen immediately after collection. They were analysed 
for TAN within 24 h and for nitrate within 30 days. All measurements were performed in 
triplicate. 
 
To detect potential differences in water composition among the used systems, the measured 
micro- and macronutrient concentrations and the key physiological macronutrient ratios 
(i.e., TAN:NO3-N, Ca:P, Ca:K, Ca:Mg) were analysed using a repeated model because of week-
dependent measurements. The model included the treatment as the fixed effect, the week as 
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the repeated effect, and their corresponding interaction realized as shoot and root yields. All 
calculations used PROC GLM in SAS software (SAS 9.4., Cary, NC, USA), and a Duncan 
multiple-comparison was used to assess the significance of treatment differences. These 
differences are reported in this paper as least square (LS) means. 
 

3.2.2 Lettuce Growth and Leaf Nutrient Content 
During the lettuce harvests of trials 1 and 2, the weight of both shoots and roots were 
recorded and then analysed by a one-way analysis of variance (ANOVA). The fixed variation 
factor was the treatment (i.e., AP, CAP, and HP). The lettuce leaf nutrient content (P, K, Ca, 
Mg, S, Fe, Cu, Zn, B, Mo, Mn, and Na) was measured during trial 2 with an ICP-OES (5100 VDV, 
Agilent Technologies, Santa Clara, CA, USA). Prior to the ICP analysis, six lettuce plants per 
treatment were randomly chosen and were dried in an oven at 105 °C for 48 h, pulverized 
together, and acid-mineralized with 1:1 nitric (65%) and perchloric acid (70%). Nutrient 
content was analysed by a one-way analysis of variance (ANOVA) using the treatment as the 
fixed effect. A Duncan multiple-comparison was used to assess the significance of treatment 
differences estimated using least square (LS) means. All calculations used PROC GLM in SAS 
software (SAS 9.4.). 
 

3.3 Results 

3.3.1 Shoot and Root Fresh Weight 
In both trials, the average fresh weight of the harvested shoots from the CAP treatment was 
significantly higher (p < 0.05) than those observed for the AP and HP treatments, while no 
difference could be found between the latter two (p > 0.05) (Table 3.2). For both trials, the 
shoot weight of the CAP treatment showed a 39% higher growth rate compared to the HP 
treatment. 
 

Table 3.2. LS means of shoot and root fresh weight and shoot:root ratio of harvested lettuce. 
 

Treatment 1 (N) 2          Shoot Fresh Weight  
         (g/Plant) 3 

         Root Fresh Weight  
       (g/Plant) 

         Log10  
          (Shoot:Root) 

Trial 1 
CAP 26 136.28 a 4.86 a 1.47 a 
HP 26 98.17 b 3.58 b 1.47 a 
AP 25 80.55 b 5.80 a 1.14 b 

Significance  *** 4 * *** 
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Treatment 1 (N) 2          Shoot Fresh Weight  
         (g/Plant) 3 

         Root Fresh Weight  
       (g/Plant) 

         Log10  
          (Shoot:Root) 

Trial 2 
CAP 24 55.05 a 1.71 a 1.52 a 
HP 20 39.64 b 1.08 b 1.53 a 
AP 25 35.72 b 1.52 a 1.39 b 

Significance  ** ** ** 
Notes: 1 CAP: complemented aquaponic solution, HP: hydropoonic solution, AP: aquaponic solution; 2 (N): 
number of observations; 3 within columns, LS means followed by different letters (a, b) are significantly 
different at the 0.05 level; 4 *, **, *** Equal significance level of p < 0.05, p < 0.01 and p < 0.001, respectively. 
 
 
In both trials, no difference of root fresh weights could be found between the CAP and AP 
treatments, while the one observed for the HP treatment was significantly lower. However, 
the shoot:root ratio observed for CAP and HP were not different, while it was significantly 
lower for AP. A two-fold difference in the harvested biomass between trial 1 and 2 was 
observed for all treatments. This finding may be explained mainly by different external 
environmental conditions that affected lettuce plant growth. The only substantially 
identified change was the total accumulation of solar radiant exposure, which was 316.21 
and 180.94 MJ/m2 for trial 1 and 2, respectively. This uncontrolled parameter was nearly 
halved for trial 2 because of shorter daily light periods and cloudier days. 
 

3.3.2 Nutrient Solutions 
Within each trial, the environmental conditions affecting growth, such as water temperature, 
water DO, light intensity, air temperature, pH, and relative humidity, were similar with the 
exception of the pH value that was slightly different in the AP system (Table 3.3). 
 

Table 3.3. Growth environmental conditions for trial 1 and 2. 

 

 
                      pH 

1           EC (μS/cm)    DO (mg/L) Water T (°C) Air T 
(°C) 

Air RH 
(%) 

CAP HP  AP CAP HP AP CAP HP AP CAP HP AP GH GH 

Trial 
1 

Mean 5.59 5.73 7.32 2606 2453 823 - 4 - - 20.01 21.07 19.60 22.84 58.21 
SD 2 0.69 0.45 0.50 297 206 163 - - - 1.46 1.28 1.43 3.78 14.69 
(N) 3 21 14 18 7 7 9 - - - 10 10 10 4461 4461 
Min 4.30 4.76 6.50 2236 2189 630 - - - 17.50 18.60 17.20 15.60 27.20 
Max 7.55 6.56 8.20 2945 2710 1014 - - - 22.30 22.50 21.40 35.60 86.90 

Mean 5.87 5.77 7.50 2493 2418 642 7.51 7.14 7.36 20.68 20.96 22.28 22.15 71.29 
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                      pH 

1           EC (μS/cm)    DO (mg/L) Water T (°C) Air T 
(°C) 

Air RH 
(%) 

CAP HP  AP CAP HP AP CAP HP AP CAP HP AP GH GH 

Trial 
2 

SD 0.43 0.34 0.25 116 140 48 0.34 0.53 0.32 1.39 1.26 0.96 2.58 10.26 
(N) 19 20 17 9 9 16 10 10 10 15 16 15 1162 1162 
Min 5.24 5.32 7.10 2318 2237 567 6.92 6.12 6.91 19.10 19.50 20.90 18.50 37.90 
Max 6.84 6.80 7.94 2656 2672 749 7.91 7.82 7.92 24.70 24.80 25.00 33.20 88.30 

Notes: 1 CAP: complemented aquaponic solution, HP: hydroponic solution, AP: aquaponic solution, GH: 
greenhouse; 2 SD: standard deviation; 3 (N): number of observations; 4 Missing data. 
 
 
Water composition during trial 2 was assessed through the average of weekly LS means for 
each measured macro- and micronutrient in order to improve the clarity of results (Table 
3.4). The averages of weekly LS means for all concentrations measured were close to the 
desired macronutrient target value for each treatment (Table 3.1). Depending on the 
nutritive mineral, AP treatment had four-to ten-fold lower macronutrient concentrations 
compared to the other treatments, whereas the micronutrient concentrations were similar 
in all treatments. Hence, the average EC was three to four times lower in the AP treatment 
compared to CAP and HP (Table 3.3). 

Table 3.4. Average of the LS mean of macro- and micronutrients concentration in CAP, HP, 
and AP treatments for trial 2 (mg/L). 
 

Element  Treatment 1 (N) 2 Average SD 3 Min Max 
NO3−-N CAP 6 215.54 28.13 164.00 245.80 

 HP 6 193.29 12.35 181.23 211.55 
 AP 8 50.31 1.80 46.57 52.39 

TAN CAP 4 25.79 3.09 22.83 29.87 
 HP 6 23.95 2.51 20.53 26.67 
 AP 8 1.82 1.35 0.25 3.32 

PO43−-P CAP 6 52.66 2.42 50.03 56.27 
 HP 5 50.93 4.47 44.20 55.57 
 AP 6 7.83 0.52 7.06 8.49 

SO42−-S CAP 6 66.72 6.97 57.33 77.60 
 HP 5 95.36 4.72 87.77 99.97 
 AP 8 10.99 1.17 9.24 12.30 

K+ CAP 6 219.31 39.46 169.13 260.60 
 HP 5 242.27 36.69 212.67 295.90 
 AP 8 59.51 7.89 48.87 73.03 

Ca2+ CAP 6 175.09 14.87 154.43 192.63 
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Element  Treatment 1 (N) 2 Average SD 3 Min Max 
 HP 4 205.68 12.58 192.30 217.27 
 AP 8 14.72 2.03 12.73 19.07 

Mg2+ CAP 6 43.02 4.44 36.70 49.40 
 HP 5 43.11 3.15 39.13 45.83 
 AP 8 7.36 0.64 6.76 8.56 

Fe3+ CAP 6 4.40 0.20 4.19 4.69 
 HP 5 3.83 0.29 3.39 4.11 
 AP 8 3.47 1.05 1.58 4.33 

B3+ CAP 6 0.59 0.03 0.54 0.63 
 HP 5 0.51 0.08 0.37 0.59 
 AP 8 0.47 0.13 0.24 0.60 

Cu+ CAP 6 0.12 0.01 0.11 0.13 
 HP 5 0.09 0.01 0.07 0.11 
 AP 8 0.09 0.03 0.05 0.12 

Mn2+ CAP 6 0.66 0.06 0.58 0.73 
 HP 5 0.64 0.10 0.48 0.75 
 AP 4 0.50 0.12 0.32 0.60 

Mo+ CAP 6 0.33 0.02 0.29 0.35 
 HP 5 0.32 0.04 0.25 0.36 
 AP 8 0.32 0.10 0.14 0.41 

Zn2+ CAP 6 0.16 0.03 0.11 0.19 
 HP 5 0.15 0.01 0.13 0.16 
 AP 8 0.14 0.03 0.11 0.19 

Na+ CAP 6 71.67 18.24 40.20 93.53 
 HP 5 7.95 4.52 4.22 13.77 
 AP 8 49.73 20.98 5.01 74.37 

Notes: 1 CAP: complemented aquaponic solution, HP: hydroponic solution, AP: aquaponic solution; 2 (N): 
number of observations; 3 SD: standard deviation. 
 
 
The solution nutrient concentrations and macronutrient ratios for both CAP and HP 
treatments were compared for each sampling time (i.e., just before and just after weekly 
renewal of the solution) and were significantly different (data not shown). However, for trial 
2 the differences recorded were on average 22, 2, 2, 29, 23, 31, and 0 mg/L for NO3−-N, TAN, 
PO43−-P, SO42−-S, K+, Ca2+, and Mg2+, respectively. Only SO42−-S concentrations had a 
consistent difference in CAP compared to HP (i.e., approximately 30% lower in CAP) because 
sulphate was used as a degree of freedom for the adjustment of mineral concentrations, 
which is a common practice in hydroponic solution formulation (Resh, 2012). 
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The evolution of physiological ratios between macronutrient concentrations (Figure 3.1) 
calculated for each sampling time showed considerable smaller differences between CAP 
and HP than with AP treatment. For each treatment, the ratio tended to slightly increase 
between the fresh and the old solution. This was due to water evaporation, which was not 
balanced with the plant nutrient uptake. The exception was the TAN:NO3-N ratio that was 
systematically lower before solution exchange. Notably, these crucial ratios stayed closed to 
the targets throughout the experiment. 
 
 
 

 
Figure 3.1. LS mean of macronutrient concentration ratio evolution in complemented aquaponic 
(CAP), hydroponic (HP), and aquaponic (AP) treatments during trial 2. Resh’s and Rakocy’s ratios 
are given for comparison. (a) TAN to NO3−-N ratio; (b) Ca2+ to K+ ratio; (c) Ca2+ to P ratio; (d) Ca2+ 
to Mg2+ ratio. 

 
In this study, the Na+ concentrations were 6–9 times higher in both AP and CAP treatments 
compared to the HP treatment, with a maximum of 93.5 mg/L in the CAP system in trial 2. 
Substantial Na+ concentrations were present because some Na+ was present in the RAS 
water but mostly because, in CAP and AP solutions, Na2CO3 was used to control the pH, which 
tended to drop during aquaponic solution formulation and throughout the experiment. 
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3.3.3 Lettuce Leaf Nutrient Content 
Leaf nutrient content showed a significant difference (p < 0.05) among each treatment for 
each nutrient, except for K between AP and HP, and B between CAP and HP (Table 3.5). The 
CAP lettuce leaves had a significantly (p < 0.05) higher macronutrient content for all 
nutrients. AP had the lowest content for each nutrient. With respect to the micronutrients, 
the contrasts were greater; Fe and Zn content were significantly higher (p < 0.05) in HP, 
while AP had the highest content of Mn and Mo. 
 

Table 3.5. LS mean of lettuce leaf nutrient content in trial 2. 

Treatment 1 (N) 2 TKN5  P 3 K Ca Mg S Na Fe B Cu Zn Mn Mo 

AP 3 -  5.47 a 
(0.02) 

24.6 a 
(0.0) 

6.36 a 
(0.01) 

2.28 a 
(0.00) 

1.97 a 
(0.01) 

3.70 a 
(0.00) 

739 a 
(5) 

8.1 a 
(0.1) 

12.6 a 
(0.1) 

37.0 a 
(0.3) 

1343 a 
(3) 

26.5 a 
(0.1) 

CAP 3 18.2  9.25 b 
(0.01) 

29.8 b 
(0.1) 

11.3 b 
(0.0) 

3.36 b 
(0.01) 

2.75 b 
(0.01) 

2.80 b 
(0.01) 

935 b 
(4) 

19.4 b 
(0.1) 

20.2 b 
(0.2) 

69.1 b 
(0.8) 

208 b 
(2) 

19.8 b 
(0.3) 

HP 3 17.6  8.56 c 
(0.02) 

24.7 a 
(0.1) 

10.8 c 
(0.0) 

3.00 c 
(0.01) 

2.56 c 
(0.01) 

0.40 c 
(0.00) 

1511 c 
(4) 

19.3 b 
(0.1) 

15.3 c 
(0.1) 

102 c 
(0) 

202 c 
(1) 

19.0 c 
(0.1) 

Significance  -  *** 4 *** *** *** *** *** *** *** *** *** *** *** 
Notes: 1 AP: aquaponic solution, CAP: complemented aquaponic solution, HP: hydroponic solution; 2 (N): 
number of observations; 3 Within columns, LS means followed by different letters (a, b, c) are significantly 
different at the 0.05 level. Na and macroelements are reported in mg/gDM and microelements in μg/gDM. 
Standard deviations are between brackets; 4 *, **, *** Equal significance level of p < 0.05, p < 0.01 and p < 
0.001, respectively. 5 data is incomplete; we have failed to measure CAP and HP in duplicates due to 
insufficient resources. 
 
 
The Na content showed the highest observed values in the AP treatment, closely followed by 
CAP. The Na content was almost 10 times higher in the AP than in the HP treatment. 
 

3.4 Discussion 
While the experiment was conducted to keep the pH, the macro- and micronutrient 
concentrations, and the macronutrient ratios of HP and CAP treatment in a very close range 
in order to have the water origin as the only difference (i.e., rain and RAS), a significant 
difference between most values of macro- and micronutrient concentrations was observed 
(note: this analysis can be found online on http://www.developonics.com/sysint.xlsx). Due 
to technical limitations, it is very difficult to obtain concentrations significantly similar in 
both solutions. However, lettuce growth differences between CAP and HP treatments cannot 
be attributed to the concentration differences recorded and, especially, the small 
macronutrient ratio variations. Indeed, previous reports have shown that growth was not 
affected by the fluctuation of a given concentration of a specific nutrient in conditions where 
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lettuce roots are directly exposed to the flowing nutrient solution (e.g., NFT and deep water 
culture (DWC)). Unlike in soil conditions, where there are both diffusion gradients and 
nutrient depletion, a given constant concentration can be maintained at the root surface. 
Consequently, nutrients can be absorbed at a constant rate regardless of the nutrient 
solution’s concentrations (Olsen, 1950). However, the concentrations must be maintained 
above a minimum threshold. Santos et al. (2004) showed that by increasing the PO43−-P 
concentration, whilst keeping other nutrients constant, lettuce growth and final weight 
remained constant as long as the PO43−-P concentration exceeded 20 mg/L. Similar 
observations have been made previously in other plants for NO3−-N with a minimum 
concentration threshold of 1 mg/L (Clement et al., 1978; Edwards and Barber, 1976; 
Warncke and Barber, 1974). Letey et al. (1982) reported no significant differences on 
average shoot and root fresh weight of Romaine lettuce cultivated in DWC for 26 days with 
different NO3−-N concentrations (i.e., from 5 to 105 mg/L). 
 
In both trials a similar shoot mass between AP and HP treatment was recorded. In line with 
previous studies (Licamele, 2009; Pantanella et al., 2012) these results confirm AP systems 
as an alternative to conventional hydroponic systems, producing similar yields. Importantly, 
this study shows that considerable lower nutrient concentrations and different 
macronutrient ratios in AP solution did not alter yields. When the RAS water was 
complemented (i.e., CAP treatment) to reach nutrient concentrations and macronutrient 
ratios close to the HP control solution, to our surprise, 39% higher shoot mass was obtained 
in both trials. These results indicate that 39% of shoot increase can be achieved if lettuces 
are grown in RAS water where mineral salts are added and pH kept around 5.5. Such 
production implicates a specific design that could be achieved with DAPS (Goddek et al., 
2016b; Kloas et al., 2015).  
 
Trial 2 had lower yields in all treatments. This reduced growth was due to lower light 
intensity and is a well-known phenomenon. Burns et al. (2010) confirmed these results by 
reporting that lettuce yield in fresh weight was halved in their 28-day trial when reducing 
the light intensity by 50%, which was close to the light intensity reduction measured for trial 
2. Sucrine is a Latin-type lettuce that is close to the Bibb butterhead type lettuce. The biomass 
of the sucrine lettuce obtained in HP treatment in trial 1 was 98.2 g per shoot, which is in the 
range of Bibb lettuce produced in hydroponics with Resh’s solution. 
 
The shoot:root ratio in AP treatment was significantly lower than in CAP, but CAP and AP 
treatment had similar root mass. Hence, the lettuce produced less shoot mass in the AP 
solution. This could have been due to a higher pH and/or to unfavorable nutrient ratios that 
hindered lettuce nutrient uptake and then limited shoot growth. Interestingly, the shoot:root 
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ratio was similar for both HP and CAP treatments. The increase in shoot mass for CAP seems 
thus to be related to an increase in root mass. It can be suspected that this increase in root 
mass has been influenced by others factors that were present in solution rather than the 
observed small differences in the nutrient concentrations. 
 
The lettuce leaf nutrient content supports these assumptions. The low nutrient content in 
the leaves of the AP treatment indicates less favorable nutrient solution for nutrient uptake. 
Leaves in the CAP treatment had higher nutrient content. This could be correlated to the 
water’s EC. However, it is not certain that the small difference in average ECs of 75 μS/cm 
between CAP (2493 μS/cm) and HP (2418 μS/cm) can explain this; other factors present in 
the RAS water might have boosted the nutrient uptake and the shoot and root mass. 
 
The superiority of shoot weight and nutrient uptake in CAP treatment, and especially the 
superiority of root weight in both AP and CAP treatments compared to the HP treatment 
(Table 3.2), indicate that RAS water must contain factors that stimulate root growth. 
Presumably, these factors also stimulate the nutrient uptake. Two factors having a plant 
growth-promoting effect can be assumed to be present in RAS water: (1) dissolved organic 
matter (DOM), and (2) plant growth-promoting rhizobacteria and/or fungi (PGPR and/or 
PGPF). Several humic-like and protein-like DOM components have been identified that tend 
to accumulate in RAS water (Hambly et al., 2015). Humic acids, such as fulvic acid, and also 
certain phenolics can increase shoot and root growth as well as root ATPase activity 
(Canellas et al., 2009; Mylonas and McCants, 1980; Pingel, 1976). Haghiaghi (2012) showed 
that humic acid added to a hydroponic solution was also able to improve the nitrogen 
metabolism and photosynthetic activity of lettuce, which leads to an improved yield. Similar 
to DOM, PGPR were also identified to be able to promote plant growth and improve root 
development. PGPR can release phytohormones or induce hormonal changes within plants 
that stimulate plant cell elongation and division (Ruzzi and Aroca, 2015). Mangmang et al. 
(2015) inoculated Azospirillum brasilense to lettuce grown on perlite/vermiculite substrate 
irrigated with fish effluent. The author recorded an increase in endogenous levels of indole-
3-acetic acid (IAA), peroxidase activity, total leaf chlorophyll, and protein content in lettuce. 
IAA is known to regulate biochemical signals controlling plant growth and development. A 
special focus on DOM and PGPR occurring in water is, thus, required to better understand 
their impact and potential for improving plant production in aquaponics. 
 
Interestingly, while Na+ concentrations were considerably higher in the AP and the CAP 
treatments, this did not seem to have a negative effect on lettuce growth. Moreover, the Na 
content in the leaves of these treatments highlights the ability of lettuce to absorb some Na+ 
and subsequently remove it from aquaponic water. These conclusions are important because 

http://www.mdpi.com/2073-4441/8/10/467/htm#table_body_display_water-08-00467-t002


52 
 

substantial Na+ concentrations in aquaponic waters occur and are unavoidable due to Na 
release by the fish (Vermeulen, 2012). Na tolerance and assimilation in lettuce should be 
more specifically studied in aquaponics in order to define the Na+ toxic threshold.  
 

3.5 Conclusions 
The purpose of the current study was to determine differences in growth rates when 
exposing lettuce plants to normal (i.e., AP), CAP, and HP solutions. The findings of this study 
indicated that there was a significantly higher growth rate in the CAP treatment. These 
findings highlight the potential usefulness of aquaponic systems because it was previously 
considered that the decisive competitive advantage of HP systems was the enhanced growth 
potential. This research has demonstrated that aquaponic systems could surpass the growth 
rates found in conventional HP systems. Notably, with respect to the increasing scarcity of 
phosphorus (Ulrich and Frossard, 2014), it is remarkable that, in AP solution, significantly 
lower macro- and micro-nutrient concentrations gave equivalent yields to HP solution.  
 
From these results, we can conclude that the application of RAS water stimulates both root 
and shoot growth. It is difficult to ascertain which mechanism led to the increase in this 
particular case but microorganisms and DOM are suspected to play an important role. A 
special emphasis should be placed on the DOM species present, their effect on plant growth, 
and their optimal concentrations. Additionally, microbiota available in both water and the 
rhizosphere should be identified; it can be assumed that they host efficient growth-
promoting rhizobacteria and/or fungi. 
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Chapter 4 

Comparison of Lactuca sativa growth 
performance in rainwater and RAS-water-

based hydroponic nutrient solutions 
 
 
This chapter is based on:   
Goddek, S., Vermeulen, T. (2016): Comparison of Lactuca sativa growth performance in 
rainwater and RAS-water-based hydroponic nutrient solutions. Submitted. 
 
