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Abstract. Modern greenhouses are intensive farming systems designed to achieve high
efficiency and productivity. Plants are produced year-round in greenhouses by main-
taining the environment at or near optimum levels regardless of extreme weather con-
ditions. Many scientific discoveries and technological advancements that happened in
the past two centuries paved the way for current state-of-the-art greenhouses. These
include, but are not limited to, advancements in climate-specific structural designs
and glazing materials, and temperature control, artificial lighting, and hydroponic
production systems. Greenhouse structures can be broadly grouped into four distinct
designs, including tall Venlo greenhouses of the Netherlands, passive solar green-
houses of China, low-cost Parral greenhouses of the Mediterranean region, and gut-
ter-connected polyethylene houses of India and African countries. These designs were
developed to suit local climatic conditions and maximize the return on investment.
Although glass and rigid plastic options are available for glazing, the development of
low-cost and lightweight plastic glazing materials (e.g., polyethylene) enabled wide-
spread growth of the greenhouse industry in the developing world. For temperate
regions, supplemental lighting technology is crucial for year-round production. This
heavily relies on advancements in electro-lighting during the 19th and 20th centuries.
The development of hydroponic production systems for the controlled delivery of
nutrients further enhanced crop productivity. This article addresses important histor-
ical events, scientific discoveries, and technological improvements related to advance-

ments in these areas.

Greenhouse cultivation involves growing
crops inside structures covered with a trans-
parent material that protects from extreme
weather and unfavorable climatic conditions.
In addition to greenhouses, there are other
forms of protected cultivation, including row-
covers, low and high tunnels, and net houses.
A greenhouse differs from others mainly in
its (higher) level of technology and (perma-
nent) nature of structural components used
for construction. From a hobby-scale opera-
tion in the 19th century, greenhouses have
evolved into realistic commercial-scale oper-
ations in the present century. Ornamentals,
vegetables, aromatic plants, and medicinal
plants can be grown in all climatic zones of
the world inside greenhouses. It is estimated
that the area under greenhouse vegetable pro-
duction in 2019 was 496,800 ha (HortDaily,
2019). Nearly 80% of the area under green-
houses is located in eight countries: China,
Spain, South Korea, Japan, Turkey, Italy,
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Morocco, and France (Sabir and Singh, 2013).
Countries like the Netherlands and Israel, in
addition to their significant greenhouse areas,
are major suppliers of greenhouse technology
to many developing countries. The observed
growth of the greenhouse industry is mostly
associated with technological advancements in
design, low-cost and durable glazing materials,
environmental control (especially related to
temperature and light), and hydroponic or soil-
less production.

The Beginning

The earliest record of producing crops
using protected structures dates back to 14 to
37 CE in Rome (Paris and Janick, 2008).
Arttificial methods were used to grow Cucu-
mis plants year-round for Emperor Tiberius.
Plants on carts were moved into protected
houses, known as Specularia, during cold
nights. A treatise on crop husbandry, known
as Sanga Yorok, compiled by the royal physi-
cian of the Joseon dynasty of Korea during
the 1450s, also documents the use of pro-
tected cultivation (Rajesh et al., 2020). The
writings indicate the use of Ondol, a tradi-
tional underfloor heating system, to grow
mandarin (citrus) plants and ripen the fruit. In
the 17th and 18th centuries, structures called
Orangeries were used in France to protect
fruit trees from cold temperatures (Wearn and
Mabberley, 2016). These structures were tall
masonry buildings with large glass windows

on the southern side to allow sunlight. Fruit
trees like oranges grown in pots were moved
into these structures during winter for protec-
tion from cold temperatures. Wye House in
Maryland (Fig. 1) is the oldest surviving
Orangery in the United States. Recent evi-
dence suggests that the workers at Wye
House conducted agricultural trials of medici-
nal and food plants (Blair et al., 2008). In the
19th century, large glasshouse conservatories
were built in Europe to grow exotic tropical
plants collected from other countries. For
example, large wrought iron glasshouse structures
were built at the conservatory of the Royal Horti-
cultural Society in Cheswick (1840) and Royal
Botanic Society in Regent’s Park (1842-46) in
England. These advances in structural design dur-
ing the 18th and 19th centuries had a significant
impact on greenhouse designs developed during
the 20th century.

