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Chapter 4
Hydroponic Technologies

Carmelo Maucieri, Carlo Nicoletto, Erik van Os, Dieter Anseeuw,
Robin Van Havermaet, and Ranka Junge

Abstract Hydroponics is a method to grow crops without soil, and as such, these
systems are added to aquaculture components to create aquaponics systems. Thus,
together with the recirculating aquaculture system (RAS), hydroponic production
forms a key part of the aqua-agricultural system of aquaponics. Many different
existing hydroponic technologies can be applied when designing aquaponics sys-
tems. This depends on the environmental and financial circumstances, the type of
crop that is cultivated and the available space. This chapter provides an overview of
different hydroponic types, including substrates, nutrients and nutrient solutions, and
disinfection methods of the recirculating nutrient solutions.

Keywords Hydroponics · Soilless culture · Nutrients · Grow media · Aeroponics ·
Aquaponics · Nutrient solution
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4.1 Introduction

In horticultural crop production, the definition soilless cultivation encompasses all
the systems that provide plant production in soilless conditions in which the supply
of water and of minerals is carried out in nutrient solutions with or without a growing
medium (e.g. stone wool, peat, perlite, pumice, coconut fibre, etc.). Soilless culture
systems, commonly known as hydroponic systems, can further be divided into open
systems, where the surplus nutrient solution is not recycled, and closed systems,
where the excess flow of nutrients from the roots is collected and recycled back into
the system (Fig. 4.1).

Soilless culture systems have evolved as one possible solution to avoid soil-borne
diseases that have always been a problem in the greenhouse cultivation industry.

Nowadays, soilless growing systems are common in horticultural practice in most
European countries, although not in every country does this occur on a large scale.
The advantages of soilless systems compared to soil grown crops are:

– Pathogen-free start with the use of substrates other than soil and/or easier control
of soil-borne pathogens.

– Growth and yield are independent of the soil type/quality of the cultivated area.
– Better control of growth through a targeted supply of nutrient solution.
– The potential for reusing the nutrient solution allowing for maximizing resources.
– Increased quality of produce gained by the better control of other environmental

parameters (temperature, relative humidity) and pests.

B. Closed Loop SystemA. Open Cycle System

Nutrient
Solution

Greenhouse
Floor

Channel for Drained
Nutrient Solution 
Recovery

Greenhouse
Floor

Nutrient
Solution

Drained
Nutrient Solution

Channel for Drained
Nutrient Solution 
Recovery

Fig. 4.1 Scheme of open cycle (a) and closed loop systems (b)
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In most cases, open loop or run-to-waste systems rather than closed loop or
recirculation systems are adopted, although in more and more European countries
the latter are mandatory. In these open systems, the spent and/or superfluous nutrient
solution is deposited into the ground and surface water bodies, or it is used in open
field cultivation. However, regarding economics and environmental concerns, soil-
less systems should be as closed as possible, i.e. where recirculation of the nutrient
solution occurs, where the substrate is reused and where more sustainable materials
are used.

The advantages of closed systems are:

– A reduction in the amount of waste material.
– Less pollution of ground and surface water.
– A more efficient use of water and fertilizers.
– Increased production because of better management options.
– Lower costs because of the savings in materials and higher production.

There are also a number of disadvantages such as:

– The required high water quality.
– High investments.
– The risk of rapid dispersal of soil-borne pathogens by the recirculating nutrient

solution.
– Accumulation of potential phytotoxic metabolites and organic substances in the

recirculating nutrient solution.

In commercial systems, the problems of pathogen dispersal are tackled by
disinfecting the water through physical, chemical and/or biological filtration tech-
niques. However, one of the main factors that hinder the use of recirculating nutrient
solution culture for greenhouse crops is the accumulation of salts in the irrigation
water. Typically, there is a steady increase in electrical conductivity (EC) due to the
accumulation of ions, which are not fully absorbed by the crops. This may be
especially true in aquaponic (AP) settings where sodium chloride (NaCl), incorpo-
rated in the fish feed, may accumulate in the system. To amend this problem, it has
been suggested that an added desalination step could improve the nutrient balance in
multi-loop AP systems (Goddek and Keesman 2018).

4.2 Soilless Systems

The intense research carried out in the field of hydroponic cultivation has led to the
development of a large variety of cultivation systems (Hussain et al. 2014). In
practical terms all of these can also be implemented in combination with
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aquaculture; however, for this purpose, some are more suitable than others (Maucieri
et al. 2018). The great variety of systems that may be used necessitates a categori-
zation of the different soilless systems (Table 4.1).

4.2.1 Solid Substrate Systems

At the start of soilless cultivation in the 1970s, many substrates were tested (Wallach
2008; Blok et al. 2008; Verwer 1978). Many failed for reasons such as being too wet,
too dry, not sustainable, too expensive and releasing of toxic substances. Several
solid substrates survived: stone wool, perlite, coir (coconut fibre), peat, polyurethane
foam and bark. Solid substrate systems can be divided as follows:

Fibrous Substrates These may be organic (e.g. peat, straw and coconut fibre) or
inorganic (e.g. stone wool). They are characterized by the presence of fibres of
different sizes, which give the substrate a high water-retention capacity (60–80%)
and a modest air capacity (free porosity) (Wallach 2008). A high percentage of the
retained water is easily available for the plant, which is directly reflected in the
minimum volume of substrate per plant required to guarantee a sufficient water
supply. In these substrates there are no obvious water and salinity gradients along the
profile, and, consequently, the roots tend to grow faster, evenly and abundantly,
using the entire available volume.

Table 4.1 Classification of hydroponic systems according to different aspects

Characteristic Categories Examples

Soilless
system

No substrate NFT (nutrient film technique)

Aeroponics

DFT (deep flow technique)

With substrate Organic substrates (peat, coconut fibre, bark, wood fibre,
etc.)

