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1 Background and History of 
Hydroponics and Protected 
Cultivation

1.1 Protected Cropping

Protected cultivation of horticultural crops 
 involves the use of structures, barriers, films, 
mulches, screens, glass and other materials to 
provide a modified and more favourable envir-
onment for optimal plant growth. The main 
objectives of this environmental modification 
are multiple and include protection from dam-
aging natural elements such as wind, rain, hail, 
snow, frost, cold/high temperatures, excessive 
light, insects and predators, as well as provid-
ing conditions which increase yields and qual-
ity. Further advantages of modern protected 
cultivation structures now incorporate the ef-
ficient use of scarce water, fertilizer, energy 
and land resources with greater productivity 
per unit area, allowing production in regions 
otherwise unfavourable for cropping and for 
out-of-season supply of fresh local produce 
worldwide. More recent innovations in the 
21st century have included the continued de-
velopment of the ‘closed  environment’ green-
house allowing growers complete control of all 
environmental factors and high-value crops 
grown on a large scale inside warehouses or 
indoor areas using only artificial light, inten-
sive climate control and hydroponic growing 
methods.

While modern, high-technology protected 
cropping such as greenhouses incorporate a 
vast array of computer-controlled equipment 
and processes for precise environmental 
modification, the earliest forms of such struc-
tures were basic and mostly aimed at protect-
ing sensitive crops from cold damage. Early 
Roman gardeners grew cucumbers under 
frames glazed with oiled cloth or sheets of 
mica, plants were transported outside into the 
sun while contained in wheeled carts and taken 
back inside at night to prevent cold damage. 
This method was reportedly used to grow cu-
cumber fruit for the Roman emperor Tiberius 

Caesar (ad 14–37) (Pliny the Elder, 77 ce). 
By  the 1300s–1500s, rudimentary green-
house-type structures were being built in Italy 
and France to house exotic crops and grow 
flowers with minimal environmental modifi-
cation, along with ‘glass bells’ to house indi-
vidual plants. By the 1600s, the first fully 
heated glasshouses were being used in Europe, 
the most well-known example being ‘oranger-
ies’: solid-walled structures, using glass on the 
southern side to trap sunlight, with stoves to 
provide additional heat. Greenhouses using 
hot water for heating, improved glass panel-
ling and construction techniques were also 
developed in Europe in the late 1600s, allow-
ing a rapid expansion in forcing crops during 
the 1700s–1800s (Fig. 1.1).

In China, Japan and Korea, glasshouses 
were built as a low structure with glass only 
on the roof and southern wall, the northern 
and side walls were constructed of either 
concrete or adobe embanked with bales of 
rice straw for insulation (Wittwer and Cas-
tilla, 1995). It was in the late 19th century 
that large, expansive and often elaborate 
glasshouses and conservatories were built to 
house extensive collections of rare and exotic 
plants. The conservatory at Kew Gardens 
(Fig. 1.2), the Crystal Palace in London and 
the New York Crystal Palace are examples of 
Victorian glasshouses. By the early 1900s 
glasshouse production was starting to ex-
pand worldwide, there were an estimated 
1000 glasshouses in the USA and by 1929, 
there was 550 ha of vegetables raised under 
glass (Wittwer and Castilla, 1995). By the 
1960s, the Netherlands had emerged as the 
world leader in production under glass with 
an estimated 5000–6000 ha; by 2005 glass-
house area had increased to occupy over 
10,500 ha or 0.25% of the total land area 
in  the Netherlands (Costa and Heuvelink, 
2005).
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By the 1950s and 1960s greenhouse tech-
nology was changing rapidly with the in-
creased availability of plastic cladding films, 
the development of drip irrigation in Israel 
and the gradual uptake of soilless cultiva-
tion (hydroponic methods). Tunnel or hoop 

houses began to make an appearance as low-
cost alternatives to traditional glass-clad 
structures which resulted in many more 
small farmers having access to protected cul-
tivation methods. By the 1970s polyethyl-
ene films were developed with improved 

Curved glass roof panels

Steeply sloping roof
with ventilation louvres

Brick-wall foundation up to bench height
with under-bench heating pipes. Heating supplied by
separate stove house

Entrance

Thin glass panels with
extensive wooden or steel
supporting structure

Ornate metalwork

Fig. 1.1. Examples of Victorian glasshouse construction.

