PROTECTED AGRICULTURE IN EXTREME ENVIRONMENTS:
A REVIEW OF CONTROLLED ENVIRONMENT AGRICULTURE
IN TROPICAL, ARID, POLAR, AND URBAN LOCATIONS
L. McCartney, M. G. Lefsrud

ABSTRACT. Many methods of protected agriculture are used to modify the growing environment of plants. Ideally, plant
production would take place in regions that do not require protective structures, regions that present ideal temperatures,
no harsh extremes, and sufficient but not excess precipitation. This is not the case however, as most countries, save for a
select few, require various forms of controlled environment agriculture to protect crops against climatic and environmental
extremes. Although the greenhouse industry has developed vast amounts of technology for the temperate climate regions of
our planet, much remains to be improved in terms of protected agriculture in the more extreme climates. Tropical, arid,
polar and urban locations offer contrasting environments that present various challenges for plant growth. Some challenges
are specific to each location, while others are common across them. Tropical and arid climates offer high solar radiation,
but present harsh temperature and relative humidity conditions. Most protected agriculture structures are relatively open
in nature to ventilate and discharge heat, but are susceptible to pests and diseases. On the other hand, polar climates and
urban environments often lack solar radiation and require a high level of control of the air quality. The structures used in
these environments are relatively enclosed to entrap heat (polar) and to make efficient use of space. The sustainability of
available technologies and energy efficiency are important themes present in all discussed climates and environments. Protected agriculture technologies offer solutions to growers in locations with extreme climates wishing to produce high yields
of high quality crop, and this article presents a review of the existing challenges and of the advancements made in this field.
Keywords. Arid climate greenhouse, Evaporative cooling, Natural ventilation, Protected agriculture, Tropical climate
greenhouse, Urban agriculture, Vertical farming.

P

rotected agriculture is the modification of an environment to achieve improved conditions for plant
growth. It allows for crop yield far greater than field
operations. It also allows for successful crop production in locations, climates, or during seasons that are otherwise unsuitable or even hostile to plant production
(Wittwer and Castilla, 1995). Producers can thus extend their
production season or accomplish year-round production
(Jain and Tiwari, 2002). In recent times, protected agriculture has demonstrated the potential to address the growing
concerns of food security with climate change and urbanization (Jensen and Malter, 1995; Despommier, 2011;
Lawrence et al., 2016). Techniques vary in complexity from
the use of row covers to sophisticated controlled environment plant systems. In protected agriculture, control may be
imposed on, but not limited to, air and root temperature, light
intensity and quality, water and plant nutrition, growth substrates, air quality such as relative humidity and carbon dioxide levels, and protection from all exterior elements
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including pollution, pests and pathogens. Greenhouses are a
widespread form of protected agriculture found worldwide,
in various forms that can offer control of the plant environment at different levels. When fully enclosed, the greenhouse becomes a form of controlled environment agriculture
that pushes the limits of protected agriculture and offers
complete control of the plant environment. Such systems are
currently found in sophisticated space travel and urban agriculture systems. Now used worldwide in many ways at varying levels of control, the technology of controlled
environment agriculture is rapidly evolving with systems
now producing yields never before seen (Jensen, 2001).
The type of protected agriculture that is needed in any
given region is conditional to the type of crop being grown,
the level of environment control desired and the climate of
the immediate area. To categorize extreme environments and
their global significance, the most frequently used climate
classification developed by Köppen (Köppen-Geiger classification) is used. Table 1 presents the 30 possible climate
types and it includes the following zones: the equatorial or
tropical zone (A), the arid zone (B), the temperate zone (C),
the cold zone (D) and the polar zone (E) (Kottek et al., 2006;
Peel et al., 2007). Globally the dominant climate zone by
land area is arid B (30.2%) followed by cold D (24.6%),
tropical A (19.0%), temperate C (13.4%), and polar E
(12.8%). More specifically, the most common climate type
by land area is BWh (14.2%, hot desert) followed by Aw
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Table 1. The Köppen climate classification is one of the most widely used climate classification systems.
Description of Köppen climate symbols and defining criteria.[a]
1st
2nd
3rd
Description
A
f
Rainforest
m
Tropical
Monsoon
w,s
Steppe, or savanna or wet and dry
B
W
Desert
S
Steppe
h
Mild
Arid
k
Cold
n
Hot
C
s
Dry Summer
w
Dry Winter
f
Without Dry Season
Temperate
a
Hot Summer
b
Warm Summer
c
Cold Summer
D
s
Dry Summer
w
Dry Winter
f
Without Dry Season
Cold (Continental)
a
Hot Summer
b
Warm Summer
c
Cold Summer
d
Very Cold Winter
E
T
Tundra
Polar
F
Eternal Winter (icecap)
Adapted from Peel et al. (2007).

(11.5%, tropical savannah)(Peel et al., 2007). Tropical A is
the most densely populated climate zone, while both tropical
A and temperate C share most of the world’s population
(Cohen and Small, 1998; Small and Cohen, 2004). Additionally, developing countries, mostly in tropical and sub-tropical regions, contribute and are expected to continue
contributing as high as 90% of the world population increase
(Shamshiri and Ismail, 2013).
Yet, the protected agriculture industry has not reacted to
the growing need to develop solutions for the most important
regions of the world in terms of land area, climate, and population. With the ease of access to new technology, strong
agricultural economies, and relatively cheap energy, temperate climate regions have driven the industry and shown most
of the progress in protected agriculture. Works by Von
Elsner et al. (2000b), Von Elsner et al. (2000a), and Critten
and Bailey (2002) present a European and global overview
of greenhouse design development. Temperate conditions
with occasional extremes are the conditions for which most
technology has been adapted (Sutar and Tiwari, 1995;
Abdel-Ghany et al., 2012). In Europe, most greenhouses
were initially located in the center and the north, and consisted of high-cost, glass-covered structures with control
systems (Orgaz et al., 2005). This situation is changing and,
at present, greenhouse operations are emerging in new regions (Briassoulis et al., 1997; Kumar et al., 2009).
The present trend in greenhouse cultivation is to extend
the crop production season in order to maximize the use of
the equipment and increase annual productivity and profitability (Arbel et al., 1999; Jain and Tiwari, 2002). In recent
times, other development in protected agriculture practices
for tropical, arid, and polar climates has allowed nations in
these regions to expand their food production. However,
many existing greenhouse operations lack proper adaptation
to their respective environments, being merely borrowed
from their temperate counterparts, and usually exhaust their
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lifespan prematurely or fail from the start. Some existing
technologies are not economically feasible in regions other
than that for which they have been designed. Furthermore,
the structure and the shape of these shelters are often poorly
adapted to the climatic conditions of the regions (Castilla
and Lopez-Galvez, 1994), aggravating instead of alleviating
the problems (Baille, 2000). Remarkably, due to this, some
of the sunniest countries in the world, for instance, have become net importers of food due to unfavorable conditions for
plant growth (Al-Jamal, 1994; Davies, 2005).
Although cities are expanding, an important challenge of
the future will be the further development of rural areas
(Eigenbrod and Gruda, 2015). Tilman et al. (2011) emphasize
that the ‘attainment of high yields on existing croplands of under yielding nations is of great importance if global crop demand is to be met with minimal environmental impacts.’ Food
production in rural areas will remain an important activity, and
developments in protected agriculture for extreme environments will allow for better, more effective, and more widespread production within existing rural areas. However, in
order to produce enough food for the future, vacant spaces in
cities should be considered as possible agricultural locations,
in order to reduce dependence on rural agriculture for certain
foods, to cut back on deforestation for arable land (Eigenbrod
and Gruda, 2015), and to reduce transport costs. Currently, urban, indoor, and extraterrestrial agriculture advances have
contributed to the world of protected agriculture by offering
innovative solutions and demonstrating successful technology
transfer. As presented in this survey, many sites in tropical,
arid, and polar climates are home to various forms of protected
agriculture, but lack adaptation and optimization. As worldwide protected agriculture technology develops, better solutions will be available to growers in many specific extreme
environments and climates.
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TROPICAL ENVIRONMENT
PROTECTED AGRICULTURE
Many tropical nations rely heavily on agriculture for economic, social and food security motives (Barbier, 2004; Von
Zabeltitz and Baudoin, 2005; Von Zabeltitz, 2011; Lawrence
et al., 2016). However, many have deforested land with poor
soils that cover large areas which makes much of the land
unusable for agriculture (Mendelsohn and Dinar, 1999).
These regions face climate change challenges such as sea
level rise and decreased soil moisture (Battisti and Naylor,
2009). Shorter and more intense rainfall events and longer
and more pronounced dry seasons are impacting agriculture
in the tropics (Stocking, 2003; Lawrence et al., 2016). SubSaharan Africa and parts of Latin America, the Caribbean,
and Central Asia are tropical regions suffering the worst
from this decline in available local agriculture (Stocking,
2003). Constraints impacting the current use of protected agriculture technology in tropical regions such as the Caribbean are largely rooted in the designs of the structures being
used (Lawrence et al., 2011, 2016). The development of adequate protected agriculture solutions will allow some tropical nations to counter some of these changes.
A tropical climate is defined to have an absolute minimum temperature of 18°C, but is typically hot at midday
year-round, nearing or surpassing 30°C, with heavy precipitation (tropical rainforest Af and tropical monsoon Am, table 1) (Kottek et al., 2006). High relative humidity is
therefore usual in many tropical locations. In such environments, protected agriculture offers protection from high daytime temperatures, intense rain and winds, vast amounts of
pests and diseases, and strong solar radiation (Jensen, 2001;
Von Zabeltitz and Baudoin, 2005; Sethi and Sharma, 2007;
Kumar et al., 2009; Von Zabeltitz, 2011; DeGannes, 2014).
A tropical climate can also be dry for varying lengths of time
(tropical savannah As and Aw, table 1) (Kottek et al., 2006;
Kumar et al., 2009). In very hot and dry tropical environments, the conditions can resemble that of an arid climate,
and protected agriculture is used to limit plant evapotranspiration to reduce plant water stress (Von Zabeltitz and
Baudoin, 2005; Von Zabeltitz, 2011). High relative humidity
levels and ambient temperatures in tropical greenhouses create a complicated dynamic system that is influenced by varying external conditions, making it a challenging
environment to control (Shamshiri and Ismail, 2013).
Considering the changing quality of the soils in tropical
regions, protected agriculture offers improved growing substrates that are soilless (Jensen, 2001; Basirat and Davoodi,
2014). Worldwide, most of the hydroponic industry uses inorganic growing media such as rockwool, sand, perlite, vermiculite, and others (Sawan et al., 1997; Böhme et al., 2005;
Olle et al., 2012), while only about 12% use organic growing
media such as peat, bark, sawdust, and others (Olle et al.,
2012). Table 2 summarizes many materials used as growth
substrates around the world in varying climates and types of
production, but the most popular growing media for greenhouse production of vegetables remains rockwool (Islam,
2008). Although rockwool dominates, due to its widespread
use in temperate climates, the specific substrate to be used is
entirely based on production type, cost, on-site performance
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Table 2. Inorganic and organic growing substrates found
worldwide in greenhouse vegetable production.[a]
Inorganic Media
Organic Media
Natural Media
Synthetic Media
Sand
Polyurethane Foam Mats
Coconut Coir
Gravel
Oasis Plastic Foam
Bark
Rockwool
Hydrogel
Sawdust
Glasswool
Expanded Polystyrene
Wood Chips
Perlite
Urea Formaldehydes
Peat
Vermiculite
Fleece
Pumice
Pomace or Marc
Expanded Clay
Rice Hull
Zeolite
Bagasse
Volcanic Tuff
Cotton
Sepiolite
Hemp
Biochar
Adapted from Olympios (1999) and Olle et al. (2012).