Inorganic substrates (stone wool, pumice, sand, perlite,
vermiculite, expanded clay)

Synthetic substrates (polyurethane, polystyrene)

Open/closed
systems

Open or run-to-
waste systems

The plants are continuously fed with “fresh” solution
without recovering the solution drained from the cultiva-
tion modules (Fig. 4.1a)

Closed or
recirculation
systems

The drained nutrient solution is recycled and topped up
with lacking nutrients to the right EC level (Fig. 4.1b)

Water supply Continuous NFT (nutrient film technique)
DFT (deep flow technique)

Periodical Drip irrigation, ebb and flow, aeroponics
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Granular Substrates They are generally inorganic (e.g. sand, pumice, perlite,
expanded clay) and are characterized by different particle sizes and thus textures;
they have high porosity and are free draining. Water-holding capacity is rather poor
(10–40%), and much of the water retained is not easily available to the plant (Maher
et al. 2008). Therefore, the required volume of substrate per plant is higher compared
to the fibrous ones. In granular substrates, a marked gradient of moisture is observed
along the profile and this causes the roots to develop mainly on the bottom of
containers. Smaller particle sizes, increase in the capacity for water retention,
moisture homogeneity and greater EC and a lower volume of the substrate are
required for the plant.

Substrates are usually enveloped in plastic coverings (so-called grow bags or
slabs) or inserted in other types of containers of various sizes and of synthetic
materials.

Before planting the substrate should be saturated in order to:

• Provide adequate water and nutrients supply in the entire substrate slab.
• Achieve uniform EC and pH levels.
• Expel the presence of air and make a homogeneous wetting of the material.

It is equally important for a substrate dry phase after planting to stimulate the
plants to evolve homogeneous substrate exploration by roots to obtain an abundant
and well-distributed root system at the various levels and to expose the roots to air.
Using a substrate for the second time by rewetting may be a problem because
saturation is not possible due to drain holes in the plastic envelope. In an organic
substrate (such as coir), adopting short and frequent irrigation turns, it is possible to
recover the water-retention capability to use it for the second time, more easily than
inert substrates (stone wool, perlite) (Perelli et al. 2009).

4.2.2 Substrates for Medium-Based Systems

A substrate is necessary for the anchorage of the roots, a support for the plant and
also as a water-nutritional mechanism due to its microporosity and cation exchange
capacity.

Plants grown in soilless systems are characterized by an unbalanced shoot/root
ratio, demands for water, air and nutrients that are much greater than in open field
conditions. In the latter case, the growth rates are slower, and the quantities of
substrate are theoretically unlimited. To satisfy these requirements, it is necessary
to resort to substrates which, alone or in mixture, ensure optimal and stable
chemical–physical and nutritional conditions. An array of materials with different
characteristics and costs can be used as substrates as illustrated in Fig. 4.2. However,
as yet, there is no one substrate that can be used universally in all cultivation
situations.
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4.2.3 Characterization of Substrates

Bulk Density (BD) BD is expressed by the dry weight of the substrate per unit of
volume. It enables the anchorage of the roots and offers plant support. The optimum
BD for crops in a container varies between 150 and 500 kg m�3 (Wallach 2008).
Some substrates, because of their low BD and their looseness, as is the case of perlite
(ca. 100 kg m�3), polystyrene in granules (ca. 35 kg m�3) and non-compressed
sphagnum peat (ca. 60 kg m�3), are not suitable for use alone, especially with plants
that grow vertically.

Peat

Coconut
Fibre

Sand

Pumice

Lapillus

Vermiculite

Perlite

Expanded
Clay

Stonewool

Zeolites

Expanded
Polystyrene

Polyurethane
Foam

Organic

Synthetic

InorganicSubstrates

Fig. 4.2 Materials usable as substrates in soilless systems
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physiologically acid fertilizers (ammonium sulphate, potassium sulphate) or consti-
tutionally acid fertilizers (mineral phosphate).

Electrical Conductivity (EC) Substrates should have a known nutrient content and
low EC values, (see also Table 4.4). It is often preferable to use a chemically inert
substrate and to add the nutrients in relation to the specific crop requirements.
Particular attention has to be paid to the EC levels. High EC levels indicate the
presence of ions (e.g. Na+) that, although not being important as nutrients, can play a
decisive role in the suitability of the substrate.

Health and Safety Health in the systems and safety for operatives are provided by
the absence of pathogens (nematodes, fungi, insects), potentially phytotoxic sub-
stances (pesticides) and weed seeds. Some industrially produced materials
(expanded clay, perlite, stone wool, vermiculite and polystyrene) guarantee high
levels of sterility due to the high temperatures applied during their processing.

Sustainability Another important characteristic of a substrate is its sustainability
profile. Many commonly used substrates face ecological challenges relating to their
provenance, production process and/or subsequent processing and end-of-life foot-
print. In this regard, substrates originating from materials with a low ecological
footprint (modified in an environmentally friendly way and ultimately biodegrad-
able) are an extra characteristic to consider. Reusability of the substrate can also be
an important aspect of the sustainability of a substrate.

Cost Last but not least, the substrate must be inexpensive or at least cost-effective,
readily available and standardized from the chemical–physical point of view.

4.2.4 Type of Substrates

The choice of substrates ranges from products of organic or mineral origin which are
present in nature and which are subjected to special processing (e.g. peat, perlite,
vermiculite), to those of organic origin derived from human activities (e.g. waste or
by-products of agricultural, industrial and urban activities) and of industrial origin
obtained by synthesis processes (e.g. polystyrene).

4.2.4.1 Organic Materials

This category includes natural organic substrates, including residues, waste and
by-products of organic nature derived from agricultural (manure, straw, etc.) or,
for example, industrial, by-products of the wood industry, etc. or from urban
settlements, e.g. sewage sludge, etc. These materials can be subjected to additional
processing, such as extraction and maturation.