Fig. 1.2. The conservatory at Kew Gardens, London.
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ultraviolet (UV) inhibitors and a longer life-
span, with gutter-connected greenhouses 
coming into increased use by the 1980s and 
1990s. In the 20th century, significant in-
crease in greenhouse production of a wide 
range of high-value crops was occurring in 
Asia and Mediterranean countries, largely 
fuelled by the development of plastic for 
non-heated greenhouse construction which 
expanded into large areas of Almeria in 
Spain, Italy and China. By 2010, the esti-
mated protected cultivation area worldwide 
was 1,905,000 ha of greenhouses and 
1,672,000 ha of low tunnels and floating 
covers; this huge increase in area under cul-
tivation in recent decades was largely due to 
expansion in China (Castilla, 2013).

By 2019, the estimated global protected 
agricultural area was 5,530,000 ha, with 
496,800 ha utilized for greenhouse vegetable 
production worldwide (HortiDaily, 2019). In 
recent times the largest areas in greenhouse 
vegetable production are Europe (173,561 ha), 
South America (12,502 ha), North America 
(7288 ha) and Asia (224,974 ha) (FreshPlaza, 
2017). The type of greenhouse cladding is 
highly dependent on climate and region: 
61% of greenhouses in Northern Europe are 
glass clad, in the Americas 20% and in Asia 
only 2% utilize glass as the main greenhouse 
covering (Parrella and Lewis, 2017).

1.2 The Future of Protected Cropping

The current trend of expansion of protected 
cropping structures into regions not previ-
ously utilizing this technology is likely to 
continue as consumers demand regular and 
consistent supplies of fresh, high-quality and 
often out-of-season produce. The limitations 
on land, water and energy, and restrictions 
regarding food production and safety, envir-
onmental concerns and conservation mean 
that protected cropping structures that 
maximize use of limited resources and pro-
duce increasingly higher yields per unit of 
area will become more common in many re-
gions. Greenhouse technology, particularly 
with regard to energy conservation,  efficient 
running via automated computer control 

systems, robotics and improved management, 
is continually developing and will see more 
efficient structures and greater yielding 
crops as a result. One of the most rapidly ad-
vancing technologies is in greenhouse design 
and modern cladding materials. New clad-
dings, films and panels are continually being 
developed which not only increase energy 
 efficiency, but are also targeted for specific 
purposes and have an extended lifespan 
 before needing replacement. The latest are 
those cladding films which selectively ex-
clude certain wavelengths of light; this may 
be in order to retain heat, reduce the occur-
rence of certain crop pests and diseases, or to 
facilitate improved crop growth and product-
ivity. Plastics used in protected cultivation – 
which have been an increasing concern 
regarding disposal, particularly of temporary 
row covers and mulches – are being devel-
oped which will biodegrade once discarded or 
are able to be recycled, thus lowering the 
 impact on the environment.

Greenhouse horticulture is dominated by 
energy usage; whether it be a labour- based, 
low-technology system or large-scale con-
ventional production, energy is required to 
grow crops. There is also a general long- term 
trend towards using more energy to provide 
food, although there are some exceptions 
and caveats (Wood et al., 2006). Energy in-
put into horticultural operations has come 
under increasing scrutiny in recent years as 
the heavy reliance on fossil fuels and ev-
er-rising costs of energy sources have put 
pressure on growers to become more energy 
efficient. Energy-use reductions and im-
provements in energy efficiency have be-
come more important due to a shortage of 
energy reserves, concerns over environmen-
tal issues and carbon dioxide (CO2) emissions, 
and the continued reliance on non-renewable 
resources such as fossil fuels. Much of the 
current research into energy utilization in 
horticulture is focusing not only on im-
proved energy efficiency, but also on alter-
natives to non-renewable energy sources. 
These include the use of solar, wind, geo-
thermal, biomass energy and hydro gener-
ated electricity which can all play a role in 
providing renewable energy sources for 
horticultural production.
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Energy use within horticultural systems 
is complex and with the growing awareness 
of finite and ever more costly fossil fuel re-
sources, the importance of energy use has 
become a food security and environmental 
concern. Energy input and efficiency ana-
lysis comparison of different crops and pro-
duction systems, use of renewable energy 
resources and less reliance on energy-intensive 
fertilizers and other materials are all under 
review worldwide in an attempt to improve 
energy optimization in the horticultural 
industry.

