
Chapter 8
Decoupled Aquaponics Systems

Simon Goddek, Alyssa Joyce, Sven Wuertz, Oliver Körner, Ingo Bläser,
Michael Reuter, and Karel J. Keesman

Abstract Traditional aquaponics systems were arranged in a single process loop
that directs nutrient-rich water from fish to the plants and back. Given the differing
specific nutrient and environmental requirements of plants and fish, such systems
presented a compromise to the ideal conditions for rearing of both, thus reducing the
efficiency and productivity of such coupled systems. More recently, designs that
allow for decoupling of units provide for a more finely tuned regulation of the
process water in each of the respective units while also allowing for better recycling
of nutrients from sludge. Suspended solids from the fish (e.g. faeces and uneaten
feed) need to be removed from the process water before water can be directed to
plants in order to prevent clogging of hydroponic systems, a step that represents a
significant loss of total nutrients, most importantly phosphorus. The reuse of sludge
and mobilization of nutrients contained within that sludge present a number of
engineering challenges that, if addressed creatively, can dramatically increase the
efficiency and sustainability of aquaponics systems. One solution is to separate, or
when there are pathogens or production problems, to isolate components of the
system, thus maximizing overall control and efficiency of each component, while
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reducing compromises between the conditions and species-specific requirements of
each subsystem. Another potential innovation that is made possible by the
decoupling of units involves introducing additional loops wherein bioreactors can
be used to treat sludge. An additional distillation loop can ensure increased nutrient
concentrations to the hydroponics unit while, at the same time, reducing adverse
effects on fish health from high nutrient levels in the RAS unit. Several studies have
documented the aerobic and anaerobic digestion performance of bioreactors for
treating sludge, but the benefits of the digestate on plant growth are not well-
researched. Both remineralization and distillation components consequently have a
high unexplored potential to improve decoupled aquaponics systems.

Keywords Decoupled aquaponics · Multi-loop aquaponics · System dynamics ·
System design · Anaerobic digestion · Desalination

8.1 Introduction

As discussed in Chaps. 5 and 7, single-loop aquaponics systems are well-researched,
but such systems have a suboptimal overall efficiency (Goddek et al. 2016; Goddek
and Keesman 2018). As aquaponics scales up to industrial-level production, there
has been emphasis on increasing the economic viability of such systems. One of the
best opportunities to optimize production in terms of harvest yield can be accom-
plished by uncoupling the components within an aquaponics system to ensure
optimal growth conditions for both fish and plants. Decoupled systems differ from
coupled systems insomuch as they separate the water and nutrient loops of both the
aquaculture and hydroponics unit from each another and thus provide a control of the
water chemistry in both systems. Figure 8.1 provides a schematic overview of a
traditional coupled system (A), a decoupled two-loop system (B), and a decoupled
multi-loop system (C). However, there is considerable debate whether decoupled
aquaponics systems are economically advantageous over more traditional systems,
given that they require more infrastructure. In order to answer that question, it is
necessary to consider different system designs in order to identify their strengths and
weaknesses.

The concept of a coupled one-loop aquaponics system as shown in Fig. 8.1a can
be regarded as the traditional basis of all aquaponics systems in which water
recirculates freely between the aquaculture and hydroponics units, while nutrient-
rich sludge is discharged. One of the key drawbacks of such systems is that it is
necessary to make trade-offs in the rearing conditions of both subsystems in terms of
pH, temperature, and nutrient concentrations (Table 8.1).

In contrast, decoupled or two-loop aquaponics systems separate the aquaculture
and aquaponics units from each other (Fig. 8.1b). Here, the sizing of the hydroponic
unit is a critical aspect, because ideally it needs to assimilate the nutrients provided
by the fish unit directly or via sludge mineralization (e.g. extracting nutrients from
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B. Decoupled (Two-Loop) System

Fingerlings
Fish Feed

Top-Up Water

Plant Material
Fertilizer (obligatory)

Process Water

Fish
Nutrient-Rich Sludge

Water Bleed-Off

Crops
Biowaste

Water (Evapotranspiration)

In
pu

t
O

ut
pu

t

C. Decoupled (Multi-Loop) System
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Fig. 8.1 The evolution of
aquaponics systems. (a)
shows a traditional one-loop
aquaponics system, (b) a
simple decoupled
aquaponics system, and (c) a
decoupled multi-loop
aquaponics system. The
blue font stands for water
input, output, and flows and
the red for waste products
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the sludge and providing it to the plants in a soluble form). Indeed, both the plant
area size and environmental conditions (e.g. surface, leaf area index, relative humid-
ity, solar radiation, etc.) determine the amount of water that can be evapotranspired
and are the main factors determining the rate of RAS water replacement. The water
sent from the RAS to the hydroponic unit is consequently replaced by clean water
which reduces nutrient concentrations and thus improves water quality (Monsees
et al. 2017a, b). The amount of water that can be replaced depends on evapotrans-
piration rate of plants that is controlled by net radiation, temperature, wind velocity,
relative humidity, and crop species. Notably, there is a seasonal dependency, with
more water evaporated in the warmer, sunnier seasons which is also when plant
growth rates are highest. This approach has been suggested by Goddek et al. (2015)
and Kloas et al. (2015) as an approach for improving the design of one-loop systems
and better utilizing capacity to assure optimal plant growth performance. The
concept has been adopted, inter alia, by ECF in Berlin, Germany, and the now
bankrupt UrbanFarmers in The Hague, Netherlands.