All the materials that can be used in hydroponics can also be used in
AP. However, as the bacterial load in an AP solution may be higher than in
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Coconut Fibre
Coconut fibre (coir) is obtained from removing the fibrous husks of coconuts and is a
by-product of the copra (coconut oil production) and fibre extraction industry, and is
composed almost exclusively of lignin. Before use, it is composted for 2–3 years,
and then it is dehydrated and compressed. Prior to its use, it must be rehydrated by
adding up to 2–4 times of its compressed volume with water. Coconut fibre
possesses chemical–physical characteristics that are similar to blond peat
(Table 4.2), but with the advantages of having a higher pH. It also has a lower
environmental impact than peat (excessive exploitation of peat bogs) and stone wool
where there are problems with disposal. This is one of the reasons why it is
increasingly preferred in soilless systems (Olle et al. 2012; Fornes et al. 2003).

Wood-Based Substrates
Organic substrates which are derived from wood or its by-products, such as bark,
wood chips or saw dust, are also used in global commercial plant production (Maher
et al. 2008). Substrates based on these materials generally possess good air content
and high saturated hydraulic conductivities. The disadvantages can include low
water-retention capacities, insufficient aeration caused by microbial activity, inap-
propriate particle-size distribution, nutrient immobilization or negative effects due to
salt and toxic compound accumulations (Dorais et al. 2006).

4.2.4.2 Inorganic Materials

This category includes natural materials (e.g. sand, pumice) and mineral products
derived from industrial processes (e.g. vermiculite, perlite) (Table 4.3).

Sand
Sands are natural inorganic material with particles between 0.05 and 2.0 mm
diameter, originating from the weathering of different minerals. The chemical
composition of sands may vary according to origin, but in general, it is constituted
by 98.0–99.5% silica (SiO2) (Perelli et al. 2009). pH is mainly related to the
carbonate content. Sands with lower calcium carbonate content and pH 6.4–7.0 are
better suited as substrate material because they do not influence the solubility of
phosphorus and some microelements (e.g. iron, manganese). Like all mineral-origin
substrates, sands have a low CEC and low buffering capability (Table 4.3). Fine
sands (0.05–0.5 mm) are the most suitable for use in hydroponic systems in mixtures
10–30% by volume with organic materials. Coarse sands (>0.5 mm) can be used in
order to increase the drainage capacity of the substrate.

Pumice
Pumice comprises aluminium silicate of volcanic origin, being very light and porous,
and may contain small amounts of sodium and potassium and traces of calcium,
magnesium and iron depending on the place of origin. It is able to retain calcium,
magnesium, potassium and phosphorus from the nutrient solutions and to gradually
release these to the plant. It usually has a neutral pH, but some materials may have
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Zeolites
Zeolites comprise hydrated aluminium silicates characterized by the capacity to
absorb gaseous elements; they are high in macro- and microelements, they have
high absorbent power and they have high internal surface (structures with 0.5 mm
pores). This substrate is of great interest as it absorbs and slowly releases K+ and
NH4

+ ions, whilst it is not able to absorb Cl� and Na+, which are hazardous to plants.
Zeolites are marketed in formulations which differ in the N and P content and which
can be used in seed sowing, for the rooting of cuttings or during the cultivation phase
(Pickering et al. 2002).

4.2.4.3 Synthetic materials

Synthetic materials include both low-density plastic materials and ion-exchange
synthetic resins. These materials, called “expanded”, because they are obtained by
a process of dilation at high temperatures, are not yet widely used, but they possess
physical properties suitable to balance the characteristics of other substrates.

Expanded Polystyrene
Expanded polystyrene is produced in granules of 4–10 mm diameter with a closed
cell structure. It does not decompose, is very light and has a very high porosity but
with an extremely low water-retention capacity (Table 4.3). It has no CEC and
virtually zero buffer capability, so it is added to the substrate (e.g. peat) exclusively
to improve its porosity and drainage. The preferred particle size is 4–5 mm (Bunt
2012).

Polyurethane Foam
Polyurethane foam is a low-density material (12–18 kg m�3) with a porous structure
that allows absorption of water equal to 70% of its volume. It is chemically inert, has
an almost neutral pH (6.5–7.0), does not contain useful nutrients available to plants
and does not undergo decomposition (Kipp et al. 2001). In the market it is possible to
find it in the form of granules, rooting cubes or blocks. Like a stone wool, it can also
be used for soilless cultivation.

4.2.5 Preparation of Mixed Cultivation Substrates

Mixed substrates can be useful to reduce overall substrate costs and/or to improve
some characteristics of the original materials. For example, peat, vermiculite and coir
can be added to increase water-retention capacity; perlite, polystyrene, coarse sand
and expanded clay to increase free porosity and drainage; blonde peat to raise the
acidity; higher quantities of organic material or suitable amounts of clay soil to
increase CEC and buffer capability; and low decomposable substrates for increased
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durability and stability. The characteristics of the mixtures rarely represent the
average of the components because with the mixing the structures are modified
between the individual particles and consequently the relationship of physical and
chemical characteristics. In general, mixtures with a low nutrient content are pref-
erable, in order to be able to better manage cultivation. The right relationship among
the different constituents of a mixture also varies with the environmental conditions
in which it operates. At high temperatures it is rational to use components that
possess a higher water-retention capacity and do not allow fast evaporation
(e.g. peat) and, at the same time, are resilient to decomposition. In contrast, in
humid environments, with low solar radiation, the components characterized by
high porosity are preferred to ensure good drainage. In this case, it will be necessary
to add coarse substrates such as sand, pumice, expanded clay and expanded poly-
styrene (Bunt 2012).

4.3 Types of Hydroponic Systems According to Water/
Nutrient Distribution

4.3.1 Deep Flow Technique (DFT)

Deep flow technique (DFT), also known as deep water technique, is the cultivation
of plants on floating or hanging support (rafts, panels, boards) in containers filled
with 10–20 cm nutrient solution (Van Os et al. 2008) (Fig. 4.3). In AP this can be up
to 30 cm. There are different forms of application that can be distinguished mainly
by the depth and volume of the solution, and the methods of recirculation and
oxygenation.