 
 

Abstract 
A recent study related to aquaponics (Delaide et al., 2016a) has shown that hydroponic 
lettuce grown in aquaculture-derived water grew significantly better than lettuce grown in 
a conventional hydroponic system. The principal objective of this study was to verify this 
finding in a larger setup. Even though the aquaculture water that was added to the 
aquaculture-based hydroponic system contained relatively high amounts of sodium, we 
were still able to observe an enhanced growth performance of the lettuce in that system 
compared to the lettuce grown in the conventional hydroponic nutrient solution. The lettuce 
final wet weight was 7.9%, and its final dry weight even 33.2% higher than the one of the 
hydroponics control. We hypothesise that microorganisms in the aquaculture water 
promote nutrient uptake by the plant roots, but this needs to be confirmed in isolated and 
dedicated experiments. 
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4.1 Introduction 
Aquaponics is an upcoming technology that has received broad attention in both the civil 
society and the scientific community. Traditionally, aquaponics is an integrated multi-
trophic food production system that combines the elements of recirculating aquaculture 
system (RAS) and hydroponics in one-loop recirculating systems (Knaus and Palm, 2017; 
Schmautz et al., 2016; Yogev et al., 2016). Data from several studies have also showed that 
aquaponic systems perform well in both water and resource usage (Reyes Lastiri et al., 2016; 
Suhl et al., 2016). Its lack of the ability to provide optimal conditions for both fish and plants 
is most likely the main reason, why it is currently mainly being used for educational purposes 
(Villarroel et al., 2016). The commercial breakthrough is still outstanding (dos Santos, 2016; 
Goddek et al., 2015). Recent trends in aquaponics have led to a renewed approach that aims 
at optimizing the conditions in both system components. Kloas et al. (2015) and Goddek et 
al. (2016a) both showed, that nutrient concentrations in one-loop systems are suboptimal 
and suggest to focus on so-called decoupled multi-loop systems to allow optimal conditions 
(i.e. in nutrient concentrations, temperature, pH, etc.) for both fish and plants. This paper 
will focus on such systems. 
 
Although most of the turnover in aquaponic systems is made with the sale of plants, only two 
studies have attempted to investigate the plant growth potential in aquaponic systems on 
commercial hydroponic nutrient levels. Delaide et al. (2016) claimed that aquaponic grown 
lettuce in significantly similar chemical nutrient solutions show a growth advantage of 
approximately 40% over hydroponics. Contrary to that, another recent study (Suhl et al., 
2016) that investigated tomato growth under similar conditions failed to show any 
significant production advantage. Taken together, there is a lack of formal experimental data 
with respect to growth of plants in RAS based nutrient solutions on hydroponic levels. 
Consequently, this study was set out to confirm or disaffirm the findings of Delaide et al. 
(2016) in a larger setup using RAS-water versus a typical hydroponic reference. 
 

4.2 Materials and Methods 

4.2.1 Experimental Setup 
Two NFT systems were placed in a plastic tunnel greenhouse in Bleiswijk, The Netherlands 
during a warm August-October season. The gullies of the NFT-systems, each system servicing 
16 gullies of 7.7 m long, were mounted in two blocks of eight rows and distributed in 
alternation. The system of cross-over NFT was applied, leading to a drip irrigation nozzle for 
every plant, while drain water was directly collected and did not affect neighbouring crops. 
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These individual water nozzles gave a water flow of 2 litre per hour. No additional CO2 was 
applied. The recirculation container of each NFT-system contained 250 L of water. 
 
Gullies were planted with 38 lettuces each, leading to a planting density of 12 heads per m2. 
Gullies use a crossover-NFT, where a drip irrigation is installed through the length of the 
gully, with a dripper per plant and vertical water drainage to prevent water flow from one 
plant to another. Hydrologically, this approach, however, cannot be considered as a 
repetition. The scheme as well as a picture of the experimental setup can be seen in Figures 
4.1 and 4.2. 
 
The hydroponic treatment tank has been filled up with rain water continuously and the RAS 
treatment tank with 30% RAS water and 70% rain water. To both tanks, hydroponic nutrient 
solutions (General Hydroponics, FloraMicro, FloraGrow and FloraBloom, 3:2:1 mixing ratio) 
were added daily. The RAS water was taken from a RAS system cultivating carps. The climate 
was monitored (temperature, RH, irradiation). Water loss due to transpiration and leakage 
was replaced continuously in the basin, while the electrical conductivity (EC) and acidity 
(pH) were measured daily, and kept constant on 1800 μS cm-2 and pH 5.0-6.0 respectively. 
Every two weeks 40 L RAS water was added to the treatment. 
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Figure 4.1. Scheme of the experimental setup consisting of a conventional hydroponic system as well 
as a RAS-based hydroponic system. Every plant was drip-irrigated individually. The drain water was 
led back to the respective recirculation containers via a shaded gutter. 
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Figure 4.2. Picture of the experimental setup in Bleiswijk, The Netherlands.  

 

4.2.2 Water Analysis 
Once every 2 weeks, water of both systems, as well as the RAS water, have been sent to 
analysis for the plant-relevant ion composition. The water samples have been measured by 
the commercial lab Groen Agro Control, Delft, The Netherlands using HPLC according to the 
ISO 17025 norm.  
 

4.2.3 Lettuce 
Butterhead lettuce (variety Cosmopolia, RZ) were sown in 4x4 peat blocks on 23rd of August 
2016. Seven weeks after planting (11th of October), 20 lettuce shoots were randomly 
selected, harvested and weighed individually. Prior to sending in the milled lettuce shoots 
for leaf analysis, the lettuce heads of each system were cut into small pieces, weighed and 
merged in brown bags and dried to determine their dry weight. The leaf analysis was 
performed by Groen Agro Control according to their certified analysis protocol. 
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4.2.4 Statistical Analysis 
Data are presented as mean ± standard deviation (SD) and ranges respectively of n samples 
with a confidence interval of 95% (i.e. α < .05). Analysis of statistical significance and ANOVA 
were conducted in R. Furthermore, the nonparametric two-sample Kolmogorov–Smirnov 
test was used to test whether the two (i.e. in the RAS and HP system) Na concentration 
probability distributions differ. Genstat software was used to conduct a principal component 
analysis with respect to the lettuce’s nutrient composition. 
 

4.3 Results and Discussion 
The EC was maintained constant throughout the experiment. Average day-temperatures 
were 17.7 °C, while average outside irradiation was 1584.66 J cm-2 day-1 and light 
transmission index of the foil-greenhouse was 57.7%. The nutrient concentrations of the RAS 
water and the respective systems can be seen in Table 4.1 and 4.2. What attracts attention is 
that the difference in sodium concentrations is significant (Table 4.1, Figure 4.3). This 
difference can be attributed to the RAS water (Table 4.1). In RAS systems, sodium chloride 
is often added to counteract stress, restore osmoregulation, and to prevent and control 
diseases. Adding sodium chloride in aquaponic systems, however, is not common practice, 
as it is known to inhibit plant growth.  

Table 4.1. RAS water composition (mean ± SD, α = .05) 

pH EC K Na Ca Mg NO3 Cl SO4 HCO3 P Zn 

- mS 
cm-1 

mmol 
L-1 

mmol 
L-1 

mmol 
L-1 

mmol 
L-1 

mmol 
L-1 

mmol 
L-1 

mmol 
L-1 

mmol 
L-1 

mm
ol L-1 

μmol 
L-1 

7.66 
± 
0.11 

1.18 
± 
0.26 

0.20 
± 
0.28 

8.62 
± 
2.37 

0.72 
± 
0.08 

0.12 
± 
0.04 

1.58 
± 
0.38 

7.44 
± 
0.38 

0.22 
± 
0.08 

1.06  
±  
0.38 

0.04 
± 
0.05 

0.16 
± 
0.05 

Table 4.2. Nutrient concentration in each system (mean ± SD, α = .05, n=7). 

Parameter Unit System HP 
(mean ± SD)  

System RAS  
( mean ± SD) 

ANOVA 

pH  5.10 ± 0.70 5.86 ± 0.91 p = .105 

NH4+ mmol L-1 1.56 ± 0.92 0.87 ± 0.74 p = .151 

K+ mmol L-1 3.39 ± 2.10 2.36 ± 2.00 p = .367 

Na+ mmol L-1 0.49 ± 0.59 3.07 ± 3.08 p = .049 
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Ca2+ mmol L-1 2.16 ± 0.46 2.24 ± 0.53 p = .753 

Mg2+ mmol L-1 0.15 ± 0.39 0.14 ± 0.36 p = .728 

Fe2+ μmol L-1 53.74 ± 37.81 39.60 ± 23.19 p = .415 

Mn2+ μmol L-1 17.31 ± 9.84 12.99 ± 9.57 p = .420 

Zn2+ μmol L-1 73.76 ± 55.06 29.01 ± 22.58 p = .070 

Cu2+ μmol L-1 2.63 ± 1.03 2.14 ± 1.09 p = .409 

Mo6+ μmol L-1 0.66 ± 0.56 0.47 ± 0.53 p = .537 

P mmol L-1 0.97 ± 0.49 0.94 ± 0.47 p = .913 

B (III) μmol L-1 19.00 ± 6.00 19.14 ± 5.52 p = .964 

HCO3- mmol L-1 0.06 ± 0.10 0.37 ± 0.47 p = .110 

NO3- mmol L-1 8.07 ± 3.13 6.63 ± 2.76 p = .378 

Cl- mmol L-1 0.79 ± 0.50 2.84 ± 2.67 p = .068 

SO42- mmol L-1 1.17 ± 0.35 1.09 ± 0.39 p = .650 

 

 
Figure 4.3. Two-sample Kolmogorov-Smirnov test, where D = 0.857, n = 7, and p = 0.01. Thus it is 
reasonable to assume that the data comes from different distributions, since p > 0.05. Similar 
observations have been made for Cl. 
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Throughout the experiment, a visually different growth was observed. At harvest, the lettuce 
from the RAS water system was further developed than the lettuce that was grown in pure 
hydroponic water. This was indicated by the fact that the RAS-system lettuce was in the 
heading stage at harvest, while the hydroponic-system lettuce was still in the previous 
cupping stage (Figure 4.4). Table 4.3, which shows the wet weight of the plants rejects the 
possible assumption that the faster development could have been caused by physiological 
stress due to high sodium chloride values. Although lettuce is known to be a relatively 
sodium-insensitive plant, it is remarkable to see that the wet weight difference is highly 
significant to the advantage of the RAS-system lettuce. Its final wet weight was 7.9%, and its 
final dry weight even 33.2% higher than the one of the hydroponics control. While in our 
case the chemical composition of the RAS water was suboptimal for plant production, the 
findings are still consistent with those of Delaide et al. (2016), even though our observations 
in final weight differences were lower.  
 
Zinc levels in the hydroponic control were found to be higher than in the RAS-treatment. 
However no visual nutrient deficiencies (Fe or Mn deficiencies could become evident) were 
found in the leaves, suggesting no reduced growth due to elevated Zn-levels 
 
Despite repetitive addition of sodium-rich RAS water, the treatment did not show 
accumulation to the extent expected (Figure 4.5). This could be due to solely increased 
uptake of sodium by the plants. Based on modelled evaporation by the plants, calculated 
uptake concentrations were found to be 0.04 and 0.21 mmol L-1 for the control and RAS-
treatment respectively. Leakage of the system, combined with continuous refill of the water 
reservoir with rain water would explain the decrease of sodium concentration over time. EC 
levels remained the same due to daily application of nutrient solution. These concentrations 
are still lower than uptake concentrations of 0.5-0.8 mmol L-1 found under high sodium levels 
in the nutrient solution (Sonneveld and Voogt, 2009b). Taking a look at the lettuce leaf 
composition (Table 4.4) shows that the uptake of the other salts K, Ca, Mg, and P also was 
stimulated in the RAS-water growth environment (Figure 4.6), while the uptake of the 
micronutrients Zn and Mo uptake was rather inhibited compared with the lettuce grown in 
the hydroponics environment. It could be hypothesised that a possible interaction with 
micro-organism in the rhizosphere caused a better photosynthesis and nutrient uptake. 
However, we do not know what the uptake rate of the hydroponic control would be if the 
same amount of Na was added there. Consequently, it is yet to find out which plant species 
are able to take up these high amounts of sodium and to what degree different species would 
have to be combined in one system to avoid accumulations. 
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Figure 4.4. Comparison of the leaves of the RAS-system lettuce (left) and hydroponic system lettuce 
(right). The leaves of the RAS-system lettuce overlap and cover the growing point of the plant, which 
indicated that the lettuce is being in the heading stage, while the HP-system lettuce is still in the 
cupping stage. The cupping stage is prior to the heading stage, where the inner leaves begin to curl 
inwards on the edges. 

 
Figure 4.5. Sodium concentration in both RAS and HP systems as well as the sodium concentration of 
the RAS water that was added to the RAS System on a weekly basis. System RAS was first prepared 
with RAS water of higher sodium concentration (data not shown).  
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Figure 4.6. Principal component analysis of the lettuce leaf composition (Table 4.4). It can be seen 
that the uptake of the macronutrients P, Mg, Ca, Na, and K correlate with the RAS-system grown 
lettuces, and the micronutrients Cu, B, Mo, and Zn correlate with the HP-system grown lettuces. Fe 
and N rather seem to be independent variables. 

Table 4.3. Weight of the wet matter (mean ± SD, α = .05, n=20) and dry matter (n=2) of the 
lettuce. 

Parameter Unit System HP (mean ± SD)  System RAS  ( mean ± SD) ANOVA 

Wet matter g 286.83 ± 47.78 309.48 ± 32.96 p = .016 

Dry matter g 9.08 [7.92,10.24] 12.09 [10.40, 13.79] p = .280 

 
 

Table 4.4. Lettuce leaf composition of the dry matter (dm) samples (n=2). 

Parameter Unit System HP  System RAS  ANOVA 
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K+ mmol kg-1 dm-1 1808.00 [1795, 1821] 2327.50 [2325, 2330] p = .000 

Na+ mmol kg-1 dm-1 25.50 [25, 26] 91.90 [86.1, 97.7] p = .008 

Ca2+ mmol kg-1 dm-1 325.00 [314, 336] 408.50 [396, 421] p = .038 

Mg2+ mmol kg-1 dm-1 167.00 [160, 174] 206.50 ± 7.78 [201, 
212] p = .047 

N mmol kg-1 dm-1 3708.00 [3526, 3890] 3909.50 [3864, 3955] p = .395 

P mmol kg-1 dm-1 311.00 [306, 316] 369.00 [353, 385] p = .075 

Fe2+ mmol kg-1 dm-1 3.25 [3.1, 3.4] 3.70 [3.3, 4.1] p = .403 

Mn2+ mmol kg-1 dm-1 3.55 [3.4, 3.7] 4.80 [4.6, 5.0] p = .038 

Zn2+ mmol kg-1 dm-1 15.50 [15, 16] 7.35 [6.5, 8.2] p = .014 

B mmol kg-1 dm-1 3.20 [3.2, 3.2] 3.05 [3.0, 3.1] p = .095 

Mo6+ μmol kg-1 dm-1 25.20 [24.6, 25.8] 18.10 [17.2, 19.0] p = .022 

Cu2+ μmol kg-1 dm-1 170.50 [170, 171] 148.50 [142, 155] p = .078 

K+ mmol kg-1 dm-1 1808.00 [1795, 1821] 2327.50 [2325, 2330] p = .000 

 

4.4 Conclusion 
The purpose of the current study was to perform a practical large-scale verification of a 
former study where lettuce showed a better growth performance in hydroponic nutrient 
solutions based on RAS-derived water (Delaide et al., 2016). The results of this study let us 
presume that lettuce growth might still outperform hydroponic growth rates under 
chemically suboptimal (i.e. high sodium chloride) conditions. However, this study does not 
explain this phenomenon. A possible explanation could be the beneficial interaction between 
microorganisms from the RAS-water and the plant roots. Earlier Mayak et al. (2004) 
described conferred stress resistance in tomato against sodium due to symbiosis with 
bacteria. With a larger setup and uniform cultivation conditions, this study does not falsify 
earlier findings by Delaide et al. (2016) that integration between fish production and plant 
cultivation - aquaponics - could lead to stronger plant development. Further studies are 
currently carried out in order to validate this hypothesis. Future studies should also clarify 
whether similar conclusions could be drawn, if the same amount of sodium chloride as in the 
RAS-derived water were added to the hydroponic group, or studies where RAS-derived 
water was sterilised before supplying it to the root zone. 
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Chapter 5 

The Effect of Anaerobic and Aerobic Fish 
Sludge Supernatant on Hydroponic Lettuce 

 
 
This chapter is based on:   
Goddek, S., Schmautz, Z., Scott, B., Delaide, B., Keesman, K., Wuertz, S., Junge, R. (2016): The 
Effect of Anaerobic and Aerobic Fish Sludge Supernatant on Hydroponic Lettuce. Agronomy 
6, 37. 
 
 

Abstract 
The mobilization of nutrients from fish sludge (i.e., feces and uneaten feed) plays a key role 
in optimizing the resource utilization and thus in improving the sustainability of aquaponic 
systems. While several studies have documented the aerobic and anaerobic digestion 
performance of aquaculture sludge, the impact of the digestate on plant growth has yet to 
be understood. The present study examines the impact of either an aerobic or an anaerobic 
digestion effluent on lettuce plant growth, by enriching a mixture of aquaculture and tap 
water with supernatants from both aerobic and anaerobic batch reactors. The lettuce 
plants grown in the hydroponic system supplied with supernatant from an anaerobic 
reactor had significantly better performance with respect to weight gain than both, those in 
the system where supernatant from the aerobic reactor was added, as well as the control 
system. It can be hypothesized that this effect was caused by the presence of NH4+ as well 
as dissolved organic matter, plant growth promoting rhizobacteria and fungi, and humic 
acid, which are predominantly present in anaerobic effluents. This study should therefore 
be of value to researchers and practitioners wishing to further develop sludge 
remineralization in aquaponic systems. 
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5.1 Introduction 
A primary concern of aquaponics is the efficient utilization of all nutrients that enter the 
system. Several studies have documented a high loss of nutrients from the recycling loop via 
the mechanical water treatment unit as well as unused RAS-derived sludge (Goddek et al., 
2016b; Neto and Ostrensky, 2013; Rafiee and Saad, 2005; Shnel et al., 2002; Suzuki et al., 
2003; Van Rijn, 2013) that consists of faeces and uneaten feed. Consequently, the reuse of 
sludge is gaining importance and plays a crucial role in the utilization of the supplied 
nutrients, and thereby reduction of nutrient emissions (Goddek et al., 2016b; Monsees et al., 
2015). With respect to the usage of RAS water in hydroponic systems, Delaide et al. (2016) 
examined whether complementing the RAS water with mineral elements to levels usually 
targeted in hydroponics improves crop growth. They observed an increased plant growth of 
the complemented aquaponic solutions by up to 39% compared to the hydroponic control 
nutrient solution, which was composed of an equivalent nutrient composition. Their work 
shows that plants in a highly concentrated RAS nutrient solution grow better. However, their 
study has only a limited relevance with regard to the impact of aerobic and anaerobic 
supernatants from fish sludge digestion on plant growth performance.    
 
Although some research was carried out on the impact of domestic sewage and industrial 
wastes on plant growth (Krishnasamy et al., 2012; Penetra et al., 1999; Salminen et al., 2001), 
to date, the impact of aerobically and anaerobically treated RAS-derived sludge on plant 
growth has not yet been experimentally investigated. Effluents from anaerobic digestion 
generally have high concentrations of nutrients, as sources of carbon are metabolized 
preferentially during treatment (Krishnasamy et al., 2012; Salminen et al., 2001). However, 
most anaerobic effluents are characterized by high chemical oxygen demands (COD), 
hydrogen sulphides (H2S) content, and low dissolved oxygen (DO) concentrations, and thus 
can be considered phytotoxic. In this case a post-treatment (e.g. aerobic detoxification) for 
the anaerobic effluent is required before being directed to the plants (de Lemos Chernicharo, 
2007; Penetra et al., 1999; Salminen et al., 2001).  
 
The primary aim of this study was to comparatively assess the effect of effluents originating 
from anaerobic and aerobic batch digesters on to plant growth performance. Even though 
simple digestion techniques were used that did not exploit the entire potential of both 
treatments, this study offers some important insights into the role remineralization practices 
may play in aquaponic systems with respect to plant growth performance. 

5.2 Material and Methods 

5.2.1 Experimental Setup 
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The experiment was conducted in a greenhouse in Wädenswil, Switzerland, from 16 October 
to 20 November 2015. Three one-cycle aquaponics systems were used for this experiment, 
each built of a sump, a settling tank, and a biofilter, and three nutrient film technique (NFT) 
channels (Figure 5.1) were run in parallel and were planted with 36 lettuce plants (Lactuca 
sativa yacht variety Salanova®). The total volume of one system was approximately 400 L. 
Aeration into the sump and the biofilter was provided via compressed air (AL-80, Alita 
Industries, Arcadia , CA, USA) and air stones to assure sufficient DO levels as well as proper 
mixing of biochips in the biofilter. A water pump (Aquarius Universal Eco 4000, Oase, 
Germany) with an approximate flow rate of 62 L/h directed water from the biofilter to the 
NFT channels. A heater (NEWA Therm pro 250 W, NEWA Tecno Industrial Srl, Loreggia, 
Italy) was installed in the biofilter maintaining constant temperatures in the system (22 ± 
1.5 °C). No additional lighting was used. 
 
For two months (since July 2015), 4 L of RAS sludge of Nile tilapia culture fed with Hokovit 
Tilapia Vegi feed were added weekly to two reservoirs. One was constantly aerated and the 
other one was kept under anaerobic conditions. No additional sludge was added to the 
reservoirs during the experiment (i.e., after 16 October). To gather the supernatant, the 
sludge was stirred and centrifuged (Eppendorf Centrifuge 5430, Fisher Scientific, Waltham, 
MA, USA), 2.5 min at 7000 rcf. Supernatant nutrient composition was determined in the 
second week of the experiment (Table 5.1). 
 
At the start of the experiment, all systems were filled with 85% tap water and 15% RAS water 
(Table 5.1). After that, one litre of supernatant from each aerobic and anaerobic reservoir 
was added to the aerated system (AER) and unaerated system (ANA) three times a week, 
respectively. System RAS, acting as a control, was given one litre of RAS water instead. The 
pH of the respective systems remained unadjusted as a high pH (>7.5) is often observed in 
one-loop aquaponic systems. 
 

Table 5.1. Nutrient composition (mg/L) of the Recirculating Aquaculture System (RAS) and 
tap water, as well as AER and ANA supernatants, at the beginning of the experiment. 