Along with food production, innovative 
uses of protected structures and modern 
greenhouse design have seen in recent times 
the construction of large ‘biospheres’ for 
educational, conservation, recreational and 
tourism purposes. These include the Eden 
Project in the UK (Fig. 1.3) and the award- 
winning glass biome conservatories in the 
Gardens by the Bay complex in Singapore 
which create vast indoor controlled environ-
ments replicating many of the climatic con-
ditions on Earth, growing plants native to 
those regions all on the same site. In urban 
areas, particularly those in climates with 
extremes of heat and cold, large, climate- 
controlled planted parks and food production 
facilities sited inside architecturally designed 
protected cropping structures are likely to in-
crease in popularity, making use of advances 
in greenhouse structural and cladding tech-
nologies (Fig. 1.4). In order to conserve en-
ergy and running costs, completely enclosed 
indoor growing environments sited in ware-
houses and other industrial urban buildings 
for the production of local fresh food such as 
salad vegetables and herbs is a growing 

trend, particularly in hot, dry climates which 
make greenhouse cropping difficult and ex-
pensive. Since protected cropping can pro-
duce many times the yield of outdoor field 
production, particularly where vertical sys-
tems are used for suitable small crops, 
high-rise greenhouses with a limited land 
footprint in areas of land scarcity are also 
likely to be a growing trend as technology 
develops further.

1.3 Background and History 
of Hydroponic Production

Soilless cultivation of a wide range of crops 
involves the practice of growing plants in 
containers, beds, trays, chambers or chan-
nels of a soilless medium which may be ei-
ther liquid or solid. Soilless culture systems 
encompass a wide range of horticultural pro-
duction methods from potted nursery crops 
in solid substrates, drip-irrigated greenhouse 
vegetable crops to water culture methods, 
the latter of which are more correctly termed 
‘hydroponics’. In modern times, hydropon-
ics has become the term used to cover many 
forms of soilless production, both where a 
solid medium is used to support the plant 
and where solution culture only is employed.

Growing plants in containers of soilless 
medium is an ancient practice which has 
been utilized throughout the age of agricul-
ture by many civilizations. Almost 4000 
years ago the Egyptians documented the use 
of containers to grow and transfer mature 
trees from their native countries of origin to 
the king’s palace when local soils were not 
suitable for particular plants (Naville, 1913). 

Fig. 1.3. The biome structures of the Eden Project, UK. (Photo courtesy of Ben Foster/Eden Project.)
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Early examples of ‘hydro-culture’ include 
the floating gardens of the Aztecs of Mexico 
and those of the Chinese and the hanging 
gardens of Babylon (Resh, 1987). Despite 
the development of early soilless systems, it 
was not until the middle of the 19th century 
that scientists began to experiment with and 
understand how to create nutrient solutions 
of a known chemical composition which sup-
ported plant growth. Earlier attempts in the 
17th and 18th centuries had determined 
that ‘earth not water was the matter that 
constitutes vegetables’ as was published in 
1699 in John Woodward’s  account of ‘Some 
thoughts and experiments concerning vege-
tation’ (Sholto-Douglas, 1985). By 1842, nine 
essential nutrient elements for plant growth 
had been listed and later discoveries by Ger-
man botanists Julius von Sachs and Wilhelm 
Knop led to the development of standard-
ized nutrient solutions created by dissolving 
inorganic salts into water. These methods 
were expanded further by a number of scien-
tists and rapidly became a standard research 
and teaching technique to study plant 
growth and nutrient uptake. From 1865 to 
1920 a number of nutrient formulae were 

developed and tested for soilless culture of 
plants; some of these, such as that devised 
by D.R. Hoagland (1920), are still in use in 
modern agriculture today.