One of the simplest systems comprises 20–30 cm deep tanks, which can be
constructed of different materials and waterproofed with polyethylene films. The
tanks are equipped with floating rafts (several types are available from suppliers) that
serve to support the plants above the water whilst the plants’ roots penetrate the
water. The system is particularly interesting as it minimizes costs and management.
For example, there is a limited need for the automation of the control and correction

DFT

Fig. 4.3 Illustration of a DFT system with floating panels
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of the nutrient solution, particularly in short duration crops such as lettuce, where the
relatively high volume of solution facilitates the replenishment of the nutrient
solution only at the end of each cycle, and only the oxygen content needs to be
monitored periodically. Oxygen levels should be above 4–5 mg L�1; otherwise,
nutrient deficiencies may appear due to root systems uptake low performance.
Circulation of the solution will normally add oxygen, or Venturi systems can be
added which dramatically increase air into the system. This is especially important
when water temperatures are greater than 23 �C, as such high temperatures may
stimulate lettuce bolting.

4.3.2 Nutrient Film Technique (NFT)

The NFT technique is used ubiquitously and can be considered the classic hydro-
ponic cultivation system, where a nutrient solution flows along and circulates in
troughs with a 1–2 cm layer of water (Cooper 1979; Jensen and Collins 1985; Van
Os et al. 2008) (Fig. 4.4). The recirculation of the nutrient solution and the absence
of substrate represent one of the main advantages of the NFT system. An additional
advantage is its great potential for automation to save on labour costs (planting &
harvesting) and the opportunity to manage the optimal plant density during crop
cycle. On the other hand, the lack of substrate and low water levels makes the NFT
vulnerable to the failure of pumps, due to e.g. clogging or a failure in the power
supply. Temperature fluctuations in the nutrient solution can cause plant stress
followed by diseases.

Fig. 4.4 Illustration of NFT system (left) and a multilayer NFT trough, developed and marketed by
New Growing Systems (NGS), Spain (right)
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The development of the root system, part of which remains suspended in air
above the nutrient flow and which is exposed to an early ageing and loss of
functionality, represents a major constraint as it prevents the production of long-
cycle crops (over 4–5 months). Because of its high susceptibility to temperature
variations, this system is not suitable for cultivation environments characterized by
high levels of irradiation and temperature (e.g. southern areas of the Mediterranean
basin). However, in response to these challenges, a multilayer NFT trough has been
designed which allows for longer production cycles without clogging problems (NGS).
It is made of a series of interconnected layers placed in a cascade, so that even in strong
rooting plant species, such as tomatoes, the nutrient solution will still find its way to the
roots by by-passing the root-clogged layer via a lower positioned layer.

4.3.3 Aeroponic Systems

The aeroponic technique is mainly aimed at smaller horticultural species, and has not
yet been widely used due to the high investment and management costs. Plants are
supported by plastic panels or by polystyrene, arranged horizontally or on inclined
tops of growing boxes. These panels are supported by a structure made with inert
materials (plastic, steel coated with plastic film, polystyrene boards), in order to form
closed boxes where the suspended root system can develop (Fig. 4.5).

The nutrient solution is directly sprayed on the roots, which are suspended in the
box in air, with static sprinklers (sprayers), inserted on pipes housed inside the box

Fig. 4.5 Illustration of the
aeroponics technique
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module. The spray duration is from 30 to 60 s, whilst the frequency varies depending
on the cultivation period, the growth stage of the plants, the species and the time of
day. Some systems use vibrating plates to create micro droplets of water which form
a steam which condenses on the roots. The leachate is collected on the bottom of the
box modules and conveyed to the storage tank, for reuse.

4.4 Plant Physiology

4.4.1 Mechanisms of Absorption

Amongst the main mechanisms involved in plant nutrition, the most important is the
absorption which, for the majority of the nutrients, takes place in ionic form
following the hydrolysis of salts dissolved in the nutrient solution.

Active roots are the main organ of the plant involved in nutrient absorption.
Anions and cations are absorbed from the nutrient solution, and, once inside the
plant, they cause the protons (H+) or hydroxyls (OH�) to exit which maintains the
balance between the electric charges (Haynes 1990). This process, whilst
maintaining the ionic equilibrium, can cause changes in the pH of the solution in
relation to the quantity and quality of the nutrients absorbed (Fig. 4.6).

The practical implications of this process for the horticulturist are two-fold: to
provide adequate buffer capability to the nutrient solution (adding bicarbonates if
needed) and to induce slight pH changes with the choice of fertilizer. The effect of
fertilizers on the pH relates to the different chemical forms of the used compounds.

H2PO4
-

SO4
--

NO3
-

K+

Ca++

NH4
+

H+
pH decrease

OH-
pH increase

Fig. 4.6 Ion absorption by the root system of a plant
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In the case of N, for example, the most commonly used form is nitric nitrogen
(NO3

�), but when the pH should be lowered, nitrogen can be supplied as ammonium
nitrogen (NH4

+). This form, when absorbed, induces the release of H+ and conse-
quently an acidification of the medium.

Climatic conditions, especially air and substrate temperature and relative humid-
ity, exert a major influence on the absorption of nutrients (Pregitzer and King 2005;
Masclaux-Daubresse et al. 2010; Marschner 2012; Cortella et al. 2014). In general,
the best growth occurs where there are few differences between substrate and air
temperature. However, persistently high temperature levels in the root system have a
negative effect. Sub-optimal temperatures reduce the absorption of N (Dong et al.
2001). Whilst NH4

+ is effectively used at optimum temperatures, at low tempera-
tures, the bacterial oxidation is reduced, causing accumulation within the plant that
can produce symptoms of toxicity and damage to the root system and the aerial
biomass. Low temperatures at the root level also inhibit the assimilation of K and P, as
well as the P translocation. Although the available information regarding the effect of
low temperatures on the absorption of micronutrients is less clear, it appears that Mn,
Zn, Cu, and Mo uptake are most affected (Tindall et al. 1990; Fageria et al. 2002).