 Cl NO2 NO3 PO4 SO4 Na NH4 K Ca Mg 
AER1 Supernatant 7.9 18.5 51.8 2.7 19.7 4.4 0.7 17.2 14.2 5.1 
ANA2 Supernatant 6.1 0.0 0.0 2.7 0.5 3.6 56.4 16.3 11.7 2.5 

Tap 0.3 0.0 0.2 0.0 0.8 4.9 0.0 1.0 59.8 16.3 
RAS3 6.4 0.2 88.2 2.0 6.9 3.4 0.5 9.0 10.8 5.6 

1 supernatant from the aerated reactor; 2 supernatant from the anaerobic reactor; 3 water from a 
recirculating aquaculture system. 
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Figure 5.1. Schematic outline of the experimental systems comprising a sump (max. 280 L), a settling 
tank (70 L), and a biofilter (110 L). Extensive aeration with an air pump ensured reduction of 
chemical oxygen demands (CODs) as well as optimal dissolved oxygen (DO) in the process water for 
plant growth. Undiluted AER and ANA supernatants as well as Recirculating Aquaculture System 
(RAS) water entered the system via the sumps of the respective systems three times a week. Samples 
for measurements were taken in the sump at least 24 h after the supernatants or RAS water were 
added. 

5.2.2 Supernatant and Water Analysis 
Samples of both aerobic and anaerobic supernatants were taken at the end of the first week 
of the experiment. Macronutrients (NO2, NO3, PO4, SO4, NH4, K, Ca, and Mg) and 
micronutrients (Cl and Na) were analysed with an IC (930 Compact IC Flex, Metrohm, 
Zofingen, Switzerland) and other micronutrients (B, Cu, Fe, Mn, Mo, and Zn) with an ICP-AES 
(Varian Vista AX CCD Simultaneous ICP-AES, Agilent Technologies, Santa Clara, CA, USA). 
Prior to these analyses, homogenous anaerobic and aerobic sludge was taken from both 
reservoirs and centrifuged for 7.5 min at 7000 rcf and filtrated with 0.22 μm syringe filters 
(Table 5.1). 
 
The initial nutrient concentration within the three aquaponics systems was derived from the 
initial RAS and tap water values that were analysed with the IC Flex 930 Metrohm (Table 2). 
The same equipment was used to determine the water nutrient concentration in the sump 
of each system three times (on Days 19, 27, and 36) throughout the 5-week experiment. 
These samples were taken from the sump one day after tap water was added to compensate 
for water losses due to evapotranspiration to make sure the water was well mixed. DO, pH, 
EC, and temperature were measured twice a week with a portable multi-parameter meter 
(HQ40d Portable Multi-Parameter Meter, Hach Lange, Düsseldorf, Germany). 
 



71 
 

5.2.3 Lettuce 
Six weeks before the beginning of the experiment, single pelleted lettuce was seeded into 
rock wool. The initial weight of the lettuce seedlings when transferred into the aquaponic 
system was 10.3 g ± 0.2 g, which was determined by pre-weighting the rock wool. After 36 
days of cultivation, nine lettuce plants (front, middle, back) laid down in advance were 
sampled from each system for further analysis. The shoots were separated from the roots by 
cutting it just above the rockwool block, whereas the roots were cut off at the bottom side of 
the rockwool block. The shoots were dried at 80 °C for 48 h for dry weight determination. 
The content of P, S, Mg, Ca, K, Fe, Cu, Mn, Zn, B, Mo, and Na was determined with an ICP-OES 
(5100 VDV ICP-OES, Agilent Technologies, Santa Clara, CA, USA) after the dried biomass was 
pulverized and acid mineralized. The C, H, and N content was measured on three samples of 
dry lettuce plants per system using an elemental analyser (TruSpec CHN Macro Analyzer, 
LECO, Saint Joseph, MI, USA). 
 

5.2.4 Statistical Analysis 
Data are presented as mean of n replicates. Analysis of statistical significance was conducted 
in R software (R Core Team, 2012), using analysis of variance (ANOVA) test and post hoc 
multiple comparison. Here, the parametric Tukey’s HSD test (p < 0.05) was performed. 
 

5.3 Results and Discussion 
During the experiment DO levels in the sump and the recorded water temperatures were 
stable (Table 5.2). Even though all three systems were started with the same initial mix of 
tap water with RAS outflow, the EC in the sump of System AER was initially higher than in 
the other two sumps (Figure 5.2a; Table 5.2). This difference is probably due to the fact that 
the systems were used for experiments before. Ca and K residues in both, the pipes, and the 
biofiltration media might have caused these slightly higher values. An indication for that is 
the higher Ca and K content in System AER (see Figures 5.3d,e), while the Ca and K 
concentrations of both supernatant solutions did not reveal similar differences (Figure 5.4; 
Table 5.1). The pH values during the trial did not show major symmetric differences in the 
three systems and fluctuated between 8.1 and 8.7 (Figure 5.2b; Table 5.2). 
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Table 5.2. Means and standard deviation of main measured water parameters during the 35 
days of the experiment (n = 11). 

 System AER1 System ANA2 System RAS3 (Control) 
DO4 (mg/L) 8.5 ± 0.3 8.4 ± 0.3 8.6 ± 0.3 

Water Temperatures (°C) 22.9 ± 1.3 22.6 ± 1.6 21.2 ± 1.6 
EC5 (μS/cm) 895.5 ± 59.8 766.6 ± 41.2 725.1 ± 49.2 

pH 8.4 ± 0.2 8.5 ± 0.2 8.5 ± 0.2 
1 supernatant from the aerated reactor; 2 supernatant from the anaerobic reactor; 3 water from a recirculating 

aquaculture system; 4 dissolved oxygen; 5 electrical conductivity. 

 
Figure 5.2. Variation of (a) electric conductivity (EC) and (b) pH (on a scale from 8.1 to 8.7) in the 
sump of the aerobic (AER), anaerobic (ANA), and RAS systems over the 35-day experimental period. 

 



73 
 

 
Figure 5.3. Concentrations of (a) nitrate; (b) sodium; (c) phosphate; (d) potassium; (e) calcium; and 
(f) sulfate in the sump of the aerobic (AER), anaerobic (ANA), and RAS systems over the 35-day 
experimental period. 

 
Figures 5.4 and 5.5 show the macro- and micronutrient concentrations in the aerobic and 
the anaerobic supernatant at the beginning of the experiment. It must be mentioned that, 
due to ICP analysis, we do not have any information about the form of the analysed metals 
(i.e., to what degree they are chelated). The results in Figure 5.5 show an increased 
manganese (Mn) concentration in the aerobic supernatant. According to Resh (2013), the 
optimum Mn in hydroponic solutions ranges between 0.5 and 0.8 ppm, which is in 
compliance with the concentration in the aerobic supernatant before being diluted in the 
experimental system. Upon dilution, deficiencies of Mn would be expected in both systems, 
but to a higher degree in System ANA. Micronutrients in the RAS water were not measured. 
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Figure 5.4. Nutrient composition of both undiluted AER and ANA supernatants as well as 
Recirculating Aquaculture System (RAS) water at the beginning of the experiment. 

 
Figure 5.5. Micronutrients of the undiluted AER and ANA supernatant additives at the beginning of 
the experiment. 

 
The observed AER and ANA supernatant nutrient values (Figures 5.4 and 5.5) were 
relatively stable throughout the whole experiment. However, four days before the end of the 
experiment, we observed an unexplainable drop in the redox potential in the aerobic 
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reservoir—the sludge blackened within. Additional analysed IC data showed that only NO3 
and NO2 levels were affected. The corresponding drop in NO3 concentration can be seen in 
Figure 5.3a, where the graphs of System AER and ANA are not congruent anymore within the 
last couple of days. Apart from the different forms of nitrogen, the remineralization 
performance of both reservoirs was similar. However, we hypothesize that a better 
remineralization performance can be expected when using other methods of anaerobic 
digestion such as upflow anaerobic sludge blanket (UASB) treatments with granular sludge 
(Mirzoyan et al., 2012; Mirzoyan and Gross, 2013; Suhr et al., 2015), including a longer start-
up time that ensures the presence of sufficient anaerobic bacteria, which tend to grow slower 
than aerobic bacteria. 
 
Another interesting finding is that SO4 was present in the sump of System ANA (Figure 5.3f) 
at the beginning of the experiment, but was not found in the anaerobic supernatant (Figure 
5.4). These results show that the aerobic remineralization performance was slightly more 
effective than the anaerobic treatment. It can clearly be seen that the main nitrogen species 
in RAS water was NO3, compared with the aerobic and especially the anaerobic supernatant 
additives (Figure 5.4). Here, in the anaerobic supernatant, NO3 was already reduced to NH4. 
It should also be mentioned that the aerobic effluent contained almost three times as much 
SO4 than the RAS water, whereas the anaerobic effluent did not contain any SO4 at the time 
the sample was taken. This, however, can be explained by the fact that sulphate gets 
converted to H2S—which has not been measured—under anaerobic conditions (Gangagni 
Rao et al., 2003). This assumption is supported by Krayzelova et al. (2015), who report 
oxidation of H2S to SO4 under aerobic conditions. Thereby, H2S, which is hazardous to plants, 
is eliminated. Congruently, in our study, a SO4 peak was observed on Day 18 (Figure 5.3f). 
The decrease of SO4 in System ANA cannot be directly explained, but we hypothesize that 
bacteria and fungi might have stimulated its uptake by the plants. Furthermore, SO4 
accumulated to a concentration of about 8 mg/L in System AER due to oxidation of all 
sulphur components. 
 
Concentrations of six nutrients—NO3, Na, PO4, K, Ca, and SO4—within the Systems AER and 
ANA over the experimental period of 35 days are shown in Figure 5.4. In contrast to the 
anaerobic supernatant, NH4 was not found in any of the systems, which is plausible, as 
aeration assures the oxidation of NH4 to NO3. 
 
Unexpectedly, lettuce had better growth in System ANA (Figure 5.6). The opposite effect was 
observed with regard to the root growth of the plants (Figure 5.7), leading to a higher shoot-
to-root ratio of System ANA (2.14) compared with Systems AER (1.39) and RAS (1.30). With 
respect to the general nutrient uptake of plants, Liebig′s law of the minimum must be 
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considered, which indicates that the nutrient that is least present determines the maximum 
growth rate. Still, Figures 5.3–5.5 do not indicate that there was any nutrient that was not 
available in System AER but present in System ANA. However, Lynch et al. (2012) report that 
an increased shoot-to-root ratio is particularly marked with an increased N supply, which 
was not observed in our experiment. 
 

 

 
Figure 5.6. Lettuce shoot fresh weight in the aerobic (AER), anaerobic (ANA), and RAS systems after 
35 days. Different letters indicate significant differences (Tukey’s HSD, n = 12, p < .05). Descriptive 
statistical data of this box plot can be found in Table 5.3. 

 
Figure 5.7. Lettuce root fresh weight in the aerobic (AER), anaerobic (ANA), and RAS systems after 
35 days. Different letters indicate significant differences (Tukey′s HSD, n = 12, p < .05). Descriptive 
statistical data of this box plot can be found in Table 5.3. 
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Table 5.3. Descriptive statistical data for shoot and root fresh weight in g. 

 Shoots Roots 
System AER System ANA System RAS System AER System ANA System RAS 

Min. 77.1 105.0 49.0 62.3 56.9 58.0 
1st Quantile 81.8 120.9 78.2 71.1 61.9 68.3 

Median 97.8 132.6 97.7 75.7 64.4 71.8 
Mean 104.8 137.4 92.4 75.5 63.9 70.8 
3rd 

Quantile 116.4 151.1 100.2 78.0 66.6 73.5 

Max. 154.4 182.5 153.5 94.7 68.8 83.9 
 
There are several plausible explanations for the increased shoot-to-root ratio observed in 
the system ANA. Firstly, the utilization of NH4 provided by the ANA is energetically more 
favourable for most plants, since in most cases NO3 has to be converted to NH4 by the plant 
(Gangagni Rao et al., 2003). Moreover, the uptake of one of these two N-sources also seems 
to be pH-dependent. Jones (2005) reports that plants prefer NO3 in acidic environments, 
whereas NH4 is the favoured nitrogen source in alkaline environments. Since the pH values 
in the three systems were between 8.1 and 8.7, NH4 is the preferred nitrogen source for the 
plants. In addition, several authors (Jones, 2005; Marschner, 2012; Sonneveld, 2002) have 
suggested or reported that NH4 boosts plant growth if it represents a small proportion of the 
nitrogen available. For instance, it has been observed that a proportion of 30% of NH4 
increased the lettuce harvest in a dripping irrigation system (Savvas et al., 2006). This is in 
accordance with Sonneveld (2002) and Jones (2005), who state that a supply of 10%–15% 
and 25% of NH4, respectively, is optimal for most plants grown on substrates. Contrary to 
standing aerated systems, even 5% of NH4 could stimulate NO3 uptake in constantly operated 
systems like the ones used in this experiment. This is attributed to the fact that the specific 
nitrogen uptake is water-flow-dependent. That is, the lower the NH4 concentration, the 
higher the flow should be (Jones, 2005). In our case, the NH4 content of the anaerobic 
supernatant was high (Figure 5.4) and could have contributed to an increased uptake. 
However, since the system was highly aerated, nitrification must have occurred very fast. 
Measurements of the water were always taken one day after the supernatants were added. 
This could be the reason why we had not measured NH4 in the system. Secondly, the NH4 is 
also likely to lower the pH (which was considerably high) in the rhizosphere, leading to more 
favourable conditions to take up nutrients. Last but not least, the sodium level in ANA was 
slightly lower (Figure 5.3b). The sodium levels most likely did not slow down the growth 
performance of the lettuce plants, as the concentration was far below the salinity threshold 
(Hill et al., 1998; Stofberg et al., 2015). 
 
Even though pH values between 8.2 and 8.7 were measured in the sump of System ANA, the 
possibility that the pH in the rhizosphere of System ANA was temporarily lower than in the 



78 
 

other two systems cannot be excluded. This could have been caused by the addition of the 
ANA supernatant. To restore the electrochemical balance in root cells and nutrient solution, 
the uptake of cations (i.e., NH4) is balanced by a release of protons (H+) that decrease the 
rhizosphere pH (Dudal and Roy, 1995; Neumann and Römheld, 2012; Silber et al., 2004). A 
lower pH than the observed one in the sump, most likely would have caused an increase in 
nutrient uptake. The uptake of most macronutrients is optimal between pH values 6 and 8, 
whereas the uptake of micronutrients is better below pH 6 (Marschner, 1986; Silber et al., 
2004). In commercial hydroponic systems, the pH is typically around 5.5 and 6.0 (Resh, 
2012), which is much lower than the pH values reported here. 
 
With respect to the plant growth performance, there are several arguments that could 
explain an opposite effect. SO4 concentration could have restricted the growth of lettuce in 
System AER. However, just like the temporary H2S availability in system ANA, the observed 
SO4 concentration is much lower than recommended for hydroponic practice (Resh, 2012; 
Sonneveld and Voogt, 2009c). Another factor that decreases plant growth is a high COD level 
(Krishnasamy et al., 2012), which is much higher in anaerobic effluents than in aerobic 
effluents. Since our systems were highly aerated and showed a saturated DO level over the 
entire experimental period, we can reject this assumption. Besides COD, volatile fatty acids 
(VFAs) are present in high concentrations in anaerobic effluents, inhibiting shoot and root 
growth (Pang et al., 2007). All these factors are enforced in low pH environments, which was 
not the case in our experiment with pH between 8.1 and 8.7 in the sump. 
 
Another factor that could explain the results is that the anaerobic effluent contained 
substances that promote the shoot growth and nutrient uptake (Table 5.1). Literature 
indicates that these substances could be (1) dissolved organic matter (DOM) and (2) plant 
growth promoting rhizobacteria and/or fungi (PRPR and/or PGPF). Haghighi (2012) 
showed that the addition of humic acid to a hydroponic solution improved N metabolism and 
photosynthesis activity of the lettuce plants, which led to a higher yield. These findings are 
supported by Ruzzi and Aroca (2015), who state that PGPR can release phytohormones or 
induce hormonal changes within plants that stimulate plant cell elongation and division. 
Even though the results show better growth in the ANA treatment, this study did not look 
into human pathogens that might occur on the roots and leaves. This question could be 
addressed with metagenomics analyses of the present microbiota. 
 
 

5.4 Conclusions 
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This study examined the differences in lettuce plant growth performance comparing the 
addition of anaerobic and aerobic sludge effluents and RAS effluent to the hydroponic 
system. Our findings provide strong empirical confirmation that anaerobic effluents 
generally have a positive impact on plant growth. We hypothesize that the enhanced growth 
of lettuce in System ANA is a result of the added NH4 from the anaerobic fish sludge 
supernatant (Figure 5.4), which improves the nutrient uptake and at least temporarily 
lowers the pH in the rhizosphere that contributes to the same effect. Moreover, DOM, 
PRPR/PGPF, and humic acid that occur in anaerobic effluents could play an important role 
in the lettuce’s nutrient uptake and utilization. Although the scope in this study was limited 
in terms of regular measurements of the supernatant composition that might have changed 
within this period, the study clearly indicates enhanced growth performance when exposing 
the plants to anaerobic supernatant enriched RAS water. Furthermore, anaerobic digestion 
generally needs a start-up period of several months to reach full efficiency, which was not 
fully realized. Further studies should focus on a better understanding of the factors that led 
to these results, as well as the determination of the optimal dilution of anaerobic supernatant 
with RAS water. Within the framework of decoupled aquaponic systems, this information is 
encouraging with regard to the development and implementation of anaerobic nutrient 
recycling from sludge, improving resource utilization and reducing nutrient emissions in 
aquaponics. It would also be interesting to see whether a cumulative effect can be observed 
when exposing plants to a hydroponic solution that contains ANA supernatant as well as RAS 
water. 
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Chapter 6 

Navigating towards Decoupled Aquaponic 
Systems: A System Dynamics Approach 

 
 
 
This chapter is based on:   
Goddek, S., Espinal, C., Delaide, B., Jijakli, M., Schmautz, Z., Wuertz, S., Keesman, K. (2016): 
Navigating towards Decoupled Aquaponic Systems: A System Dynamics Design Approach. 
Water 8, 303. 
 
 

Abstract 
The classical working principle of aquaponics is to provide nutrient-rich aquacultural 
water to a hydroponic plant culture unit, which in turn depurates the water that is returned 
to the aquaculture tanks. A known drawback is that a compromise away from optimal 
growing conditions for plants and fish must be achieved to produce both crops and fish in 
the same environmental conditions. The objective of this study was to develop a theoretical 
concept of a decoupled aquaponic system (DAPS), and predict water, nutrient (N and P), 
fish, sludge, and plant levels. This has been approached by developing a dynamic aquaponic 
system model, using inputs from data found in literature covering the fields of aquaculture, 
hydroponics, and sludge treatment. The outputs from the model showed the dependency of 
aquacultural water quality on the hydroponic evapotranspiration rate. This result can be 
explained by the fact that DAPS is based on one-way flows. These one-way flows results in 
accumulations of remineralized nutrients in the hydroponic component ensuring optimal 
conditions for the plants. The study also suggests to size the cultivation area based on P 
availability in the hydroponic component as P is an exhaustible resource and has been 
identified one of the main limiting factors for plant growth. 
 
 
 

6.1 Introduction 
Aquaponics may be defined as an integrated quasi closed-loop multi-trophic food production 
system comprising a recirculating aquaculture system (RAS) and a hydroponic unit. In an 
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aquaponic system, the nutrient-enriched water derived from the fish is directed to the 
hydroponic unit providing nutrients for plant growth. The appeal of aquaponics lies on its 
capacity to produce aquatic animals (e.g., fish, crayfish, etc.) and plants (e.g., vegetables, 
herbs, medical plants, fruits, etc.) in an environmentally-friendly way, ensuring high levels 
of water reuse (Rakocy 2012) and nutrient recycling (Graber and Junge, 2009b; Vermeulen 
and Kamstra, 2013). Despite varying water quality requirements in both RAS and 
hydroponic production units, the traditional aquaponics practice has been based on 
compromising the needs of plants and fish within a single water process loop, thereby 
reducing the efficiency of aquaponic systems compared to the sum of single crop production, 
fish and plant, respectively (Goddek et al., 2015). Although many aquaponics systems are 
constructed and operated as a recirculating loop, commercial growers and researchers carry 
on expanding this initial aquaponics system design towards an independent control over 
each system unit (i.e., RAS, hydroponics, and nutrient recovery via sludge remineralization). 
Systems where fish, plants and, if applicable, remineralization are integrated as separate 
functional units comprising individual water cycles that can be controlled independently, are 
called decoupled aquaponic systems (DAPS). Still, as a matter of fact, system design aims at 
a high degree of self-sufficiency of the entire system. Components are consequently designed 
and sized in the way that the required manipulation to adjust conditions within the cycle can 
be minimized. Recently, Kloas et al. (2015) presented a DAPS comprising a RAS and a 
hydroponic unit arranged as two individual water cycles, where water loss due to 
evapotranspiration of the plants was replaced on demand via a one way valve from the RAS, 
which in turn was refilled with tap water. Thereby, an improved control of the nutrient flows 
as well as optimized species-specific water conditions in both units were achieved. The fate 
of this approach is that the water consumption (i.e., mainly evapotranspiration rate) is the 
decisive factor of DAPS, as it defines the water replacement and water quality in the RAS as 
well as the nutrient supply for the plants, if no additional supplementation/fertilization is 
carried out. Consequently, understanding the impact of water and nutrient flows within such 
systems is crucial for determining their conceptual framework. 
 
Growth advantages of DAPS have been observed in lab-scale experiments (Delaide et al., 
2016a; Goddek, 2016). Delaide et al. (2016a) observed an increased plant growth of 39% 
compared to a pure hydroponic control nutrient solution when supplementing the 
hydroponic component with additional fertilizer. Moreover, Goddek (2016) showed that 
anaerobic digestates also increased plant growth. To our knowledge, the concept of DAPS 
has not yet been applied to systems comprising more than two units. In this study, we 
extended the concept by integrating a third functional unit for the remineralization of RAS 
derived sludge. Similar to a food web, a number of functional units representing different 
trophic levels such as autotrophic producers (plant crops), heterotrophic consumers (fish, 
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crustaceans, molluscs) and decomposers (remineralization unit) could be arranged in 
individual, though communicating water cycles, providing a better control of the nutrient 
flows and increasing the efficiency of the production and reducing emissions further. Most 
importantly, such concept may allow for better fine tuning of nutrient flows between several 
units and may add stability with regard to imbalances or disturbances. 
 
Nutrient dynamics in one-loop integrated aquaculture-hydroponic systems have first been 
investigated by Seawright et al. (1998b). However, nutrient flows and accumulations were 
not comprehensible due to unreported nutrient supplementations. A nitrogen (N) balance 
study for one-loop aquaponic systems was conducted by Graber and Junge (2009b) and 
Licamele (2009), who observed that growth of hydroponic and aquaponic lettuce was 
similar even though the lettuce in the hydroponic system was exposed to a solution with a 
higher nutrient concentration. Another mass balance study has been conducted by Neto and 
Ostrensky (2013) who estimated the nutrient load and waste productions in tilapia cage 
production systems. Regarding the nutrient flow from RAS to the plants in one-loop systems, 
several authors have made examinations of this issue and observed low levels of P, 
potassium, magnesium, manganese, iron, and sulphur (Adler et al., 1996; Graber and Junge, 
2009; Licamele, 2009; Rakocy, 2012; Roosta and Hamidpour, 2011; Savidov et al., 2007). 
Consequently, the plant growth performance could probably even be improved by providing 
a sufficient amount of nutrients, which can either be achieved by supplementation (Goddek 
et al., 2015; Rakocy et al., 1997), or remineralization of fish sludge as observed in several 
studies comprising mass balance approaches (Mirzoyan et al., 2012, 2010; Mirzoyan and 
Gross, 2013). 
 