Despite potential benefits, initial experiments with a decoupled single-loop
design met with serious drawbacks. This resulted from the high amounts of addi-
tional nutrients that were needed to be added to the hydroponic loop given that the
process water flowing from the RAS to the hydroponics loop is purely evapotrans-
piration dependent (Goddek et al. 2016; Kloas et al. 2015; Reyes Lastiri et al. 2016).
Nutrients also tended to accumulate in the RAS systems when evapotranspiration
rates were lower, and could reach critical levels, thus requiring periodic bleeding off
of water (Goddek 2017).

Overcoming these drawbacks required the implementation of additional loops to
reduce the amount of waste produced in the system (Goddek and Körner 2019). Such
multi-loop systems are outlined in Fig. 8.1c and enhance the two-loop approach
(8.1b) with two units that will be more closely explored in the next two subchapters
as well as Chaps. 10 and 11:

1. Efficient nutrient mineralization and mobilization, using a two-stage anaerobic
reactor system to reduce the discharge of nutrients from the system via fish sludge

2. Thermal distillation/desalination technology to concentrate the nutrient solution
in the hydroponics unit in order to reduce the need for additional fertilizers

Such approaches have been partly implemented by various aquaponics producers
such as the Spanish company NerBreen (Fig. 8.1) (Goddek and Keesman 2018) as
well as Kikaboni AgriVentures Ltd. in Nairobi, Kenya, (van Gorcum et al.
2019) (Fig. 8.2).

In terms of economic advantages (Goddek and Körner 2019; Delaide et al. 2016),
optimizing growth conditions in each respective loop of decoupled aquaponics
systems has inherent advantages for both plants and fish (Karimanzira et al. 2016;
Kloas et al. 2015) by reducing waste discharge as well as improving nutrient
recovery and supply (Goddek and Keesman 2018; Karimanzira et al. 2017; Yogev
et al. 2016). In their work, Delaide et al. (2016), Goddek and Vermeulen (2018), and
Woodcock (pers. Comm.) show that decoupled aquaponics systems achieve better
growth performance than their respective one-loop aquaponics and hydroponics
control groups. Despite this, there are various problems that still need to be resolved,
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Fig. 8.2 Pictures of existing multi-loop system in (1) Spain (NerBreen) and (2) Kenya (Kikaboni
AgriVentures Ltd.). Whereas the NerBreen System is located in a controlled environment, the
Kikaboni System is using a semi-open foil-tunnel system
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including technical issues such as system scaling, parameter optimization, and
engineering choices for greenhouse technologies for different regional scenarios.
In the rest of this chapter, we will focus on some of the current developments to
provide an overview of ongoing challenges, as well as promising developments in
the field.

8.2 Mineralization Loop

In RAS, solid and nutrient-rich sludge must be removed from the system to maintain
water quality. By adding an additional sludge recycling loop, accumulating RAS
wastes can be converted into dissolved nutrients for reuse by plants rather than
discarded (Emerenciano et al. 2017). Within bioreactors, microorganisms can break
down this sludge into bioavailable nutrients, which can subsequently be delivered to
plants (Delaide et al. 2018; Goddek et al. 2018; Monsees et al. 2017a, b). Many
one-loop aquaponics systems already include aerobic (Rakocy et al. 2004) and
anaerobic (Yogev et al. 2016) digesters to transform nutrients that are trapped in
the fish sludge and make them bioavailable for plants. However, integrating such a
system into a coupled one-loop aquaponics system has several disadvantages:

1. The dilution factor for nutrient-rich effluents is much higher when discharging
them to a single-loop system in relation to discharging them to the hydroponics
unit only. Effectively, nutrients diluted by entering in contact with large volumes
of fish rearing water.

2. Fish are unnecessarily exposed to the mineralization reactor’s effluents; e.g. the
effluents of anaerobic reactors can include volatile fatty acids (VFAs) and
ammonia that might potentially harm the fish; such reactors also represent an
additional source for potential introduction of pathogens.

3. Around 90% of the nutrients trapped in the sludge can be recovered when RAS
sludge is maintained at a pH of 4 (Jung and Lovitt 2011). Such a low pH is not
possible when operating bioreactors at a pH around 7 (Goddek et al. 2018), which
is the usual trade-off pH value within one-loop aquaponics systems.

With respect to pH, Fig. 8.3 shows the approximate pH values of the respective
process water flows in a multi-loop aquaponics system (e.g. as presented in
Fig. 8.1c). Figure 8.3 also shows the impact of mineralization reactors on the
performance of the system as a whole, based on the anaerobic reactors proposed
by Goddek et al. (2018). Such a system represents only one possible solution for
treating sludge, with alternative approaches discussed in Chap. 10. The decrease in
pH of the process water flowing from the RAS subsystem into the hydroponics loop
as shown in Fig. 8.3 demonstrates acidification in the nutrient concentration loop
(i.e. demineralized water has a pH of 7). Thus, the effluent has a lower pH than the
RAS outlet, which reduces the need to adjust the pH for optimal plant growth
conditions.
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The two-stage reactor system works as follows:

• In the first stage (pH around 7 to provide optimal conditions for methanogenesis;
Table 8.1), the organic matter is broken down to sustain a high degree of methane
production (i.e. carbon removal). Mirzoyan and Gross (2013) reported a total
suspended solids reduction of around 90%, using upflow anaerobic sludge