Greenhouse Designs

Modermn commercial greenhouses look
vastly different from the Orangeries of the
18th century and glasshouses of the 19th cen-
tury. Greenhouse structural designs were
developed mostly to suit local climatic condi-
tions. Many commercial-scale greenhouses
became operational during the 20th century
in the Westland region of the Netherlands.
The Westland-style greenhouses had remov-
able glass sheets to allow rain during winter
for draining the salts accumulated in the soil
(Berkers and Geels, 2011). However, these
greenhouses were poorly insulated because
of gaps between plates, although they were
much improved compared with the earlier
designs used for grape cultivation in the
Netherlands. The Westland greenhouses suf-
fered significant damage during World War II.
It was estimated that 1.8 million square meters
of horticultural glass belonging to greenhouses
were damaged because of the war (Berkers
and Geels, 2011). During the reconstruction
phase following the war, engineers in a city
called Venlo developed a multispan, tall, glass,
insulated greenhouse design called Venlo
style. These greenhouses were built to meet
domestic demand and export potential for veg-
etables after the war. Research partnerships
established between the greenhouse industry
and Wageningen University after the war fur-
ther aided in advancing greenhouse technol-
ogy. Venlo-style greenhouses are built with
wide aluminum or steel trusses to provide suf-
ficient strength to withstand high winds and
snow loads, which are common for the region
(Fig. 2A). The Venlo-style design allows for
wide working spaces because the requirement
of load-bearing posts is reduced because of
trusses. In addition, the design allows good
sunlight transmission into the structure. The
salt problem in the soil was taken away by
flushing with sprinklers and drainage systems
in the Venlo greenhouses. Tomato exports
from the Netherlands to Germany and England
significantly increased after World War II.
This can be attributed to the adoption of the
Venlo-style design in the Westland region of
the Netherlands (Berkers and Geels, 2011).
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Fig. 1. Picture of Wye house in Maryland. This is the oldest surviving Orangery in the United States
(photo by Warren Cox, courtesy of the Wye House Collection).

During the past several decades, the Venlo
design has changed, especially to increase the
ventilation rate and decrease overall cost.
These changes made the Venlo style versatile
for regions receiving relatively less wind than
coastal areas (e.g., continental regions). Today,
the Venlo region is one of the major centers
for the greenhouse market in the world, and
Venlo-style greenhouses are popular in many
regions of the world.

In China, protected cultivation of ornamen-
tals and vegetables started to increase during
the 1980s. This can be attributed, in part, to the
open door policy embraced by China in 1978,
allowing trade equality among different coun-
tries. The open-door policy allowed Chinese
growers to import modern greenhouse struc-
tures like Venlo designs. However, because of
the high cost of Venlo greenhouses, the design
was not popular. Today, the area covered by
glass greenhouses in China is less than 1%
(Costa and Heuvelink, 2004). Nevertheless,
modern greenhouse designs helped Chinese
greenhouse manufacturers to develop designs

that are more suitable to local environmental
conditions. A popular low-cost structure called
the solar greenhouse with plastic glazing was
developed in China (Gao et al., 2010). These
lean-to or energy-saving greenhouses origi-
nated in Liaoning province (Jiang et al., 2004).
The solar greenhouses have a large roof area
along the south side (Fig. 2B) and are passively
heated by sunlight during the daytime. A ther-
mal blanket is rolled over the greenhouse at
nighttime to hold heat inside the structure. In
addition, the northern brick wall preserves heat
inside the structure. The model was highly suc-
cessful at increasing greenhouse production in
colder northern regions of China (Chen et al.,
2000). By the end of the 20th century, the area
covered under protected agriculture in China
was nearly 1.4 million ha (currently estimated
at 2 million ha), mostly comprising solar green-
houses (Costa and Heuvelink, 2004).

During the past three decades, a large
greenhouse industry has been developing rap-
idly in Spain. In a region called Almeria in
southeastern Spain along the Mediterranean

Fig. 2. Major commercial greenhouse designs seen in different regions of the world. (A) Venlo style
(source: Pure Green Farms, Indiana). (B) Solar greenhouse (source: Vegetablecropshotline.org). (C)
Parral style (source: Inveramel.com). (D) Gutter-connected polyhouse (source: author’s collection).
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Sea, there is the largest concentration of green-
houses (more than 26,000 ha) producing mostly
vegetables for Europe (Patowary, 2013). Tech-
niques such as hydroponics, soilless substrate
production, mulching, and drip irrigation turned
the region into what it is today (Fig. 3). The
region also benefits from a large labor force
from nearby countries in Africa. Parral-type
greenhouse evolved in the Almeria region of
Spain (Fig. 2C). These low-cost structures have
plastic-covered, curved roofs and low gutter
heights. The roof is nearly flat, and plastic film
is held by metal strings. The film can be rolled
to the gutter for ventilation during summer. In
addition, ventilation can be provided from the
sides by rolling the plastic upward. The Alme-
ria region does not experience snow loads or
high winds; therefore, a design was developed
with plastic roofing and lightweight frames to
keep the construction cost low. The plastic film
holds heat inside the structure during winter,
enabling vegetable production during cooler
months. Research shows that the greenhouse
area of Almeria is so large that the white roofs
lower the temperature of the region by reflect-
ing significant amounts of sunlight. The albedo
of the region has increased since 1983, increas-
ing sunlight reflectance by 9% (based on
readings by Terra satellite, NASA) (Campra
et al.,, 2008). However, the Almeria green-
house industry has received much criticism in
recent years. The intense greenhouse produc-
tion in the Almeria region has been criticized
by some for depleting aquifers and piling
plastic along the countryside and sea, whereas
others consider this region as an economic
miracle (Baldock, 2018).