and local availability (Jensen, 2001; Albaho et al., 2013). In
fact, according to Islam (2008) substrates such as rice husk
biochar and coconut coir gave similar or better crop performance and yield in tomato (Solanum lycopersicum) production than rockwool under high temperature stress conditions,
namely 30°C and 35°C such as found in tropical and arid
climates, when compared to 25°C. This coincides with the
availability and surplus of these materials in tropical and
sub-tropical locations. The variety of growing systems that
exist, namely hydroponic systems, such as nutrient film technique (NFT) systems (Resh, 2012), deep well or deep flow
systems (Jensen, 2002) or ebb and flow systems can be used
with soilless plant substrates successfully in tropical regions.
Greenhouse ventilation, air movement, and temperature
control is critical in tropical climates. In many developing
countries, however, it is critical for greenhouse designs to remain low-cost and to consist of locally available materials.
Passive ventilation and cooling measures are recommended
over active ones as they are simple and economically viable
(Rault, 1989). The inaccessibility to technology, rising cost of
energy, and the unreliability of power grids renders forced
ventilation unfeasible in most tropical nations (Sachs, 2001).
If economically available, evaporative cooling solutions are
useful during the very driest and hottest periods, which can be
infrequent in many tropical locations (Kumar et al., 2009).
Evaporative cooling is discussed in a later section of this article. However, cooling methods in tropical climates must be
used with caution to avoid the sanitary repercussions of increased relative humidity and airborne water droplets
(Montero, 2006). One of the key challenges remains providing
effective greenhouse cooling in high relative humidity environments. Alternative cooling solutions such as the geothermal horizontal earth tube system presented by Mongkon et al.
(2014), and improved systems such as variable fogging rate
natural ventilation system suggested by Villarreal-Guerrero
(2011) each offer added solutions, but require further development. McCartney (2017) developed a system called the natural ventilation augmented cooling (NVAC) greenhouse that
provides roughly 5°C of cooling in natural ventilation greenhouses in a tropical wet and dry climate, and up to 12.1°C of
cooling in arid climates, with minimal energy and water input
requirements compared to typical evaporative cooling solutions, such as pad and fan systems.
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Figure 1. Roof and sidewall vented natural ventilation greenhouse with structural balconies in (a). Multiple 1000-gal (3785.4-L) water reservoirs
seen in the foreground. In (b) a 50000-gal (189270.5-L) rainwater reservoir. Location: Barbados, West Indies.

Simple split roof designs with large roof vents (fig. 1a),
single layer film cladding, tall screened sidewalls, and natural ventilation are ideal for tropical environments (Kumar
et al., 2009; DeGannes, 2014). Polyethylene film is widely
used across the globe in greenhouse construction for its accessibility and ease of use, but many other cladding materials
are available to growers. Table 3 summarizes many materials used for greenhouse cladding. The lifespan of greenhouse
film varies between 6 to 45 months, depending on the photostabilizers used, the geographic location, the climate and
the use of pesticides and other chemical products (Espi et al.,
2006). Polyethylene film is available in thicknesses from
0.08 to 0.22 mm (roughly 3 to 8 mil) (Espi et al., 2006) and
is the preferred cladding material for tropical climate protected agriculture (Von Zabeltitz and Baudoin, 2005). It is a
question of location, durability and economy whether a
greenhouse is covered every year with a new thinner film
(0.1 mm or 4 mil) or every other year with a thicker film
(0.15 mm or 6 mil). Many tropical locations have high solar
radiation which makes even thicker films brittle within
months; in which case, yearly replacement is necessary regardless of the choice of film. During dry seasons, dust accumulates on the film and can cause important reduction in
light transmission. Washing the film can prevent this. Some
woven plastic films varying from 0.2 to 0.25 mm (8 to
10 mil) are available to some growers. Such films are durable and may last a few years even in strong solar radiation.
However, these resistant films have poor light transmission
and can therefore only be used with crop that does not require high levels of light. More advanced and costly cladding
materials can contribute to the cooling of the greenhouse
with proper material and additive choice. Added benefits can
include certain reflective, absorptive and interference properties, as well as condensation and drip control (Hoffmann
and Waaijenberg, 2001). However, these materials must remain resistant and economically available. Harsh weather
conditions negatively impact cladding and other plastics in
the greenhouse systems and rapidly degrade their optical and
mechanical properties (Abdel-Ghany et al., 2012).
The height of the greenhouse up to the gutter should be in
the range of 2.5 to 4.5 m instead of the traditional range of
1.5 to 2 m to allow for better airflow within, and air influx
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from the wind. The current trend in passive greenhouse technology is towards taller greenhouses (Connellan, 2001;
Kumar et al., 2009), to reduce the peak greenhouse air temperatures at crop level. A screening mesh size of 0.21 mm
(mesh 70) is able to thwart most insect pests (Murphy and
Ferguson, 2000; Ghidiu and Roberts, 2002). More specifically, for control of greenhouse whitefly (Trialeurodes vaporariorum), a very common pest, the pore size should be a
maximum of 0.29 mm (mesh 58) screen. This size screen
would also exclude aphids (Hemiptera: Aphididae) and leaf
miners and it is sometimes called an “anti-virus” screen
(DeGannes et al., 2014). Although effective in preventing
the entry of insects, sidewall and roof vent screening will
cause a restriction in airflow (Soni et al., 2005; Tantau and
Salokhe, 2006). Larger mesh sizes can be used or sections of
mesh can be removed to enhance air movement, ventilation,
and cooling, at the expense of increased pest stress (Kumar
et al., 2009; DeGannes et al., 2014). Studies by Soni et al.
(2005) and Miguel et al. (1997) on the impact of thermal and
insect screening on the airflow within the greenhouses offer
detail of these methodologies.
Shade cloth is used to reduce the solar radiation load
reaching the crop (Willits and Peet, 2000; Al-Helal and
Abdel-Ghany, 2011). The density is expressed as the percentage of light excluded. For example, 30% shade cloth has
30% light exclusion and allows 70% light to pass through.
Shade cloth is also commonly used in greenhouses for hardening tissue culture planting material or for hardening of
budded and grafted plants (DeGannes et al., 2014). In certain
situations, it is used as an alternative to insect mesh or as
thermal screens. A more expensive solution, reflective aluminized netting, is used as an effective ceiling above the
crop to reduce solar radiation and aid in reducing greenhouse
and plant leaf temperature (Ferreira et al., 2014). Finally,
some growers may rely on the application of whitewash on
the greenhouse cladding to reduce the solar radiation reaching the plants and reduce the heat entering the greenhouse.
All these methods reduce the photosynthetically active radiation (PAR) reaching the crop and can cause a reduction of
quality and yield (Runkle et al., 2001). Near infrared (NIR)
reflecting cladding film can reduce heat loads while allowing high transmittance of PAR, but are not recommended for
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Table 3. Characteristics of greenhouse cladding material available in tropical regions.[a]
Advantages
Disadvantages
Durability
Fair,
Wide and of variable sizes,
Expensive, requires maintenance and can
2-3 years
relatively inexpensive, UV-resistant puncture and tear easily
Wide and of variable sizes,
Requires maintenance and can puncture
Fair,
relatively inexpensive, UV-resistant and tear easily
2-3 years
Inexpensive, wide and of variable
Requires maintenance and can puncture
Poor,
sizes.
and tear easily
1 year
Weather-resistant and breakFlammable, expensive, easily scratched,
Very good,
resistant
not applicable to tropical or warm climates
>5 years
Good,
Polycarbonate
Impact-resistant, flexible, thin
Easily scratched, reduced light transmission
5 years
and relatively inexpensive
with ageing and expands/contracts, not applicable to tropical or warm climates
For smaller greenhouses, expensive in
Very good,
Fiberglass
Impact-resistant, moderately
priced and easily cut
larger scale, reduced light transmission
>5 years
with ageing, collects dust easily
Polyvinyl Chloride (PVC) Allows UV through, heat
Not applicable to tropical or warm cliFair,
and Ethylene-vinyl acetate retention properties
mates, short lifespan for rigid cladding
<5 years
(EVA) film
[a]
Adapted from Von Zabeltitz and Baudoin (2005), Von Zabeltitz (2011) and DeGannes et al. (2014).
Type of Plastic
Anti-drop UV-stabilized
Polyethylene Film
UV-stabilized
Polyethylene Film
Polyethylene Film
Non-Stabilized
Acrylic