4.4.2 Essential Nutrients, Their Role and Possible
Antagonisms

The appropriate management of plant nutrition must be based on basic aspects that
are influenced by uptake and use of macro, and micro-nutrients (Sonneveld and
Voogt 2009). Macro-nutrients are needed in relatively large amounts, whilst micro-
nutrients or trace elements are needed in small amounts. Furthermore, nutrient
availability to the plant in the case of the soilless systems presents more or less
consistent phenomena of synergy and antagonism (Fig. 4.7).

Nitrogen (N) Nitrogen is absorbed by plants to produce amino acids, proteins,
enzymes and chlorophyll. The most used nitrogen forms for plant fertilization are
nitrate and ammonium. Nitrates are quickly absorbed by the roots, are highly
movable inside the plants and can be stored without toxic effects. Ammonium can
be absorbed by plants only in low quantities and cannot be stored at high quantities
because it exerts toxic effects. Quantities higher than 10 mg L�1 inhibit plant
calcium and copper uptake, increase the shoot growth compared to root growth
and result in a strong green colour of the leaves. Further excesses in ammonia
concentration result in phytotoxic effects such as chlorosis along the leaves’ mar-
gins. Excess in nitrogen supply causes high vegetative growth, increase of crop cycle
length, strong green leaf colour, low fruit set, high content of water in the tissues, low
tissue lignification and high tissue nitrate accumulation. Commonly, nitrogen defi-
ciency is characterized by a pale green colour of the older leaves (chlorosis), reduced
growth and senescence advance.
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Molybdenum (Mo) Molybdenum is essential in protein synthesis and in nitrogen
metabolism. Contrary to other micro-nutrients, it is better available at neutral pH
values. Symptoms of deficiency start with chlorosis and necrosis along the main rib
of old leaves, whilst the young leaves appear deformed (Gibson 2007).

4.4.3 Nutrient Management in Relation to the Requirements
of Plants

Since the development of soilless horticulture systems in the 1970s (Verwer 1978;
Cooper 1979), different nutrient solutions have been developed and adjusted
according to the growers’ preferences (Table 4.4; De Kreij et al. 1999). All mixes
follow the principles of excess availability of all elements to prevent deficiencies and
balance between (bivalent) cations to avoid competition between cations in plant
nutrient uptake (Hoagland and Arnon 1950; Steiner 1961; Steiner 1984; Sonneveld
and Voogt 2009). Commonly, the EC is allowed to rise in the root zone to a limited
degree. In tomatoes, for example, the nutrient solution typically has an EC of
ca. 3 dS m�1, whilst in the root zone in the stone wool slabs, the EC may rise to
4–5 dS m�1. However, in northern European countries, for the first irrigation of new
stone wool slabs at the beginning of the production cycle, the nutrient solution may
have an EC as high as 5 dS m�1, saturating the stone wool substrate with ions up to
an EC of 10 dS m�1, which will subsequently be flushed after 2 weeks. To provide
sufficient flushing of the root zone, in a typical drip-irrigation stone wool slab
system, about 20–50% of the dosed water is collected as drainage water. The
drainage water is then recycled, filtered, mixed with fresh water and topped up
with nutrients for use in the next cycle (Van Os 1994).

In tomato production, increasing the EC can be applied to enhance lycopene
synthesis (promoting the bright red coloration of the fruits), total soluble solids
(TSS) and fructose and glucose content (Fanasca et al. 2006; Wu and Kubota 2008).
Furthermore, tomato plants have higher absorption rates for N, P, Ca and Mg and
low absorption of K during the early (vegetative) stages. Once the plants start
developing fruits, leaf production is slowed down leading to a reduction in N and
Ca requirements, whilst K requirement increases (e.g. Zekki et al. 1996; Silber,
Bar-Tal 2008). In lettuce, on the other hand, an increased EC may promote tip-burn
disease during hot growing conditions. Huett (1994) showed a significant decrease
in the number of leaves with tip-burn disease per plant when the EC was dropped
from 3.6 to 0.4 dS m�1, as well as when the nutrient formulation K/Ca was reduced
from 3.5:1 to 1.25:1. In AP the management of nutrients is more difficult than in
hydroponics since they mainly depend on fish stock density, feed type and feeding
rates.

98 C. Maucieri et al.



4.4.4 Nutrient Solution Properties

Phosphorus is an element which occurs in forms that are strongly dependent on
environmental pH. In the root zone, this element can be found as PO4

3�, HPO4
2�

and H2PO4
� ions, where the last two ions are the main forms of P taken up by the

plants. Thus, when the pH is slightly acidic (pH 5–6), the largest amount of P is
presented in a nutrient solution (De Rijck and Schrevens 1997).

Potassium, calcium and magnesium are available to plants in a wide range of
pH. However, the presence of other ions may interfere in their plant availability due
to the formation of compounds with different grades of solubility. At a pH above 8.3,
Ca2+ and Mg2+ ions easily precipitate as carbonates by reacting with CO3

2�. Also
sulphate forms relatively strong complexes with Ca2+ and Mg2+ (De Rijck and
Schrevens 1998). As pH increases from 2 to 9, the amount of SO4

2� forming soluble
complexes with Mg2+ as MgSO4 and with K+ as KSO4

� increases (De Rijck and
Schrevens 1999). In general, nutrient availability for plant uptake at pH above 7 may
be restricted due to a precipitation of Boron, Fe2+, Mn2+, PO4

3�, Ca2+ and Mg2+ due
to insoluble and unavailable salts. The most appropriate pH values of the nutrient
solution for the development of crops lie between 5.5 and 6.5 (Sonneveld and Voogt
2009).

4.4.5 Water Quality and Nutrients

The quality of the supplied water is extremely important in hydroponic and AP
systems. For long-term recirculation, the chemical composition should be well
known and monitored frequently to avoid an imbalance in nutrient supply but also
to avoid the accumulation of certain elements leading to toxicity. De Kreij et al.
(1999) made an overview of the chemical demands on water quality for hydroponic
systems.