~7.5

~7 ~4 ~4~7

~7 ~6

<6

~7

~6~7.5

Fig. 8.3 Approximate pH of the water within the different system components as well as the
process water. The ‘~’ indicated an approximation

Table 8.1 Overview of optimal growth conditions for fish and plants and preferred operational
conditions for sludge nutrient recycling treatment

Subsystem
Species/
function pH Temperature (�C)

Nitrate (NO3)
(mg/L)

Recirculating
aquaculture
system (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
2005)

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 2009)

Anaerobic
reactor

Methanogenesis 6.8–7-4
(de Lemos
Chernicharo
2007)

30–35 (Alvarez and
Lidén 2008; de Lemos
Chernicharo 2007)

–

Sludge
mobilization

4.0 (Jung and
Lovitt 2011)

n/a –
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blanket reactor technology. This has the benefit that (1) biogas is harvested as a
renewable energy source and (2) fewer VFAs are produced in the second stage.
The sludge retention time in the first stage should be several months, before
removing the accumulated nutrients in the sludge (e.g. calcium phosphate aggre-
gation) within the second stage.

• In the second stage, nutrients in suspended solids are effectively mobilized and
become available for plant uptake. This mobilization is the most effective in a
low-pH environment (Goddek et al. 2018; Jung and Lovitt 2011). Once the pH of
acidic reactors is decreased, it usually remains stable; thus less pH regulation is
required in the hydroponic unit.

The effluents that are rich in nutrients may require some post-treatment depending
on the amount of measured total suspended solids and VFAs. However, it is
important to keep in mind that ammonia can stimulate plant growth, e.g. leafy
greens, when it accounts for 5–25% of the total nitrogen concentration (Jones
2005). However, fruit vegetables such as tomatoes or sweet peppers are particularly
sensitive to ammonia in the nutrient solution. An aerobic post-effluent treatment or a
well-aerated hydroponics sump would be required in systems growing those types of
crops.

8.2.1 Determining Water and Nutrient Flows

For system sizing (Sect. 8.4), the amount of water flowing from the RAS system via
the reactor(s) to the hydroponics unit (QMIN) needs to be known (Eq. 8.1):

QMIN kg=dayð Þ ¼ nfeed � ksludge
πsludge

ð8:1Þ

where nfeed is the amount of fish feed in kg, ksludge is the proportion coefficient of fish
feed ending up as sludge, and πsludge is the proportion of total solids (i.e. sludge) in
the sludge water flow entering the mineralization loop.

The sludge concentration can be increased by adding a gravity separation device
prior to the bioreactors, directing the ‘clear’ supernatant back to the RAS system.
This formula can also be used to get an input for sizing the reactor based on the
hydraulic retention time (Chap. 10). Between 20 and 40% of the fish feed ends up as
total suspended solids in the RAS-derived sludge (Timmons and Ebeling 2013). As
an example, it has been found that tilapia sludge contains around 55% of nutrients
that were added to the system via feed (Neto and Ostrensky 2013; Yavuzcan Yildiz
et al. 2017) which represents a valuable resource for crop growth.

The main nutrients that can be recovered via a mineralization process are N and
P. As P (one of the major components of sludge) is the most valuable macronutrient
in terms of cost and availability for crop production, it should be the first element to
be optimized in the aquaponic system.
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The mineralization rate of the mineralization loop is calculated as follows:

Mineralization g=dayð Þ ¼ nfeed � 1000ð Þ � πfeed � πsludge � ηmin ð8:2Þ

where nfeed is the feed input to the system (in kg); πfeedis the proportion of the
nutrient in the feed formulation;πsludgeis the proportion of a specific feed-derived
element ending up in the sludge; and ηminis the mineralization and mobilization
efficiency of the reactor system.

The last step would be to determine the concentration of the respective element in
the effluent of the mineralization loop:

Nutrient concentration mg=Lð Þ ¼ Mineralization � 1000
QMIN

ð8:3Þ

Example 8.1
Our RAS system is fed with 10 kg of fish feed per day. We assume that 25% of
the fed feed ends up as sludge. In our system, we use a Radial Flow Settler
(RFS) to concentrate the sludge to 1% dry matter. Consequently, the flow from
the RAS to HP via the mineralization loop is calculated as follows:

QMIN kg=dayð Þ ¼ 10kg� 0:25
0:01

¼ 250 � 250kg=day

We decide to size our system on P. The P content of our feed (in most cases
provided by the feed manufacturer) is 1.5% and 55% of it ends up in the sludge
(Neto and Ostrensky 2013). We assume that our reactors achieve a mineral-
ization efficiency of 90% for this element. Therefore, the grams of P trans-
ferred to the hydroponics unit each day can be determined:

Mineralization g=dayð Þ ¼ 10kg� 1000ð Þ � 0:55� 0:015� 0:9 ¼ 74:25

The concentration of the effluent is consequently:

Nutrient concentration mg=Lð Þ ¼ 74,25g� 1000
250L

¼ 297 mg=L

This concentration of P in the effluent in the example box above is approximately
six times higher than in most hydroponics nutrient solutions. The research of
Goddek et al. (2018) underpins this theoretical number, and they report that their
RAS sludge contained 150 and 200 mg/L of P for two independent systems,
respectively (1% TSS sludge), with a fish feed P content of 0.83% in dry matter
feed for the latter (200 mg/L).
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8.3 Distillation/Desalination Loop

In decoupled aquaponics systems, there is a one-way flow from the RAS to the
hydroponics unit. In practice, plants take up water supplied by RAS, which in turn is
topped up with fresh (i.e. tap or rain) water. The necessary outflow from the RAS
unit is equal to the difference between the water leaving the HP system via plants
(and via the distillation unit) and the water entering the hydroponics unit from the
mineralization reactor, if the system includes a reactor (Fig. 8.4). A simplified
summary is that the long-term water flux requirement from RAS to HP is equal to
the crop water consumption by evapotranspiration and plant water storage in the
plant biomass.