use in tropical climates (Von Zabeltitz, 2011). Better focus
on ventilation will provide better quality and yield in tropical
greenhouse operations.
Many locations, tropical or not, do not have sufficient
groundwater supply for a greenhouse operation. Gutter systems with water reservoirs (fig. 1a-b) provide irrigation water through rainwater harvesting (Von Zabeltitz and
Baudoin, 2005; Von Zabeltitz, 2011; DeGannes et al., 2014).
Oversized gutters provide rapid harvesting of rainwater for
later use in irrigation during drier periods. The plumbing
from the gutters to the reservoirs should include netting to
remove debris, and the reservoirs should be light-blocking
(black in color), fully closed, or covered with a roof system.
Although simple in design, greenhouse structures can be
subject to significant loads from the environment, crop, and
maintenance routines. The minimum critical wind speed required to impair a typical single-span plastic greenhouse is
as low as 52.2 km·h-1 (14.5 m·s-1) (Yang et al., 2013). Tropical structures and their cladding material must be designed
to withstand daily rain and wind loads, and the loads imposed by tropical storm winds: 63 to 118 km·h-1 (17.5 to 32.8
m·s-1). Structural balconies (fig. 1) provide added rigidity to
the structure and supplement the floor space and air volume
in natural ventilation greenhouses. The cladding and the
sidewall screening can be designed to be removable in the
event of an imminent storm, hurricane or typhoon, where the
winds exceed 118 km·h-1. Wiggle-wire or groove-lock systems allow for plastic films to be installed taut and firmly,
but also allow for the films to be dismounted and reinstalled
post-storm. In regions where wiggle wire is unavailable, a
system of pipes and plastic or metal clips can be used to
tighten and affix the plastic film, such as presented by Von
Zabeltitz and Baudoin (2005). Moreover, if the cladding is
removed, the trellis systems can be descended and tall plants
placed close to the ground or bundled onto each other as a
form of protection. A greenhouse made from corrugated polycarbonate panels on a sturdy foundation presented by Resh
(2012) was designed for the Caribbean to withstand winds
of excess of 190 km·h-1, and proved to be suitable in winds
up to 240 km·h-1 during a hurricane event. This studier structure located in Anguilla was costly however, and required

34(2): 455-473

Light Transmission
Very good when kept
clean, 89% to 91%
Very good when kept
clean, >90%
Very good when kept
clean, >90%
Very good, >90%
Fair to good,
80% to 90%
Fair, 80%
Good when kept clean,
87% to 91%

active ventilation and cooling solutions to sustain proper
crop conditions.
Live loads are loads that are temporarily imposed by the
occupancy and use of the greenhouse (Hanan, 1997), and
this can include the weight of workers maintaining the structure and cladding. The trellis systems in vegetable production can impose substantial additional loads depending on
the crop, and therefore can be integrated into the design of
the greenhouse or be considered as a separate system. An
average pepper (Capsicum annuum L.) production in a natural ventilation greenhouse can impose a crop load of
8.5 kg·m-2 whereas tomato production with a density of two
plants per m2 can impose a load of 10 to 14 kg·m-2 when
fruiting (Anderson, 1995), putting a large load on the trellis
system. The Dutch standard for crop load is 15.3 kg·m-2
(Hanan, 1997). It must be noted that many manufactured
greenhouses need to be adapted for such loads as the initial
designs may not account for crop or trellis loads.
With the research by DeGannes et al. (2014), Von
Zabeltitz (2011), and Von Zabeltitz and Baudoin (2005), and
with attention to local climate, design and material choice,
properly protected agriculture can be adapted to the tropics.
Still, growers in tropical regions are too often left unaided
with greenhouse innovation. Growers frequently remain isolated with their own developments due to a lack of resources
and inaccessibility to new technology.

ARID ENVIRONMENT
PROTECTED AGRICULTURE
Due to fresh water scarcity, low relative humidity, high potential evapotranspiration, and high temperatures, arid environments require protected agriculture to sustain crop
production (Gale, 1981; Al-Jamal, 1994; Al-Ismaili and
Jayasuriya, 2016). In many arid countries that suffer a chronic
shortage of water, such as those of the Middle East and North
Africa, over 80% of all fresh water consumed is used for agriculture (Mahmoudi et al., 2010). Increased water use efficiency is critical in arid climate protected agriculture (Castilla,
1993; Mahmoudi et al., 2010). With growing populations,
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food security concerns and increasing awareness of the declining freshwater availability, protected agriculture is a growing
trend in arid regions such as the Middle East.
Arid and semi-arid regions account for approximately
30% of the world total area and are inhabited by approximately 20% of the total world population (Sivakumar et al.,
2005; Peel et al., 2007). The arid and semi-arid regions of
the world are home to roughly 24% of the total population in
Africa, 17% in the Americas and the Caribbean, 23% in
Asia, 6% in Australia and Oceania, and 11% in Europe
(Sivakumar et al., 2005). An arid climate typically has very
low annual precipitation and a large annual potential evapotranspiration. A steppe arid climate (BS) receives annual
precipitation below annual potential evapotranspiration, but
not extremely, whereas a desert arid climate (BW) receives
very little annual precipitation, sometimes none, and experiences high evapotranspiration (Sivakumar et al., 2005;
Kottek et al., 2006).
Reduction of heat stress and control over evapotranspiration is required in arid and semi-arid climates. In desert conditions where temperatures are high and relative humidity is
very low, increasing the relative humidity inside the greenhouse causes a desirable reduction in crop evapotranspiration by almost 60% to 80% (Al-Ismaili and Jayasuriya,
2016). In many regions of the Middle East and Northern Africa, the average summer daytime temperatures inside greenhouse structures can reach 46°C, with the average outside
temperature over 38°C, with very little to no fresh water supply (Ali et al., 1990; Al-Helal and Alhamdan, 2009; Mattara
et al., 2015; Al-Ismaili and Jayasuriya, 2016). In Al-Jamal
(1994), the maximum temperature in an unvented greenhouse in south-east Jordan, was measured at 75°C when the
outside ambient temperature was about 37°C. Due to infrared radiation exchange with interactions with the greenhouse
cover, the inside temperature was in fact below the outside
ambient air temperature during early morning hours. In a
study by Al-Helal (2007) in Al-Muzahmyah, Saudi Arabia,
the average outside temperature and relative humidity varied
from 31.7°C to 38.7°C and 11.2% to 16.7%, respectively,
from nighttime to daytime. An interesting observation from
this study is that the average inside temperature, with crop,
dropped to 23.3°C overnight.
Indeed, arid and semi-arid climates protected agriculture
must deal with greatly varying seasonal and diurnal temperatures (Gale, 1981). During hot periods, active ventilation
and cooling is required if year-round crop production occurs.
Fogging systems and fan and pad systems are the most widespread (Jensen, 2001; Montero, 2006; Al-Ismaili and
Jayasuriya, 2016). Evaporative cooling coupled with active
ventilation and shading can reduce greenhouse air temperature by up to 8°C, though some reports show cooling up to
12°C is possible in hot arid regions (Landsberg et al., 1979;
Al-Jamal, 1994; Arbel et al., 1999; Kittas et al., 2003). Fan
and pad systems are effective at cooling the air, but create
temperature and humidity gradients from inlet to outlet
(López et al., 2012). Whilst fog cooled greenhouse may not
be as cool as a fan and pad cooled greenhouse, the conditions
will be more uniform. For this reason, fogging systems are
sometimes preferred over fan and pad systems (Arbel et al.,
1999; Connellan, 2001). Moreover, active ventilation must