Different greenhouse designs evolved in
semi-arid and tropical countries such as India,
Malaysia, Kenya, and Morocco (Wagenin-
gen, 2015). The region has climate-related
challenges such as high day/night tempera-
tures, relative humidity, insects, and winds
from monsoons and cyclones. The adopted
greenhouse design consists of medium-to-
tall, multispan, arch or gothic arch, gutter-
connected polyethylene houses with side ven-
tilation and roof ventilation (Fig. 2D). The
main features of this design that lower the
temperature are increased ventilation and
shade nets. The roof ventilation is usually
permanent (remains open) and covered with
an insect net. In addition, thermal or shade
screens are used to reflect sunlight and reduce
the temperature inside the structure. The
greenhouse has side ventilation along all four
sides. The design protects from wind and
rainfall during the monsoon season. These
structures are used mostly for producing flori-
culture crops; however, more recently, there
has been an increasing trend toward tomato
and bell pepper production.

In the United States, many greenhouse
designs are used to grow crops. These include
the wide arch or gabled roof and Venlo-style
greenhouse designs. Most greenhouse designs
in the northern region of the country are
gabled-style and built with a galvanized steel
structure and glass or rigid plastic cover to
withstand snow and wind. In warmer regions
of the country, arch-style, gutter-connected,
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Fig. 3. Growth of the greenhouse industry in the Almeria region of Spain during 30 years between
1974 and 2004. The white color refers to greenhouse roofs (source: UNEP, 2004).

plastic film greenhouses can be seen. In addi-
tion, structures called hoop houses (high tun-
nels) are increasingly becoming popular in
the United States. These structures are differ-
ent from greenhouses because plants are
grown directly in the soil covered with plas-
tic-covered structures. High tunnels allow for
season extension and can be built at a fraction
of the cost of a greenhouse (USDA NRCS,
2015).

Glazing Materials

Glazing (or cladding) material used to cover
the superstructure can have a major impact on
the greenhouse environment. It is the only bar-
rier separating the outside environment and
plants in a greenhouse. Transmission and distri-
bution of light, air temperature, and relative
humidity inside a greenhouse can vary by the
type of glazing material. Glass was the earliest
choice for glazing material until the early
1990s (Forbes, 1992). Because of its popularity,
a tax was levied on glass manufacturers and
customers from 1745 to 1845 in England.
However, glass was expensive, and glasshouses
in 19th century England were mostly built by
the wealthy. During those times, beaver-tailed
or curved glass panes became a popular design
because they force rainwater away from
wooden or wrought iron bars and toward the
center of the pane (Jameson, 2013). Glass con-
tinued to be a popular choice, mainly because
of its strength and good light transmission prop-
erties and, to some extent, because of the lack

of other glazing options. In the 20th century,
significant improvements were made in the
quality of glass used for glazing. Float glass
with perfectly smooth sides and patterned glass
with matte or prismatic surfaces became avail-
able for greenhouses (Max et al, 2012).
Although light transmission does not vary, pris-
matic glass has more diffused light (suitable for
tropical climates with intense sunlight) than
float glass (Victoria et al., 2012). Both annealed
and tempered versions of float glass are com-
monly used in greenhouses. However, tem-
pered glass has more strength (withstands more
compression or tension) (Wageningen, 2018)
than annealed glass and breaks into smaller
pieces that rarely pose a risk to people. There-
fore, tempered glass is used for covering green-
house roofs. Both single-pane and double-pane
(air layer between panes) glass is used in
modern greenhouses. Double-pane glass has
a lower thermal transmission (reduced heat-
ing costs) because of a layer of air between
panes (Table 1). However, single-pane glass
has become a common choice for modern
greenhouses because of the higher cost of
double-pane glass.

Today, polyethylene is the most widely
used material for covering greenhouses. The
accidental discovery of polyethylene in 1933
was an important milestone for modern
greenhouses (Gibson, 1964). Polyethylene is
produced by the polymerization of ethylene
monomers. [t formed accidentally when oxy-
gen leaked into an overheated test vessel and

Table 1. Properties of different glazing materials used as greenhouse covering.”

provided the activation needed for the poly-
merization process (Jagger, 2008). Before the
discovery of polyethylene, the high cost of
glass limited the greenhouse industry to the
developed world. In the 1950s, polyethylene
film covering was introduced as a glazing
material for greenhouses. Because of the low
cost and light weight of the glazing material
and structure, polyethylene-covered green-
houses were much less expensive than tradi-
tional glass greenhouses. This aided in
expanding the greenhouse industry to many
regions of the world. The greenhouse indus-
try grew rapidly by the end of the 20th cen-
tury in many countries of Asia, Africa, and
the Middle East (Giacomelli and Roberts,
1993; Max et al., 2012). Today, there are
greenhouses in more than 115 countries
(Sabir and Singh, 2013), and most of them
are covered with plastic films. In the United
States, Emery Myers Emmert, a professor at
the University of Kentucky, conducted signif-
icant research in 1948 regarding the use of
polyethylene as a greenhouse cover. During
the 20th century, other types of plastic films,
including ethylene vinyl acetate and ethylene
butyl acrylate, also were identified as suitable
greenhouse glazing materials. Plastic films
used as greenhouse covers, especially those
made from polyethylene, have low durability
and high thermal transmission (Table 1).
Chemical additives such as anti-fog, anti-
dust, ultraviolet stabilizers, and infrared (IR)
blockers were identified as additives to the
polyethylene film for increasing the durability
and decreasing thermal transmission (Blom
and Ingrate, 1985; Espi et al., 2006; Max
et al., 2012). Some plastic films containing
fluorescent pigments that convert high-energy
radiation (e.g., ultraviolet light) to other
wavelengths used by plants (e.g., blue and
red) were developed. However, because of
the lack of sufficient data regarding their effi-
cacy, such films have not been widely
adopted (Espi et al., 2006; Hemming et al.,
2006; Max et al., 2012).