However, in terms of mass balances, the amount of nutrients leaving the hydro-
ponics system via the plants needs to be replaced to assure a constant equilibrium.
This poses a dilemma, as the maximum tolerable nutrient concentration in RAS is
much lower than what is necessary in HP. The high nutrient flows (ρRAS�QRAS) for
HP can thus not be accomplished by the low RAS nutrient concentrations. Instead,
without a distillation/desalination loop, the nutrient concentration would increase in
the RAS while decreasing in the hydroponics system. A possible remedy is to
discharge RAS water (and thus also nutrients) to decrease the nutrient concentration
there and add fertilizer to the hydroponics nutrient solution. In terms of environ-
mental and economic impact, this solution is less satisfying and does not serve the
aim of a closed loop combined production.

The implementation of a distillation unit as shown in Fig. 8.3 represents a
potential solution for this dilemma. Such distillation technologies (e.g. thermal

QRAS = QHP + Q X - QMIN

ρMIN

QMIN

QX QDIS

QDIS - QX

ρHP
ρRAS

QHP

Fig. 8.4 Scheme of water fluxes and different concentrations of nutrients in a decoupled
aquaponics system, where Q, flow volume in L; ρ, nutrient concentration in mg/L; RAS,
recirculating aquaculture system; MIN, mineralization reactor; DIS, distillation unit; and X,
unknown/flexible flow parameter
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membrane distillation) have the potential to separate dissolved salts and nutrients
from water (Shahzad et al. 2017; Subramani and Jacangelo 2015). In the context of
multi-loop aquaponics systems, and as an alternative to additional fertilization and
water bleed-off with corresponding extra costs, this technology could not only
provide fresh water to the system but also achieve desired nutrient concentrations
for the respective subsystems (Goddek and Keesman 2018).

For the implementation (i.e. sizing) of such a distillation unit, simple mass
balance equations can be used. The remaining system, however, must be sized
beforehand (either via rules of thumb or via mass balance equations; see Sect.
8.5), because the nutrients that enter the system should be in equilibrium with the
bioavailable nutrients taken up by the crop (Note: the sweet spot of decoupled
systems is its flexibility. Consequently, one can also oversize the hydroponics part
of the system although that will necessitate the use of more fertilizer). The easiest
way to estimate nutrient uptake is to use the assumption that nutrients are taken
up/absorbed much the same as dissolved ions in irrigation water (i.e. no element-
specific chemical, biological or physical resistances). Consequently, to maintain
equilibrium, all nutrients taken up by the crop as contained in the nutrient solution
need to be added back to the hydroponics system (Eq. 8.4).

ϕRAS þ ϕMIN � ϕHP ¼ 0 ð8:4Þ

where ϕRAS is the nutrient flow from the RAS system to the hydroponics system,
ϕMIN is the nutrient flow from the mineralization unit to the hydroponics system and
ϕHP is the nutrient plant uptake. For this equation, it is assumed that the distillation
system has an efficiency of close to 100%. Thus, QDIS goes back to the hydroponics
subsystem.

Consequently:

ρHP � QHPð Þ ¼ ρRAS � QRASð Þ þ ρMIN � QMINð Þ ð8:5Þ

where Q is the flow volume in L, and ρis the nutrient concentration in mg/L.
As stated above, the flow from RAS to the hydroponics unit is the difference of

the sum of the water flows leaving the hydroponics system (i.e. QHP + QX) and the
inflow from the bioreactor (QMIN), i.e. QRAS ¼ QHP + QX � QMIN, which leads us to
the following equation:

ρHP � QHPð Þ ¼ ρRAS � QHPð Þ þ ρRAS � QXð Þ � ρRAS � QMINð Þ
þ ρMIN � QMINð Þ ð8:6Þ

The targeted variable is the distillation flow (QX) that is required to maintain the
nutrient concentration equilibrium in the hydroponics system. For this, Eq. 8.6 is
solved for QXin the following steps:
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ρRAS � QXð Þ ¼ ρHP � QHPð Þ � ρMIN � QMINð Þ � ρRAS � QHPð Þ
þ ρRAS � QMINð Þ ð8:7Þ

QX ¼ ρHP � QHP

ρRAS
� ρMIN � QMIN

ρRAS
� QHP þ QMIN ð8:8Þ

Note that the distillation flow QXis highly dynamic and depends on the evapo-
transpiration rate of the plants, which is climate-dependent. The dynamic outcome,
however, can be used for sizing the distillation unit. To calculate the required inflow
into the distillation unit, the following formula can be used:

QDIS ¼ QX � 100
ηDIS

ð8:9Þ

where Q is the flow volume in L and η the demineralization efficiency of the used
device (in %).

Distillation technology can hence drastically reduce the water and environmental
(i.e. fertilizer usage) footprint of multi-loop aquaponics systems. However,
aquaponics systems become even more complex when considering their implemen-
tation. Even though this additional loop might not make any sense for small-scale
systems, it has the potential to take larger commercial systems to a new level. Yet,
one has to consider that thermal distillation technology requires high amounts of
thermal energy and might not be economically reasonable everywhere. Regions with
high global solar radiation levels or geothermal energy sources might be the most
suitable for this technology. The economical sustainability of such systems is
consequently also location dependent.