460

be limited to avoid stressing the crop through increased transpiration (Kittas et al., 2003).
Although effective at cooling greenhouse temperatures, it
is reported that the water used in greenhouse evaporative
cooling represents as high as 67% of the greenhouse gross
water demand (Al-Mulla, 2006). A study by Sabeh et al.
(2007) suggests that fan and pad systems can use up to
18 kg·m-3 of water with a ventilation rate of
0.016 m3·m-2·s-1, and fog systems can use up to 12 kg·m-3
with a ventilation rate of 0.011 m3·m-2·s-1. To aid in reducing
this amount, passive ventilation is utilized as the first stage
of cooling and fan and pad evaporative cooling takes over
when the passive system is not providing the needed cooling.
As previously suggested, the trend in passive greenhouse
technology is towards taller greenhouses to reduce the peak
greenhouse air temperatures. This technique is most applicable in tropical climate protected agriculture where active
ventilation and cooling systems may not be used. This design
consideration reduces the efficiency of active ventilation and
cooling as the volume of the greenhouse is increased and
control over air inlets and outlets is reduced. In order to make
a design consisting of a combination of passive and active
systems of cooling and ventilation functional, retractable
roof systems and closable side and roof vents are necessary.
Considering the importance of water use efficiency, there is
growing interest in building structures combining both passive and active systems of ventilation to reduce energy and
water needs (Jensen, 2001; Kittas et al., 2003).
Evaporative cooling with forced ventilation provides
cooling when in optimal working conditions, but presents
certain limitations in arid climates. A literature review by
Abdel-Ghany et al. (2012) revealed that neither ventilation
nor evaporative cooling is sufficient for adequately cooling
greenhouses in hot arid regions. The lack of water resources
and the salinity of the available water cause a fast deterioration in the cooling performance of the fan and pad systems
due to clogging of the pad. The ever-presence of airborne
dust and salt accumulation restricts the air flow. Clogged
pads were found to reduce the efficiency of the cooling system performances significantly. The electric energy consumed by the fan motors increased by about 22%, while the
inside greenhouse air temperature rose to 55°C and the relative humidity crashed to below 10% (Al-Helal, 2007). It is
therefore suggested that preventing heat from entering the
greenhouse is the most appropriate technique for cooling
greenhouses.
To reduce the amount of heat entering the greenhouse various cladding materials are considered. However, similar to
tropical climates, arid climates present a harsh environment
for plastics. Resistant cladding that is ultraviolet light-stabilized must be utilized. Table 4 presents various cladding material properties and their importance for arid, subtropical and
tropical climates. NIR reducing cladding material can have
advantages under very high solar radiation conditions, such as
is found in arid climates and certain tropical regions. These
films reduce the undesired NIR reaching the inside of the
greenhouse, thereby reducing the inside temperature, while
not reducing the amount of PAR reaching the crop (Von
Zabeltitz, 2011). High temperatures, high solar radiation, aging and accumulation of dust and dirt on the material can be
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Table 4. The importance of properties of cladding material for use in
protected agriculture in arid, subtropical, and tropical climates.[a]
Arid
Subtropical
Tropical
Property
Climate
Climate
Climate
Anti-dust
High
High
Low
Scattering of direct radiation High
Medium
Low
No-drip
Low
High
Medium
Medium
High
High
High PAR[b] transmittance
High
High
Low
FIR[c] blocking
NIR[d] blocking
High
High in summer
High
low in winter
[a]
Adapted from Von Zabeltitz (2011).
[b]
PAR ─ Photosynthetically Active Radiation.
[c]
FIR ─ Far-Infrared Radiation.
[d]
NIR ─ Near-Infrared Radiation.

major factors in the degradation of transmittance of polyethylene films. Several undesirable effects can result from arid
conditions including rapid deterioration of mechanical resistance and light transmission (Al-Helal and Alhamdan,
2009; Alhamdan and Al-Helal, 2009). Regular cleaning of the
film will reduce the accumulation of dust on the film, and regular replacement of the film is required depending on the environmental conditions. Some co-extruded and multilayer
extruded polyethylene films offer dust prevention, amongst
other available properties, but most reduce overall transmittance by roughly 10% (Giacomelli and Roberts, 1993; Von
Zabeltitz, 2011). Other films provide drip prevention during
condensation periods. It is important to prevent water droplets
from accumulating and dripping from the inside of greenhouse cladding and reaching the crop canopy, to reduce disease infestation and water spots (Von Zabeltitz, 2011). The
accumulation of drops on the underside of cladding also reduces transmittance of light, by as much as 21% in some circumstances (Pollet, 2003). No-drip material with filmcondensation behavior, instead of drop condensation, combined with a minimum roof inclination will prevent some of
the drawbacks of condensation in greenhouses.
Under some arid, semi-arid conditions, and subtropical
climates, crop damage can occur during clear nights when
inside greenhouse temperature can drop below outside temperature, caused by far-infrared radiation (FIR) losses
through the cladding material (Hoffmann and Waaijenberg,
2001; Jensen, 2001). The temperature drops caused by this
effect can cause recurring condensation on the crop leaves,
which can lead to various foliar diseases. Retractable thermal screens can be used, but many cladding films are commercially available with a thermicity varying between 15%
and 35%, which gives the cladding material the ability to
trap only FIR, keeping the crop warm during clear and cold
nights (Hoffmann and Waaijenberg, 2001). In fact, photochromic and thermochromic materials are being considered
for application in greenhouse cladding films as they are able
to keep out NIR only during periods with high irradiation,
and trap FIR during cold nights. Other applications may include adaptive shading of the cladding in response to very
high solar radiation. The current use of such advanced cladding materials is however limited by high costs (Hoffmann
and Waaijenberg, 2001). In any climate and with use of a
variety of cladding materials, the transmittance of PAR
should remain high, particularly for vegetable crops (Von
Zabeltitz, 2011).