Aside from use as a research tool, true 
commercial application of solution culture 
began in 1928 with the work of William 
Frederick Gericke of the University of Cali-
fornia at Berkeley. Gericke devised a prac-
tical system of solution culture and was the 
first to term this system ‘hydroponics’ from 
the Greek words hydro meaning water and 
ponos meaning working. By 1938 hydropon-
ics was emerging as a commercial method of 
crop production with growers in the USA 
 installing soilless culture beds. However, 
these early attempts suffered from a lack of 
technical information and limited availabil-
ity of the correct materials and many did not 
succeed. Over the next few decades, it was 
the work of a number of researchers in the 
USA, England and France that documented 
the success and technical information re-
quired to make hydroponic systems a com-
mercial reality on a worldwide basis. By the 
outbreak of the Second World War in 1939 
there was renewed interest in soilless  

Fig. 1.4. Inside the rainforest biome of the Eden Project, UK. (Photo courtesy of Steve Tanner/Eden Project.)
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 culture as a means of providing beleaguered 
countries with extra supplies of home-grown 
produce (Sholto-Douglas, 1985). In 1944, the 
US Air Force was utilizing hydroponic instal-
lations to grow vegetables at isolated bases 
such as at Ascension Island. By the 1960s, 
Dr Allen Cooper of England was developing 
the soilless system of NFT (nutrient film 
technique), a solution culture system in 
widespread use today for the production of a 
number of crops. More recent developments 
include the use of soilless culture systems in 
urban agriculture to grow an ever-increasing 
range of food, ornamental and medicinal 
crops and as part of the controlled ecological 
life-support systems (CELSS) research pro-
gramme of the US National Aeronautics and 
Space Administration (NASA).

1.4 Hydroponic Systems

Hydroponic culture as a method of plant 
production has seen widespread acceptance 
in the horticultural industry for a number of 
reasons. First, it improves yields and quality 
of crops and allows avoidance of many soil-
borne diseases which were common in 
greenhouse soil monoculture. soilless cul-
ture also allows more efficient use of water 
and fertilizer resources when managed well, 
particularly when used in closed or recircu-
lating systems. Oxygen, nutrients and mois-
ture levels can be more easily controlled and 
optimized in many soilless substrates, allow-
ing easier crop management. The disadvan-
tages of hydroponic production include the 
higher capital and running costs as com-
pared with many conventional soil cultiva-
tion systems and the increased requirement 
for grower skill to correctly manage and 
monitor the technology in use. Disposal of 
spent nutrient solution is also a disadvan-
tage as this can pose an environmental risk; 
however, increased use of closed systems, 
nutrient recycling and improved nutritional 
control is helping to overcome this concern.

Soilless culture using mineral nutrient 
solutions may be classified into two main 
categories: those that use a solid medium or 
substrate to support the plant’s entire root 

system and those which use only a liquid 
medium or solution culture (sometimes 
termed ‘hydroculture’). Further system clas-
sifications are based on the method of nutri-
ent solution delivery such as drip irrigated, 
ebb and flow, capillary fed, continuous flow 
or aeroponic misting. Hydroponic systems 
may also be ‘open’ or ‘closed’ depending on 
whether the nutrient solution is discharged 
to waste after passing through the substrate 
and root system (open system), or collected 
and recirculated through the crop on a regu-
lar basis (closed system).