Before starting, an analysis of the water supply has to be made on the macro- and
microelements. Based on the analysis, a scheme for the nutrient solution can be
made. For example, if rainwater is used, special attention has to be made for Zn when
collection takes place via untreated gutters. In tap water, problems may appear with
Na, Ca, Mg, SO4 and HCO3. Furthermore, surface and bore hole water may be used
which may also contain amounts of Na, Cl, K, Ca, Mg, SO4 and Fe but also
microelements as Mn, Zn, B and Cu. It should be noted that all valves and pipes
should be made of synthetic materials such as PVC and PE, and not containing Ni or
Cu parts.

It often happens that water supplies contain a certain amount of Ca and Mg;
therefore, the contents have to be subtracted from the amount in the nutrient solution
to avoid accumulation of these ions. HCO3 has to be compensated preferably by
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nitric acid, about 0.5 mmol L�1 that can be maintained as a pH buffer in the nutrient
solution. Phosphoric and sulphuric acid can also be possibly used to compensate pH,
but both will rapidly give a surplus of H2PO4

� or SO4
2� in the nutrient solution. In

AP systems nitric acid (HNO3) and potassium hydroxide (KOH) can be also used to
regulate pH and at same time supply macronutrients in the system (Nozzi et al.
2018).

4.4.5.1 Water Quality Management

For the formulation of nutrient solutions, simple fertilizers (granular, powder or
liquid) and substances (e.g. acid compounds) that affect the pH are preferably used.
The integration of the nutrient elements into the solution takes into account the
optimum values of the quantities of each element. This has to be made in relation to
the requirements of the species and its cultivars considering phenological phases and
substrate. The calculation of nutrient supplements must be carried out considering
the conditions of the water used, according to a strict set of priorities. On the priority
scale, magnesium and sulphates are positioned at the bottom, at the same level,
because they have less nutritional importance and the plants do not present damage
even if their presence is abundant in the nutrient solution. This characteristic has an
advantageous practical feedback as it allows an exploitation of the two elements in
order to balance the nutritional composition with respect to other macronutrients
whose deficiency or excess may be negative for production. As an example, we can
consider a nutrient solution where an integration of only potassium or only nitrate is
required. The salts to be used, in this case, are respectively potassium sulphate or
magnesium nitrate. In fact, if the most common potassium nitrate or calcium nitrate
were used, the levels of nitrate, in the first case, and calcium, in the second case,
would automatically increase. Moreover, when the analysis of the water used shows
an imbalance between cations and anions, and in order to be able to calculate a
nutrient solution with the EC in equilibrium, the correction of the water values is
carried out reducing the levels of magnesium and/or sulphates.

The following points provide guidelines for the formulation of nutrient solutions:

1. Definition of the species and cultivar requirements. Consideration of the cultiva-
tion environment and the characteristics of water need to be taken into account. In
order to satisfy the needs of the plants in warm periods and with intense radiation,
the solution must possess a lower EC and K content, which contrasts to a higher
quantity of Ca. Instead, when the temperature and brightness reach sub-optimal
levels, it is advisable to raise the values of the EC and K by reducing those of the
Ca. It is important to note regarding cultivars that there are substantial variations,
especially for the values of the NO3

�, due to the different vegetative vigorousness
of the cultivars. For tomatoes, in fact, 15 mmol L�1 of NO3

� is used on average
(Table 4.4), and in the case of cultivars characterized by low vegetative vigour
and in certain phenological phases (e.g. fruit setting of the fourth trusses), up to
20 mM L�1 of NO3

� is adopted. In case that some elements such as Na are
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present in the water, in order to reduce its effect, which is particularly negative for
some crops, it will be necessary to increase the amount of NO3

� and Ca and
possibly decrease the K, keeping the EC at the same level.

2. Nutrient requirement calculations should be obtained by subtracting the values of
the chemical elements of the water from the chemical elements defined above. For
example, the established need for Mg of peppers (Capsicum sp.) is 1.5 mM L�1,
having the water at 0.5 mM L�1, and 1.0 mM L�1 of Mg should be added to the
water (1.5 requirement – 0.5 water supply ¼ 1.0).

3. Choice and calculation of fertilizers and acids to be used. For example, having to
provide Mg, as in the example of point 2 above, MgSO4 or Mg(NO3)2 can be
used. A decision will be made taking into account the collateral contribution of
sulphate or nitrate as well.

4.4.6 Comparison Between Hydroponic and Aquaponic
Production

During their life cycle, plants need several essential macro- and microelements for
regular development (boron, calcium, carbon, chlorine, copper, hydrogen, iron,
magnesium, manganese, molybdenum, nitrogen, oxygen, phosphorous, potassium,
sulphur, zinc), usually absorbed from the nutrient solution (Bittsanszky et al. 2016).
The nutrient concentration and ratio amongst them are the most important variables
capable to influence plant uptake. In AP systems fish metabolic wastes contain
nutrients for the plants, but it must be taken into account, especially at commercial
scales, that the nutrient concentrations supplied by the fish in AP systems are
significantly lower and unbalanced for most nutrients compared to hydroponic
systems (Nicoletto et al. 2018). Usually, in AP, with appropriate fish stocking
rates, the levels of nitrate are sufficient for good plant growth, whereas the levels
of K and P are generally insufficient for maximum plant growth. Furthermore,
calcium and iron could also be limited. This can reduce the crop yield and quality
and so nutrient integration should be carried out to support an efficient nutrient reuse.
Microbial communities play a crucial role in the nutrient dynamic of AP systems
(Schmautz et al. 2017), converting ammonium to nitrate, but also contributing to the
processing of particulate matter and dissolved waste in the system (Bittsanszky et al.
2016). Plant uptake of N and P represents only a fraction of the amount removed
from the water (Trang and Brix 2014), indicating that microbial processes in the root
zone of the plants, and in the substrate (if present) and throughout the whole system,
play a major role.