34(2): 455-473

By limiting high greenhouse temperatures, using irrigation techniques such as timed or sensor-driven drip irrigation
and control for relative humidity and ventilation, water efficiency can be improved (Dukes and Scholberg, 2005; Von
Zabeltitz, 2011). Hydroponic greenhouse crop production in
its various forms greatly reduces irrigation water use compared to field growth (Sabeh et al., 2007). Crop quality and
crop productivity can be increased by use of hydroponic systems, not only in extreme climates, but in all forms of protected agriculture. In a deep well or deep flow hydroponic
system, chilling of the nutrient solutions can reduce bolting
and tip burn incidents in lettuce (Lactuca sativa L. var. Butterhead), which is especially important in tropical and desert
regions (Jensen, 2002). Alternatively, studies by Alomran
et al. (2013) and Fereres and Soriano (2006) present deficit
irrigation methods as an important tool to achieve the goal
of reducing the use of irrigation water.
Although many options are available to growers, rockwool
is currently still the main growth substrate used, as presented
in the previous section. There are however an increasing number of growers who are considering the drawbacks of rockwool such as the harmful effects on human health, problem of
disposal after use and the susceptibility of crops to root diseases (Benoit and Ceustermans, 1994; Van Os, 1994; Yu and
Komada, 1999). The same organic substrates presented in the
previous sections for tropical climates can be considered for
use in arid climates. Szmidt and Graham (1989) reported the
use of polyethylene oxide as a hydrogel substrate for plant
growth under the use of highly saline irrigation water. In fact,
salinities of up to 32000 ppm sodium chloride, which nears
that of most seawater, were applied and it was shown that
plants in the presence of the hydrogel were tolerant to all levels of salinity tested. The development of such technology
would allow growers in arid regions to be less dependent on
vast amounts of freshwater irrigation.
Many solutions are available for greenhouse growers in
hot arid climates in order to control the environment of the
greenhouse. Most involve the use of active measures to reduce air temperature and evapotranspiration, which makes
them electricity-intensive. The focus of current work is to
combine passive solutions with active solutions to make
greenhouse cooling more efficient in arid climates. Work by
Sethi and Sharma (2007) offers a comprehensive review of
greenhouse cooling technologies. Some characteristics that
make arid and semi-arid regions harsh, also offer positive
benefits. For example, the annual solar radiation in most arid
areas can easily double that of temperate climate regions
(Gale, 1981). This is an advantage for increased crop yield,
and if properly harnessed, can be a technical benefit. The
seawater greenhouse is a technology that uses seawater and
solar energy to humidify and cool the greenhouse air, and
through solar heating, condense fresh water (fig. 2). Two
growing areas in a seawater greenhouse are cooled in this
process, and a freshwater supply is provided by the condensation of water from the humidified greenhouse air using a
web of tubing. The maximum air temperature drop was
9.8°C when the ambient air temperature and relative humidity were 38.5°C and 25.4%, respectively (Al-Ismaili and
Jayasuriya, 2016). Some drawbacks such as high construction costs for sizeable operations and low efficiencies are
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2014). Nonetheless, natural ventilation remains the most
practical and economical, and therefore the most used
method to lower greenhouse temperatures (Meca et al.,
2013). However, there is still a lack of control of the plant
environment, as these passive systems are oftentimes open
to the environment leaving the crop exposed to the natural
environment. Increased adjustability, to deal with diurnal
and seasonal changes, is needed (Castilla and Montero,
2008). Throughout arid climate protected agriculture, many
challenges remain with regards to cladding material choice,
energy and water use efficiency and proper control of the
plant environment.

POLAR ENVIRONMENT
PROTECTED AGRICULTURE

Figure 2. Illustrations of seawater greenhouses. (a) The seawater greenhouse in Tenerife, Canary Island 1992. (b) Seawater greenhouse constructed on Al-Aryam Island, Abu Dhabi, United Arab Emirates, 2000.
(c) The seawater greenhouse at Al-Hail, Muscat in the Sultanate of
Oman, 2004. Reprinted from Mahmoudi et al. (2010) with permission
from Elsevier.

challenging this technology (Chaibi, 2000; Zurigat and AbuArabi, 2004). Seawater greenhouses have been built in Tenerife, Spain; Abu Dhabi, United Arab Emirates; near Muscat, Oman (fig. 2) and most recently in Port Augusta, South
Australia (Al-Ismaili and Jayasuriya, 2016).
In some semi-arid regions, the greenhouse industry has
grown tremendously by profiting from the near constant solar radiation. The arid climate region of Almería, Spain has
a large greenhouse industry, with now over 55000 ha of production, mostly natural ventilation structures, making it one
of the largest greenhouse concentrations in the world
(Franco et al., 2014; Soto et al., 2014). Summer conditions
for crops in these greenhouses remain far from optimal, especially with regards to temperature and vapor pressure deficit (Meca et al., 2013). In Almería and other Mediterranean
regions, high temperatures (>35°C) and high vapor pressure
deficit (>1 kPa) are common in greenhouses during summer
months (Katsoulas et al., 2001). These conditions are responsible for the decrease in yield and quality of greenhouse
production. Recent work on protected agriculture in this region suggests that passive evaporative cooling through fogging coupled with shading is the most effective at creating
an improved plant environment (Meca et al., 2013). Other
research has reported alternative evaporative cooling techniques for arid climate greenhouses that use less forced ventilation than typical fan and pad systems (Franco et al.,
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The major difficulties with growing food in polar regions
are the very short production season, typically less than
60 days between frosts; very long summer days with up to
24-h daylight; and cold, dark winters with up to 24-h
nighttime periods (Humphries and Landry-Cuerrier, 2013).
Outdoor field production is limited to crops that can handle
the very short growing season and long days, and not be impacted by the winters (Dearborn, 1979). Very few plants can
handle this production stress, and very few fruits or vegetables can be produced during this time. Most vegetable production is impossible without protected agriculture, even
during clement periods, for permafrost or ice cover prevent
any form of conventional agriculture. The high costs of
transportation to these regions are embodied in all goods and
materials used in northern retail logistics, including fruit and
vegetable production and retail. Access to market foods is
currently very difficult due to a lack of accessibility given
the high transport costs and lack of availability due to an absence of in situ production. The evidence from many reports
indicate that far-northern Canadian populations, for instance, face poor quality, along with high prices and periodic
unavailability of fruits and vegetables (Chan et al., 2006).
A polar climate is usually found north or south of respective 60° latitude and is characterized by cool summers and
very cold winters. A tundra polar climate (ET) has an average
maximum summer temperature of 10°C, whereas a frost polar
climate, or icecap climate (EF), has an average maximum
monthly temperature that never surpasses 0°C (Kottek et al.,
2006). Some northern polar regions experience mean high
daily temperatures of -37.4°C (Eureka, Canada, 79°59′N,
85°56′W) during winter months, whereas regions in the interior of Antarctica can experience mean daily temperatures that
never surpass -29.9°C year-round (Vostok Station, Princess
Elizabeth Land, Antarctica, 78°27′S, 106°50′E) (Keller et al.,
2010; Environment Canada, 2016). In most Polar Regions and
some continental regions, daily minimums can reach below
these values. Many cold or continental climates (D) can also
show characteristics of extreme climates, with cold summers
or very cold winters. Polar-like climates can be found sporadically within other climate zones, namely at high altitudes, and
can be referred to as alpine, montane or highland climates,
usually found at altitudes above the tree line, and are also abbreviated as polar ET.
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The most common reported passive systems in the Arctic
and Antarctica consist of mostly plastic covered greenhouses, with a variety of some other materials sparsely in use
(Shaver et al., 1986; McCurdy and Svoboda, 1989; Coulson
et al., 1993; Debevec and MacLean Jr, 1993; Havström et
al., 1993; Strathdee and Bale, 1993; Wookey et al., 1993;
Kennedy, 1995). Many of these studies, however, did not focus on protected agriculture of food crops, but rather on related issues such as biomass growth. Shaver et al. (1986) in
Brooke Range, Alaska (68°38’N, 149°34’W) reported the
use of a glasshouse for growth of fern (Eriophorum vaginatum). McCurdy and Svoboda (1989) describe radish production in a temporary hemispherical solar heated greenhouse
in Alexandra Fiord, Nunavut, Canada (78°54′N, 76°00′W).
Coulson et al. (1993) and Wookey et al. (1993) studied artic
and subarctic plant species using small polythene tents to
simulate microclimates on vegetation in polar-desert and
tundra climates in Ny Ålesund, Svalbard, Norway (78°56'N,
11°49'E). Havström et al. (1993) studied a shrub species in
Abisko, Sweden (68°21′N, 18°49′E) and Ny Ålesund, Svalbard, Norway and used PVC tubing and polyethylene sheeting to simulate microclimate changes in carbon dioxide
concentrations and temperature. Clear acrylic and polystyrene sheeting with Agrofleece was used in a study by
Strathdee and Bale (1993) to elevate temperatures in global
warming modelling experiments in Ny Ålesund, Svalbard,
Norway. Finally, Kennedy (1995) offers a review of various
passive greenhouse designs in high-latitude climate change
experiments. Although informative for protected agriculture

development, the structures used in these studies were all
temporary and for experimental use and not food production.
Although severely extreme, extraterrestrial conditions are
comparable to terrestrial polar climates in terms of cold temperatures, low light levels, and remoteness (Bucklin et al.,
2001). In fact, space-based advanced life support systems,
which provide fully controlled environments, benefit significantly from ground-based experience in greenhouse production. Development of extraterrestrial technology is
routinely tested in polar conditions on Earth. Reciprocally,
advanced life support systems have and continue to demonstrate significant technology transfer to terrestrial greenhouse production (Bamsey et al., 2009). The Haughton Mars
Project’s Arthur Clarke Mars Greenhouse (ACMG) in the
Canadian High Arctic (75°26′N, 89°52′W) has supported extreme environment related research for many years (Giroux
et al., 2006). A group at the German Aerospace Center is
currently developing a shipping container-style closed system named the Eden ISS that will be deployed at the Neumayer III station in Antarctica in late 2017 (Zabel et al.,
2015). A container-style plant production unit named the Canadian Integrated Northern Greenhouse (CING) is currently
being developed for use in far-northern regions of Canada
by Gaudet et al. (2014) (fig. 3). With the growing trend of
modular indoor agriculture solutions in urban centers, researchers are combining many indoor controlled environment technologies and adapting them for use in harsh
northern climates. Other systems, such as that presented by