6.2 Objectives and Scope 
Typically, models are created to understand, predict, and control complex dynamic systems 
(Sterman, 2000). The scope of this study is to develop a system dynamics model for N, 
phosphorus (P), water, fish, plants, and sludge (aquacultural biosolids), based on a 
decoupled system approach. The reason why the macronutrient P is used in this paper is due 
to the fact that it is an exhaustible resource (Sverdrup and Ragnarsdottir, 2011). Even 
though it is mostly sufficiently available in the fish feed, other more available nutrients can 
be supplemented to the hydroponic component. The system dynamics model of this study 
can be used to design and further optimize systems. The main objective of this paper is to 
present a theoretical design approach for DAPS by addressing the scope’s conceptual 
criteria, and coping with design drawbacks based on the model’s outcome. The model 
elaborated in this paper assesses the system’s organic loading rates to achieve optimal 
conditions for both hydroponic and RAS components of the system under given conditions. 
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This will lead to a perspective that covers the evaluation regarding the need for further 
studies that have to be pursued to develop and improve a plant-wide model for decoupled 
aquaponic systems. 
 

6.3 Methodology and Data Sources 

6.3.1 Dynamic Systems Analysis 
Dynamic systems analysis was used to evaluate the N, P, fish (i.e., tilapia), plant (i.e., lettuce 
plant), and water balance within DAPS. This method also enabled us to assess the impact of 
a remineralization component on the overall system’s performance, as well as sizing the 
hydroponic part depending on different evapotranspiration rates. However, as a basis for 
physically-based dynamic modelling, as opposed to data-driven modelling, well-grounded 
flow charts and causal loop diagrams (CLD) are required (Sterman, 2000). Whereas 
flowcharts provide an overview of all procedures considered necessary in the context of a 
comprehensive diagnostic process, CLDs represent a fundamental tool to understand and 
illustrate complex systems. Both served as foundation plans and constituted the basis for the 
software computer model. 
 
Although CLDs are a good tool to identify causal relationships between activities or events 
and their latent effects, they need to be combined with the factor time to simulate and reveal 
short to long term impact factors and changes due to e.g., accumulations, fluctuations in 
temperature and fish biomass, etc. The resulting system dynamics models allow analysing 
the interplay of key factors in order to reveal key leverage points and optimal conditions and 
system settings. Here, the specific system modelling software AnyLogic was used 
(Borshchev, 2013). For the CLDs the following choices were made: (1) RAS, hydroponics, 
and sludge remineralization are displayed independently to constitute the need for different 
conditions in each sub-system; and (2) in the RAS component, a nitrifying biofilter is 
included in the model. Laying the basis for the models, assumptions for the flow charts are: 
(1) there is no need to exchange water in addition to the water replacement as consequence 
of evapotranspiration; (2) it is provided that the RAS components contain biofilters of 
adequate size to fully transform total ammonia nitrogen (TAN) into nitrate; and (3) nutrient 
supplementations for the hydroponic units are not taken into account. 
 
The system dynamics model simulations were based on a decoupled system with four fish 
tanks. The modeling procedure was divided into four steps: (1) Before N, P, water, tilapia, 
lettuce, and sludge flows were simulated, a parameter variation experiment was run in order 
to estimate the amount of fish that needed to be incorporated to the system to have a 
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maximum stocking density of 50 kg·m−3. For higher densities the use of pure oxygen could 
be required; (2) Given this data, the plant cultivation area for maximum nitrogen-nitrate (N-
NO3) water concentration for sensitive and resistant fish species (i.e., trout and tilapia) was 
simulated using a parameter variation experiment depending on crop evapotranspiration 
rates (ETc) under natural and artificial light conditions. For trout the limit was set to 40 
mg·L−1 N-NO3 (Davidson et al., 2014, 2011; Schrader et al., 2013), for tilapia to 200 mg·L−1 
N-NO3; (3) P was used as an alternative design parameter to size the hydroponic component 
since it is often limiting plant growth and global mineral resources are finite. However, if the 
obtained size suggestion does not correspond with the needed water exchange rates, active 
denitrification in the RAS is required. For this study, an optimization step was conducted, 
which determined the amount of lettuce that can be produced with RAS-derived nutrients 
and remineralized P inflow from an anaerobic nutrient remineralization component (ANRC). 
In this study, the ANRC was composed by an upflow anaerobic sludge blanket (UASB) 
reactor. UASB reactor performance parameters were used to determine the remineralization 
rates; (4) Given the P parameter the flow of the UASB was determined. 
 

6.3.2 FAO Penman-Monteith Equation 
The evapotranspiration rate is dependent on net radiation, temperature, wind velocity, 
relative humidity, and crop species (Bonachela et al., 2006; FAO, 1998). Net solar radiation 
can be determined using the FAO Penman-Monteith equation (FAO, 1998). This equation is 
initially developed for outdoor environments, but can be adjusted for greenhouse crop 
production (Bonachela et al., 2006; Zolnier et al., 2004). Instead of a total dependency on 
nature, both greenhouse characteristics and climate control equipment have a high impact 
on the evapotranspiration (Boulard, 2003; Jolliet and Bailey, 1992). Fernández et al. (2010) 
report a reduced reference evapotranspiration (ETo) by 21.4%, when using plastic 
greenhouses in Spain. Greenhouses also reduce the wind speed considerably, which has a 
reducing impact on the reference evapotranspiration (Fernández et al., 2010; Möller and 
Assouline, 2006). Surface covers as they are used, for instance in nutrient flow techniques 
(NFT) or deep water culture (DWC) methods are reported to reduce the single crop 
coefficient (Kc) (FAO, 1998) that is multiplied with the reference evapotranspiration to 
receive the crop evapotranspiration. Licamele (2009) reported that plant density of 32 
lettuce plants m−2 required 1 L of water each. These findings were consistent with the 
estimated covered single crop coefficient (Figure 6.1). Therefore a comparative analysis was 
conducted with AnyLogic to estimate the range of expected evapotranspiration rates under 
constant lighting conditions of 200 W·m−2 for 16 h·day−1 and the sole use of natural light. 
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Figure 6.1. Lettuce crop coefficient for non-covered and surface covered cultivation assuming 
planting of seedlings after 15 days (in the graph shown as day 0). 

 
Knowing both ETo and Kc, the crop evapotranspiration in m3 per m2·day−1, and typically 
expressed in mm·day−1, was estimated as follows: 

ETc =  ETo × 𝐾𝐾c (6.1) 

where ETc is the crop evapotranspiration (mm·day−1), Eto the reference evapotranspiration 
(mm·day−1), and Kc the plant coefficient for lettuce (dimensionless). 
 
The reference evapotranspiration for the natural light option has been estimated based on 
measured hourly solar radiation data for Köln-Bonn (Table 6.1), Germany (50°47′ N; 7°5′ E) 
of 2014 (Deutscher Wetterdienst, 2015) representative for the Central European region. The 
temperature range within the greenhouse was determined at 20–24 °C, the relative humidity 
set between 60% and 80%. It was assumed that the greenhouse glazing transmittance 
reduces incident radiation by 10%. The shading factor due to construction and surrounding 
reduced it by another 15%, which made us assume that the net radiation of natural light 
under greenhouse conditions decreased by 25%. Figure 6.2 shows the estimated ETo 
difference under natural and artificial lighting. The natural lighting reference 
evapotranspiration can be expressed in to the following formula, which refers to the natural 
lighting curve in Figure 6.2 (r2 = 0.994; statistical measure of how close the data are to the 
fitted regression line): 

ETo  =  2.758 × exp (−0.5 × ((𝑋𝑋 − 6.14)/2.36)2) (6.2) 

where X is the time in months. 
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Table 6.1. Observed sunshine hours (per month) and the respective estimated reference 
evaporation (ETo in mm/day) for Köln-Bonn. 

Paramet
ers 

Janua
ry 

Februa
ry 

Marc
h 

Apri
l 

May June July 
Augu

st 
Septemb

er 
Octob

er 
Novemb

er 
Decemb

er 

Sun 73.4 75.8 
187.

5 
143.

9 
168.

8 
212.

1 
209.

8 
150.7 135.4 99.6 68.1 18.0 

ETo 0.18 0.53 1.30 1.82 2.36 2.76 2.64 1.99 1.36 0.70 0.26 0.17 

 
Figure 6.2. Reference evapotranspiration (ETo in mm/day) upon plain natural lighting (Köln-Bonn) 
or at constant radiation using (additional) artificial light. 

 
6.3.3 Input Data and Parametrization for RAS 
The modelled RAS comprised four fish tanks with a volume of 1 m3 each. Additional RAS 
components (i.e., biofilter, drum filter, sump, etc.) add another 3 m3 of volume. The RAS 
water temperature is held stable at about 28 °C. Temperature is an important factor for fish 
growth and its influence on tilapia growth (cm·month−1) can be predicted given the 
following formula for a maximum temperature of 29.5 °C (Timmons and Ebeling, 2013): 

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺ℎ (cm · month−1) =  
𝑇𝑇 − 18.3

3.28
 (6.3) 

where T is the average temperature (in °C) of the RAS. 
 
Knowing the fish length allows to calculate the fish weight (Timmons and Ebeling, 2013): 

𝑊𝑊𝑇𝑇 =  
2.08 × 𝐿𝐿 3

3.28
 (6.4) 

where WT is the weight of the tilapia (in g), and L the length of tilapia (in cm). 
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In the model, fingerlings 10 cm in size were sequentially added to the fish tanks. The total 
fish growth cycle was set at 200 days. Thus, every 50 days fish were harvested and re-added 
to one of the fish tanks. The fish were fed with species specific feed with a protein content of 
35%, of which 9.2% of proteins become TAN (Timmons and Ebeling, 2013, p. 289). The 
feeding rate was calculated based on a percentage of body weight that, in turn, was 
depending on the feed conversion ratio (FCR) (Timmons and Ebeling, 2013). It was assumed 
that the optimal FCR is 1.1–1.3 for tilapia depending on their growth stage (Timmons and 
Ebeling, 2013, p. 82), even though in aquaponics FCRs of 1.7–1.8 have been observed 
(Rakocy et al., 2006). It was also assumed that water quality parameters of the RAS lie within 
acceptable limits (Table 6.2) and did not have any impact on the mortality rate. The main 
factor for the fish’s survival rate was thus the density (Gullian-Klanian and Arámburu-
Adame, n.d.). The passive denitrification rate was 10% (Timmons and Ebeling, 2013). The 
fish feed uptake rate (i.e., the percentage of feed the fish actually consume) was assumed 
being 95% (Timmons and Ebeling, 2013). 
 

Table 6.2. Optimal growth parameters for tilapia. 

Parameter Threshold for Optimal Growth References 
TAN (mg/L) <2.9 (El-Shafai et al., 2004) 
NO2−-N (mg/L) <0.5–1 (Al-Hafedh et al., 2003) 
NO3−-N (mg/L) <100–200 (Dalsgaard et al., 2013) 
T (°C) 27–29 (DeLong et al., 2009) 
O2 (mg/L) 4–6 (Eding et al., 2009) 
pH 6–9 (DeLong et al., 2009) 
Photoperiod 18L:6D (Veras et al., 2013) 

 
Given these parameters, the optimization experiment that has been conducted with 
AnyLogic with the decision variable “amount of fish” suggested to start with 60 fingerlings 
to gain a fish biomass of approximately 50 kg·m−3 fishes per tank after 200 days. 
 

6.3.4 Input Data and Parametrization for Hydroponics 
The growth cycle for lettuce was set at 35 days. They were grown in DWC systems with a 
depth of 30 cm. The inflow from the RAS to the DWC was determined by the 
evapotranspiration rate, that is ETc times area of the hydroponic system, and is given by: 

Hydroponic inflow from RAS = Evapotranspiration − inflow from ANRC (6.5) 

where ANRC represents the anaerobic nutrient remineralization component. 
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Under optimal conditions, lettuce head weights of 150 g can be achieved 4 weeks after 
transplanting the seedlings into the hydroponic system (Rakocy et al., 2006; Resh, 2012). 16 
lettuce plants were cultivated per m2, each of which takes up 6 g of N and 50 mg of P within 
the growth cycle (Licamele, 2009). 
 

6.3.5 Input Data and Parametrization for Remineralization 
Nitrate and nitrite are degraded to ammonia and dinitrogen gas under anaerobic conditions 
(Appels et al., 2008). Both Zhao et al. (2015) and Cuervo-López et al. (1999) observed nitrate 
and nitrite degradation efficiencies of approx. 99% in UASB reactors operating with an 
hydraulic retention time (HRT) of 9–12 days and 2 days, respectively. Mirzoyan and Gross 
(2013) show similar nitrate and nitrite removal rates. However, in their work, the effluent 
consisted of 17.7 mg·L−1 TAN (for every 102 g·kg−1 entering the UASB reactor) at an HRT of 
8 days and a total suspended solids sludge concentration of 3.8%. The N composition of the 
inflowing sludge is a sum of N water content and N in dry matter sludge. The composition of 
the latter has been shown by Neto and Ostrensky (2013), who report an N content of 
approximate 15% of dry sludge for a feed N content of 5.3%, and a P feed content of 1.5% 
(Neto and Ostrensky, 2013; Roosta and Hamidpour, 2011). 
 
The volume of the UASB reactor has been determined by the following HRT formula: 

HRT (h) =  
Reactor Volume (m3)
Flow Rate (m3 h−1)

 (6.6) 

where HRT is the hydraulic retention time in hours. 
 
The desired HRT was 10 days, because it showed best digestion performance recently 
(Mirzoyan and Gross, 2013). Since an HRT of 10 days cannot practically fulfill this 
requirement, an additional circulation pump was required for each UASB reactor. The flow 
rate going into the reactor has been determined by the amount of daily sludge produced by 
the fish, which has been recovered from the settling basin (see Figure 6.3) with a specific 
TSS. In our case the sludge retention time (SRT) was 80 days considering that the sludge 
blanket occupied 60% of the volume of the reactor with a TSS of 3%. The amount of sludge 
withdrawn on a daily basis has been assumed to be 10% of the organic loading rate (ORL); 
i.e., of the added fresh sludge. Mirzoyan and Gross (2013) showed a fresh sludge TSS removal 
of 90%. The same TSS removal has been assumed in this study. 
 

SRT (d)  =  
Total sludge present in reactor (kg)

sludge withdraw (kg d−1)
 (6.7) 
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An upflow velocity of 0.5 m·h−1 must be maintained to keep the sludge blanket in suspension 
(Lettinga and Pol, 2011). The upflow velocity formula is as follows. 

Vup =  
H

HRT
 (6.8) 

where Vup is the upflow velocity (m·h−1), H is the reactor height (m), and HRT is the hydraulic 
retention time (h). 

6.4 Theory 

6.4.1 Decoupled System Design 

6.4.1.1 Justification for Decoupled Systems 
Nitrate concentrations in aquaponic systems can be controlled either by water exchange, 
plant uptake, and/or denitrification through anoxic bacterial reduction. Water exchange 
rates can be determined via mass balance, whilst N removal by denitrification or plant 
uptake must be calculated using available information on N removal rates by different plants 
and denitrification reactor configurations. Unlike N, which is present in aquaponics mostly 
in dissolved forms that tend to accumulate, several important plant nutrients are found 
almost exclusively in biosolids originating from uneaten food and faeces. 
 
Until recently, the principal focus of publications in the field of aquaponics was mostly on the 
availability, concentration, and accumulation of nitrate, which has been considered the most 
important macronutrient for vegetative growth. Even though it increases the complexity of 
the overall process and is not a focus of this paper, it is inevitable to address the accumulation 
of all micro- and macronutrients that are necessary for optimal growth conditions. This 
becomes more relevant given the fact that in DAPS the nutrient accumulation in the 
hydroponic component results from several sources (i.e., inflow from RAS, inflow from 
remineralization component, and nutrient supplementation) and reduces dilution due to the 
fact that the ANRC outflows only dilutes in the hydroponic component instead of system-
wide. As the specific nutrient needs of fish and plants depend on a large number of 
dependencies and interactions, design trade-offs towards best practicable means need to be 
made, to achieve best possible conditions for both the fish and the plant and thus the 
optimization of the sub-systems with regard to the use/recycling of nutrients. These 
heterogeneous conditions of the respective sub-systems and their impact on nutrient 
accumulation have a significant effect on the overall system performance. 
 
The advantages of independently controllable components are underlined in the Tables 6.3 
and 6.4. The in Table 6.3 given examples of optimal conditions for different plant and fish 
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species, as well as the bio filtration and ANRC components are cases in point. The more the 
conditions of RAS and hydroponics deviate from their optimal conditions, the lower the 
production efficiency that can be expected. Instead of accounting for trade-offs between 
those component parts, the objective should be to provide the best practicable conditions 
for each component and combination of species. Even though similar growth performances 
between aquaponics and hydroponics have been observed, optimizing the respective 
conditions could lead to an enhanced fish and plant growth (Delaide et al., 2016). This is only 
achievable in independently controlled and running sub-systems. This concurs with Table 
6.4. Here too, one can see major differences in environmental and nutritional factors. The 
significant difference in terms of nutrient concentration can be explained by the fact that 
trade-offs have to be made with respect to plants’ and fish’ specific needs, which is the reason 
for these gaps. 
 



 

92
 

 Ta
bl

e 
6.

3.
 O

pt
im

al
 c

on
di

tio
ns

 fo
r 

di
ffe

re
nt

 fi
sh

 in
 R

AS
 (

i.e
., 

til
ap

ia
, E

ur
op

ea
n 

pe
rc

h 
an

d 
ra

in
bo

w
 tr

ou
t)

, p
la

nt
 s

pe
ci

es
 in

 h
yd

ro
po

ni
c 

co
nd

iti
on

s (
i.e

., l
et

tu
ce

 a
nd

 to
m

at
o)

, b
io

fil
tr

at
io

n 
ef

fic
ie

nc
y 

be
in

g 
a 

pa
rt

 o
f R

AS
, a

nd
 a

na
er

ob
ic

 d
ig

es
tio

n.
 

Su
b-

Sy
st

em
 

Sp
ec

ie
s/

Ty
pe

 
pH

 
EC

 (m
S·

cm
−

1 )
 o

r 
Sa

lin
ity

 
Op

tim
al

 T
em

p 
(°

C)
 

Am
m

on
ia

 
(m

g·
L−

1 )
 

Di
ss

ol
ve

d 
Ox

yg
en

 (m
l·L

−
1 )

 

H
ar

dn
es

s 
(C

aC
O 3

 in
 

m
g·

L−
1 )

 

RA
S 

Or
eo

ch
ro

m
is

 
ni

lo
tic

us
 (N

ile
 

til
ap

ia
) 

7–
9 

(R
os

s, 
20

00
) 

sa
lin

ity
: <

15
‰

 
(A

lfr
ed

o 
an

d 
H

ec
to

r, 
20

02
) 

29
.5

 (T
im

m
on

s 
an

d 
Eb

el
in

g,
 

20
13

);
 2

7–
30

 
(E

l-S
ay

ed
, 2

00
6)

 

<
0.

1 
N

-N
H

4 
(E

l-S
ay

ed
, 

20
06

) 

Op
tim

al
: 5

.0
 

(D
eL

on
g 

et
 a

l.,
 

20
09

) 
 

On
co

rh
yn

ch
us

 
m

yk
is

s (
Ra

in
bo

w
 

tr
ou

t)
 

6.
5–

8.
5 

(F
AO

, 
20

05
b)

 

sa
lin

ity
: <

26
‰

 
(F

in
st

ad
 e

t a
l.,

 
19

88
) 

15
 (A

ze
ve

do
 e

t 
al

., 2
01

1;
 C

og
hl

an
 

an
d 

Ri
ng

le
r, 

20
05

) 

<
0.

01
25

 N
-

N
H

3 
(W

es
tin

, 
19

74
) 

~
10

0%
 (F

AO
, 

20
05

b)
 

>
20

0 
(B

ar
to

n,
 

19
96

; 
W

ed
em

ey
er

, 
19

96
);

  
10

–4
00

 (F
AO

, 
20

05
b)

 

Cl
ar

ia
s g

ar
ie

pi
nu

s 
(C

at
fis

h)
 

7 
(F

AO
, 

20
10

) 

sa
lin

ity
: 0

‰
–4

‰
 

(W
el

lb
or

n,
 1

98
8)

; 
<

4‰
–6

‰
; 

op
tim

um
 0

.5
‰

 
(T

uc
ke

r a
nd

 
H

ar
gr

ea
ve

s, 
20

04
) 

25
–3

0 
(T

uc
ke

r 
an

d 
H

ar
gr

ea
ve

s, 
20

04
);

 2
8 

(F
AO

, 
20

10
) 

<
2.

5 
N

-N
H

3 
(F

AO
, 2

01
0)

 

Op
tim

al
: 5

–6
 

(H
or

vá
th

 e
t a

l.,
 

20
02

) 

>
20

–3
0 

(T
uc

ke
r a

nd
 

H
ar

gr
ea

ve
s, 

20
04

) 

Sa
nd

er
 lu

ci
op

er
ca

, 
sy

n.
 S

tiz
os

te
di

on
 

lu
ci

op
er

ca
 (P

ik
e-

Pe
rc

h)
 

6.
5–

8.
2 

(F
AO

, 
20

12
c)

 
 

27
–2

8 
(F

AO
, 

20
12

c)
 

<
0.

40
 T

AN
 

(F
AO

, 2
01

2c
) 

>
50

%
 (F

AO
, 

20
12

c)
 

 

Bi
o 

fil
te

r 

Ni
tr

ob
ac

te
r 

7.
5 

(K
ee

n 
an

d 
Pr

os
se

r, 
19

87
), 

7.
8 

(T
ys

on
 e

t a
l.,

 
20

07
) 

 
20

–3
0 

(P
ar

ke
r, 

20
02

);
 2

4–
25

 
(H

ua
ng

 e
t a

l.,
 

20
10

) 

 
>

1 
(B

la
ck

bu
rn

e 
et

 a
l.,

 2
00

7)
 

 

Ni
tr

os
pi

ra
 

8.
3 

(B
la

ck
bu

rn
e 

et
 a

l.,
 2

00
7)

 
 

29
–3

0 
(H

ua
ng

 e
t 

al
., 2

01
0)

; 3
0–

35
 

 
 

 



93
 

 

(B
la

ck
bu

rn
e 

et
 

al
., 2

00
7)

 

Ni
tr

os
om

on
as

 
7.