Another point to bear in mind is the high temperature of distilled water and brine
from the distillation unit. Depending on the environmental conditions and the fish
species used, the hot distillation water could be used to heat up the RAS water; the
brine, however, needs to cool down before re-entering the HP subsystem.

8.4 Sizing Multi-loop Systems

Sizing an aquaponics system requires balancing the nutrient input and -output. Here,
we basically apply the same principle as sizing a one-loop system. Yet, this approach
is a bit more complicated, but will be fully illustrated with the aid of an example.

Figure 8.5 illustrates the mass balance diagram for our system approach. In the
optimal situation, the system has only one input and output. However, in practice,
one will have to add additional nutrients to the hydroponics part to optimize plant
growth. This model can be used to size the system, e.g. based on phosphorus, which
is a non-renewable resource (Chap. 2). The input to the system (mfeed) is the fraction
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of a nutrient that the fish excrete in a dissolved form. The remainder accumulates in
the fish as biomass or ends up as sludge (see previous section). The output is the
plant nutrient uptake. Determining nutrient uptake of plants depends on many factors
and is very complex; the easiest way to give a rough estimate is to consider plant
respiration as the main driver of nutrient uptake (Goddek and Körner 2019).

Evapotranspiration rate is highly climate dependent and is either directly or
indirectly influenced by absorbed shortwave radiation, relative humidity, tempera-
ture, and CO2 concentration. Due to the high complexity of a multi-loop system, we
assume that the plants are located in a climate-controlled greenhouse, and therefore
we only need to consider global radiation as the dynamic variable determining how
much shortwave radiation is absorbed. In other words, we first need to determine
how much of the added nutrients become available for the plants, and then determine
how much the plants actually take up.

8.4.1 Feed Input

The fish feed rate depends on the total biomass in the system and the feed conversion
ratio (FCR). Timmons and Ebeling (2013) provide a simple approach for determin-
ing fish growth rates for different fish species. However, we recommend taking
industrial data to determine the biomass more precisely. Lupatsch and Kissil (1998)
(Eq. 8.10) provide a general growth formula, for which Goddek and Körner (2019)
determined the growth coefficients by curve fitting using the mathematical software
environment MATLAB (internal function ‘fitnlm’) with empirical data for Nile
tilapia (Oreochromis niloticus). Additional initial and final weights, water

QRAS = (Q HP + Q X - QMIN) x ρRAS

ρMIN

QMIN  x ρHP

QX

ρRAS  = 

QHP x ρHP

m feed

m RAS

VRAS

ρHP = 
mHP

VHP

Fig. 8.5 Scheme that shows the mass balance within a four-loop aquaponics system; where mfeed

are the dissolved nutrients added to the system via feed. Add labels: QDIS - QX to distillate returned
to HP; ‘sludge’ for nutrients entering reactor

8 Decoupled Aquaponics Systems 213



temperature of the system, and the output for the species-specific growth coefficients
can be found in Table 8.2. Inserting these parameters into Eq. 8.10 gives us the
weight at a specific day for this fish species.

W t ¼ W1�βW
0 þ 1� βWð ÞαWexp γWTf gt

h i 1
1�βW ð8:10Þ

where Wt (g) is the fish weight at a specific time (days), W0 (g) is the initial fish
weight, T is the water temperature (in �C), αw βw and γw are species-specific growth
coefficients (no units), and t is the time in days.

Based on the output of the equation above, we were able to determine how much
feed the fish will require per growth stage. Most of the times, the feed rate (X% of the
body weight) or FCR is mentioned by the species-specific feed manufacturer.
However, Timmons and Ebeling (2013) provide a rough guideline for FCR for
tilapia: 0.7–0.9 for tilapia that weigh less than 100 g and 1.2–1.3 for tilapia that
weigh more than 100 g. This is done via the following equation.

Feed rate gð Þ ¼ FCR� WGt � mfishð Þ ð8:11Þ

where FCR is the feed conversion ratio,WGt is the weight gain (per day), and mfish is
the amount of fish in the fish tank.

The weight gain (WG) per day can be determined with Eq. 8.10 by subtracting the
weight of, e.g. day 10 from the weight of day 11. This can be done for each tank.
Figure 8.6 shows the fish feed input to the system for tilapia using the equations
above. The average feed input per day after the system is totally cycled is 165 kg.

8.4.2 Nutrient Availability

Neto and Ostrensky (2013) report a soluble N excretion of 33% and a soluble P
excretion of 17% of feed input when rearing Nile tilapia (Oreochromis niloticus, L.).

Table 8.2 Fish growth parameters for Eq. 8.10 for a given water temperature (T).W0 andWf can be
adjusted to one’s own needs

Function Parameters Description Value Source

Fish
growth

W0 Initial weight of the tilapia
fingerlings (in g)

For example,
55

Goddek and Körner
(2019)

Wf Target harvest weight of the
fish (in g)

For example,
600

Goddek and Körner
(2019)

T Water temperature of the RAS
(in �C)

30 Timmons and
Ebeling (2013)

αw; βw;
γw

Species-specific growth
coefficients

0.0261; 0.4071;
0.0827

Goddek and Körner
(2019)
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These are the nutrients that finally accumulate in the RAS system and can be taken
up by the plants.