Figure 3. Canadian Integrated Northern Greenhouse (CING) being developed for applications in the far-northern communities of Canada. Seen
here at the Macdonald Campus of McGill University in Ste-Anne-de-Bellevue, QC (45°24′N, 73°57′W). In (a), the unit fully closed; (b) the unit
open with LED lights on; (c) the unit half open; (d) the unit fully open.
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Guo et al. (2008) and Bucklin et al. (2001), also show solutions for plant growth in extreme environments based on extraterrestrial plant growth requirements. The controlled
ecological life support system, or CELSS, presented by Guo
et al. (2008) contains a volume of 40.0 m3 and a cultivating
area of 8.4 m2, with a growing structure that allows the vertical distance of each growing bed to be adjusted automatically and independently. The system controls and logs
parameters such as temperature, relative humidity, oxygen
concentration, carbon dioxide concentration, total pressure,
lighting intensity, photoperiod, water content in the growing-matrix, and ethylene concentration. An extensive review
by Zabel et al. (2016) presents decades’ worth of progress in
this field.
There are currently many greenhouse projects in the far
northern regions of Canada, for example a pilot project community greenhouse in Inuvik, Canada (68°21′N, 133°43′W)
(Public Health Agency of Canada, 2009). These regions
show varying intensity of the cold harsh climate. Some pilot
projects for far-northern protected agriculture in Canada
look to link industry related waste heat with greenhouse operations to overcome the high heating needs (Humphries and
Landry-Cuerrier, 2013). This can be sometimes referred to
as a waste-to-energy scheme, and has been studied in Northern Italy by Chinese et al. (2005). Other projects are focusing
on adapting passive, or sometimes called Chinese-style solar
greenhouses, and deep winter greenhouses, for far-northern
or far-southern climates. These greenhouses, already in use
during winter seasons in temperate climates, have a variety
of designs, but are typically oriented east-west and have a
solar-facing glazed side with a solid northern side. The
glazed side is angled according to the local latitude, +15°, to
maximize absorption of solar radiation (Tiwari, 1985). Such
designs rely on direct solar energy to heat the greenhouse
during the day, and store energy in large thermal masses for
use during the colder night periods. The Chinese-style solar
greenhouse stores the thermal energy in the north facing
wall, whereas the deep winter greenhouse stores energy in
an underground rock bed. Waaijenberg et al. (2004) have
studied the design of a highly insulated solar greenhouse using inflated structural cladding. Supplemental lighting and
heating is still required in such designs for effective yearround production. It was found by Van Ooteghem (2010)
that an optimally controlled solar greenhouse with supplemental natural gas heating, combined with the use of an aquifer as a thermal mass, can offer a 52% reduction in natural
gas use while significantly increasing crop production by
39%, as compared to an optimally controlled conventional
greenhouse without the solar greenhouse design. Beshada
et al. (2006) designed a greenhouse in Eli, Manitoba
(49°54′N, 97°45′W) with an insulated solid north wall and a
thermal blanket system. On the coldest day, the lowest
nighttime temperature recorded inside the greenhouse was
1.6°C when the outdoor temperature was -29.2°C. The mean
night indoor temperature was 2.4°C while the mean outdoor
temperature was -13.1°C in the month of February. It was
found in the study that solar radiation had more influence on
the greenhouse temperature than did the outdoor temperature, and that supplemental heating is required to maintain
adequate greenhouse temperatures. Debevec and MacLean
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Jr (1993) studied the effects of clear polyethylene plastic
film, polyester fabric, and rigid fiberglass panels on light
transmission, photosynthesis of plants, air and soil temperature, and thaw depth, 165 km north of Fairbanks, Alaska
(64°50′N, 147°43’W). They reported that greenhouses covered with plastic elevated daily maximum and daily mean air
temperatures by an average of 7.8°C and 2.0°C, respectively.
The use of fabric had very little effect. Soil temperature at a
10-cm depth was elevated in all greenhouses, but no effect
on depth of thaw was detected.
The extremely cold conditions, lack of sunlight, and inaccessibility are some of the challenges that need to be overcome in polar and polar-like conditions. Heating and lighting
energy requirements can be very high in these colder climates, especially during cold and dark seasons. In large
glass-covered heated greenhouses, in far less severe conditions, the heating requirements accounts for 30% to 50% of
the total production cost (Wang et al., 1999). Various
ground-source heating systems, such as those suggested
above and by (Hepbasli, 2011), are not feasible in true polar
protected agriculture due to the presence of permafrost or
continuous ice cover. A review of passive greenhouse heating for milder climates is presented by Sethi and Sharma
(2008), but only considers cold locations from 28 to 52.5°N
latitude. Natural gas, oil, and biomass heating using water
boilers and networks of piping are widespread in colder climate protected agriculture (Teitel et al., 1996; Chau et al.,
2009). Biomass heating is in fact developing quickly in subarctic off-the-grid communities (Exner-Pirot, 2012).
Hepbasli (2011) compares efficiencies of various water
boiler systems, including natural gas and biomass boilers.
Currently, condensing boilers and retractable thermal
screens are very common solutions used for heating and conserving heat in greenhouses in Southern Canada, which can
experience polar-like conditions during winter months.
However, many Polar Regions, such as most of the Arctic
and Antarctic regions, do not have access to biomass. Without access to natural gas, other energy sources such as wind
and micro-nuclear power may provide cost effective sources
of energy in the future (Exner-Pirot, 2012). Exner-Pirot
(2012) explained the Cheno Hot Springs greenhouse in
Alaska (64°50′N, 146°25′W) that uses geothermal energy to
sustain 12-month plant production.
In cold but not polar climates, many forms of greenhouse
double-walled cladding have been proposed, including double-wall rigid sheets of acrylic or polycarbonate materials,
and the use of two polythene sheets with a pressurized air
space between them (Roberts, 1989). Some even suggest a
triple layer to collect condensation during the spring months.
Thermal screens have yielded valuable energy savings for
many growers in cold regions, but show certain limitations
such as increased relative humidity during overnight use and
restrictions of daytime sunlight even when retracted
(O'Flaherty and Maher, 1987). During clement periods, dehumidification can be accomplished by ventilation with heat
recovery at times of heat demand, and by using the windows
at times of heat surplus, as in normal greenhouse practice
(Van Ooteghem, 2010). Comparisons of energy conserving
capabilities of greenhouse covering systems in combination