8 
(T

ys
on

 e
t 

al
., 2

00
7)

 
 

20
–3

0 
(P

ar
ke

r, 
20

02
) 

 
 

 

H
yd

ro
po

ni
cs

 

La
ct

uc
a 

sa
tiv

a 
(L

et
tu

ce
) 

5.
5–

6.
5 

(R
es

h,
 2

01
3)

 
1–

2 
m

S/
cm

 (R
es

h,
 

20
13

) 
21

–2
5 

(R
es

h,
 

20
13

) 

<
10

 N
-N

H
4 

(S
on

ne
ve

ld
 

an
d 

Vo
og

t, 
20

09
d)

 

 
 

Ly
co

pe
rs

ic
on

 
es

cu
le

nt
um

 
(T

om
at

o)
 

6.
3–

6.
5 

(R
es

h,
 2

00
2)

 

>
2.

5 
re

du
ce

s 
yi

el
d 

(K
af

ka
fi 

an
d 

Ta
rc

hi
tz

ky
, 2

01
1)

 

18
–2

4 
(R

es
h,

 
20

02
) 

 
 

 

Di
ge

st
er

 
Up

flo
w

 A
na

er
ob

ic
 

Sl
ud

ge
 B

la
nk

et
 

re
ac

to
r (

UA
SB

) 

7.
4 

(C
he

n 
et

 
al

., 2
01

5;
 

M
ir

zo
ya

n 
et

 
al

., 2
01

2)
 

 
35

 (A
lv

ar
ez

 a
nd

 
Li

dé
n,

 2
00

8;
 L

u 
et

 
al

., 2
01

5)
 

 
~

0 
 

 Ta
bl

e 6
.4

. S
ug

ge
st

ed
 h

yd
ro

po
ni

c n
ut

ri
en

t s
ol

ut
io

n 
(p

pm
) v

s. 
ob

se
rv

ed
 a

qu
ap

on
ic

 n
ut

ri
en

t s
ol

ut
io

n 
(p

pm
) f

or
 le

tt
uc

e,
 a

nd
 th

e 
pe

rc
en

ta
ge

 
di

ffe
re

nc
e 

of
 a

qu
ap

on
ic

s w
ith

 re
sp

ec
t t

o 
op

tim
al

 h
yd

ro
po

ni
c c

on
di

tio
ns

. 

Sy
st

em
 

pH
 

EC
 

(m
S·

cm
−

1 )
 

N
-

N
O 3

 
N

-
N

H
4 

P- PO
4 

K 
Ca

 
M

g 
S- SO

4 
Fe

 
So

ur
ce

 

H
yd

ro
po

ni
cs

 
5.

5–
5.

8 
1.

5–
2.

0 
16

5 
25

 
50

 
21

0 
20

0 
40

 
11

3 
5 

(R
es

h,
 2

01
3)

 

Aq
ua

po
ni

cs
 

7.
0–

7.
6 

0.
7–

0.
8 

42
.2

 
2.

2 
8.

2 
44

.
9 

11
.

9 
6.

5 
15

 
2.

5 
(s

up
pl

.) 
(R

ak
oc

y 
et

 a
l.,

 2
00

4;
 R

ak
oc

y 
et

 a
l.,

 
19

97
) 

Ga
p 

to
 

Hy
dr

op
on

ic
s (

%
) 

 
 

74
.4

 
91

.2
 

83
.6

 
89

 
94

 
83

.
7 

86
.7

 
50

.0
 

 



94 
 

With respect to nutrient dynamics, the flow of each nutrient depends upon many factors 
including species, system design, biofilter performance, remineralization method, feed 
composition, etc. Around 25% of feed (dry matter) becomes sludge (Davidson and 
Summerfelt, 2005; Timmons and Ebeling, 2013). Neto and Ostrensky (2013) analyzed the 
nutrient compositions of sludge (Table 6.5). They report that 55% of the P that entered the 
system via the fish feed accumulates in sludge. The sludge is composed of 37% feces and 
18% non-consumed feed. The percentage of non-consumed feed, however, must be treated 
with caution as the data is collected from RAS cage breeding systems. Even though the values 
of Neto and Ostrensky (2013) base on cage breeding systems, our observed values (Table 6.5) 
are closer to these values, than to observations made by Rafiee and Saad (2005) in RAS. We 
observed similar concentrations, using fish feed consisting of 9.7% N and 1.7% P. However, 
more P accumulated in the fish than in the sludge. Yet, the implementation of remineralization 
technology has great potential to recycling a high proportion of macronutrients such as P, K, 
and N (i.e., if carried out under anaerobic conditions) etc. (Mirzoyan et al., 2012, 2010; Suhr et 
al., 2015). 

Table 6.5. Nitrogen (N) and phosphorous (P) flow from Nile tilapia feeding in RAS cage 
production. 

Parameters N (%) P (%) N (%) P (%) 
Neto and Ostrensky (2013) Personal Observations (RAS) 

Feed 100 100 100 100 
Fish retention 35 28 35–50 60–70 

Water (Soluble Excretion) 33 17 20–30 5–10 
Total Sludge 31 55 15–25 35–45 

Thereof non-consumed feed 18 18 5–10 5–10 
Thereof feces 13 37 10–15 30–35 

 
As compared to one-loop aquaponics, the nutrient flow in DAPS is slightly different. Figure 
6.8 illustrates the extent to which the sludge remineralization process can add to the 
development of an integrated system approach. Apart from nutrient supplementation, 
nutrient remineralization can be used to accumulate nutrients in the hydroponic component. 
This may have a commercial advantage, as the root:shoot ratio (i.e., the ratio between the 
edible parts and the residuals) of plants is dependent on nutrient concentration in the plant. 
According to Lambers et al. (2008) the root:shoot ratio of plants is decreased under 
sufficient presence of N, P, and very likely sulphate deficiency, which is the case in one-loop 
aquaponics systems. 
 
The most important principle in aquaponics design states that the nutrient load of the system 
can be balanced between both the nutrient load, as a function of fish biomass and feeding 
rate, metabolic conversion and subsequent excretion as well as uneaten feed and feces, and 
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the nutrient requirement of the plants (Licamele, 2009). Consequently, the determination of 
fish:plant ratios has become the most commonly used design approach for balancing the 
systems. However, as every plant and fish species have different nutritional needs that are 
also dependent on the growth stage/life-cycle and external factors (including system 
design), the exact determination of this ratio is complex, system-dependent and commonly 
carried out with empirical data. The more system designs are studied, the more accurately 
fish:plant ratios can be estimated and, as a consequence, the more efficient nutrient flows 
and yields can be managed. Although specific estimations might apply to a particular system 
setup, adopting this practice to size or balance entirely new designs without experimental 
evaluation can be problematic. 
 
Irrespective of the system’s input and the specific optimized nutrient solution, the nutrient 
uptake of plants is highly dependent on nutrient availability, illumination, temperature, pH, 
etc. These deviating optimal conditions are reflected by plant specific coefficients. Being able 
to select the best combination of plants and fish as well as feed that achieves the best possible 
water quality and thus growth performance provides a good argument for DAPS. Achieving 
the best possible water quality still remains a minor criterion in system design engineering. 
However, when both fish and plant species and their specific nutritional needs are known, it 
will be possible to predict the plant component size based on the estimation of the RAS 
nutrient loading as well as the remineralization capacity of the used digestion method. 
Several mathematical N-uptake models have been developed (Letey et al., 1982; Mathieu et 
al., 2006; Steingrobe and Schenk, 1994) and can provide a good estimation for the plants’ N-
consumption. However, the nutrient removal performance for different plant species and life 
stages under aquaponic conditions remains to be studied in order to be able to model the 
flows for all important nutrients within DAPS. 
 

6.4.1.2 Hardware Layout 
The schematic design of a DAPS layout is illustrated in Figure 6.3. It consists of three parts: 
(1) conventional RAS; (2) hydroponic component; and (3) ANRC. Implementing such an 
ANRC into an aquaponic system and following a one-way flow approach require several 
design considerations, which are outlined below: 
1. The RAS is intended to manage the fish sludge and to provide control over the most 

important water quality parameters (dissolved oxygen, TAN, suspended solids, and 
carbon dioxide). 

2. Since UASBs have a high denitrification potential that is dependent on both HRT and SRT, 
a direct one way flow from RAS to the hydroponic component is required to control the 
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nitrate dosing (i.e., provide the plants with N). This also includes a return overflow 
option; e.g., in case a sub-system needs to be re-coupled. 

3. Sludge thickening is a necessary prerequisite for the anaerobic digestion process 
(Mirzoyan et al., 2010). An offline settling tank prior to the UASB is used for this process. 
In practice, activated sludge denitrification reactors can be installed upstream of the 
UASB to use some of the carbon source to get rid of nitrate and reduce sludge volume 
(Klas et al., 2006). In our case, N is preferred to be kept in the system. However, N 
recovery in anaerobic sludge treatment is very much HRT dependent and only marginal, 
when exceeding an HRT over several hours (Mirzoyan et al., 2012). 

4. Hypothetically, digester effluents to RAS, even though they contain a high amount of 
sulfide, are not expected to affect water quality and therefore fish welfare due to dilution 
(Mirzoyan and Gross, 2013). This also applies for the hydroponics-RAS return overflow. 

5. Two mechanical filtration steps are used to minimize the TSS in the UASB effluent. 
6. The hydroponic system is a hybrid system that utilizes dosing systems to manage 

nutrients, pH, electrical conductivity (EC), dissolved oxygen, and redox potential to 
maintain acceptable nutrient levels with precision. 

7. The outflow from both the ANRC and RAS, and the utilized water in the hydroponic 
component are congruent. Consequently, the utilized water in the hydroponic 
component, and thus the replenishment of water to the fish tanks must be high enough 
to avoid accumulation of nutrients in the RAS. 

8. The ANRC can be complemented with an aerobic pre- or post-treatment, as better 
remineralization performance can be assumed, and chemical oxygen demand (COD) 
reduction has been observed (González-González and Cuadros, 2015). Yet, it must be 
noted that the drawback of an additional aerobic step is additional production of biomass 
(i.e., bacteria growth) that consumes part of the available nutrients. Whether the aerobic 
treatment proceeds or follows the anaerobic treatment depends on whether one prefers 
to increase the carbon dioxide concentration in the greenhouse (pre) or use the 
anaerobic digester as a biogas producing device (post). Even though the aerobic 
treatment most likely provides additional advantages (e.g., H2S reduction), it is no part 
of our software calculations. For the sake of completeness, we nonetheless added it to 
this scheme. 

9. The produced energy in form of electricity and heat, gained through CH4 combustion, can 
be returned to the system. This combustion also reduces greenhouse gas emissions. The 
combustion’s products (i.e., CO2 and H2O) can be lead back to the system as clean water 
and CO2 (greenhouse required) in order to enhance plant growth. 
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Figure 6.3. Process flow drawing of a basic DAPS layout. The blue tags comprise the RAS component, 
the green tags the hydroponic component, and the red tags the ANRC components. The level of each 
component is illustrated numerically in the small box and refers to the vertical direction the flow 
needs to travel to; whereas high numbers refer to high positioning and low numbers to low 
positioning. Gravity flow occurs, when water flows from high levels to low levels, and pressurized 
flow is required when the flow goes from low to high numbers. 

 

6.4.2 Model Description 
Figures 6.4 and 6.5 show the water flow of traditional RAS and one-loop aquaponic systems. 
Whereas the outflow in RAS is mainly defined by water discharge rates and sludge removal, 
the main outflow in one-loop aquaponic systems occurs via evapotranspiration and sludge 
removal. Figure 6.6 illustrates in what DAPS differ from the other approaches. Although its 
main water outflow is also defined through evapotranspiration, it reduces water loss by 
recycling the sludge, whose production can kept stable by maintaining a constant fish 
biomass (Figure 6.7). It must be noted that, as aquacultural sludges contain 95%–97% of 
water (Timmons and Ebeling, 2013), the sludge remineralization process also recycles the 
water back into the hydroponic component (Figure 6.8). Depending on the sizing parameter 
and/or cultivation area, additional denitrification might be needed in the RAS in case the 
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evaporation-dependent water flow to the hydroponic component is not sufficient in order to 
maintain required nitrate levels in the RAS. 
 
Following the sludge treatment approach (illustrated in Figures 6.8 and 6.9), the nutrient loss 
drawbacks can be limited. Sludge produced by commercial RAS must undergo treatment before 
disposal unless centralized waste treatment utilities are available (Van Rijn, 2013). 
Consequently, the implementation of future-oriented recycling solutions should be considered 
when designing DAPSs (Figure 6.6). 
 

 
Figure 6.4. Water flow in a RAS system, whereas the tank represents the whole RAS system 
comprising all parts of a RAS (this is also applicable to the following figures). In terms of 
sustainability, the water use efficiency presents a drawback of this approach, as water is discharged 
to maintain an acceptable water quality for the fish. This constitutes a waste of water and nutrient 
resources as well as nutrient emissions. In addition, the nutrient-rich sludge often is not reused for 
fertilizing purposes, but instead is discharged to the sewage system. 
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Figure 6.5. Water flow in a one-loop aquaponic system. This system approach provides the basis for 
aquaponics. Unlike RAS, the nutrient-rich water is not discharged, but instead used for the 
fertilization of a plant crop. Both components are exposed to similar water conditions. In one-loop 
systems the water primarily leaves the system via the crop evapotranspiration (ETc) and the sludge. 
Minor water loss can be seen in the integrated water flow chart in Figure 6.9. 

 

 
Figure 6.6. Water flow in a DAPS. As the ANRC is expected to remove most of the N, active 
denitrification might be needed in the RAS to reduce the nitrate concentration. This is especially the 
case if the water flow to the hydroponic component is not sufficient to keep the RAS water quality at 
a desired level. The flow chart also shows other amendments to the one-loop aquaponic system 
approach: (1) an ANRC that remineralizes the sludge and reduces water and fertilizer requirements; 
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and (2) manual nutrient supplementation and nutritious ANRC nutrient outflows provide the 
hydroponic component with optimal nutrient concentrations that do not dilute in the whole system. 

 
Figure 6.7. Fluctuation of the water composition is closely linked with the system’s nutrient input. As 
the main input in aquaponic systems is fish feed, aquaponic systems should be running with fish of 
several growth stages to ensure a close to constant uniform feed input to the system. The amount of 
fish does not change drastically; different fish sizes were used for illustration purposes only. 

 
Figure 6.8. The water flow chart shows the water flows within a DAPS system. It can be seen, that the 
implementation of an ANRC has an impact on the water availability in the system. Even though, the 
water loss through evapotranspiration outweighs the loss through sludge removal, it is still an 
important step towards closing the cycle. 
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Figure 6.9. Flow chart for nutrients within a DAPS. The accumulation of nutrients can be allocated to 
edible parts of the plants, edible parts of the fish (i.e., fish fillet) and waste. The dashed line shows 
the impact of an ANRC on the nutrient flows. Recycled nutrients are added to the hydroponic water 
and can accumulate in the plant tissues, while fish are not exposed to deleterious nutrient 
concentrations in the water. 

 
6.5 Results 

6.5.1 Fish Biomass Estimates 
The DAPS model outputs are shown in Figures 6.10–6.19. Figure 6.10 presents the output of 
a parameter variation experiment that was conducted to determine the amount of fish 
needed to have a maximum fish stocking density of 50 kg·m−3 per tank. Based on this 
parameterization the average fish density could be determined (Figure 6.11). Figure 6.11 
outlines the advantage of using several fish tanks to avoid sharp fluctuations in fish biomass 
and thus feed input by use of a standing stock of different size classes. 
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Figure 6.10. Outcome of a parameter variation experiment assessing the amount of required fish to 
achieve a maximum stocking density (y-axis) of 50 kg·m−3 per tank. The days are displayed on the x-
axis. For this simulation, approximately 100 fish were needed to meet that objective. 

 
Figure 6.11. Average biomass per fish tank and total fish biomass of all fish tanks (in g; y-axis) in the 
RAS for the first 1000 days (x-axis). Fish biomass peaks every 50 days corresponding to the proposed 
harvest schedule. 
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Figure 6.12. Parameter variation experiment estimating the RAS-derived N-NO3 concentration in 
mg/L (y-axis) based on different cultivation area (m2) options under natural light conditions. The 
days are displayed on the x-axis. It can be seen that 200 mg/L N-NO3 are not exceeded, when having 
100 m2 cultivation area. 

 
Figure 6.13. Parameter variation experiment for estimated N-NO3 concentration (in mg/L) when 
using different cultivation areas (in m2) Compared to the exclusive use of natural light, the 
application of artificial light for industrial production shows a different picture. The y-axis shows the 
RAS N-NO3 concentration, whereas the x-axis displays the days. 
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Figure 6.14. The evapotranspiration dependency for the water flow (in L; y-axis) from RAS to the 
hydroponic component can be seen clearly in this figure showing the flow from the RAS to the 
hydroponic component under natural light conditions. The days are displayed on the x-axis. 

 
Figure 6.15. Dependent on the evapotranspiration rate (Figure 6.14), different nitrate flows from RAS 
to the hydroponic component can be observed. The RAS nitrate balance in mg·L−1 (y-axis) for the 
first 1000 days (x-axis) can be seen using exclusively natural illumination and a cultivation area of 
600 m2. 
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Figure 6.16. P dynamics in the hydroponic component with a cultivation area of 600 m2. The P lettuce 
consumption (y-axis) is assumed being constant, although this is not the case. However, this does not 
diminish the lettuces N total uptake. The days are displayed on the x-axis. 

 
Figure 6.17. Accumulated P (y-axis) deficit in the system’s hydroponic component with a cultivation 
area of 600 m2. After 1000 days (x-axis), the deficit is almost corrected. 
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Figure 6.18. The required volume (L) of the UASB is dependent on the inflowing sludge, its SRT, and 
the HRT. Here, we assume that the sludge blanket covers 60% of the UASB reactor’s volume. Thus, 
the total filling capacity is around 140 L and serves as a good indication for sizing the reactor. The 
days are displayed on the x-axis. 

 
Figure 6.19. Graphical comparison between sludge production, sludge reduction, and sludge outtake 
assuming a TSS reduction of 90%, a HRT of 10 days, and an SRT of 80 days (y-axis). The days are 
displayed on the x-axis. 

6.5.2 Nitrate Flow Estimates 
As can be seen schematically in Figure 6.6, the flow rate from RAS to the plants is determined 
by the plant evapotranspiration rate derived from the FAO Penman-Monteith Equation. 
Unlike in the case of other macronutrients, the remineralization potential for N is marginal, 
as almost all of it is denitrified to atmospheric dinitrogen gas due to anaerobic activity in the 
system. The graphs in Figures 6.12–6.14 show the hydrological flow under natural light 
conditions, and the associated RAS nitrate balance and the N-NO3 concentration in the RAS 
depending on different cultivation area sizes in non-illuminated greenhouse environments 
in Central Europe. For robust fish at rearing densities of approx. 50 kg·m−3, 100 m2 of 
growth area would be sufficient to maintain acceptable water quality for the fish in a DAPS. 
The situation is different for more sensitive fish species, for whom these densities are 
suboptimal such as sturgeon or if bio labels are targeted that usually require lower densities 
(10–25 kg/m3). However, using artificial light in industrial DAPS production systems result 
in a different scenario (Figure 6.13). In this case, a much smaller cultivation area is needed 
to achieve a sufficient evapotranspiration rate to maintain low and stable N-NO3 values in 
the RAS system for both robust and sensitive fish species. 
 

6.5.3 Hydroponics Sizing Based on P Availability 
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Figure 6.16 shows the P dynamics in the hydroponic component with a cultivation area of 
600 m2, when running the model for 1000 days under natural light conditions (growing 
lettuce as it requires low light intensities allowing for an extended production period). This 
optimization step determines a sufficient cultivation area based on the P inflow from both 
RAS and ANRC to the hydroponic component. The nutrient remineralization results in the 
fact that a much higher amount of plants can be supplied with P; i.e., in this case 600 m2. At 
fish biomass saturation (Figure 6.17) the P availability is expected to correct its deficit. 
Consequently, when starting the system, P would have to be added until day 150. 
Alternatively, one could cultivate an area that is proportional to the amount of fish tanks that 
are in use, and adapt it accordingly. 
 

6.5.4 UASB Sizing Determination 
Figure 6.18 shows the maximum load of the UASB in liters of sludge, whereas Figure 6.19 
displays the sludge flow within the UASB. To achieve an upflow of 0.5 m·h−1 a circulation 
pump with a sufficient capacity is needed. Sizing a UASB should be treated with caution, as 
the sludge concentration has a high impact on the volume requirement. For this analysis, a 
TSS proportion of 3% was considered. Sludge that is not pre-treated (i.e., pre-concentrated) 
most likely has a lower TSS proportion and thus requires a higher UASB reactor volume. 
 

6.6 Discussion 
The main purpose of this study was to elaborate an integrated design approach for DAPS and 
to spot possible drawbacks based on a system dynamics model that has been developed here. 
The findings of this theoretical study indicate that the evapotranspiration rate will have a 
high impact on the RAS water quality in DAPS. This is because the water use in the 
hydroponic component is the main factor for RAS water replacement (and thus refill with 
clean water) that regulates water quality (Figures 6.14–6.16). As a consequence of this 
dependency, determining the evapotranspiration rate of a specific plant species appears to 
be a crucial step when designing a DAPS. A comparison between natural lighting (Figure 
6.12) and artificial greenhouse lighting (that has an impact on the ETc; Figure 6.13) 
underpins these findings and additionally shows a considerably greater potential for 
cultivating sensitive fish species (Table 6.3). To what degree artificial lighting pays out needs 
to be explored in a crop and fish dependent economic assessment. Another option—mainly 
for RAS focused systems—to regulate the nitrate levels in the RAS is the implementation of 
a denitrification tank. This conflicts with the general objective of aquaponics that aims at 
using all available nutrients and, dependent on the carbon source used (e.g., formalin, 
methanol), raises concerns about the consumer safety. DAPS that follow an even more goal-
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oriented approach by recycling generated sludge, however, should not waste resources 
unnecessarily. On that score, a hybrid system as illustrated in Figure 6.20 could be a viable 
alternative for regulating nitrate levels in the RAS. To size the N-regulating hybrid part, 
Licamele (2009) provides the sizing parameter of 2.5 kg fish feed for the production of 16 
lettuce plants. 
 

 
Figure 6.20. The hybrid decoupled system is a combination of the one-loop and the decoupled 
approach. Whereas the one-loop aquaponic system is regulating the nitrate of the RAS system, 
the decoupled hydroponic part utilizes the recycled nutrients from the ANRC. Especially for 
systems that focus on fish production, their advantage is that no denitrification, and thus no 
waste of nitrate is required. 