Rigid plastics were developed as glazing
materials for greenhouses in the 1990s. These
include acrylic (commonly called plexiglass),
polycarbonate, and PVC. These rigid plastics
are intermediate to glass and plastic films.
They have increased light distribution and
decreased thermal transmission (Papadakis
et al., 2000) compared with glass, but more
durability than plastic films (Evonik Indus-
tries Ag, 2011). In addition, rigid plastics
like polycarbonates do not transmit much

Glazing material

Light transmission® (%)

Thermal transmission (%)

Durability (years)

Glass: single pane

Glass: double pane

Rigid plastic: single layer

Rigid plastic: double layer

Plastic film: single layer

Plastic film: double layer

Plastic film: double layer with IR blocker

88-93
75-80
90

3 25+

<3 25+

<3 10-15
<3 10-20
50 34

50 34
<20 34

“Sources: Energy Conservation for Commercial Greenhouses (NRAES-3) (Bartok, 2001).

YIncludes light wavelengths from 400 to 700 nm.
IR = infrared.
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ultraviolet radiation (Max et al., 2012). Poly-
carbonate-based rigid plastics are synthesized
by polycondensation of phosgene (Max et al.,
2012), a chemical that was widely used dur-
ing the chemical warfare of World War 1. An
important milestone in the use of polycarbon-
ates as glazing material was the development
of a process that removes cognac-colored
tints in the material in 1971. This resulted in
new material that was nearly as clear as glass
(Bayer Material Science, 2013).

Greenhouse Heating Systems

Temperature affects the growth and devel-
opment of plants. The optimal temperature
for germination, growth, and flowering is
close to 20°C for many species (Nemali,
2021). Greenhouse heating is a common
practice during winter in northern regions,
especially above the 40° N latitude (Nemali,
2021). Both natural (passive) and artificial
(active) methods are used for heating a green-
house. Although solar and geothermal heat-
ing constitutes natural methods, artificial
heating uses fuel, oil, electricity, or wood.

Short-wave radiation from the sun is a
major source of heat for greenhouses. The
discovery of IR by William Herschel in 1800
increased our understanding of heat gain/loss
from greenhouses. The fruit walls of the 17th
century in England, France, and the Nether-
lands (De Decker, 2016) used the concept of
IR radiation as a source of heat. These
masonry walls get warmer during the day by
absorbing short-wave solar radiation and
emitting heat to the surroundings in the form
of long-wave IR radiation at night. Plants sur-
rounding the fruit walls absorb IR radiation
and remain warm during cooler nights. In
addition, the fruit walls protected plants from
winds. Solar greenhouses (Fig. 2B) in China
are other examples that use passive heat from
the sun as the source of energy for heating
(Gao et al., 2010; Jiang et al., 2004). These
greenhouses have a large roof area exposed
to the southern side that allows a maximum
amount of sunlight transmission into the
greenhouse during the daytime. Heat gained
by the greenhouse components and walls dur-
ing the day is released as IR radiation at
night. To prevent the IR radiation from leav-
ing the greenhouse, a blanket was used to
cover the greenhouse roof at night. Instead of
blankets, modern-day greenhouses add IR
blockers to the plastic film (Blom and
Ingrate, 1985; Espi et al., 2006; Max et al.,
2012) for reflecting the IR light into the
greenhouse. In many modern greenhouses,
energy curtains are used to reflect IR light
into a greenhouse to reduce heat loss (cooler
climates) or out of a greenhouse to reduce
heat gain (warmer climates).

Geothermal heating is another method of
passive heating. This method uses the heat in
the ground to maintain a warmer temperature
inside the greenhouse at night. The ground
temperature at a depth of 6 to 10 m usually
remains constant throughout the year and
close to the average annual temperature of
the region (Nemali, 2021). The concept of
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geothermal energy has been well-known for
many centuries. Greeks and Romans used
water and steam from hot springs in public
baths. An example is geothermal space heat-
ing in the Roman city of Pompeii during the
first century (Lund, 2018). The largest geo-
thermal heating system is located in Rey-
kjavik, Iceland; most of the homes have
received geothermal water for space heating
since the 1930s (Lund, 2018). In the United
States, water from hot springs was supplied
to homes in Boise, ID, in 1892 (Lund, 2018).
Geothermal energy became more popular in
the 1970s because of the oil crisis, increase in
gas prices, and environmental concerns of
using fossil fuels. At present, countries like
the Netherlands and Hungary have significant
greenhouse acreage heated during winter
using geothermal energy.