The majority of hydroponic systems, both 
substrate-based and solution culture, are op-
erated inside greenhouse or crop protection 
structures as this minimizes the effects of 
rainfall, wind and other climatic factors on 
crop growth. Use of greenhouse technology 
for soilless culture allows a higher degree of 
climate control with heating and/or cooling 
provided to maximize crop growth and 
yields. Additional technology such as CO2 
enrichment and artificial lighting of the 
growing environment is also commonly 
used in many climates to boost production 
in hydroponic systems. In suitable climates, 
soilless culture production systems may be 
established outdoors with little or no over-
head protection (Fig. 1.5). In the tropics, 
shade house or insect mesh structures help 
prevent excessive heat build-up while pro-
viding a suitable climate for crop growth. 
Outdoor hydroponic benches covered with 
plastic cloche frames are utilized for small 
framed crops such as lettuce and herbs in 
some temperate areas, while indoor hydro-
ponic systems set up in large warehouses 
using artificial lighting and environmental 
control are established in a range of cli-
mates, often where excessive heat or cold or 
lack of land is an issue for greenhouse 
production. High-technology controlled 
environment agriculture (CEA) is a combin-
ation of horticultural and engineering 
techniques that optimize hydroponic crop 
production, crop quality and production effi-
ciency (Falah et al., 2013). Under CEA plants 
are grown in hydroponic systems where 
lighting, nutrient supply temperature and 
humidity are strictly controlled at optimum 
levels via a computer.
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Worldwide hydroponic cropping oper-
ations can vary from large, corporate produ-
cers running many hectares of greenhouse 
systems particularly for crops such as toma-
toes, cucumber, capsicum and lettuce, to 
smaller-scale growers growing fresh product 
for local markets only. Hydroponic produce 
may be exported, shipped across continents, 
distributed into supermarket or chain-store 
marketing systems or sold directly by the 
grower to consumers, local restaurants,  catering 
companies, food processors or (a more popu-
lar option for small-scale growers) farmers’ 
markets.

While the majority of commercial hydro-
ponic systems are set up and run to produce 
large volumes of fruit, vegetables, flowers, 
foliage and herbs for fresh consumption, 
there is an increasing trend in the develop-
ment of ‘urban hydroponics’: small-scale 
hydroponic systems set up in urban environ-
ments where soil and space are limited to 
provide smallholding and hobby ornamental 
and vegetable cultivation, intensive high- value 
crop production, as well as in- and outdoor 
beautification and for greening up walls and 

roofs in residential areas. In many instances, 
urban hydroponics may be used to reduce air 
pollution (Schnitzler, 2013). Urban spaces 
such as vacant lots, flat roofs or terraces en-
able people to grow and consume what they 
plant, but also to sell or trade produce for in-
come, allowing higher yields to be obtained 
from otherwise unproductive areas and soil-
based systems. Hydroponic systems are also 
used for therapy, rehabilitation and educa-
tional purposes for those with mobility 
issues or learning disorders and in schools to 
teach the basics of biology and horticultural 
production in limited spaces.

1.5 Substrate-Based Hydroponic 
Systems

The initial shift towards soilless, sub-
strate-based cultivation systems was largely 
driven by the proliferation of soilborne 
pathogens in intensively cultivated green-
house soils (Raviv and Lieth, 2008). This 
trend was further driven by the fact that 
soilless substrates allowed a greater degree 

Fig. 1.5. An outdoor NFT production system.
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of control over a range of plant growth fac-
tors such as root moisture levels, oxygen-
ation, improved drainage and ability to 
precisely control nutrition. Higher yields, 
crop consistency and greater product quality 
were more easily achievable in soilless 
 systems and the technology rapidly gained 
acceptance as a commercial greenhouse 
production method through the 1970s. The 
main purpose of the substrate in soilless 
systems is to provide plant support, allow-
ing roots to grow throughout the medium, 
absorbing water and nutrients from the ap-
plied nutrient solution. Worldwide, a vast 
array of soilless media has been tested, de-
veloped, blended and manufactured for use 
under hydroponic production. The type of 
soilless substrate selected often depended 
on what materials were available  locally as 
shipping bulky media long distances is 
costly. However, many substrates such as 
rockwool, perlite and coconut fibre gained 
acceptance rapidly and are now shipped 
worldwide to high-technology greenhouse 
and hydroponic growers in many different 
countries.