Sizing the hydroponics cultivation area of a DAPS requires another approach than in a 
balanced one-loop system. Whereas it is custom to take feed as a sizing factor (i.e. grams of 
feed per square meter hydroponic cultivation area), in DAPS, it might be more reasonable to 
size the hydroponic component based on the evapotranspiration potential and other 
macronutrient availabilities. There are two main reasons: (1) the remineralization capacity 
of N is low, whereas it is expected to be high for other macro nutrients; (2) Since nutrient 
supplementation in DAPS is managed anyway to achieve highly concentrated nutrient 
solutions, it is more favourable to add N as it is largely available and cheap. In contrast, P being 
a declining and limited resource on earth (Dawson and Hilton, 2011), should be recycled to a 
high degree and not added from an external source. The result showed that enough P for 
lettuce was available to cultivate at least 600 m2 of lettuce with a density of 16 lettuce plants 
per m2. Taking this as a reference parameter, the graphs of the variation experiments (Figures 
6.12 and 6.13) display good water qualities for this cultivation area. With respect to the hybrid 
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approach, only the ANRC effluents can be used in order to size the decoupled hydroponic 
component. 
 
In DAPS, the nutrient and water use efficiency is quite remarkable, as an agricultural 
irrigation efficiency of 10% would free up more water than is evaporated off by all other 
users (Rogers, 2008). The results showed that also in terms of P-recycling this approach is 
progressive as P for agricultural purposes is a limited fossil resource (Goddek et al., 2015) 
(i.e., this refers to soil-based agriculture as well as fertilization in hydroponic systems) and 
P-recycling is crucial to avoid world hunger (Ragnarsdottir et al., 2011; Sverdrup and 
Ragnarsdottir, 2011). Nevertheless, the sludge remineralization has to be applied with 
caution. Zekki et al. (1996) reported that nutrient solution recycling could lead to declining 
harvests in NFT systems. It is suspected that this is most likely due to sulfate ion accumulation 
in the nutrient solution. However, since it dilutes in the DAPS hydroponic component, it can be 
expected to be high enough to avoid negative impact on plant growth. 
 
For commercial aquaponic systems, DAPS might provide the best solution on the long run, 
as running the sub-systems semi-autonomously allows the supplementation of nutrients 
that are only required by the plant crop separately, in a smaller volume, and without any 
consequences for the water quality in the RAS. In addition, compared to intensive 
aquaculture, coupled as well as decoupled approaches can improve the water quality in the 
fish rearing tanks as accumulation of nitrate is reduced. As reported from commercial scale 
aquaponic production systems, sublethal effects on growth performance, feed conversion, 
health, but also reproductive functions may substantially impede harvest yield and 
profitability when nitrate levels in water exceed species-specific thresholds (Davidson et al., 
2014, 2011; van Bussel et al., 2012). 
 
We must, however, remark that this study is of a theoretical kind and needs to be verified. 
Even though there is sufficient knowledge about the impact of several parameters on RAS, 
the effect of (long term) accumulation of nutrients on plant growth (and nutrient uptake 
rates) still remains to be determined. The same applies to the impact of different HRTs on 
the nutrient remineralization performance. More information about it is needed under 
different environmental conditions in order to determine the optimal settings for DAPS. 
Moreover, upscaling effects need to be integrated in the future to add robustness to the 
model. It is also not clear yet, whether the use of DAPS is economically feasible. Still, we 
believe that restrictions on nutrient emissions and associated cost of wastewater disposal in 
the future will most probably be a major driver for aquaponic development. To figure this 
out, further investigations integrating the economic side are required. 
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6.7 Conclusions 
AnyLogic software and system dynamics analysis constituted a valuable tool to understand 
the dynamics and design boundaries of DAPS. During the last decades, scientific aquaponics 
literature was mainly based on one-loop aquaponic systems. However, this approach results 
from a trade-off between RAS and hydroponics instead of meeting the optimal conditions for 
the respective sub-systems. Even though there is no empirical data on the productivity of the 
system’s hydroponic component, we conclude that in terms of nutrient and water recycling 
the system contributes to closing the cycle. The results showed that sizing the system is 
contingent on the evapotranspiration rate. The higher the evapotranspiration rate, the 
smaller the required hydroponic cultivation area. The AnyLogic outcome showed that this is 
particularly relevant when focusing on sensitive fish species. In the long term, this is of great 
relevance as fertilizer costs are rising with the increasing world population as well as the 
demand for no-emission systems minimizing environmental impact. Regarding the ANRC, 
further research is needed with respect to its remineralization performance depending on 
different HRT and SRT. This and the specific nutrient uptake of plants in a DAPS hydroponic 
environment are required to substantiate the current DAPS model. In conclusion, it can be 
said that while technical research in this area is important, additional geographically 
dependent follow-up studies are needed, dealing with the economically viable size of DAPS 
as well as the comparison with equivalent hydroponic systems. 
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Chapter 7 

The Necessity of Desalination Technology for 
Designing and Sizing Multi-Loop Aquaponic 

Systems 
 
 
 
This chapter is based on:   
Goddek, S., Keesman, K. (2017): The Necessity of Desalination Technology for Designing 
and Sizing Multi-Loop Aquaponic Systems. Submitted. 

 
Abstract 
Providing both fish and plants with optimal environmental conditions is a classical problem 
in the field of aquaponics. Several studies have tackled this problem by decoupling the two 
loops. However, in order to achieve both high nutrient levels for the plants and water for the 
fish that is low in nutrients, aquaculture water needed to be discharged and fertilizer added 
to the plant units continuously. The present study aimed to explore to what degree 
desalination technology could be used to provide the necessary balance between the two 
different requirements. This study followed a theoretical modelling approach using 
contemporary source material. The principal finding of this research is that desalination 
processes have the potential to contribute to the nutrient balances in multi-loop aquaponic 
systems to attain optimal growth conditions for both fish and plants. 
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7.1. Introduction 

Climate change requires innovative agricultural approaches to food security, particularly in 
countries facing water scarcity and chronic drought. In this context, aquaponics has been 
identified as a possible partial solution to tackle sustainable development goals for 
eradicating poverty and hunger. 
 
Traditional designs for one-loop aquaponic systems comprise of both aquaculture and 
hydroponics units between which water recirculates. In such traditional systems, it is 
necessary to make trade-offs conditions of both subsystems in terms of pH, temperature, 
nutrient concentrations, etc. (Goddek et al., 2015). Decoupled double-loop aquaponic 
systems separate the aquaculture and aquaponics units from one another, with inherent 
advantages for both plants and fish (Karimanzira et al., 2016; Kloas et al., 2015). A decoupled 
three-loop system as described by Goddek et al. (2016) consists of a recirculating 
aquaculture system (RAS) loop, a hydroponic (HP) loop, and a remineralization loop. The 
benefits of a decoupled approach is that environmental conditions of each loop can be 
adapted to the species-dependent requirements, and by reducing trade-offs, can lead to 
enhanced growth performance (Delaide et al., 2016b; Goddek and Vermeulen, 2017; Saha et 
al., 2016). 
 
Several studies have previously suggested a rule of thumb for general nutrient demands of 
plants within one-loop aquaponic systems, such that leafy plants (e.g. lettuce, spinach, basil) 
require between 20-50g fish feed per m² cultivation area, and fruity plants (e.g. tomatoes, 
bell pepper, eggplants) require between 50-80g fish feed per m² (Y S Al-Hafedh et al., 2008; 
Endut et al., 2010; FAO, 2014; Licamele, 2009a). However, none of these studies have 
examined scale with respect to the total nutrient demands of the plants. The system 
dynamics model presented by Goddek et al. (2016a) showed that decoupled three-loop 
aquaponic systems are evapotranspiration-dependent and that a remineralization-loop can 
improve sustainability performance. In a unidirectional flow approach, the macro- and 
micro-nutrient concentration in the RAS loop is automatically consistently higher than in the 
hydroponic component (i.e. without additional fertilizer inputs). As shown in Table 7.1, the 
converse should be true. Moreover, this cannot be altered by the fact that the 
remineralization loop supplies the hydroponic component with additional nutrients. In 
short, decoupled approaches require a significant amount of additional fertilizer or nutrient 
manipulation in order to meet the optimal growth parameters. 
 

Table 7.1. Optimal environmental factors for cold and warm water fish species, as well as 
leafy (lettuce) and fruity (tomato) vegetables. It should be noted that ammonium (NH4) 
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levels are not taken into account here, even though there is evidence that the presence of 
NH4 stimulates NO3 uptake (Jones, 2005). Note that preferred hydroponic NH4 levels are 
lethal for all fish species. 

Sub-System Species/Type pH Temperature (°C) Nitrate (NO3) (mg/L) 

RAS Oreochromis 
niloticus (Nile tilapia) 

7-9 (Ross, 
2000) 

27-30 (El-Sayed, 
2006) 

<100–200 (Dalsgaard 
et al., 2013) 

Oncorhynchus mykiss 
(Rainbow trout) 

6.5-8.5 
(FAO, 
2005b) 

15 (Coghlan and 
Ringler, 2005) 

<40 (Davidson et al., 
2011; Schrader et al., 
2013)  

Hydroponics Lactuca sativa 
(Lettuce) 

5.5-6.5 
(Resh, 
2012) 

21-25 (Resh, 
2012) 

730 (Resh, 2012) 

Lycopersicon 
esculentum (Tomato) 

6.3-6.5 
(Resh, 
2002) 

18-24 (Resh, 
2002) 

666 (Sonneveld and 
Voogt, 2009c) 

 
One possible solution to this conundrum would be to increase nutrient concentration in the 
hydroponic loop, while ensuring RAS water conditions meet specific species requirements. 
Desalination technologies have the potential to separate dissolved salts and other minerals 
from water (Shahzad et al., 2017; Subramani and Jacangelo, 2015). In the context of 
aquaponics, and as an alternative to additional fertilization with corresponding extra costs, 
desalination technology could not only provide fresh water to the system, but also ensure 
desired nutrient concentrations for the food producing sub-systems. 
 
The objective of this study is to demonstrate how implementation of desalination processes 
could solve specific technical problems within current decoupled aquaponics systems by 
increasing the nutrient concentration within the hydroponic loop, while ensuring preferable 
nutrient-poor conditions for the fish. As such, we model the potential implementation of 
desalination technologies (i.e. as a fourth loop added to the three-loop aquaponic system; 
Goddek et al. (2016b)), following a numerical approach. In this computer-aided design 
study, we use experimental parameter values and historical weather data from Namibia. 
 

7.2. Methodology 

7.2.1. Dynamic Systems Analysis 

The AnyLogic model used in this study for system design analysis is based on the model 
elaborated by Goddek et al. (2016a). The dynamic systems analysis focused on the 
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evaluation of N-balances within multi-loop aquaponic systems following the feed per square 
meter rule of thumb. N-balances were evaluated in the presence and absence of desalination 
technology.  Figure 7.1 shows a flow chart of a multi-loop system incorporating a decoupled 
four-loop aquaponic system consisting of: (1) a RAS loop; (2) a hydroponic loop; (3) a 
remineralization loop; and (4) a desalination (i.e. nutrient concentration) loop.  

 

 
Figure 7.1.  Water flow scheme of the multi-loop aquaponic system as proposed in this study using 
AnyLogic system modeling software; where the blue boxes represent the RAS system, green boxes 
the hydroponic system, hazel boxes the remineralization loop, and the dark brown box the 
desalination plant. Water from the hydroponics sump is being concentrated in the desalination plant 
resulting in two separated flows: (1) demineralized water to the RAS, and (2) concentrated nutrient 
solution (i.e. brine) flowing back to the hydroponic loop. 
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The model was initially developed to estimate the desired scale of the hydroponic 
component for lettuce crops following a one-loop approach. Based on the output, the impact 
on the nitrate (NO3) mass balance can be shown for a decoupling of the RAS and hydroponic 
subsystems. An optimization experiment was subsequently performed in order to determine 
the required flow capacity of the desalination unit. 
 
7.2.2. Input Data and Parametrization 
 

7.2.2.1. Recirculating Aquaculture System 
The modelled RAS with corresponding parameter values remained the same as in the 
publication of Goddek et al. (2016a). The parameters that were used for the fish species 
(Tilapia) can be seen in Table 7.2. Fish feed is time varying and depends on the total fish 
biomass and fish growth stages. Thus we only consider the protein content as a parameter. 
 
Table 7.2. RAS system parameters for cultivating Tilapia (per the model). 

Parameter Unit Value 
Water temperature °C 29.5 
Amount of fish per fish tank - 83 
Amount of fish tanks -  4 
Volume per fish tank m³ 1 
Total RAS system volume m³ 5.1 
Fingerling size m 0.1 
Harvest weight kg 0.6 
Feed protein content % 35 

 

7.2.2.2. Hydroponic System 
The data for the N-uptake of lettuce was adjusted for this model. Data from a recent 
experiment on plant growth rates in a multi-loop aquaponic system (Goddek & Vermeulen 
2017) was used to derive the nitrate uptake of the lettuce (Table 7.3). The uptake 
observations were consistent with the ones reported by Castro et al. (2009) and Mathieu et 
al. (2006).  
 
Table 7.3. Hydroponic system parameters for growing lettuce as used in the model. 

Parameter Unit Value 
Required amount of feed for per lettuce cultivation 
area (rule of thumb) 

g/m² 40 

Amount of lettuce per m² - 36 
Cultivation area (based on model outcome) m² 28 
Total deep water culture (DWC) volume m³ 9.4 
Starting nitrate value ppm 730 
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Observed nitrogen leaf concentration at the end of the 
experiment 

mmol kg-1 dm-1 3910 

 
 
The formula for sizing one-loop aquaponic systems according to given rule of thumb is: 
 

𝐴𝐴 =
𝐹𝐹𝑖𝑖𝑖𝑖

𝑥𝑥
 

 

(7.1) 

where A is the required cultivation area for the amount of fish feed added to the system; Fin 
is the amount of fish feed added to the RAS, and x is the overall amount of fish feed (in g) 
required per square meter of cultivation area.  
 
The transmittance of polyester film greenhouses is estimated at approximately 80%. The 
reference evapotranspiration rate has been calculated for Walvis Bay (Namibia), by applying 
the FAO Penman-Monteith Equation (Table 7.4). This location was selected based on our 
current efforts to implement multi-loop aquaponic systems in that region (Goddek and 
Keesman, 2017).  

Table 7.4. Weather data from Walvis Bay and the corresponding greenhouse radiation as well 
as the reference evapotranspiration rate per month. 

Month Rs 1 Max Temp 2 Min Temp 2 Dew Point 2 Humidity 2 ET0 (inside) 
 

MJ/m²/d °C °C °C % mm/d 

January 25.58 26 17 15 72 6.25 

February 23.43 27 17 15 71 5.73 

March 21.50 29 16 15 69 5.26 

April 19.30 30 14 12 65 4.73 

May 17.40 28 12 9 60 4.27 

June 16.35 26 10 5 55 4.02 

July 16.42 26 10 5 54 4.03 

August 18.95 23 8 7 67 4.65 

September 21.70 23 10 10 72 5.32 

October 24.96 24 11 11 71 6.11 



119 
 

November 25.78 25 13 12 70 6.31 

December 26.03 26 15 13 70 6.37 

1 solar radiation data  (Nott and Savage, 1984); 2 data derived from timeanddate.com. 

The size of the hydroponic part of the system is determined by the amount of nutrients put 
into the system (i.e. in form of fish feed to the RAS). For instance, when remineralizing (i.e. 
making nutrients available for the plants) aquaculture sludge more nutrients would be 
available for the plants, which again has an impact on the corresponding hydroponic system 
size. In this publication, the remineralization loop plays a subordinate role. However, this 
type of model can demonstrate to what degree the implementation of a third loop, in addition 
to the RAS and hydroponic loops, can impact the required scale of hydroponic cultivation 
area. For these calculations, it was assumed that 55% of the nutrient input (via fish feed) 
ends up in sludge (Neto and Ostrensky, 2013; Yavuzcan Yildiz et al., 2017), and that the 
remineralization potential of an upflow anaerobic sludge blanket (UASB) reactor is 
approximately 90% (Mirzoyan and Gross, 2013).  
 
Thus the proportion of fish sludge that is discharged from the RAS to the remineralization 
unit can be stated as follows: 

𝑄𝑄𝑠𝑠 =  1 − 𝛼𝛼 − 𝛽𝛽 
 

(7.2) 

 
where α is the proportion of the nutrients that are directly available for the plants, and β is 
the amount of feed remaining in the RAS. Hence, for a one-loop aquaponic system with α = 
1 - β, while explicitly taking into account losses,  
 

𝐴𝐴0 =
α𝐹𝐹𝑖𝑖𝑖𝑖

𝑥𝑥
= α𝐴𝐴 

 

(7.3) 

 
 
The formula for sizing three-loop aquaponic systems is consequently: 
 

𝐴𝐴1 =  α𝐴𝐴 + η · 𝑄𝑄𝑠𝑠  · 𝐴𝐴 
 

(7.4) 

where A1 is the required cultivation area for the amount of fish feed added to the RAS in a 
three-loop system that include a nutrient recycling unit; Qs is the proportion of the feed input 
ending up as aquaculture waste sludge, η is the sludge remineralization efficiency, and x, as 
shown in (1) is the overall amount of fish feed (in g) required per square meter of cultivation 
area.  
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7.2.2.3. Desalination Unit 

The purpose of the small-scale desalination plant is to concentrate the hydroponic nutrient solution 
and to direct demineralized water to the RAS part of the system. We can assume that 40% of the 
flow to the desalination unit is remineralized and can be reused within the RAS. A parameter 
optimization experiment allowed for determination of the optimal feed flow to keep the RAS 
nitrate levels just below 50ppm. 
 

7.3. Results 
The outcome of the sizing simulation with this model, and with α = 0.45, β = 0, η = 0, 
suggests a cultivation area of 28m² (if 𝐹𝐹𝑖𝑖𝑖𝑖

𝑥𝑥
= 𝐴𝐴) for leafy greens (i.e. the average of the leafy 

plants cultivation area requirement after the startup of the system). When remineralizing 
the fish sludge, Figure 7.2 shows that the system provides enough nutrients for twice the 
cultivation area. 

 
Figure 7.2. Formula 1 is linked to the average feed input in a RAS system. Based on the sizing rule of 
thumb, approximately 28 m² can be cultivated in one-loop systems without remineralization, and 60 
m² in one- or multi-loop aquaponic systems with remineralization units (for α = 0.45, β = 0, η = 
0.90). 

 
Based on these findings, the cultivation area has been set to 28m²; thus the remineralization 
loop was not needed to proof the necessity of an additional desalination loops for decoupled 
multi-loop aquaponic systems. This is because the remineralization loop as shown in Figure 
7.1 provides the nutrients made available to the hydroponics loop unidirectionally, and 
correspondingly they do not increase the nutrient concentration in the RAS part of the 
system. Figure 7.3 and 7.4 show the nitrate concentrations of decoupled systems without 
and with an additional desalination unit, respectively. 
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Figure 7.3. This graph shows what happens when the RAS and hydroponic systems are decoupled. 
The flow from RAS to hydroponics is now totally dependent on the crop specific evapotranspiration 
rate (Table 4). The starting position an optimal nitrate concentration for the lettuce. Even though 
Namibia has one of the highest average solar radiation levels in the world, the nitrate levels in the 
RAS are still suboptimal levels for the reared tilapia. 

Figure 7.4. The parameter optimization experiment suggested a feed flow of 70 L h-1 to the 
desalination unit. This figure shows that the RAS nitrate concentration is just below 60 ppm, while 
the hydroponic nitrate concentration is at least higher than approx. 500 ppm. 

7.4. Discussion 
The design development of multi-loop aquaponics systems has been advanced rapidly, 
primarily because of the potential of such systems to achieve higher yields while also 
reducing nutrient and water inputs. Unfortunately, optimal nutrient concentration levels 
cannot be achieved directly because of oversizing the hydroponic cultivation area to 
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guarantee a sufficient water flow from the RAS to the hydroponics system in order to keep 
the RAS nutrient concentration at an optimal level. Consequently, nutrients for the 
hydroponic sub-system have to be added in form of artificial fertilizers. From an economical 
point of view, this means higher operational costs due to additional fertilization 
requirements. 
 
Table 7.5 provides an overview of existing decoupled aquaponic systems in Europe. The 
schematic layouts of the respective systems and our proposed design can be found in 
Appendix A. In this appendix, it can be seen that only the commercial system of NerBreen 
contains an additional loop in order to both remineralize sludge as well as regulate the 
nutrient concentrations of the aquaculture and hydroponic subsystems. Their approach 
(A.2) is different to ours (A.1; Figure 7.1), since in their case the hydroponic and RAS nutrient 
concentrations are not directly regulated. Instead, the treated sludge is further concentrated 
to increase the nutrient concentration in the hydroponics, and increase water quality in the 
RAS. The research systems shown in Table 7.5 as well as A.3-A.5 decoupled their loops while 
discharging nutrient-rich sludge. It can be seen that without the implementation of on-site 
sludge treatment as well as the integration of nutrient concentrating technologies, high 
amounts of additional fertilization for the hydroponics and discharge of RAS-water are 
required.  
 
 
Table 7.5. An overview of existing decoupled aquaponic systems in Europe. 

Parameter Unit NerBreen Tilamur IGB Berlin Inagro 
Country - Basque 

Country, Spain 
Spain Germany Belgium 

Purpose - Commercial Research Research Research 
Fish Species - Nile Tilapia Nile Tilapia Nile Tilapia Pike perch 
Plant Species - Season 

dependent: 
Tomato, 
pepper, fresh 
garlic, 
strawberry, 
herbs, lettuce 

Tomato Tomato Tomato 

Total RAS size m³ 300 45 16.5 160 
Total HP size m² 3500 400 6.5 340 
Total HP size m3 100 3 0.6 n/a 
HP type - 1/3 RAFT; 

2/3 drip 
irrigation 

NFT/Rockwoo
l (drip 
irrigation) 

NFT drip irrigation 

Amount of Loops - 4 (RAS, HP, 
vermiculture, 

2 (RAS, HP) 2 (RAS, HP) 3 (RAS, HP, 
sludge 
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nutrient 
concentrator) 

removal to 
biogas) 

RAS water 
discharge (incl. 
sludge) 

% day-1 1  7 2.8 16 

HP water discharge % day-1 Zero Zero Zero Zero 1 
Remineralization 
Technology 

- Vermiculture 
(Californian 
Red Worm) 

Secondary 
Clarifier 

- 
 

Biogas 

HP fertilization % 40-60 60 38.1 (for 
lettuce) 

n/a 

1 discharge; water consumption depends on life stage of the tomato plants and on weather conditions as RAS 
and greenhouse were not specifically dimensioned to be coupled, but have been linked posteriorly, the RAS 
produces discharge water in excess to what the greenhouse may consume; 
 
The outcome of our model (Figure 7.3) clearly shows that nutrient concentrations of the RAS 
and hydroponic systems would be far from optimal based on a simple decoupling of the 
systems. In particular, Figure 7.3 shows that the nitrate levels in the RAS are very high, and 
since the primary nutrient input (in form of fish feed) takes place in the RAS, it is impossible 
to achieve higher hydroponic nutrient concentrations while lowering the RAS water nutrient 
levels in proportion to the hydroponic counterpart. As multi-loop systems aim to reduce the 
discharge of water and nutrients, periodical bleed-off of aquaculture process water is not a 
desirable option. Additional nutrient supply via a possible remineralization loop as well as 
the addition of artificial fertilizer could raise the hydroponic nutrient content, however, it 
does not solve the problem of the high nitrate values in the RAS. 
 