Artificial heating is more common in
many modern greenhouses. The earliest evi-
dence of artificial heating was documented in
Rome using a Hypocaust, or central heating,
system (Brittanica, 2016). Other examples
include Ondol floor heating, which was used
in Korea during the 1400s (Rajesh et al.,
2020), and Dutch Stoves or floor heating to
force bulbs to bloom during the off-season in
the 18th century. Before the 1870s, green-
houses in the United States and Europe were
heated using the heat generated from decom-
posing organic matter (Young, 1998). Plants
grown in containers were placed on top of
beds made with decomposing organic matter
inside greenhouses (Fig. 4). The heat from
the organic matter maintained a warm micro-
climate for plants. However, challenges with
this method included a lack of control of heat
and organic matter availability for larger
greenhouses. In the mid-19th century, a flue
heating system consisting of a wood-burning
stove and duct that ran along the floor of the
greenhouse was developed. The method
enabled the control of heat inside the green-
house by turning off the fuel to the stove;

however, it needed constant monitoring when
the stove was on. These two methods were
replaced with water-heating systems in the
1870s (Young, 1998). This involved running
hot water through pipes placed below
benches, similar to modern bench-heating
systems. Because the pipes were made of cast
iron, they rusted heavily. The pipes were later
replaced with wrought iron in the 1880s. The
water-heating system reduced heating costs
because water could hold heat longer.
Toward the 1880s, steam heating was devel-
oped to supply heat through long pipes in
large greenhouses. However, the cost of fuel
for generating steam was higher than that
required for heating water. In many modern
greenhouses, heat from the combustion of
fuels (e.g., propane and natural gas) is used to
increase greenhouse temperatures during
winter. Modern greenhouses use unit heaters
(Fig. 5) for artificial heating (Nemali, 2021).
With these heaters, fuel is continuously sup-
plied to the burners. The flame from the
burner heats the air inside a heat exchanger,
which transfers heat to the incoming cooler
air blown into the unit by a fan. The hot air
from the heater enters the greenhouse and
maintains a warm temperature. The heating
process in modern greenhouses is highly con-
trolled using automation and temperature sen-
sors. In some modern greenhouses, hot water
runs through the pipes that span the green-
house for heating purposes.

Greenhouse Cooling Systems

The heat accumulated inside greenhouses
can be high during the summer months in
tropical and subtropical regions because of
intense radiation from the sun. The heat, if
not removed, can increase greenhouse tem-
peratures to extreme levels. Greenhouse cool-
ing is achieved using different methods such
as shading, natural ventilation, forced ventila-
tion, and evaporative cooling. The simplest

Fig. 4. A lean-to greenhouse shown with a pile of decomposing organic matter for heating containers

(source: Young, 1998).
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Fig. 5. Design of a unit heater used for heating
greenhouses. Fuel is continuously supplied to
the burner, which heats the air inside a heat
exchanger. Fan blows air onto the heat
exchanger, which increases the air tempera-
ture. The hot air enters the greenhouse.

of these methods is shading; however, this
method also lowers the quantity of light
received by plants. Therefore, other methods
like natural ventilation, cooling pads, and
exhaust fans are used in combination with
shading.

Many modern greenhouses use the evapo-
rative cooling method to lower the tempera-
ture. The principle involves heat exchange
between warm air and cool water. Heat trans-
fer happens when warm air is in contact with
cool water, which lowers the temperature of
the air. Water evaporates by absorbing heat
from the air and increases humidity. It is
believed that the concept of evaporative cool-
ing was first used in ancient Egypt. Wet
clothes were hung along the airways of pala-
ces to keep the air cooler for royals. Recently,

LCarriord
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archeologists in the Persian Gulf unearthed
an ancient air conditioning system that used
the evaporative cooling technique (Vilikov-
ska, 2016). A complex system of canals was
found in the lower portion of a building. It is
believed that a windcatcher at the top of the
building was used to direct air over the under-
ground water canals and cool air was diverted
to enter the building. The invention of the
psychrometric chart by Willis Carrier in 1904
helped to quantify the temperature decrease
caused by evaporative cooling in greenhouses
(Fig. 6). The chart can be used to measure the
wet bulb temperature for a given relative
humidity and dry bulb or ambient air temper-
ature. The wet bulb temperature is the theo-
retical minimum temperature attributable to
evaporative cooling. This allowed greenhouse
manufacturers to design the correct type of
cooling system for specific climates. In the
United States, evaporative cooling was first
used in Arizona. In 1908, Oscar Palmer Sr.
built the first drip-type evaporative cooler in
Arizona (Cunningham, 1985). Until the
1950s, greenhouses in the United States were
cooled by natural or forced (or fan) ventila-
tion methods. Evaporative coolers were used
in greenhouses after 1954 in the United
States. Fogging, which involves the suspen-
sion of fine water droplets in the air, is
another method of evaporative cooling used
in modern greenhouses. The water droplets
suspended in air exchange heat with air. This
decreases the temperature and increases the
relative humidity of the air. In 1995, a useful
guide for calculating heating, ventilating, and
cooling requirements in greenhouses was
developed by the American Society for Agri-
cultural and Biological Engineers (ASABE,
1995). At present, many greenhouses in the