8.4.3 Plant Uptake

Table 8.3 gives an overview of the crop-specific evapotranspiration (ETc) rates that
are linked to global radiation. One mm of ET per square meter equals 1 L. For simple
sizing, one should take the annual daily average (see next section).

8.4.4 Balancing the Subsystems

Balancing the loops is necessary for sizing the system. The input should be equal to
the output (Fig. 8.5). In a decoupled aquaponics system incorporating a bioreactor
unit, we have two nutrient inflow streams: (1) the fraction of the feed that is
excreted to the RAS system in a soluble form and (2) the fraction of the nutrients
in the fish sludge that the bioreactor(s) manage to mineralize and mobilize. The
major outflow stream (apart from the periodic removal of demineralized sludge) of
nutrients is the nutrient uptake of the plants. The differential Eq. 8.12. expresses
this balance:
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Mineralization Eq:8:2ð Þ þ mfeed ¼
QHP � ρHP

1000
ð8:12Þ

nfeed � 1000� πfeed � πsludge � ηmin

� �
þ mfeed ¼

QHP � ρHP

1000
ð8:13Þ

wherenfeed is the average feed (in kg) entering the RAS system, πfeedis the proportion

of the nutrient in the feed formulation, πsludge is the proportion of a specific feed-
derived element ending up in the sludge, and ηmin is the mineralization and mobi-
lization efficiency of the reactor system,mfeed is the average amount of a nutrient that

the fish defecate in a dissolved form,QHP is the average total evapotranspiration, and

ρHPis the target (i.e. optimal) nutrient concentration for a specific nutrient in the
hydroponic subsystem.

However, to be able to determine the required area, there are two variables that
need to be redefined in order to solve this equation. Equation 8.14 shows how to
calculate the soluble nutrient excretion. In Eq. 8.15, we show that the average total
evapotranspiration is a product of the area and the plant-specific evapotranspiration
rate (here shown as an average) per m2.

mfeed ¼ nfeed � πfeed � ηexcr ð8:14Þ

where ηexcr represents the fraction of the nutrient excreted by the fish in a
soluble form.

QHP ¼ A� ETc ð8:15Þ

where QHP represents the average total evapotranspiration (in L), A the area, and

ETc the average crop-specific evapotranspiration in mm/m2 (i.e. L/m2).

Solving Eq. 8.13 by incorporating Eqs. 8.14 and 8.15 to find A, we are able to
calculate the required plant area with respect to the average feed input (Eq. 8.15).

A ¼
nfeed � 1000� πfeed � ηexcr � 1000

� �
þ nfeed � 1000� πfeed � πsludge � ηmin � 1000
� �

ETc � ρHP

ð8:16Þ
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Example 8.2
For this example, we want to size (i.e. balance) the system with respect to
P. We assume that the RAS component of our system requires an average daily
feed input of 150 kg. The manufacturer reports the P content of the fish feed to
be 1%. We estimate the P ending up in the sludge to be 55% and the P that fish
excrete in a soluble form to be 17%. The bioreactors perform quite well and
mineralize around 85% of the P.

On the output side, we calculated the average crop-specific evapotranspi-
ration rate for lettuce (by, e.g. using the FAO Penman-Monteith equation). At
our location, it is around 1.3 mm/day (i.e. 1.3 L/day). The optimal P compo-
sition of the nutrient solution is reported to be 50 mg/L (Resh 2013). Finding
the area of plant cultivation needed to uptake the P produced by the system is
then solved by:

A ¼
nfeed � 1000� πfeed � ηexcr � 1000

� �
þ nfeed � 1000� πfeed � πsludge � ηmin � 1000
� �

ETc � ρHP

A ¼ 150000� 0:01� 0:17� 1000ð Þ þ 150000� 0:01� 0:55� 0:85� 1000ð Þ
1:3� 50

¼ 255000þ 701250
65

¼ 14711m2 ¼ 1:47ha

The example above shows that the majority of the P in the hydroponics unit
originates from the bioreactors. Thus, implementation of a bioreactor within a
decoupled system has a very high impact on P sustainability. By contrast, in order
to size simple one-loop aquaponics systems, a rule of thumb is usually applied. For
leafy plants approx. 40–50 g and for fruity plants approx. 50–80 g of feed is required
per m2 cultivation area (FAO 2014). When looking at the feed input in the given
example above ¼ 150 kg, and dividing it by 45 (the average of the leafy plant
approximation), the proposed cultivation area is around 3750 m2. Leaving out the
sludge mineralization, our example would suggest a cultivation area of 3333 m2

when sizing the system on P.

8.4.5 Role of the Distillation Unit

The role of the distillation unit is to keep the nutrient concentration of the RAS
system and the hydroponics system at their respective desired levels. Since nutrient
accumulation and the corresponding specific nutrient density are dynamic in RAS
systems (i.e. depending on the ETc rates) that depend on the QHP and QX flow
(Fig. 8.5), the size of the distillation unit cannot be determined using a differential
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equation. Thus, a time series model is required to determine the nutrient concentra-
tion in the RAS over time. The nutrient concentration at a specific time is necessary
to be able to execute mass balance equations within the system (Sect. 8.3).