Apart from the suggested solution of implementing desalination technologies, a 
denitrification side loop has the potential to lower the RAS nitrate levels. Another option is 
to integrate the anaerobic sludge remineralization loop into the RAS sub-system, as it also 
promotes denitrification. Both options would reduce the total nitrogen availability in the 
system, which again leads to a higher fertilizer requirement. Also, having an independent 
remineralization loop brings the advantage of providing the plants with NH4 (preferred form 
of nitrogen) as well as ensuring optimal conditions for anaerobic bacteria.  
 
Additional to proportioning the nutrient concentrations of each subsystem, such 
desalination units can also be used for their intended purpose: to desalinate sea or brackish 
water, thus increasing capacity of dry regions to produce food within a sustainable system 
(Shatat et al., 2013). However, it must be stated that the energy and cost required to install 
solar desalination technology currently cannot compete with fuel-based desalination 
methods yet (Ayoub and Malaeb, 2014). 
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7.5. Conclusion 
The present research quantitatively demonstrates that the implementation of desalination 
processes can contribute to the nitrate balances in multi-loop aquaponic systems to attain 
optimal growth conditions for both fish and plants, by concentrating the hydroponic nutrient 
solution while diluting the RAS process water. It builds on prior work by Goddek et al. 
(2016b) and Kloas et al. (2015), and shows how the integration of desalination technologies 
can improve the design and practical applications of multi-loop aquaponic systems. 

 
 
 
 
 
 
 
 
 
 



125 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



126 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



127 
 

 
Chapter 8 

General Discussion 
 
 
 
 
The objectives of the thesis were to (1) determine the status quo of aquaponic systems and 
to identify current bottlenecks that need to be addressed in order to improve commercial 
feasibility; (2) to determine statistically to what degree RAS-derived water as well as 
effluents from aerobic and anaerobic remineralization reactors have an impact on plant 
growth and provide hypotheses that could explain these differences; and (3) to investigate 
a  multi-loop aquaponic system layout by dynamic systems modelling, considering previous 
findings and ultimately offer important insights into sizing and designing such systems.  
 
Based on these objectives, two research questions were formulated: 
1. To what degree does the implementation of technically more complex multi-loop 

aquaponic systems improve the economic (i.e. production efficiency) and ecological (i.e. 
nutrient recycling, waste prevention, water consumption, etc.) impact compared with 
one-loop aquaponic systems? 

2. What are the determining parameters for both sizing and designing multi-loop aquaponic 
systems? 

 
Throughout the following sections, I will critically reflect on these objectives, before 
answering the research questions empirically and conceptually in the general conclusions 
section.  
 

8.1 Commercial Aquaponics 
Aquaponics as a closed loop system has the potential to contribute to addressing problems 
regarding climate change, land degradation, water scarcity, and food security. In Chapter 2 
that tackled the 1st objective, we have identified a lack of focus on commercial 
implementation of aquaponics as well as the requirement of different water qualities for fish 
and plants (i.e. RAS and HP). Based on this outcome, physical separation of the aquaponic 
sub-system in two recirculating loops have been suggested, where optimal conditions for 
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each system are achieved by a one-way (i.e. one directional) water exchange between the 
fish and plant units. We hypothesized that this approach of separation of production loops 
could offer an opportunity for commercial aquaponics production based on the fact that fish 
as well as plants are exposed to different favourable conditions in terms of nutrient 
concentrations, temperature, pH, etc. In this thesis, we conducted a series of empirical 
studies (Chapter 3-5) to test the hypothesis that decoupling of the hydroponic subsystem 
has a positive impact on the plant growth performance. 
 
After my initial review paper (Chapter 2) was published in 2015, several new papers looking 
at the potential for large-scale commercial aquaponics have been published. Miličić et al. 
(2017) for instance, examined consumer behaviour and reported that consumers’ 
perception/views are generally positive towards aquaponic products. In a quantitative study 
of European consumers, they showed that most respondents had a positive perception of 
aquaponic products based on the fact they would be free of antibiotics, pesticides and 
herbicides. Another recent quantitative study by Villarroel et al. (2016) attempted to get 
better insight into aquaponics as a developing field, both commercially and scientifically 
within Europe. In their survey, only 11.8% of the 68 respondents sold aquaponic products 
in the past 12 months, indicating that commercial activities are still limited in this field.  
 
Love et al. (2015) have attempted to discern why aquaponic production has not emerged as 
a commercially important production area, given its presumed significant potential. Their 
survey shows that only one-third of the respondents made profit in the previous year, even 
though similar growth rates to hydroponics can be expected in one-loop aquaponic systems 
(Delaide et al., 2016; Knaus and Palm, 2017). This could be explained by the fact that 
approximately three-quarters of the production systems are self-built and do not meet the 
scale of most industrial hydroponic systems (Villarroel et al. 2016).  
 

8.2 Multi-Loop Systems 
After identifying the most relevant measures for future improvement such as nutrient 
recycling, adaptation towards environmental conditions, and water-saving strategies 
(Objective 1), Objective 2 was to determine to what degree RAS-derived water as well as 
effluents from aerobic and anaerobic remineralization reactors have an impact on lettuce 
growth. We chose lettuce as a crop because its growing period is short and contrary to fruity 
plants, such as tomatoes and peppers, the required nutrient composition does not change as 
a function of the growth stage. In hydroponics, plant growth performance is optimized by 
nutrient supplementation (Chapter 3), thus lettuce was supplied with conventional 
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hydroponic, aquaponic and complemented aquaponic (CAP) solutions originating from RAS-
based tilapia (Chapter 3) as well as RAS-based perch (Chapter 4) production.  
 
The principal findings of Chapter 3 were that we observed an increased yield (wet matter) 
of 39% in the CAP-grown lettuce compared to conventional hydroponics. Even though the 
nutrient concentrations in the aquaponic water of the aquaponic group was much lower than 
the nutrient concentrations in the hydroponic treatment (Table 3.1), growth performance 
between the aquaponic and hydroponic control groups was not statistically different. A 
follow up large-scale experiment (Chapter 4) did not invalidate these findings. The CAP 
nutrient solution contained significantly more sodium, which usually leads to plant growth 
retardation, however, the opposite was observed. The final wet weight of the CAP-lettuce 
was at least 7.9%, and its final dry weight even 33.2% higher than those from the 
hydroponics. Still, the growth improvements ranged from 7.9% to 39%. We hypothesise that 
the lower growth improvement of 7.9% is a consequence of the higher sodium levels in the 
respective nutrient solutions, but we neither can rule out that different microbial 
communities (e.g. due to RAS water from different fish species) had an additional influence 
on the final yield. 
 
Despite these results, questions remain, as Suhl et al. (2016) did not reach similar 
conclusions when conducting experiments similar to ours (i.e. CAP vs. hydroponics) with 
tilapia and tomatoes. Our observations must therefore be interpreted with caution. The 
observed phenomenon of increased plant growth may be species-specific, or related 
primarily to bacterial communities in specific systems. Additional research is required to 
determine the reasons for our observed growth differences. Further work under controlled 
environmental conditions is required to know whether plant growth promoting 
rhizobacteria (PGPR), dissolved organic matter (DOM) or acids (such as humic acids) are 
plausible explanations for the observed differences. 
 
Therefore, at this stage we should not claim that aquaponics increases lettuce growth rates 
relative to hydroponics, as there is a discrepancy in the literature and growth improvements 
cannot be guaranteed for all plant species. In this dissertation, we were unable to test the 
wide range of variables required to determine conclusively why plant growth rates might be 
superior in aquaponics systems as opposed to conventional hydroponics. However, we 
disproved the often-reported problem of growth retardation (Chapter 3 & 4). With respect 
to the economic value of multi-loop systems, we showed that multi-loop aquaponic systems 
have the potential to be competitive compared to current commercial hydroponic systems. 
At least, a similar plant yield can be expected for such aquaponic systems, while the external 
fertilizer input to the hydroponic system and aquaculture waste generation (i.e. fertilizer 
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production instead of wastewater discharge fees) is drastically reduced (Graber and Junge, 
2009; Suhl et al., 2016). Additionally, valuable fish is obtained as a “by-product”, and 
provides added value to the food chain. However, the need for more complex measurement 
and control technology, as well as lack of solid theoretical and practical knowledge is a major 
drawback for decoupled multi-loop aquaponic systems. On the other hand, such systems 
have the potential to be used on large-scale, which is a considerable advantage for future 
application. 
 
As stated in Chapter 1, soil erosion, water scarcity, phosphate availability and the 
corresponding price of fertilization (as well as water discharge fees for nutrient emissions) 
will become a major issue for the future generations. Aquaponic systems contribute to future 
solutions to these problems, which undoubtedly will arise. These problems can mainly be 
categorized in two domains: (1) nutrient recycling, and (2) water use efficiency. One-loop 
systems that are currently in operation already perform well in following these principles. 
However, fish sludge that is usually discharged from the system still contains valuable 
nutrients and a high proportion of water (Chapter 2). Multi-loop aquaponic systems can 
increase both nutrient recycling and water use efficiency, by implementing a third 
remineralization cycle (Figure 8.1).  

 
Figure 8.1. Illustration of the major water and nutrient flows from the RAS to the other subsystems 
of a multi-loop aquaponic systems. Water recirculates within the RAS, hydroponic, and 
remineralization subsystems. The evapotranspiration within the HP system determines the flow 
from the RAS to the HP. Additionally to that, there are (here not drawn) minor water and nutrient 
losses in all three sub-systems. 
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Chapter 5 specifically addresses the impact of the implementation of such a third 
remineralization cycle on plant growth. Contrary to the classical working principle of 
aquaponics (i.e. continuously providing nutrient-rich RAS water to the hydroponic plant 
culture unit and redirecting it to the aquaculture tanks), the multi-loop approach is quite 
different (Figure 8.1). Here, the flows from RAS and the remineralization/mobilization unit 
are directed one-way and are mainly determined by the evapotranspiration rate of the 
plants. The mobilization of nutrients from fish sludge plays a key role in closing the nutrient 
cycle to the highest degree possible. For that reason, the impact of both aerobic and 
anaerobic digestion effluents have been examined on plant growth to determine which 
option is more beneficial. The lettuce plants grown in the hydroponic system that were 
supplied with supernatant from an anaerobic reactor, while keeping the EC at a constant 
level, had significantly better performance with respect to weight gain than those supplied 
from an aerobic reactor (Objective 2). Unfortunately, it was beyond the scope of this study 
to optimize the remineralization unit. Different studies indicate that several parameters (i.e. 
temperature, pH, feeding rate, sludge density, etc.) have an impact on the mobilization of 
nutrients (de Lemos Chernicharo, 2007; Mirzoyan and Gross, 2013; Salminen et al., 2001; 
van Lier et al., 2008). Consequently, our hypothesis that anaerobic remineralization effluents 
are the optimal solution to plant growth still needs to be verified in a pilot scale setup. 
 

8.3 Nutrient and Water Mass Balance 
Unlike one-loop aquaponics, multi-loop systems can provide optimal conditions for fish, 
plants, and remineralization bacteria (Kloas et al., 2015; Suhl et al., 2016; Suhr et al., 2015). 
Regardless of our work presented in Chapter 6, models simulating the ASTAF-PRO system 
(Kloas et al., 2015) were created based on Excel (Reyes Lastiri et al., 2016) and VBA Excel 
(Karimanzira et al., 2016). Both models focus on system analysis as well as optimization of 
the existing system.  
 
Our model follows a different approach (Chapter 6) and was programmed with AnyLogic. 
Unlike the models of Reyes Lastiri et al. (2016) and Karimanzira et al. (2016) that can be 
described as an empirical model, our model is not based on an already working system, and 
has therefore more the character of a theoretical exploration and optimisation. Objective 3 
aimed to develop a feasible multi-loop aquaponic system layout based both on dynamic 
systems modelling and the former findings, as well as on characterizing parameters that 
offer important insights into sizing and design of such systems. Model outputs show that the 
radiation-dependent evapotranspiration is the determining factor for water quality (i.e. 
nitrate concentration) in the aquaculture component (Chapter 6). In concrete terms, this 
means that the higher the radiation, the more evapotranspiration will occur in the RAS and 
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HP system. This will consequently lead to higher water renewal rates in the RAS system. 
Under steady-state conditions, i.e. constant volumes in RAS and HP systems, the direct flow 
from the RAS to the HP can be determined using the following equation 
 

𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅 = 𝐸𝐸𝑇𝑇 + 𝑉𝑉𝑤𝑤 + 𝑄𝑄𝐻𝐻𝐻𝐻 − 𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅 (8.1) 
 
whereas 𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅 is the Water flow RAS to HP;  ET is the Total Evapotranspiration;  𝑉𝑉𝑤𝑤 is the 
water content in harvested plants; 𝑄𝑄𝐻𝐻𝐻𝐻 is the optional discharge (e.g. at the end of growth 
cycles, if applicable); and 𝑄𝑄𝑅𝑅𝑅𝑅𝑅𝑅 is the water flow from the remineralization component to 
HP. 
 
With respect to the identification of phosphorus as a bottleneck resource in the near future 
(Chapter 2), the model outcome of Chapter 6 shows that in principle sufficient phosphorus 
could be available for plants within decoupled multi-loop aquaponics systems. However, this 
statement should be approached with caution as it depends on several other factors. These 
factors are (1) the remineralization/mobilization performance of the anaerobic reactors that 
must still be determined and optimized; (2) the feed formulation; (3) the cultivated plant 
species and its particular nutrient demand. Consequently, our assumption has still to be 
verified in a number of large-scale comparative studies. Taking one-loop systems as a 
reference, our approach appears quite promising though, as this system could reduce 
dependency on phosphate fertilizers, the shortage of which is a concern in global agriculture 
production (Kloas et al., 2015; Mirzoyan and Gross, 2013; Monsees et al., 2017; Suhl et al., 
2016). As parameters of the model can be adjusted and optimized with empirical data, the 
model can provide good design criteria depending on specific fish loading rates and stocking 
densities. 
 
The advantage of using AnyLogic is that its models are java applications and can easily be 
extended. Moreover, AnyLogic supports GUI-based dynamic systems modelling and 
combines this with agent based and discrete event models. The system dynamics approach 
enables the user to understand both structures and dynamics of complex systems based on 
causal loop relationships. A general drawback is that existing models are not compatible with 
each other due to different interfaces. However, there are already solutions for model 
integration and co-simulation, e.g. following the Functional Mock-up Interface standard that 
could allow for combining existing models. 
 
Although this study has tended to focus on optimizing the conditions of each sub-system, less 
attention has been paid to the actual nutrient concentrations within the RAS and the HP. The 
main controversy concerns the fact that the nutrient concentration must be higher in the HP 
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than in the RAS. Chapter 7 demonstrates that the constituted nutrient dynamics in Chapter 
6 within a multi-loop aquaponic systems are accurate in terms of mass balances, but cannot 
achieve the favourable nutrient concentration especially in the HP. To avoid nutrient 
supplementation, the research paper presented in Chapter 7 suggests an implementation of 
a desalination/distillation device to achieve intended nutrient concentrations in both sub 
systems. The model outcome shows that in theory this could address the issue. However, the 
proposed solution needs a practical evaluation as the impact of concentrated RAS water on 
plant growth remains unclear. Additional empirical evidence is required to assess to what 
degree such a solution makes sense economically as distillation processes are energy 
intensive (Chandrashekara and Yadav, 2017). 
 

8.4 Environmental and Social Impact 
There are several arguments for aquaponics addressing the optimised utilization of 
resources and reduction of emissions, increasing the sustainability of fish and plant 
production (Chapter 2). Compared to hydroponic food production, the use of antibiotics and 
pesticides is highly restricted (dos Santos, 2016; Rakocy et al., 2006) and the integrated 
nature of aquaponics forcibly requires more dependence on  biocontrol methods in the RAS 
subsystem (Goddek et al., 2015). As a result, aquaponics should in theory be eligible for 
organic certification; however, aquaponic plant products, similar to hydroponic plant 
products (grown in water) are still excluded from organic labelling in the European Union.  
 
Another important factor in aquaponics is animal welfare. Decoupled multi-loop aquaponic 
systems offer the best comparative advantage compared with one-loop systems (Chapter 6). 
This advantage can be attributed to the fact that the water quality can be separately 
regulated for all system components. A trade-off is no longer necessary (Chapter 2) as fish 
will no longer have to swim in highly nutrient-concentrated water, while the nutrient 
concentration of the hydroponic component can be raised to hydroponic levels. 
Consequently, the following discussion will reflect the trade-offs between one-loop vs. multi-
loop systems. 
 
From a social point of view, aquaponics enables people/farmers/communities/companies 
to grow food (dos Santos, 2016) in an efficient and decentralized manner, while decreasing 
waste generation. Reduced phosphorus dependencies of multi-loop aquaponic systems 
(Chapter 2 & 6) as well as yields that can compete with hydroponic standards (Chapter 3 & 
4) show the potential to compensate for the economic disadvantage that current one-loop 
systems have. The already mentioned reduced P-dependencies of upcoming multi-loop 
aquaponic systems can compete with hydroponic standards and will only be strengthened 
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by the potentially higher industrial productivity that might be achievable in multi-loop 
aquaponic systems.  

8.5 Recommendations for future research 
This thesis provides a basis for optimizing each sub-cycle in a multi-loop aquaponic system. 
Further aims and challenges lay in optimizing the system’s circularity. The greatest potential 
in optimizing the resource usage lies in the remineralization technology which constitutes a 
high potential for future innovation (de Lemos Chernicharo, 2007; Monsees et al., 2015; van 
Lier et al., 2008). Recent findings indicate that anaerobic sludge treatment has a strong 
potential to remineralize N, P, and other macro and micro-nutrients (Mirzoyan and Gross, 
2013; Suhr et al., 2015). This remineralization is all the more significant because our 
experimental findings (Chapter 5) have indicated that lettuce has the potential to achieve a 
higher performance and a more favourable root:shoot ratio when the nutrient solution was 
enriched with anaerobic supernatant. It must be stated that the experiment (Chapter 5) was 
conducted under high pH conditions that are not uncommon in aquaponics. Yet, the question 
arises whether the increased growth might have occurred as the available ammonia in the 
anaerobic supernatant might have lowered the pH in the lettuces’ rhizosphere; which again 
could have caused the enhanced nutrient uptake (Jones, 2005). Future research in this field 
must examine this phenomenon, including the bacterial role given that a strong biological 
reason for increased plant growth is likely. However, preliminary data of current ongoing 
research suggests that RAS-derived anaerobic supernatant has a significant impact on plant 
growth (Mendoza, pers. communication). With respect to remineralization technologies, 
further studies still need to address the impact of hydraulic retention time (HRT), sludge 
retention time (SRT), pH, and possible pre- and post-treatments in order to optimize this 
process further. In the long term perspective, nearly zero-discharge systems should be 
achieved.  
 
Additionally, two essential follow-up research recommendations must be emphasized: (1) 
additional research is necessary to determine the reasons for better lettuce growth in CAP 
systems with respect to the observed phenomenon (i.e. bacterial role; humic acid; DOM; 
VFAs) that increased plant growth might be plant species dependent (Chapter 3 & 4); and 
(2) a mass balance study is required to examine the effects of optimized aerobic and 
anaerobic remineralization methods in a pilot multi-loop aquaponic system (Chapter 5). 
 
Challenges on the short term will be (1) the sizing of the components for decoupled 
aquaponic systems and (2) the implementation and operation of pilot plants that are needed 
to reach an overall technology readiness level of 8 or 9 (i.e. proof of technology and actual 
application in its final form, respectively). Medium to large-scale pilot projects are 
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particularly suitable for this purpose, and ideally provide comparative experimental data. 
Bottom-up system models that are largely based on data from RAS, hydroponics, and 
remineralization reactors derived data could support sizing of systems in a highly flexible 
manner. 
 
Figure 8.2 shows a conceptual planning of a multi-loop aquaponic system based on our 
current knowledge. This illustration differentiates from Figure 6.3 in some aspects: 
1. Desalination/Distillation technologies are suggested to increase the nutrient 

concentration in the hydroponic component if necessary, while leading demineralized 
water to the RAS and thus improving its water quality. 

2. Energy and heat generation are taken into account; i.e. the usage of methane as a by-
product of anaerobic digestion, as well as using the waste heat of the lighting equipment. 
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Altogether, this thesis provides a deeper insight into both the need and potentials of 
decoupled multi-loop aquaponic systems. 

8.6 Conclusions 
The preceding sections have critically discussed the main findings of this thesis. To conclude, 
the two main research questions were: 
 
(1) To what degree does the implementation of technically more complex multi-loop 
aquaponic systems improve the economic (i.e. production efficiency) and ecological (i.e. 
nutrient recycling, waste prevention, water consumption, etc.) impact compared with one-
loop aquaponic systems? 

• In the conducted experiments (Chapter 3 & 4), lettuce grew significantly better in RAS 
based hydroponic nutrient solutions than in “sterile” (i.e. without bacteria) 
hydroponic environments. 

• Our developed dynamic systems model enhances the understanding of nutrient and 
water flows within multi-loop aquaponic systems and can serve as a tool for 
determining dimension criteria.  

• Remineralizing RAS-derived fish sludge decreases waste discharge and at the same 
time increase water and nutrient recycling within the system. 

• Desalination/Distillation technology can control the nutrient concentrations in the 
respective multi-loop aquaponic subsystems, reducing the external fertilization 
demand. 

(2) What are the determining parameters for both sizing and designing multi-loop 
aquaponic systems? 

• The evapotranspiration rate (which is dependent on the global radiation) was 
identified as the major parameter to control the RAS water quality in decoupled 
multi-loop aquaponic systems. 

• Fish loading rates as well as the size of the hydroponic culture unit are parameters 
that need to be sized correctly to maintain RAS water on a desirable level.  

• pH, HRT, SRT, and temperature are important parameters for the anaerobic 
remineralization unit to determine the remineralization efficiency of the reactor and 
therefore the hydroponic subsystem. 