Bt 0°C Prapastios aod Enthalpy Deviation Lines Are Far bea
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Fig. 6. Psychrometric chart invented by Willis Carrier. The chart provides wet-bulb temperature values
for a given dry (ambient) temperature and relative humidity level. The wet-bulb temperature is the
minimum temperature that can be obtained by the evaporative cooling method.
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southwestern United States use evaporative
cooling methods to cool greenhouses.

However, in many warmer regions of the
world, evaporative cooling is less effective
because of high humidity levels in the air. In
these regions, natural/forced ventilation com-
bined with shade nets is the most common
method of cooling greenhouses. The design
of greenhouses (Fig. 2C and D) allows for
both roof ventilation and side ventilation to
remove heat. More recently, designs with
partial or complete roof cover openings are
being developed for warmer regions of the
world. Evaporative cooling combined with
forced ventilation is mostly limited to
research or small-scale greenhouses in these
regions of the developing world.

Artificial Lighting

In many modern greenhouses located in the
northern regions, artificial lighting is used to sup-
plement low levels of sunlight received during
winter. Artificial lighting is critical to producing
good-quality crops year-round in these regions.
The present artificial lighting technology can
generate energy-efficient, high-intensity, custom-
izable light to provide specific wavelengths to
plants. Elegant discoveries in the field of electro-
lighting have advanced greenhouse lighting tech-
nology to its current state.

Controlling the light environment for crops
dates back to 14 to 37 CE. Roman gardeners
used cucumber houses glazed with sheets of a
material called Lapis Specularis (a form of
gypsum) (Nordey et al., 2017; Paris and Janick,
2008). These houses were called Specularia.
Although sheets of Lapis Specularis were used
to protect plants from exposure to cold temper-
ature, the material was diaphanous (or transpar-
ent) and allowed some light to pass into the
cucumber houses. In the 19th century, plant
collectors in England were eager to grow
tropical plants in glasshouses. Because most
of the tropical undercanopy plants, such as
palms, prefer low light levels, the Palm
House in the Royal Botanical Gardens, Kew
(1840-48), used copper-tinted glass as glaz-
ing to reduce light transmission into the
glasshouse (Schoenefeldt, 2011).

Electric lighting began with the discovery
of the carbon-arc lamp (Fig. 7A) by Sir
Humphry Davy (England) and Vasily Petrov
(Russia) in the first part of the 19th century.
When powered, the carbon-arc lamp generates
an electric arc through the air between two car-
bon rods and generates light. Brush electric
company in Ohio was the first to commercial-
ize carbon-arc lamps in the United States.
Although carbon-arc lamps were not used in
greenhouses, there is evidence that botanists of
the 19th century were interested in testing
plant growth under these lamps. For example,
L.H. Bailey used brush arc lighting to study
the effects of photoperiodism in greenhouses
and found that carbon-arc lamps could hasten
maturity in plants (Bailey, 1891).

The next in the line of major inventions
was the incandescent bulb (Fig. 7B). Unlike a
carbon-arc lamp, incandescent bulbs contained
a filament or wire enclosed in a bulb. The
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Fig. 7. Electric lighting models developed during the 19th and 20th centuries. (A) Carbon arc lamp. (B)
Mazda incandescent lamp. (C) High-pressure sodium lamp. (D) Different colors of light-emitting

diodes (source: Edisontechcenter.org).

filament glows when heated by electrical
energy. Thomas Edison invented a carbon fila-
ment-based incandescent lamp. However,
these incandescent lamps had a short life span
and consumed more electricity. The invention
of ductile tungsten by William Coolidge of the
General Electric Company revolutionized elec-
tric lighting. Tungsten filament-based incan-
descent lamps were called Mazda lamps,
named after the Zoroastrian god of light. These
lamps lasted longer and used less electricity.
Unlike carbon-arc lamps, Mazda lamps were
used in greenhouses. However, the light from
Mazda lamps contained IR wavelengths, which
made plants elongate (Roodenburg, 1940).
Incandescent lamps were also used in classical
experiments related to photoperiodism in plants
(Garner and Allard, 1920).