The composition of fish feeds depends on the type of fish and this influences
nutrient release from fish’s metabolic output. Typically, fish feed contains an energy
source (carbohydrates and/or lipids), essential amino acids, vitamins, as well as other
organic molecules that are necessary for normal metabolism but some that the fish’s
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cells cannot synthesize. Furthermore, it must be taken into account that a plant’s
nutritional requirements vary with species (Nozzi et al. 2018), variety, life cycle
stage, day length and weather conditions and that recently (Parent et al. 2013; Baxter
2015), the Liebig’s law (plant growth is controlled by the scarcest resource) has been
superseded by complex algorithms that consider the interactions between the indi-
vidual nutrients. Both these aspects do not allow a simple evaluation of the effects of
changes in nutrient concentrations in hydroponic or AP systems.

The question thus arises whether it is necessary and effective to add nutrients to
AP systems. As reported by Bittsanszky et al. (2016), AP systems can only be
operated efficiently and thus successfully, if special care is taken through the
continuous monitoring of the chemical composition of the recirculating water for
adequate concentrations and ratios of nutrients and of the potentially toxic compo-
nent, ammonium. The necessity to add nutrients depends on plant species and
growth stage. Frequently, although fish density is optimal for nitrogen supply, the
addition of P and K with mineral fertilizers, at least, should be carried out (Nicoletto
et al. 2018). In contrast to, for example, lettuce, tomatoes which need to bear fruit,
mature and ripen, need supplemental nutrients. In order to calculate these needs, a
software can be used, such as HydroBuddy which is a free software (Fernandez
2016) that is used to calculate the amount of required mineral nutrient supplements.

4.5 Disinfection of the Recirculating Nutrient Solution

To minimize the risk of spreading soil-borne pathogens, disinfection of the circulat-
ing nutrient solution is required (Postma et al. 2008). Heat treatment (Runia et al.
1988) was the first method used. Van Os (2009) made an overview for the most
important methods and a summary is given below. Recirculating of the nutrient
solution opens possibilities to save on water and fertilizers (Van Os 1999). The big
disadvantage of the recirculation of the nutrient solution is the increasing risk of
spreading root-borne pathogens all over the production system. To minimize such
risks, the solution should be treated before reuse. The use of pesticides for such a
treatment is limited as effective pesticides are not available for all such pathogens,
and if available, resistance may appear, and environmental legislation restricts
discharge of water with pesticides (and nutrients) into the environment (European
Parliament and European Council 2000). In addition, in AP systems, the use of
pesticides exerts negative effects on fish health and cannot be carried out, even if
hydroponic and AP parts of the system are in different rooms, because spraying of
chemicals may enter the nutrient solution via condensation water or via direct
spraying on the substrate slabs. In view of this, a biological control approach can
be adopted to manage pest diseases, and this can be accessed via the EU Aquaponics
Hub Fact Sheet (EU Aquaponics Hub). At the same time, similar problems can be
observed for fish treatment using veterinary drugs that are not compatible with the
plant’s cycle.
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4.5.1 Description of Disinfection Methods

Disinfection of the circulating nutrient solution should take place continuously. All
drain returned (10–12 h during daytime) has to be treated within 24 h. For a
greenhouse of 1000 m2 in a substrate cultivation (stone wool, coir, perlite), a
disinfection capability of about 1–3 m3 per day is needed to disinfect an estimated
needed surplus of 30% of the water supplied with drip irrigation to tomato plants
during a 24-h period in summer conditions. Because of the variable return rate of
drain water, a sufficiently large catchment tank for drain water is needed in which the
water is stored before it is pumped to the disinfection unit. After disinfection another
tank is required to store the clean water before adjusting EC and pH and blending
with new water to supply to the plants. Both tanks have an average size of 5 m3 per
1000 m2. In a nutrient film system (NFT), about 10 m3 per day should be disinfected
daily. It is generally considered that such a capacity is uneconomical to disinfect
(Ruijs 1994). DFT requires similar treatment. This is the main reason why NFT and
DFT production units do not normally disinfect the nutrient solution. Disinfection is
carried out either by non-chemical or chemical methods as follows:

4.5.1.1 Non-chemical Methods

In general these methods do not alter the chemical composition of the solution, and
there is no build-up of residuals:

1. Heat treatment. Heating the drain water to temperatures high enough to eradicate
bacteria and pathogens is the most reliable method for disinfection. Each type of
organism has its own lethal temperature. Non-spore-forming bacteria have lethal
temperatures between 40 and 60 �C, fungi between 40 and 85 �C, nematodes
between 45 and 55 �C and viruses between 80 and 95�C (Runia et al. 1988) at an
exposure time of 10 s. Generally, the temperature set point of 95 �C is high
enough to kill most of the organisms that are likely to cause diseases with a
minimum time of 10 s. Whilst this may seem very energy intensive, it should be
noted that the energy is recovered and reused with heat exchangers. Availability
of a cheap energy source is of greater importance for practical application.

2. UV radiation. UV radiation is electromagnetic radiation with a wavelength
between 200 and 400 nm. Wavelengths between 200 and 280 nm (UV-C), with
an optimum at 254 nm, has a strong killing effect on micro-organisms, because it
minimizes the multiplication of DNA chains. Different levels of radiation are
needed for different organisms so as to achieve the same level of efficacy. Runia
(1995) recommends a dose which varies from 100 mJ cm�2 for eliminating
bacteria and fungi to 250 mJ cm�2 for eliminating viruses. These relatively
high doses are needed to compensate for variations in water turbidity and
variations in penetration of the energy into the solution due to low turbulence
around the UV lamp or variations in output from the UV lamp. Zoschke et al.
(2014) reviewed that UV irradiation at 185 and 254 nm offers water organic
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contaminant control and disinfection. Moreover, Moriarty et al. (2018) reported
that UV radiation efficiently inactivated coliforms in AP systems.