Soilless growing mixes have long been 
used as a growing medium by horticultural-
ists, mostly for the production of seedlings 
and young plants requiring additional nurt-
uring before being planted out into the field. 
Early growing media were largely com-
posed of well-composted organic matter or 
leaf litter; however, other natural materials 
such as sand and animal manures were often 
incorporated to improve drainage, nutri-
tional status and the physical structure of 
compost-based mixes. The development of a 
commercial container substrate industry 
was largely based around peat mining with 
this material still in widespread use today. 
The value of peat for gardening and plant 
production was reported as early as the 18th 
century (Wooldridge, 1719; Perfect, 1759) 
and peat was the primary organic compo-
nent of the first standardized growing 
 medium for plants in containers (Lawrence 
and Newell, 1939). By the 1950s the stand-
ardized ‘UC growing mixes’ based on peat 
and sand combinations were developed at 
the University of California (Baker, 1957). 
 Further research in the 1970s developed 

peat as both a component of a wide range of 
container mixes and as a growing medium in 
its own right for a range of fruit, vegetable 
and flower crops. By the 1990s the heavy re-
liance on high-quality peat for both hydro-
ponic substrates and as a component of 
potting and container mixes saw a rapidly 
increasing demand for mined peat with rais-
ing costs associated with the use of this ma-
terial. Over the last few decades, concerns 
over the availability of peat in the future 
have seen the development of a number of 
new container and substrate media based on 
renewable resources and waste products 
from other industries. The sustainability of 
peat mining has been questioned as it is har-
vested from peatlands and thus has resulted 
in the rapid depletion of wetlands, creating 
the loss of a non-renewable resource (Fascella, 
2015). Recent research on the development 
of peat replacements for potting and con-
tainer mixes, as well as a soilless hydroponic 
medium, has resulted in an increased inter-
est in waste recycling and the use of differ-
ent organic materials as economically viable, 
low-cost growing substrates.

1.6 Organic Hydroponics

In recent years, the possibility of ‘organic 
hydroponics’ or organic soilless production 
has become a topic of much debate. In some 
countries, such as the USA, organic soilless 
systems, even those using NFT or solution 
culture, are certifiable as organic despite not 
making use of soil. However, in much of the 
rest of the world soilless systems are cur-
rently not certifiable as organic due to the 
absence of soil which is considered to be the 
‘cornerstone’ of organic production. Where 
organic soilless systems are considered to be 
allowable, these typically incorporate the use 
of natural growing substrates such as coco-
nut fibre which may be amended with perl-
ite, compost or vermicasts. These substrates 
are irrigated with liquid organic fertilizers 
which do not contain non-organic fertilizer 
salts such as calcium nitrate, potassium ni-
trate and the like. Many of the organic nutri-
ent solutions are based on seaweed, fish or 
manure concentrates, allowable  mineral 
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fertilizers, processed vermicasts, or plant ex-
tracts and other natural materials. Using 
organic fertilizers to provide a complete and 
balanced nutrient solution for soilless pro-
duction is a difficult and technically challen-
ging process and these systems are far more 
prone to problems with nutrient deficien-
cies, particularly in high nutrient- demanding 
crops such as tomatoes. Aquaponics, which 
uses organic waste generated during fish 
farming processes to provide nutrients for 
crop growth via bacterial mineralization, is 
sometimes considered a form of organic 
hydroponics when no additional fertilizer 
amendments are added.

1.7 Summary

Along with new types of protected cropping 
structures, materials and technology, the 
range and diversity of hydroponic crops 
grown are also expanding. While the green-
house mainstays of nursery plants, toma-
toes, capsicum, cucumber, salad vegetables 
and herbs will continue to expand in vol-
ume, newer, speciality and niche market 
crops are growing in popularity. These in-
clude new cut flower species, potted plants 
and ornamental crops, and a growing trend 
in the commercial production of medicinal 
herbs using high-technology methods such 
as aeroponics. Exotic culinary herbs such as 
wasabi, dwarf fruiting trees and spices such 
as ginger and vanilla are now grown com-
mercially in protected cropping structures, 
while many home gardeners continue to 
take up hydroponics and protected cropping 
as both a hobby and a means of growing pro-
duce. Protected cropping and hydroponic 
methods will further their expansion into 
hostile climates which never previously 
 allowed the production of food.
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