The next discovery related to artificial
lighting was the sodium vapor lamp in 1920
by Arthur Compton. The lamp had high-
energy efficiency compared with the incan-
descent lamp, but it had poor color rendering
(mostly yellow); therefore, it was not ideal
for plants. Moreover, sodium metal inside the
glass was corrosive and blackened the glass,
further reducing the luminosity of the lamp.
The discovery of a material called Lucalox,
or aluminum oxide ceramic, by scientists
working at General Electric Company was a
critical step for the next advancements in
technology (Smithsonian, 2020a). This mate-
rial can resist the corrosive nature and high
pressure and temperature of sodium. This
paved the way for the discovery of high-pres-
sure sodium (HPS), or Lucalox HPS, lamps
by General Electric Company (Fig. 7C). The
HPS lamps had better color rendering and
lasted longer than low-pressure sodium vapor
lamps (Smithsonian, 2020b). These single-
ended high-pressure sodium lamps quickly
became the industry standard in modern green-
houses. Recently, double-ended HPS lamps
with increased light output have become popu-
lar (Nelson and Bugbee, 2014).

Another giant leap in electric lighting hap-
pened with the discovery of light-emitting
diodes (LEDs) (Fig. 7D). LED-based lighting
is becoming popular because of its high
energy efficiency, low thermal emission, and
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long functional life (Kong et al., 2019). The
LED discovery is tied to a phenomenon
called electroluminescence described by
Henry Round. This phenomenon involves the
emission of light from materials when elec-
tricity passes through them. It was discovered
that semi-conductors like silicon and germa-
nium doped with other elements can be used
to generate light using electroluminescence.
Using this technique, James Biard and Gary
Pittman discovered the first IR LED from a
gallium arsenide diode at Texas Instruments
in 1961. The discovery was accidental while
the researchers were developing a gallium
arsenide semi-conductor. This followed the
discoveries of red (1962) and yellow (1972)
LEDs. The discovery of bright blue LED
using the indium gallium nitride semi-con-
ductor by Nakamura, Akasaki, and Amano in
1993 aided in developing white light from
LEDs. The group received the Nobel Prize in
2014 for their work (Royal Swedish Acad-
emy of Sciences, 2014). Currently, LED
manufacturers use a technique called phosphor
conversion to produce different colors of light
from blue LEDs (Kong et al., 2019). Research
is progressing rapidly to develop LEDs that
are less expensive and can generate more light
with increased energy efficiency.

Hydroponics

Historically, greenhouses used locally avail-
able soils (e.g., loam) and supplemented them
with organic media to grow crops in containers.
However, soil-based media were heavy and
required sterilization, which increased costs.
The development of the hydroponic method of
growing crops significantly increased crop
productivity in commercial greenhouses. The
term “hydroponics” refers to growing plants
using either soilless or water culture techni-
ques. Soilless media are composed of steril-
ized organic and/or inorganic components,
which hold water and nutrients, whereas
water culture involves growing plants in a
solution enriched with nutrients. There are
several advantages of both soilless and water-
culture methods of production. Some of these
include uniform nutrient supply, sterilized

root-zone environment, controlled delivery of
nutrients to plants, and easy transportation of
plants.

The first documentation of producing
plants using hydroponics comes from the
Hanging Gardens of Babylon (Resh, 1990),
supposedly built by King Nebuchadnezzar
(604-562 BC) along the Euphrates River in
Iraq. It was described that plants were grown
at multiple levels in these gardens (Finkel,
1989), suggesting that soil was excavated
from its natural location and likely mixed
with lighter organic media to grow plants.
The use of soilless media in greenhouses
became popular in the 20th century. The
research conducted by Lawrence and Newell
in 1939 in England recommended the addi-
tion of sphagnum moss to regular soil for
reducing pathogens and weeds and minimiz-
ing nutritional imbalances in plants (Bunt,
1988). Soilless substrates became popular
horticulture media in the 1950s (Kitir et al.,
2018). This can be attributed to the research
performed at the University of California in
the 1950s (Baker, 1957). Subsequently, many
studies showed that organic material such as
peat can be used as a good soilless medium
to grow plants (Carlile et al., 2019). Cur-
rently, peat is the most commonly used
organic component in soilless substrates.
However, there has been a huge push for
phasing out peat-based substrates because of
increasing environmental concerns. Peat is a
large carbon sink (stores ~21 to 33% of ter-
restrial organic carbon) (Gruda et al., 2019)
and limited resource (covers only 3% of the
earth’s surface) (Gruda et al., 2019). Regen-
eration of peat is a slow process after extrac-
tion; therefore, the indiscriminate use of peat
in the greenhouse industry can cause negative
impacts on the environment. Therefore, many
environmental scientists are developing alter-
nate substrates that are more renewable (e.g.,
coir) than peat. Rockwool is another soilless
and inorganic substrate that is extensively
used. This is predominantly used for greenhouse
vegetable production (e.g., tomato). It is esti-
mated that, globally, more than 10,000 ha of
greenhouses use rockwool as a soilless growing
medium (Blok and Urrestarazu, 2010). Research
and development related to soilless substrates
are active areas in the United States and glob-
ally. Academic researchers at the North Carolina
State University in the United States conduct
extensive research of new materials for soilless
substrates and study their physical and chemical
properties.