3. Filtration. Filtration can be used to remove any undissolved material out of the
nutrient solution. Various types of filters are available relative to the range of
particle sizes. Rapid sand filters are often used to remove large particles from the
drain water before adding, measuring and control of EC, pH and application of
new fertilizers. After passing the fertilizer unit, often a fine synthetic filter (50–80
um) is built in the water flow to remove undissolved fertilizer salts or precipitates
to avoid clogging of the irrigation drippers. These synthetic filters are also used as
a pretreatment for disinfection methods with heat treatment, ozone treatment or
UV radiation. With reductions in filtration pore size, the flow is inhibited, so that
removal of very small particles requires a combination of adequate filters and
high pressure followed by frequent cleaning of the filter(s). Removal of patho-
gens requires relatively small pore sizes (<10 μm; so-called micro-, ultra- or
nanofiltration).

4.5.1.2 Chemical Methods

1. Ozone (O3). Ozone is produced from dry air and electricity using an ozone-
generator (converting 3O2 ! 2O3). The ozone-enriched air is injected into the
water that is being sanitized and stored for a period of 1 h. Runia (1995)
concluded that an ozone supply of 10 g per hour per m3 drain water with an
exposure time of 1 h is sufficient to eliminate all pathogens, including viruses.
The reduction of microbial populations in vegetable production in soilless sys-
tems managed with ozone has also been observed by Nicoletto et al. (2017).
Human exposure to the ozone that vents from the system or the storage tanks
should be avoided since even a short exposure time of a concentration of
0.1 mg L�1 of ozone may cause irritation of mucous membranes. A drawback
of the use of ozone is that it reacts with iron chelate, as UV does. Consequently,
higher dosages of iron are required and measures need to be taken to deal with
iron deposits in the system. Recent research (Van Os 2017) with contemporary
ozone installations looks promising, where complete elimination of pathogens
and breakdown of remaining pesticides is achieved, with no safety problems.

2. Hydrogen peroxide (H2O2). Hydrogen peroxide is a strong, unstable oxidizing
agent that reacts to form H2O and an O�- radical. Commercially so-called activa-
tors are added to the solution to stabilize the original solution and to increase
efficacy. Activators are mostly formic acid or acetic acid, which decrease pH in
the nutrient solution. Different dosages are recommended (Runia 1995) against
Pythium spp. (0.005%), other fungi (0.01%), such as Fusarium, and viruses
(0.05%). The 0.05% concentration is also harmful to plant roots. Hydrogen
peroxide is especially helpful for cleaning the watering system, whilst the use
for disinfection has been taken over by other methods. The method is considered
inexpensive, but not efficient.
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3. Sodium hypochlorite (NaOCl). Sodium hypochlorite is a compound having
different commercial names (e.g. household bleach) with different concentrations
but with the same chemical structure (NaOCl). It is widely used for water
treatment, especially in swimming pools. The product is relatively inexpensive.
When added to water, sodium hypochlorite decomposes to HOCl and NaOH�

and depending on the pH to OCl�; the latter decomposes to Cl� and O. for strong
oxidation. It reacts directly with any organic substance, and if there is enough
hypochlorite, it also reacts with pathogens. Le Quillec et al. (2003) showed that
the tenability of hypochlorite depends on the climatic conditions and the related
decomposing reactions. High temperatures and contact with air cause rapid
decomposition, at which NaClO3 is formed with phytotoxic properties. Runia
(1995) showed that hypochlorite is not effective for eliminating viruses. Chlori-
nation with a concentration of 1–5 mg Cl L�1 and an exposure time of 2 h
achieved a reduction of 90–99.9% of Fusarium oxysporum, but some spores
survived at all concentrations. Safety measures have to be taken for safe storage
and handling. Hypochlorite might work against a number of pathogens, but not
all, but at the same time, Na+ and Cl� concentration is increased in a closed
growing system which will also lead to levels which decrease productivity of the
crop and at which time the nutrient solution has to be leached. Despite the above-
mentioned drawbacks, the product is used and recommended by commercial
operatives as a cheap and useful method.

4.5.2 Chemical Versus Non-chemical Methods

Growers prefer disinfection methods with excellent performance in combination
with low costs. A good performance can be described by eliminating pathogens with
a reduction of 99.9% (or a log 3 reduction) combined with a clear, understandable
and controllable process. Low costs are preferably combined with low investments,
low maintenance costs and no need for the grower to perform as a laboratory
specialist. Heat treatment, UV radiation and ozone treatment show a good perfor-
mance. However, investments in ozone treatment are very high, resulting in high
annual costs. Heat treatment and UV radiation also have high annual costs, but
investments are lower, whilst the eliminating process is easy to control. The latter
two methods are most popular among growers, especially at nurseries larger than
1 or 2 ha. Slow sand filtration is less perfect in performance but has considerably
lower annual costs. This method could be recommended for producers smaller than
1 ha and for growers with lower investment capital, as sand filters can be constructed
by the grower themselves. Sodium hypochlorite and hydrogen peroxide are also
cheap methods, but performance is insufficient to eliminate all pathogens. Besides it
is a biocide and not a pesticide, which means by law, in the EU at least, it is legally
forbidden to use it for the elimination of pathogens.
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4.5.3 Biofouling and Pretreatment

Disinfection methods are not very selective between pathogens and other organic
material in the solution. Therefore, pretreatment (rapid sand filters, or 50–80 um
mechanical filters) of the solution before disinfection is recommended at heat
treatment, UV radiation and ozone treatment. If after disinfection residuals of the
chemical methods remain in the water, they may react with the biofilms which have
been formed in the pipe lines of the watering systems. If the biofilm is released from
the walls of the pipes, they will be transported to the drippers and cause clogging.
Several oxidizing methods (sodium hypochlorite, hydrogen peroxide with activa-
tors, chlorine dioxide) are mainly used to clean pipe lines and equipment, and these
create a special risk for clogging drippers over time.
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