For the system to be balanced (i.e. input ¼ output), we can give a general
guideline on the required capacity of such a distillation unit. The objective is to
avoid nutrient accumulation in the RAS system. Figure 8.7a, b shows the impact of
distillation flows on the hydroponics and RAS nutrient solution without a mineral-
ization loop in two different latitudes. Both systems have the same feed input
(in average 158.6 kg day�1; see Fig. 8.6). However, by taking the environmental
conditions and climate-adjusted greenhouses into account, the necessary and optimal
hydroponic area differs between geographical locations (see Chap. 11). Hydroponic
systems with low potential evaporation rates, as are common in locations at high
latitudes (i.e. far from the equator) would need larger cultivation areas than places
closer to the equator. At the same time, a higher annual variation in irradiation and
thus transpiration is common in these regions, thus a higher demand on seasonal
variability on water and nutrients is present (see Fig. 8.7). In greenhouse cultivation,
however, supplementary lighting may be necessary, and in countries such as Nor-
way, vegetable cultivation without supplementary lighting hardly takes place. In
addition, the total crop leaf surface makes a difference; crops with a high leaf area
per unit ground area (i.e. leaf area index) transpire more than crops with smaller leaf
areas, and a distinct difference can be seen between tomato and lettuce crops. All of
these factors need to be considered when planning and sizing the aquaponic system.
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In the following we provide an overview of the optimized hydroponic area size
for the above described aquaponics systems: The cultivation area for monocultures
simulated with scenarios in steps of 250 m2 to find the fitting area of either lettuce or
tomatoes in order to balance the system appropriately was without supplementary
lighting (for lettuce or tomato, respectively):

• 17.000 m2 or 11.750 m2 for Faroe Islands
• 15.500 m2 or 11.000 m2 for the Netherlands
• 8750 m2 or 6500 m2 for Namibia

Even though the size of the systems differs, the average annual nutrient uptake is
similar. However, when integrating a digester system, we have to take the additional
nutrient source into consideration (Fig. 8.1c). Changing one component inevitably
leads to imbalances of the system, yet the system must aim to provide optimal
nutrients to both RAS and HP. For example, NO3-N in RAS must be below a certain
threshold <200 mg L�1 for, e.g. tilapia, while PO4-P in HP should be as close as
possible to the recommended concentration of 50 mg L�1 for good-quality plant
cultivation. Thus, simulation studies help determine sizing of components in a
decoupled closed multi-loop aquaponics system in order to achieve optimal nutrient
supplies for both fish and plants. For that purpose, Goddek and Körner (2019)
created a numeric aquaponics simulator.

However, planning an aquaponic system involves some basic system understand-
ing in order to reach a balance that minimizes the unwanted peaks in nutrient demand
and supply. Since the driving force for nutrient dynamics is the evapotranspiration of
the crop (ETc in the HP system), that is largely driven by microclimate and absorbed
light. In a perfectly balanced system, this would be a fully automated and controlled
(see Sect. 8.5 Monitoring and Control) environment with 24-h lighting. Plants need a
certain dark period of about 4–6 h, so the best-balanced system is realistically to
carry out aquaponics in closed plant factories solely with artificial light sources.
This, however, demands high electrical input and investment costs and is only
feasible with very high product prices. Therefore, we recommend greenhouse
production with supplementary lighting (if necessary and if it pays off) as a practical
and economically feasible way of building an aquaponic unit. Placing both plants
and fish in the same physical construction results in additional synergies including
reduced heating and increased plant growth through elevated CO2 (Körner et al.
2017).

In addition to these technical issues, plant cultivation procedures (the practical
horticultural part of the system) have to be adjusted to the needs of aquaponics such
that there is a constant crop nutrient demand (assuming same climate and light) as
shown in Table 8.3. Cultivation of lettuce and other leafy greens are carried out
continuously (Körner et al. 2018), while larger crops, like fruit vegetables such as
tomato, cucumber, or sweet pepper, are usually sown in winter, and the first harvest
is often in late winter/early spring followed by removal of plants and another crop
sown for harvest in winter again. Without interplanting, i.e. either various crop types
in the same system or batches of fruit vegetables planted throughout the year in order
to sustain nutrient demand, periods of low nutrient demand and high nutrient levels
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will occur. Based on Goddek and Körner (2019), we show the variation of NO3-N in
RAS for tomato (often not adjusted in aquaponics) and lettuce when no supplemen-
tary lighting is used for three climate zones (Faroe Islands, the Netherlands, and
Namibia) (Fig. 8.8). System balance is achievable by increasing the daily light
integral (i.e. sum of mol light received during a 24-h period) with dynamic supple-
mentary lighting control (Körner et al. 2006).

Applying distillation/desalination technologies can contribute to significant
reductions in nutrient levels in the RAS while adjusting levels in the HP system
closer to optima, i.e. the unit concentrates nutrients to levels required by plants.
Figure 8.9 illustrates the effect of a desalination unit on RAS NO3-N concentration
when applying between 0 and 5000 L h�1 and system�1. It is obvious that with
increasing desalination flux, the NO3-N concentration in the RAS system is decreas-
ing. The unit, however, is controlled by the demand of PO4 in the HP system. Peaks
need to be avoided and, as stated above, this can be achieved by creating a stable
climatic environment with dynamic light controls. It is obvious that in climate
regions with fewer annual differences in solar radiation, there is less variation in
ETc and the complete system is more stable. Installing lamps and keeping a daily
light integral of at least 10 mol m�2 can compensate for seasonal variations.
Interplanting and mixed crop production help level the peak resulting from the
traditional tomato cultivation protocol with young plants in winter when both
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climate (low radiation) and cultivation (small plants, low potential ETc) contribute to
nutrient accumulation.