• The radiation level as well as the relative humidity are the main parameters for 
determining the evapotranspiration rate of the plants and the associated RAS water 
quality (i.e. the higher the evapotranspiration, the higher the water exchange in the 
RAS system).   
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Appendix A 

 
 
 

 
A.1. More detailed scheme of our theoretical design as presented in Figure 8.1. The blue color 
represents the RAS loop, the green one the hydroponic loop, the pink one the remineralization loop, 
and the brown one the desalination loop. The level of each component is illustrated numerically in 
the small box and refers to the vertical direction the flow needs to travel to; whereas high numbers 
refer to high positioning and low numbers to low positioning. Gravity flow occurs, when water flows 
from high levels to low levels, and pressurized flow is required when the flow goes from low to high 
numbers. 
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A.2. Scheme of the commerical NerBreen System, located in Hondarribia, Spain. The blue color 
represents the RAS loop, the green one the hydroponic loop, the purple one the vermiculture 
remineralization loop, and the brown one the desalination loop. The level of each component is 
illustrated numerically in the small box and refers to the vertical direction the flow needs to travel 
to; whereas high numbers refer to high positioning and low numbers to low positioning. Gravity flow 
occurs, when water flows from high levels to low levels, and pressurized flow is required when the 
flow goes from low to high numbers. 
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A.3. Scheme of the IGB Berlin aquaponic system for (nearly) emission free tomato and fish production 
in greenhouses (ASTAF-PRO) located in Berlin, Germany. The blue color represents the RAS loop and 
the green one the hydroponic loop. The level of each component is illustrated numerically in the small 
box and refers to the vertical direction the flow needs to travel to; whereas high numbers refer to 
high positioning and low numbers to low positioning. Gravity flow occurs, when water flows from 
high levels to low levels, and pressurized flow is required when the flow goes from low to high 
numbers. 
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A.4. Scheme of the Tilamur (INAPRO) research system located in Lorquí, Murcia, Spain. The blue color 
represents the RAS loop and the green one the hydroponic loop. The level of each component is 
illustrated numerically in the small box and refers to the vertical direction the flow needs to travel 
to; whereas high numbers refer to high positioning and low numbers to low positioning. Gravity flow 
occurs, when water flows from high levels to low levels, and pressurized flow is required when the 
flow goes from low to high numbers. 
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A.5. Scheme of the Inagro vzw research system located in Rumbeke-Beitem, Belgium. The blue color 
represents the RAS loop, the green one the hydroponic loop, and the brown one the biogas loop. The 
level of each component is illustrated numerically in the small box and refers to the vertical direction 
the flow needs to travel to; whereas high numbers refer to high positioning and low numbers to low 
positioning. Gravity flow occurs, when water flows from high levels to low levels, and pressurized 
flow is required when the flow goes from low to high numbers. 

 
 
 
 
 
 
 
 
 
 
 



157 
 

Summary 

 
 
Coupling the production of aquatic animals and plants in greenhouses forms the basis for all 
conventional aquaponic systems. In these systems, nutrient-rich wastewater from the 
aquaculture section, for for instance fish production, is used for fertilization of the plants. 
Hence, aquaponic systems save water compared to either single fish production or 
greenhouse systems. State-of-the-art commercial aquaponic systems are typically being 
built as one-loop systems. Here, the wastewater from the fish tanks is directly fed to the 
hydroponic section and subsequently directly fed back to the fish tanks. However, these 
systems often lack stability, technical and technological standardisation, as well as 
sustainability and economic profitability.  
 
The general approach of this thesis was to assess and improve the physical feasibility of one-
loop aquaponic systems by conceiving and developing multi-loop aquaponic systems, where 
the water from the hydroponic section with its own recirculation is not fed back to the fish 
tanks in the recirculating aquaculture system (RAS). In this context, the general objectives 
of the thesis were to (1) determine the status quo of aquaponic systems and identify current 
bottlenecks that need to be addressed in order to improve commercial feasibility; (2) to 
determine statistically to what degree RAS-derived water as well as effluents from aerobic 
and anaerobic remineralization reactors have an impact on lettuce growth and provide 
hypotheses that could explain these differences; and (3) to develop a  multi-loop aquaponic 
system layout by system dynamic modelling considering previous findings and ultimately 
offer important insights into sizing and designing such systems. 
 
The review paper presented in Chapter 2 serves as a theoretical basis for this thesis. The 
analysis performed in this chapter shows that aquaponics as such can become an important 
driver for the development of integrated food production systems. However, requirements 
to increase its production efficiency to be able to compete with both intensive aquaculture 
and hydroponic food production systems were identified. These requirements especially 
include optimal conditions for both fish and plants in aquaculture and hydroponic systems, 
respectively, as well as the utilization of the nutrient-rich aquaculture-derived sludge.  
 
Enhanced growth rates of plants cultivated in decoupled multi-loop aquaponic systems 
compared to conventional hydroponic installations have been observed in experimental 
research (Chapters 3-5). More specifically, lettuce that was grown in a RAS-water-based 
hydroponic nutrient solution showed 39% better growth performances than the rainwater-
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based hydroponic control that had the same chemical nutrient composition (Chapter 3). The 
same study showed that plants grown in a conventional one-loop aquaponic control system 
showed a lower growth than the hydroponic system. In Chapter 4, we repeated the 
experiment for validation purposes. The differences to the previous experiment (Chapter 3) 
were that the new experiment was conducted on a larger scale, and that aquaculture water 
was used that consisted of significantly higher amount of sodium. The latter is known for 
being a growth-retarding factor. Results showed that sodium rich water might have inhibited 
lettuce growth in RAS-based nutrient solutions, but also that lettuce grown in this solution 
still showed a growth advantage of 7.9% (wet matter) and 33.2% (dry matter), respectively 
(i.e. compared to the previous 39%). Lettuce was even able to take up the sodium. Sodium 
accumulation within the system was not observed.  
 
A third experiment was carried out to examine the impact of effluent from either aerobic or 
anaerobic digestion of the fish sludge on lettuce plant growth. In this experiment a mixture 
of aquaculture and tap water was enriched with supernatants from both aerobic and 
anaerobic batch reactors (Chapter 5). This experiment played an important role in the 
decision making process with respect to the preferred remineralization technology (i.e. 
aerobic or anaerobic) implemented in the multi-loop aquaponic system model (Chapter 6). 
The research presented in Chapter 5 provides strong empirical confirmation that anaerobic 
effluents generally have a positive impact on plant growth. Generally, we hypothesize that 
the application of RAS water as well as anaerobic remineralization digestates stimulate both 
root and shoot growth. However, it is difficult to ascertain which mechanism led to the 
increase in this particular case but microorganisms and dissolved organic matter are 
suspected to play an important role. 
 
In the first technical chapter (Chapter 6), a multi-loop aquaponic system was designed and 
modelled with AnyLogic. The objective of the model was to evaluate water and nutrient 
flows. The outcome of the model shows that the higher the evapotranspiration rate (that is 
dependent on light intensities), the smaller the required hydroponic cultivation area. The 
model study also suggests that it is possible to size the cultivation area based on P availability 
in the hydroponic component, as P is an exhaustible resource and has been identified one of 
the main limiting factors for plant growth. 
 
Taking Chapter 6 as a basis, the aim of Chapter 7 was to look into optimizing the nutrient 
concentrations in the aquaculture and hydroponic subsystems and coming up with technical 
solutions. We found out that the implementation of desalination processes could contribute 
to concentrating the hydroponic nutrient solution, while purifying the aquaculture water. 
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The integration of such a technology would also reduce the water footprint as well as the 
fertilization demand of multi-loop aquaponic systems. 
 
Overall (Chapter 8), and from a global point of view, we can say that the claim of aquaponics 
being superior to hydroponics would be a too bold statement. Growth improvements cannot 
be guaranteed for all plant species. However, we disproved the often-mentioned 
disadvantage of growth retardation (Chapter 3 & 4). With respect to the economic value of 
multi-loop systems, we showed that multi-loop aquaponic systems can be competitive with 
current commercial hydroponic systems. From a social point of view, aquaponics constitutes 
a “healthy” alternative to hydroponics, as the use of antibiotics and pesticides is highly 
restricted in aquaponic systems. Also multi-loop aquaponic systems contribute to animal 
welfare, since fish will no longer have to swim in high nutrient concentrated water, while the 
nutrient concentration of the hydroponic component can be raised to hydroponic levels.  
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Samenvatting 

 
 
De basis voor alle gebruikelijke aquaponics systemen is het koppelen van de productie van 
aquatische dieren en planten in broeikassen. In deze systemen wordt nutriënten-rijk 
afvalwater van de aquacultuur, bijvoorbeeld voor de productie van vis, gebruikt voor de 
bemesting van planten. Door middel van dit concept besparen aquaponics systemen water 
in vergelijking met losstaande vis- of plantproductiesystemen. Hedendaagse commerciële 
aquaponics systemen bestaan meestal uit een “one-loop” systeem.  Hierin wordt afvalwater 
uit de vistanks   direct gevoed aan het hydroponics gedeelte en vervolgens direct 
teruggesluisd naar de vistanks. Dit soort systemen missen vaak stabiliteit, technische en 
technologische standaardisatie, duurzaamheid en economische rendabiliteit. 
 
Het doel van dit proefschrift was het vaststellen en verbeteren van de fysische haalbaarheid 
van “one-loop” aquaponics systemen door het bedenken en ontwikkelen van “multi-loop” 
aquaponics systemen. Hier wordt het water van de hydrocultuur met eigen recirculatie niet 
teruggevoerd naar de vistanks in het “recirculating aquaculture system” (RAS). In deze 
context is het algemene doel om (1) het bepalen van de status quo van aquaponics systemen 
en het identificeren van de huidige knelpunten voor het verbeteren van de commerciële 
haalbaarheid; (2) het statistisch vaststellen in hoeverre RAS- en afvoerwater van aerobe en 
anaerobe remineralisatie reactoren een impact hebben op de groei van sla, en het geven van 
hypothesen die deze verschillen kunnen verklaren; en (3) het ontwikkelen van een “multi-
loop” aquaponics systeemconfiguratie met behulp van dynamische systeemmodellering, 
gebaseerd op eerder gevonden resultaten, en het verkrijgen van uiteindelijk belangrijke 
inzichten in het ontwerp van zulke systemen. 
 
Hoofdstuk 2 dient als een theoretische basis voor dit proefschrift. De uitgevoerde analyse in 
dit hoofdstuk laat zien dat een aquaponics systeem zoals deze een belangrijke drijfveer voor 
de ontwikkeling van geïntegreerde voedselproductiesystemen kan zijn.  De vereisten voor 
het verhogen van de efficiëntie van de productie om het op te nemen tegen zowel intensieve 
aquaculture en hydroponic voedselproductiesystemen zijn echter geïdentificeerd. Deze 
vereisten bevatten vooral optimale condities voor zowel vissen en planten in respectievelijk 
aquacultuur en hydroponic systemen, evenals het gebruikmaken van het nutriënten-rijke 
visslib afkomstig van de aquacultuur. 
 
Verbeterde groeisnelheden van planten die gecultiveerd zijn in ontkoppelde “multi-loop” 
aquaponics systemen ten opzichte van gebruikelijke hydroponic systemen zijn opgemerkt in 
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experimenteel onderzoek (Hoofdstuk 3-5). Sla gegroeid in een hydroponic nutriënten 
oplossing gebaseerd op RAS-water heeft een 39% betere groeiprestatie geleverd dan de op 
regenwater gebaseerde hydroponic controlegroep met dezelfde scheikundige nutriënten 
samenstelling (Hoofdstuk 3). Dezelfde studie heeft laten zien dat planten uit een gebruikelijk 
“one-loop” aquaponics controlesysteem een lagere groeisnelheid laten zien dan het 
hydroponic systeem. In hoofdstuk 4 hebben we het experiment gevalideerd door het te 
herhalen. De verschillen met het vorige experiment (Hoofdstuk 3) zijn de grotere schaal van 
het nieuwe experiment, en het gebruik van water afkomstig uit aquacultuur dat een 
significant hogere hoeveelheid natrium bevatte. Het laatste genoemde staat bekend als 
groeivertragende factor. Resultaten hebben laten zien dat natrium rijk water de groei van 
sla in RAS gebaseerde nutriënten oplossing onderdrukt zou kunnen hebben, maar ook dat 
sla die in deze oplossing geroeid heeft alsnog een groeivoordeel had van 7.9% (natte stof) 
en 33.2% (droge stof), respectievelijk (vergeleken met de eerdergenoemde 39%). Sla was 
zelfs in staat het natrium op te nemen. Natrium accumulatie in het systeem was niet 
waargenomen.  
 
Een derde experiment was gedaan om de impact van afvoerwater afkomstig van aerobe of 
anaerobe visslip op de groei van sla te onderzoeken. In dit experiment is een mengsel van 
aquacultuur en kraanwater verrijkt met supernatanten van zowel aerobe als anaerobe batch 
reactoren (Hoofdstuk 5). Dit experiment heeft een belangrijke rol gespeeld in de 
beslissingen die gemaakt zijn over de voorkeur in remineralisatie technologie (aeroob of 
anaeroob) die is geïmplementeerd in het multi-loop aquaponic systeem model (Hoofdstuk 
6). Het onderzoek dat is gepresenteerd in hoofdstuk 5 levert sterke empirische bevestiging 
dat anaerobisch afvoerwater in het algemeen een positieve impact hebben op de groei van 
planten. In het algemeen nemen we aan dat de applicatie van RAS-water en ook anaerobe 
remineralisatie digestaten zowel wortel als scheut groei stimuleren. Het is echter moeilijk 
om vast te stellen welk mechanisme leidt tot de toename in dit geval, maar micro-
organismen en opgeloste organische stof spelen vermoedelijk een belangrijke rol. 
 
In het eerste technische hoofdstuk (Hoofdstuk 6) is een multi-loop aquaponics systeem 
ontworpen en gemodelleerd met AnyLogic. Het doel van het model was het in kaart brengen 
van water en nutriënten stromen.  De uitkomst van het model laat zien dat een hogere 
evapotranspiratie snelheid (die afhankelijk is van licht intensiteit) leidt tot een lager vereiste 
hydroponic teelt oppervlak. Studie naar het model suggereert ook dat het mogelijk is het 
teelt oppervlak op te stellen, gebaseerd op de P-beschikbaarheid, omdat P een uitputbare 
grondstof is en is vastgesteld als één van de belangrijkste limiterende factoren in de groei 
van planten. 
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Met hoofdstuk 6 als basis, was het doel van hoofdstuk 7 het onderzoeken van de optimale 
nutriënten concentraties in de aquaculture en de hydroponic subsystemen en van technische 
oplossingen. We hebben ontdekt dat het inbrengen van ontzilting processen bij kan dragen 
aan het concentreren van de hydroponic nutriënten oplossing, terwijl het water van de 
aquacultuur wordt gezuiverd. De integratie van dergelijke technologie zou het water 
verbruik verminderen net zoals de vraag naar bemesting van multi-loop aquaponics 
systemen. 
 
In het algemeen (Hoofdstuk 8), en vanuit een wereldwijd standpunt, kunnen we stellen dat 
de bewering dat aquaponics superieur is aan hydroponics een te moedige uitspraak is. De 
verbeteringen in groei kunnen niet worden gegarandeerd voor alle soorten planten. We 
hebben echter wel het vaak genoemde nadeel groeivertraging weerlegd (Hoofdstuk 3 & 4). 
Rekening houdend met de economische waarde van multi-loop systemen, hebben we 
aangetoond dat multi-loop aquaponics systemen kunnen concurreren met commerciële 
hydroponic systemen van tegenwoordig. Vanuit een sociaal standpunt geeft aquaponics een 
“gezond” alternatief op hydroponics, omdat het gebruik van antibiotica en pesticides in 
aquaponics zeer beperkt is. Ook dragen multi-loop aquaponics systemen bij aan het welzijn 
van dieren, omdat de vissen niet in water met hoge concentraties nutriënten hoeven te 
zwemmen, terwijl de nutriënten concentratie van het hydroponic gedeelte verhoogd kan 
worden. 
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Resumo 

 
O acúmulo de produção de animais aquáticos e plantas em estufas constitui a base para todos 
os sistemas aquapônicos convencionais. Nestes sistemas, as águas residuais ricas em 
nutrientes da seção de aquicultura, por exemplo a produção de peixe, são utilizadas para 
fertilização das plantas. Assim, os sistemas aquapônicos economizam água em comparação 
com produções de uma única espécie de peixe ou sistemas de estufa. Os sistemas 
aquapônicos comerciais de última geração são tipicamente construídos como sistemas one-
loop. Aqui, as águas residuais dos tanques de peixe são alimentadas diretamente à seção 
hidropônica e depois alimentadas de volta aos tanques de peixes. No entanto, esses sistemas 
muitas vezes não possuem estabilidade, padronização tecnológica e tecnológica, bem como 
sustentabilidade e rentabilidade econômica. 
 
A abordagem geral desta tese foi avaliar e melhorar a viabilidade física dos sistemas 
aquapônicos one-loop concebendo e desenvolvendo sistemas aquapônicos multi-loop, onde 
a água da seção hidropônica com sua própria recirculação não é alimentada de volta aos 
tanques de peixes no sistema de aquicultura de recirculação (RAS). Neste contexto, os 
objectivos gerais da tese eram (1) determinar o status quo de sistemas aquapônicos e 
identificar problemas atuais que precisam ser abordados, a fim de melhorar a aumento de 
viabilidade comercial; (2) determinar estatisticamente até que ponto a água derivada do 
RAS, bem como os efluentes dos reatores de remineralização aeróbica e anaeróbica, têm um 
impacto no crescimento da alface e fornecem hipóteses que poderiam explicar essas 
diferenças; e (3) desenvolver um layout do sistema aquapônico multi-loop por meio de 
modelagem dinâmica do sistema, considerando as descobertas anteriores e, finalmente, 
oferecer informações importantes sobre o dimensionamento e a concepção de tais sistemas. 
 
O artigo de revisão apresentado no Capítulo 2 serve como base teórica para esta tese. A 
análise realizada neste capítulo mostra que a aquapônica como tal pode se tornar um 
importante motor para o desenvolvimento de sistemas integrados de produção de 
alimentos. No entanto, os requisitos para aumentar a eficiência da produção para poder 
competir com os sistemas de produção intensiva de aquicultura e alimentos hidropônicos 
foram identificados. Estes requisitos incluem condições óptimas para ambos os peixes e 
plantas em sistemas de aquacultura e hidropônicas, respectivamente, bem como a utilização 
das lama derivada da aquicultura rica em nutrientes. 
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As taxas de crescimento avançadas de plantas cultivadas em sistemas aquapônicos multi-
loop desacoplados em comparação com instalações hidropônicas convencionais foram 
observadas na pesquisa experimental (Capítulos 3-5). Mais especificamente, a alface que foi 
cultivada em uma solução de nutrientes hidropônicos à base de água RAS mostrou 39% 
melhor desempenho de crescimento do que no controle hidropônico à base de água da chuva 
que tinha a mesma composição de nutrientes químicos (Capítulo 3). O mesmo estudo 
mostrou que as plantas cultivadas em um sistema convencional de controle aquapônico one-
loop apresentaram menor crescimento do que o sistema hidropônico. No Capítulo 4, 
repetimos o experimento para fins de validação. As diferenças para o experimento anterior 
(Capítulo 3) foram que o novo experimento foi conduzido em uma escala maior, e aquela 
água de aquicultura que foi usada consistiu em uma quantidade significativamente maior de 
sódio. Este último é conhecido por ser um fator retardador do crescimento. Os resultados 
mostraram que a água rica em sódio poderia ter inibido o crescimento da alface em soluções 
de nutrientes baseadas em RAS, mas também que a alface cultivada nesta solução ainda 
apresentava uma vantagem de crescimento de 7,9% (matéria úmida) e 33,2% (matéria 
seca), respectivamente (isto é, comparado com os 39% anteriores). A alface foi até capaz de 
absorver o sódio. A acumulação de sódio dentro do sistema não foi observada. 
 
Um terceiro experimento foi realizado para examinar o impacto do efluente da digestão 
aeróbica ou anaeróbia das lamas de peixes no crescimento da planta de alface. Neste 
experimento, uma mistura de aquicultura e água de torneira foi enriquecida com 
sobrenadantes de reatores de lote aeróbicos e anaeróbios (Capítulo 5). Este experimento 
desempenhou um papel importante no processo de tomada de decisão em relação à 
tecnologia de remineralização preferida (ou seja, aeróbica ou anaeróbica) implementada no 
modelo de sistema aquapônico multi-loop (Capítulo 6). A pesquisa apresentada no Capítulo 
5 fornece uma forte confirmação empírica de que os efluentes anaeróbicos geralmente têm 
um impacto positivo no crescimento da planta. Geralmente, nós levantamos a hipótese de 
que a aplicação de água RAS, bem como a digestão de remanescências anaeróbicas, 
estimulam tanto o crescimento da raiz quanto o crescimento de tiro. No entanto, é difícil 
determinar qual mecanismo levou ao aumento neste caso, mas os microrganismos e a 
matéria orgânica dissolvida são suspeitas de desempenhar um papel importante. 
 
No primeiro capítulo técnico (Capítulo 6), um sistema aquapônico multi-loop foi projetado e 
modelado com o AnyLogic. O objetivo do modelo foi avaliar os fluxos de água e nutrientes. O 
resultado do modelo mostra que quanto maior a taxa de evapotranspiração (dependendo 
das intensidades de luz), menor a área de cultivo hidropônico requerida. O estudo modelo 
também sugere que é possível dimensionar a área de cultivo com base na disponibilidade de 
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P no componente hidropônico, pois P é um recurso esgotável e foi identificado como um dos 
principais fatores limitantes para o crescimento da planta. 
 
Tomando o Capítulo 6 como base, o objetivo do Capítulo 7 era buscar otimizar as 
concentrações de nutrientes nos subsistemas de aquicultura e hidropônicos e encontrar 
soluções técnicas. Descobrimos que a implementação de processos de dessalinização 
poderia contribuir para concentrar a solução de nutrientes hidropônicos, enquanto purifica 
a água da aquicultura. A integração de tal tecnologia também reduziria o consumo de água, 
bem como a demanda de fertilização de sistemas aquapônicos multi-loop. 
 
No geral (Capítulo 8), e de um ponto de vista global, podemos dizer que a afirmação de que 
a aquapônica que é superior à hidropônica seria uma afirmação muito ousada. As melhorias 
do crescimento não podem ser garantidas para todas as espécies de plantas. No entanto, 
refutamos a desvantagem geralmente mencionada do retardo do crescimento (Capítulo 3 e 
4). Com relação ao valor econômico dos sistemas multi-loop, mostramos que os sistemas 
aquapônicos multi-loop podem ser competitivos com os atuais sistemas hidropônicos 
comerciais. Do ponto de vista social, a aquapônica constitui uma alternativa "saudável" à 
hidroponia, já que o uso de antibióticos e pesticidas é altamente restringido nos sistemas 
aquapônicos. Além disso, os sistemas aquapônicos multi-loop contribuem para o bem-estar 
dos animais, uma vez que os peixes não terão que nadar em água concentrada com alto teor 
de nutrientes, enquanto a concentração de nutrientes do componente hidropônico pode ser 
aumentada para níveis hidropônicos. 
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