APPLIED ENGINEERING IN AGRICULTURE

with movable nighttime insulation systems have been documented extensively, with a summary reported by Roberts
(1989). Due to large snow loads and high winds, cladding
choice and structural strength of polar climate protected agriculture systems becomes yet another challenge. Typical
glass and film greenhouse materials, as they are currently
used, do not have structural and thermal resistances suited
for extreme cold temperatures or large snow loads. In the
study by Beshada et al. (2006), the solar greenhouse built in
Manitoba had an insulated solid north wall with a thermal
resistance of 3.6 m2·°C·W-1, to store solar energy in the daytime and to release thermal energy in the nighttime, and had
a cotton thermal blanket of resistance 1.2 m2·K·W-1 over the
glazed surface during nighttime, to minimize heat loss. The
glazed plastic cover was a single layer of 0.1524-mm (6-mil)
polyethylene, which has a solar radiation transmissivity of
0.90. The RSI value (thermal resistance R-value in SI units)
for typical 0.1524-mm (6-mil) polyethylene film is 0.15
m2·K·W-1 and common 3-mm glass panels have an RSI
value of 0.17 m2·K·W-1. The structural live load specifications for typical greenhouses can range from 58.6 to 73.2
kg·m-2 and is typically for loads applied by workers for construction and repair (Bucklin, 2015), but can also be suitable
for environmental loads such as snow loads in temperate climates. This is because the low thermal resistance of these
materials allows heat from the greenhouse to melt the snow
as it accumulates. High winds, low temperatures and large
snowfalls render such a system unfeasible in more extreme
climates. To adapt to extreme conditions, the cover of the
ACMG was made of 6-mm Twin Wall Lexan polycarbonate
sheets, with an RSI value of 1.55 m2·°C·W-1, supported by
1.2-m spaced steel struts complying with a 163 kg·m-2 live
load specification and resisting up to 144 km·h-1 wind speeds
(Giroux et al., 2006). The trellis load must be considered
when dense crop production is occurring. Some greenhouse
manufacturers have designed for live loads beyond
450 kg·m-2. Such structures, including the ACMG, are small
however, and designing commercial-sized greenhouses with
good light transmittance in extreme polar conditions remains
a challenge. With such focus on heat retention structural
soundness, the structures built for protected agriculture in
Polar Regions can overheat during the short summer seasons, and require significant ventilation. Instead of designing
for two very contrasting sets of conditions, some growers
will dismiss their greenhouses during summer months, as the
ventilation requirements are too great.
Multilayered rigid cladding and reinforced frames provide thermal insulation and structural strength, but can reduce the already low levels of solar radiation. Thermal
insulation also prevents snow from rapidly melting on the
greenhouse cladding, which is the preferred method for
snow removal on greenhouse structures. The significant
snow accumulation provides another cause of shading. This
introduces the design trade-off between light transmission,
snow melt and thermal insulation. Some may choose to allow snow to accumulate over the course of a season and supply artificial lighting, or snow removal can be performed if
logistics allow for it. With the increasing efficiencies of artificial lighting for crop growth, some fully closed systems
may be developed to be more efficient than greenhouse-style
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systems, for insulation issues are lessened if light transmission is entirely ignored. Modern rigidly structured plastic
coverings, such as fiberglass, polycarbonate, acrylic, and
polyvinyl carbonate are normally corrugated or have multilayered cross-sections for strength (fig. 1). They are strong,
have a long life, and double-walled panels improve heat retention in the greenhouse. An extensive review of greenhouse structural cladding is presented by Briassoulis et al.
(1997). Current research is investigating advanced insulation
solutions. A potentially practical solution presented by
(Valerio et al., 2014) offers as a low power variable insulation system combining sunlight-concentrating structures and
low cost thermal insulation. Experimental devices have
achieved thermal resistance values exceeding RSI 3.33
m2·K·W-1 while also maintaining light transmittance values
greater than 70% [compared to RSI 0.42 m2·K·W-1 for triple
layer polycarbonate and RSI 0.30 m2·K·W-1 for polyethylene double 0.1524-mm (6-mil) film].
In response to dark natural conditions and structural shading, supplemental electrical lighting is required to achieve
satisfactory plant growth (Bucklin et al., 2001). Light emitting diodes (LEDs) are one of the most promising technologies for controlled agriculture plant lighting systems (Massa
et al., 2008), especially for extraterrestrial crop growth applications (Barta et al., 1992; Massa et al., 2007; Morrow,
2008; Mitchell, 2012; Poulet et al., 2014). Techniques such
as intercanopy lighting can improve light distribution and
thus increase crop yield and light use efficiency in enclosed
or low light circumstances such as polar climates, indoor agriculture and vertical farming (Hao et al., 2012; Jokinen
et al., 2012). Even with efficient LED technologies, the energy requirements for supplemental lighting remain relatively high. Recent assessments show that an enclosed
system providing 1500 µmol·m-2·s-1 of artificial light requires 2.175 kW·m-2 (Anderson et al., 2015). In contrast to
other forms of protected agriculture however, in polar protected agriculture the waste heat from lighting can be directly used to heat the plant space (Bucklin et al., 2001; Hao
et al., 2012). Nonetheless, to reduce energy requirements and
the overall cost, it is suggested to maximize the use of solar
radiation when it is available, even indirectly via solar collectors and concentrators (Bucklin et al., 2001; Bamsey
et al., 2009). In fact, combining natural light with electrical
sources in challenging environments can decrease the equivalent system mass of a closed plant production chamber by
45% (Drysdale et al., 1999). This may seem like a specific
parameter to only extraterrestrial technologies, but this can
in fact be particularly beneficial for technologies needed in
remote and Polar Regions. A vast portion of Canada is not
served by connecting all-weather roads or railways (Council
of Canadian Academies. Expert Panel on the State of
Knowledge of Food Security in Northern Canada, 2014) and
less bulky systems are easier to transport.
According to Humphries and Landry-Cuerrier (2013), pilot greenhouse projects such as that in Inuvik, Canada, other
northern Canadian regions, and in Northern Europe demonstrate that high latitude production of quality vegetables is
possible. But the major challenge is to increase the scale, efficiency, and sustainability of these projects. Achieving such
goals requires greenhouse production designed specifically
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for each local polar climate. The technology developments
for extraterrestrial plant production can provide countless
terrestrial benefits in the fields of food safety and security
for communities, and overall plant production efficiency
(Bamsey et al., 2009). In combination with existing protected agriculture solutions such as biomass and passive
heating methods, this innovative technology can be a promising solution for the harsh conditions of polar climates.

URBAN PROTECTED AGRICULTURE
Although not perceived as an extreme environment to humans, urban protected agriculture is an expanding form of
extreme environment plant production that combines a variety of technologies from all types of protected agriculture,
from arid to extraterrestrial. Known under multiple aliases
such as cubic farming, vertical farming, Zfarming, plant factories with artificial lighting (PFAL), closed plant production system (CPPS) or simply indoor agriculture. Urban
protected agriculture is combining technologies from all
types of controlled environment agriculture. Some examples
of work on urban farming techniques include vertically suspended grow bags for lettuce and strawberry (Neocleous
et al., 2010), the use of vertical columns for strawberry production (Linsley-Noakes et al., 2004), conveyor-driven
stacked growth systems (Mahdavi et al., 2012), A-frame designs for medicinal herb, rhizome, and root crops (Hayden,
2006), cable and tray systems with intercanopy lighting for
a variety of crops (McCartney, 2015), and plant factory approaches for a variety of crops (Kozai et al., 2015). Although
current trends are putting urban indoor agriculture in the
spotlight, it is not a novel technique. The United States and
Japan have worked on fully controlled vegetable factories
using only artificial light, with the aim of year-round planned
production since the 1970’s, and Japan is now leading in the
field of plant factories (Watanabe, 2009; Newbean Capital,
2016). Moreover, besides indoor agriculture, urban protected agriculture also includes semi-closed systems such as
rooftop greenhouses (Specht et al., 2014), though the former
will not be discussed in this paper. For a review of North
American rooftop agriculture and a presentation of initial
European work, see Dvorak and Volder (2010).
The rationale behind urban protected agriculture can be
vast. As increasing urbanization and population growth continues, new agricultural approaches are expected to contribute
to delivering fresh and local food for cities (Wimberley et al.,
2007; Mok et al., 2014; Specht et al., 2014; Kozai et al., 2015).
Currently, over 6000 tons of food is imported every day in a
large city with a population of 10 million or more (Eigenbrod
and Gruda, 2015). In a city such as London, England, the
equivalent of 40% of Britain’s entire productive land is required for meeting its food needs, even if only 12% of the population live in the city (Deelstra and Girardet, 2000). With a
global population expected to reach 9 billion by 2050, with
more than half of the population living in cities, an estimated
70% to 80% increase in agricultural production will be required (Corvalan et al., 2005). This increase will be met with
many challenges, including the toll that such production will
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have on the environment. Currently, retailing and food distribution systems, relying on lengthy storage techniques and motorized transport, impose a heavy environmental toll (Kulak
et al., 2013; Eigenbrod and Gruda, 2015). It is stated that eventually, cities that heavily rely on food imports may need to
consider reviving agricultural production in urban areas or in
the urban fringe to reduce the demand for land surfaces elsewhere (Deelstra and Girardet, 2000). The significance of urban agriculture around the world has been stated by many, and
a review by Mok et al. (2014) offers noteworthy insight. Kulak
et al. (2013) presents an integral assessment of the advantages
urban agriculture presents in terms of greenhouse gas emission reductions, with respect to many types of crops. Besides
food production, fully controlled plant factories also provide
suitable systems for the production of medicinal plants and
genetically modified crops for pharmaceutical use (Goto,
2012).
As with polar and extraterrestrial protected agriculture,
due to factors such as limited space and unavailability of soil
or natural light, urban protected agriculture can require a
high level of control, and therefore some of the same technologies are found across these types of production. As previously mentioned, high levels of control of the plant growth
environment can be quite resource-demanding and technically challenging. However, the advantages of a high level
of control are many, the most important being the capacity
to optimize the environmental conditions necessary to
achieve ideal growth of nearly any crop. This ensures maximum yield per area of growing space (Despommier, 2013).
Combined with ideal conditions, the use of multilayer
growth shelves has also contributed to increasing productivity. Productivity is often expressed as yield per unit area, and
depends on the crop being grown. From four to 10-layer
shelf systems are currently used in commercial plant factories in Japan (Goto, 2012). Other methods such as rotating
track multilayer systems are being developed for increased
crop uniformity and ease of harvest (fig. 4). Fischetti (2008)
proposes yields in indoor agriculture four times that of field
operations, whereas McCartney (2015) and Kozai et al.
(2015) suggest lettuce yields hundreds of times that of field