The first attempt to grow plants using the
water-culture method likely happened when
researchers in the 17th century recognized
that soil is needed only to supply certain
chemicals and water to plants. Woodward
(1699) grew mint plants in water collected
from the Thames River, rain, springs, and
conduits, and concluded that plant growth
was slower in water that did not contain any
solutes (Hershey, 1994). In 1887, Julius von
Sachs developed a method that involved a
wide glass tube fitted with a cork stopper to
grow plants in a solution containing dissolved
nutrients (Fig. 8). The observations by Justus
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Fig. 8. (A) An illustration of a glass container with a cork stopper used by Julius von Sachs to grow
plants in water enriched with elements (source: Soils.Wisc.edu). (B) A modern commercial hydro-
ponics greenhouse with automated irrigation, nutrient delivery systems, and environmental control

(source: Pure Green Farms, Indiana).

von Liebig regarding the requirement of ele-
ments, including nitrogen, phosphorus, potas-
sium, calcium, magnesium, and sulfur, for
plants (Marschner, 2003) further developed
the foundation for the water-culture method.
Between 1860 and 1938, the essentiality of
micronutrients, including iron, manganese,
boron, zinc, copper, and molybdenum (Table
2), was established. In the United States, Ger-
icke (1929) from the University of California
in Berkeley reported that water culture can be
used to grow crops (Gericke, 1929). He coined
the term “hydroponics” in 1937 for the method
of growing plants in water enriched with
nutrients  (Gericke, 1937). Subsequently,
Hoagland and Amon from the University of
California continued extensive work involving
hydroponics and published several bulletins
for the public and industry (Hoagland and
Amon, 1950). The importance of hydroponics
as a method to grow crops became significant
during the 1960s and 1970s in the United
States. For example, Pan American Airways
adopted hydroponic culture to grow vegetables
for passenger meals on Wake Island, a refuel-
ing stop for transpacific flights. It was deemed
expensive to ship vegetables to this island and
impossible to grow vegetables on the island
because of to its rocky habitat (Hershey 1994).

Science and technology related to hydro-
ponics further improved because of extensive
research conducted by the National Aeronau-
tics and Space Administration (NASA) during
the past three decades. There has been a huge
interest in growing plants on the International
Space Station and spaceflights to other planets
during the past two decades. Plants grown on
a spacecraft could supplement a healthy diet
for astronauts and aid in clearing the air by
absorbing carbon dioxide and adding oxygen.
Because the dust from regular soil can be
inhaled by astronauts and contaminate expen-
sive machinery on a spacecraft, NASA began
conducting and supporting research related to

hydroponics (NASA, 2010). Some interesting
research conducted by NASA includes the
study of the nutrient invasiveness of different
crops like lettuce and radishes in hydroponic
systems and real-time analyses of nutrient lev-
els in hydroponic solutions (NASA, 2010). At
present, many commercial hydroponic green-
houses (Fig. 8B) worldwide largely implement
the research findings of NASA. It is estimated
that there will be 2480 hydroponic operations
in the United States by 2026 (IBIS World,
2021), and it will continue to grow in the
future.

Future Trends in Technology

It is challenging to predict future innova-
tions in greenhouse technology. The following
trends are based on some of the current issues
encountered by the greenhouse industry:

1. Greenhouses will likely have an imp-
ortant role in the future global food
supply. Temperature increases caused
by climate change will likely favor
increased global food production in
greenhouses in the temperate regions
of the world. It is also likely that cool-
ing technologies with higher efficien-
cies will be developed in the future for
warmer regions of the world because
of global warming.

2. It is anticipated that greenhouse auto-
mation will evolve into systems that
are more intelligent in the future. An
example is a system that can use Inter-
net of Things (IoT) sensors to visual-
ize plant growth and analyze plant
biochemistry, make localized intelli-
gent decisions, and adjust the growth

Table 2. Discovery of different essential plant nutrients (adopted from Mineral Nutrition of Higher

Plants by Horst Marschner, 2002).

Nutrient Discovered by

Nitrogen, phosphorus, potassium, calcium, 1840 Justus von Liebig (based on observations)
magnesium, and sulfur

Iron 1860 J. Sachs

Manganese 1922 J.S. McHargue

Boron 1923 K. Warington

Zinc 1926 A.L. Somner and C.B. Lipman

Copper 1931 C.B. Lipman and G. MacKinney

Molybdenum 1938 D.I. Arnon and P.R. Stout
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environment for maximizing yield,
quality, and nutritional value without
human involvement.

3. Future greenhouses will likely place
more emphasis on the carbon footprint,
especially by decreasing the use of fos-
sil fuels and increasing the use of ren-
ewable energy sources.

4. Greenhouses of the future will likely
use technologies that increase water-
use efficiency to compensate for the
ever-decreasing freshwater resources.

5. As consumers become increasingly
conscious about food safety, green-
house production technologies that
completely avoid pesticides and use
nonchemical methods (e.g., ultravi-
olet sterilization) to control insects
and diseases will likely be devel-
oped in the future.
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