8.5 Monitoring and Control

In classical feedback control, like PI or PID (Proportional-Integral-Derivative)
control, the controlled variables (CV) are directly measured, compared with a
setpoint, and subsequently fed back to the process via a feedback control law.

In Fig. 8.10, the signals, without the time argument, are denoted by a small letter,
where y is the controlled variable (CV) which is compared with the reference
(setpoint) signal r. The tracking error ε (i.e. r � y) is fed into the controller, either
in hardware or software, from which the control input u, also known as the
manipulated variable (MV), is generated. The input u directly affects the process
(P) from which an output ( y) results. The sampled output is subsequently compared
with r, which closes the loop. In practice, this loop continues until the controller is
switch off. There exists extensive literature on feedback control (Doyle et al. 1992;
Morris 2001; Ogata 2010), and this has been a subject of research for many years,
starting with the works of Bode (1930) and Nyquist (1932).

In RAS, typical CVs are temperature, pH, and dissolved oxygen
(DO) concentration, for which reliable sensors exist. Consequently, feedback control
of these water quality parameters can be easily realized. However, in practice, most
often, the input and output signals are disturbed by noise processes, such as
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unknown random inputs and measurement noise. Moreover, the overall process (P)
may change over time as a result of growth, maturation, senescence, etc. Fish feed is
another input into the RAS and its effect on fish growth cannot be directly seen or
measured. For these parameters, model-based controllers (e.g. feedforward, model
predictive, and optimal control) are typically introduced to predict the response of a
change in the control input. However, fish feed is commonly added on the basis of
values found in tables or recipes, but this rule-based control may need some
adjustment in real practice to act as a feedback controller. Fish behaviours in RAS
are a classical feedback control measure as fish react physiologically to environ-
mental changes with variations in movement, location, receptiveness to feed, etc.

Hydroponic production usually takes place in protected environments such as
greenhouses or plant factories where both the root and aerial environment need to be
controlled. On-off controllers that predictively model optimal aerial environments
have been proven superior in experimental research, but commercialization has been
slow, whereas feedback controllers are standard in most climate-controlled green-
houses. However, the actuator varies with the type of controller with heating valves
and vents typically feedback-controlled but lighting usually having an ON-OFF
mechanism and only a few being dimmable. Controllers that rely on sensor or data
input can respond to fast growth in a protected environment and result in high-
quality produce with high market prices that improves its cost benefits. Many
commercial greenhouses still have the classical centrally located sensor hanging
1–2 m above the crop and covering several hundred square meters is still in use, but
multiple wireless sensors covering smaller areas are being introduced although much
of the detailed data cannot be used because rather large climatic zones are controlled
by the same actuators. Advances in sensor technology (e.g. microclimate tempera-
ture sensors, image processors, real-time gas-exchange or chlorophyll fluorescence
measurements) connected to modelling software could use decision-support systems
and become automated control systems.

In typical bioreactor systems, temperature, pH, dissolved oxygen in aerated
systems, and gas fluxes in anaerobic systems are continuously measured and
adjusted with available temperature, pH, and dissolved oxygen controllers. In
addition to this, both hydraulic (HRT) and sludge retention (SRT) times are also
frequently set by controlling (waste)water flows and biomass waste flows,
respectively.

C P

-
+

r u yε

Fig. 8.10 Feedback control with controller (C) and process (P). r reference signal, eps tracking
error, u input signal, y output sigma
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8.6 Economic Impact

Technologies that generate less profit, but are better for the environment usually only
get implemented when the operators either receive an incentive in the form of
subsidies or policies force them to do so. In the case of one-loop aquaponics systems,
the appeal lies in the novel technology and the system’s approach to sustainable
resource use rather than its economic potential. However, recent publications pro-
vide evidence for production gains: leafy greens grow better in decoupled environ-
ments than in sterile hydroponic systems (Delaide et al. 2016; Goddek and
Vermeulen 2018) and lettuce in decoupled aquaponics systems had a growth
advantage of approximately 40% compared to state-of-the-art hydroponic
approaches.

Even though higher growth rates can be expected, multi-loop aquaponics systems
are still far more complex than hydroponics systems and significant initial invest-
ments are required for implementation. Most geographic locations require a high-
tech greenhouse to control environmental conditions (i.e. a relative humidity of 80%,
constant temperatures of around 20�C). Renewable energy sources can be used for
cooling and heating, but currently such systems are only profitable when setting up
on a large scale (i.e. > 1 ha) where good market conditions prevail.

8.7 Environmental Impact

Based on Example 8.2, there is evidence that treating sludge in digesters can have a
beneficial impact on nutrient reutilization, especially phosphorus. Bioreactor sys-
tems, such as a sequential two-stage UASB reactor system, can increase the phos-
phorus recycling efficiency up to 300% (Chap. 10). Previously, in Chap. 2, we
discussed the phosphorus paradox in relation to both phosphate scarcity and prob-
lems with eutrophication. Bioreactors have significant advantages for increased
nutrient recovery from sludge, thus helping to close the nutrient cycling loop within
aquaponics systems. However, further research is needed to refine such systems to
optimize the bioavailability of specific nutrients. Figures 8.11, 8.12, and 8.13 show
the input, output, and waste streams of stand-alone aquaculture and hydroponics
systems compared with a decoupled aquaponics system. It can be seen that the
decoupled approach constitutes a promising agricultural concept for a waste reduc-
tion and recycling system.
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