Figure 4. Stainless steel tray and cable system used in an indoor farming system at Urban Barns Cubic FarmingTM. The modular nature of
the growth units can be seen. The growth units are placed side-by-each
in the fully closed warehouse space. Microgreens are being grown under LED lights.
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based systems. In another recent study, a vertical agriculture
system produced 13.8 times more crop compared to a typical
horizontal hydroponic system, calculated as the ratio of yield
(fresh mass) to occupied growing floor area (Touliatos et al.,
2016).
The modifications that growers can bring to the growing
environment are endless, and the plant responses to these alterations are countless. Stapleton and Hochmuth (2001) investigated 12 vegetable varieties, including arugula (Eruca
vesicaria), basil (Ocimum basilicum), and oregano (Origanum vulgare) in a vertical growth system and reported excellent plant vigor and growth. Increased productivity is not
the only positive outcome of indoor agriculture. Given the
level of control of parameters such as light quality and nutrient delivery, plant morphology can be altered (Massa et al.,
2008; Morrow, 2008) and nutritionally important components in the crops can be improved if desired, such as pigments, glucosinolates and mineral elements (Lefsrud et al.,
2008). For example, in a study by Lefsrud et al. (2008), chlorophyll a and b concentrations in kale seedlings (Brassica
oleracea var. acephala) were highest when exposed to LED
wavelengths of 640 and 440 nm, which established a positive
correlation between wavelength and chlorophyll accumulation. Others showed that white light supplemented with blue
light (476 nm) resulted in significantly higher lettuce leaf tissue β-carotene and total xanthophyll carotenoids (Li and
Kubota, 2009).
The modularity of many urban agriculture systems is a
growing trend that offers many advantages, such as easy
transport and mobility of the structures. Cubic farming, or
container-style plant production, is based off of plant factory
technology but is modular, standardized, easily expandable
and can adapt to nearly any climate or environment, beyond
that of an urban setting. Moreover, with increasing system
automation, the rising potential plant density in vertical
farming operations contributes to increased resource and energy efficiency. The use efficiencies of water, carbon dioxide, and light energy are considerably higher in fully
controlled plant production systems when compared to conventional greenhouses (Kozai, 2013). In fact, Kozai (2013)
reported a water use efficiency in the range of 0.95 to 0.98
in the studied vertical agriculture plant production system,
and compared these values to 0.02 to 0.03 in typical greenhouse systems. Their findings suggest that controlled environment plant production systems can be 30 to 50 times
more efficient in terms of water usage compared to greenhouses. Additionally, impressive investment and development is being made in the agricultural lighting sector
(Newbean Capital, 2016), which suggests continuous improvements and even better efficiencies in the future.
Although a booming sector of agriculture, the world of
urban controlled environment vertical agriculture faces important challenges in improving and developing the technology (Kozai, 2013). For instance, airflow becomes a
challenging matter due to the very high density of the crops.
The improper design of air conditioning and air distribution
systems in an indoor plant factory can cause non-uniform
environmental condition and airflow patterns, leading to
non-uniform crop growth, uneven quality and crop disorders
(Zhang et al., 2016). A study by Zhang et al. (2016) offers
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some recommendations in terms of air flow in vertical controlled environment plant production systems, such as the
use of perforated air tubes able to provide an average air velocity of 0.42 m·s-1. Other issues such as plant size restrictions in vertical plant systems are forcing researchers to
focus on highly productive dwarf varieties of certain crops,
such as the ‘Micro-Tina’ tomato (Scott et al., 2000). This
same issue is shared with extraterrestrial plant production
systems. The ‘Micro-Tina’ variety is in fact also used by researchers in the field of extraterrestrial plant production
(Schulze et al., 2016).
With the correct technology, indoor agriculture in an urban setting can offer rapid plant growth and unparalleled
consistency without the use of fungicides, herbicides, and
pesticides. The result is a resource-efficient and fully traceable operation compared to soil-based agriculture
(McCartney, 2015). The advantages, however, come at a
cost. Estimates based on high-pressure sodium lamps and
fluorescent light systems indicate that lighting accounts for
approximately 40% of the total running cost for vegetable
production (Watanabe, 2009). Ventilation, air circulation,
air quality control, heating and cooling are also energy intensive in an enclosed system. At present, is it estimated that
10 kWh (36 MJ) of electrical energy is consumed to produce
1 kg of lettuce in a plant factory setting (Kozai et al., 2015).
As with other forms of protected agriculture that incorporate
supplemental lighting technology, improvements in LED
lighting quality and efficiency, as well as techniques such as
intercanopy lighting, can improve light use efficiency (Hao
et al., 2012; Jokinen et al., 2012). Kozai et al. (2015) offers
detail with regards to resource savings, amongst other topics,
in indoor farming with electrical lighting.
Technology-intensive indoor agriculture operations with
artificial light in urban areas are steadily increasing in number (Kozai et al., 2014), and such operations are a potential
driving force for the development of resource-efficient technology to enhance the sustainability of protected agriculture.
The number of urban, indoor and warehouse agricultural operations in the United States has grown from 15 to 56 from
2015 to 2017 (Newbean Capital, 2017). In Japan, the number
of plant factories with artificial lighting for commercial production of leaf vegetables, such as lettuce and spinach, has
increased from 35 in December 2009 to 106 in December
2011 (Kozai, 2013). In the whole of Asia, it is reported that
there are over 518 plant factories, as of the end of 2016, and
three operating commercial container-style farms, with four
to five others in the process of commercializing (Newbean
Capital, 2016).
Several countries with widely varying climates, such as
South Korea, China, Italy, Holland, Jordan, Saudi Arabia,
and Canada, amongst other, are developing various forms of
vertical farming projects (Besthorn, 2013). Regions of the
world that offer relatively affordable electricity can serve as
testbeds for novel vertical farming technologies. Other areas
where alternative energy sources are plentiful, such as geothermal, wind and sun driven energy sources, can also offer
a competitive advantage (Despommier, 2011; Kozai et al.,
2015). Waste-to-energy schemes, such as suggested in polar
region, could also be incorporated in urban vertical farming
project. For the moment being, upfront investment costs are
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high, as designers learn how to best integrate the various systems needed. Smaller prototypes must be built, as they are
needed for the integration of the required technologies
(Despommier, 2009). It is evident and suggested by many
that further research should consider innovative means for
improving energy efficiency (Kozai et al., 2015; Wheeler,
2015). As other types of protected agriculture develop alongside urban agriculture, new technology will be available and
will be adapted for use by growers in urban centers.

CONCLUSION
Protected agriculture offers technology of varying complexity to suit the immediate needs of the growers, depending on the local climate. It allows for high quality and
quantity plant growth during off seasons, or in harsh environments that do not cater to traditional plant production.
Work remains to be done in the fields of plant science and
engineering as many systems require proper adaptation and
improvements. The four environments considered in this review share many common setbacks, with energy efficiency
and water efficiency at the center of most problems.
In tropical and arid climate protected agriculture, work
still remains with regards to:
• Sustainable and energy efficient cooling and ventilation
technologies
• Sustainable and efficient water use methods
• Properly adapted materials for high temperatures and
strong solar radiation
• Accessibility of technologies
• Automation of systems
In polar protected agriculture:
• Sustainable and energy efficient heating technologies
• Cladding materials that offer high light transmission and
high insulation properties
• Energy efficient electrical lighting
• Accessibility of technologies and ease of transport of
material
In urban protected agriculture:
• Energy efficient electrical lighting
• Energy efficient air quality control, heating and cooling
• Automation and control technologies
• Affordability of technologies
With the outcomes of climate change and a growing
world population, protected agriculture will undoubtedly
adapt to extreme environments, and as we develop sustainable living for space, we will also learn more about sustainable living on Earth (Wheeler, 2015).
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