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LEDs are reducing in cost, and increasing in efficiency rapldly with
modules currently available at 4umoI/J.
LEDs provide opportunities for vertical farming, inter-lighting and
spectral control of crop morphology.
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- | find plant production with LED lights fascinating, and | think that we are only at the
beginning of understanding how they can be used to control and improve morphology and
crop production. Furthermore, system efficiency improvements in food production can only

. be agood thing. As our understanding is expanded and honed for every crop type the
increased efficiency, quality and yield of LEDs lights as a horticultural lighting strategy will
make them an obvious choice for growers.
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Introduction

Food security is a pressing global issue, with unstable and continuing population growth through
this century speculatively leading to populations of up to 10.9 billion by 2100 (Gerland et al.
2014). Glasshouse horticulture production is one of the highest yielding food production
methods per unit area. Greenhouse lighting furthers this high productivity but is very energy
intensive which increased CO; emissions. CO; emissions have resulted in global warming causing
dramatic weather events destabilising agricultural practices around the world. Significant efforts
need to be made to both source our energy more sustainably and use less of it. LED lighting is
relatively new in horticulture and has the potential to reduce energy consumption in protective
horticulture and bring about new options for more efficient and advanced plant production. The
efficiency and spectral options of LED lights is rapidly advancing along with our knowledge of how
to use them.

Here we explore the current state of greenhouse lighting and how the LEDs can be used to
enhance crop production and efficiency.

Why use supplementary lighting?

Not using greenhouse lighting is the most obvious way of reducing CO; emissions in protected
horticulture as they make up a large proportion of energy use (Brumfield 2007). However, there
are many benefits to its use (Heuvelink et al. 2006). Light increases crop yield: 1% extra light
equates to 1% extra yield, leading to higher yields per unit area. Over 2000ha of glasshouse in
the Netherlands are lit with supplementary lighting, making up a significant part of the nation’s
energy use (Marcelis et al., 2006). Furthermore, there is up to 50% less natural light inside a
greenhouse than outside due to infrastructure shading, light reflectance, shading materials and
absorption, increasing the need for supplementary light (Faust et al. 2005; Hanan 2017).

The primary reasons for the use of supplementary lighting is to increase the photosynthetic rate
and control plant morphology creating possibility for year round production, control of plant life
stage and flowering, improved yield and crop quality when natural light levels are reduced
(Craver and Lopez 2016; Heuvelink et al. 2006; Tian 2016). Year round production is beneficial for
growers as it meets consumer demands in out of season months where prices are high and allows
a continuous employment of workforce (Heuvelink et al. 2006). Photoperiod control lighting can
be delivered at low fluence rates making it quite efficient, however, it does often require a high
% of far-red, which is not a very energy efficient wavelength to produce (D. Singh et al. 2015).
Supplementary lighting can also improve the growing environment by increasing temperature
with the excess energy not converted to light (Toyoki Kozai and Zhang 2016). To make
supplementary lighting more efficient the growing environment needs to be improved with CO2,
humidity, and temperature.



Supplementary lighting

Supplemental lighting is moderate to high intensity lighting to enhance periods of low solar
radiation (Lu and Mitchell 2016). Lighting started to be used in horticulture not long after the
invention of electric lighting in the 19t century. Horticultural lighting is continuously evolving,
utilising new lighting technologies and lamp types with varying efficiencies, positives, and
negatives for plant production.

Types of supplementary lighting

Incandescent and Halogen

Incandescent bulbs were first patented in 1879, and function by heating a wire filament until it
glows (Matulka and Wood 2013). This filament is encased in a glass tube containing an inert gas.
Halogen bulbs are similar but contain halogen gas which prolongs the life span of the Tungsten
wire. These bulbs have very low energy efficiency and are being phased out but are still used in
some horticulture crops for night-break lighting due to their spectral output being predominantly
red and far red (Landis, Pinto, and Kasten 2013; R. Singh and Bala 2020).

Fluorescent

Fluorescent bulbs work by passing an electrical current through a glass tube containing mercury
vapour. The mercury vapour is excited by the electrical current and produces short wave
ultraviolet light (Saglam and Oral 2010). The UV light is absorbed by the phosphor coating on the
inside of the glass tube, which then fluoresces producing the require light (Tian 2016). The
mixture of phosphors can be altered for varied colours; however this is very limited. They have a
more balanced multiple peak spectrum than incandescent lights and are dimmable (Cheng et al.
2010; Landis, Pinto, and Kasten 2013).

High intensity discharge (HID)

High intensity discharge lamps are types of electrical gas-discharge lamp mainly including metal
halide, high-pressure sodium, low-pressure sodium and mercury-vapor lamps (Tian 2016). HID
lamps produce light by striking an electrical arc across tungsten electrodes housed inside a
transparent gas filled tube (Saglam and Oral 2010). Commonly used in horticulture, HPS and
metal halide lamps discussed here.

High pressure Sodium (HPS)

High pressure sodium (HPS) lights are the most used and most economical currently (Lu and
Mitchell 2016). The light wavelengths produced are predominantly yellow and orange (565-
700nm), with much less red, blue and far-red than other types of lighting (Landis, Pinto, and
Kasten 2013). Only 5% blue compared to solar light with is 18% blue (Islam et al. 2012). They are
more efficient than metal halide at converting energy to PAR and has a three times longer
lifespan of roughly 10000-12000 hours (Dorais 2003; Lu and Mitchell 2016). About 30% of the
electrical energy is converted to photosynthetically active radiation and the other 70% is lost as
heat with efficiencies of 1.5 to 2.1umol/j (Lu and Mitchell 2016; D. Singh et al. 2015; Yeh and



Chung 2009). The radiant thermal energy from HPS lights heats both the plants and the
greenhouse reducing heating costs (Brault et al. 1987). The luminaires provide a very even light
distribution; however, they do block some sunlight.

Metal halide

Metal halide lights produce a more balanced white light with proportionally more blue compared
to Incandescent, florescent and high pressure sodium lights (Landis, Pinto, and Kasten 2013).
They have a good colour rendering index and high efficiency (Tian 2016).

Light emitting diodes (LEDs)

Light emitting diodes are solid state semiconductor devices (Fujiwara 2016; Yano 2016). Photons
emitted from the junction of a p and n type semiconductor (Fujiwara 2016). If the energy gap
corresponds to a visible light wavelength then the emissions will be visible light (Nakamura 2015).
Different diodes produce different monochromatic colours. The first red LED was invented in
1988 and the first high brightness blue was invented in 1994 (Morrow 2008). White light comes
from blue LEDs with a phosphor coating (Pimputkar et al. 2009). Light output can be effected by
temperature (Cho et al. 2010). Continuous heat removal necessary (Bourget 2008; Ye et al. 2013).
Light can be continuous or pulsed. Lights are dimmable by controlling the forward current across
the semiconductors or by turning the current on and off in 50-60hz pulses (Choi et al. 2015). LED
failure is considered to be when it is at 70% of its initial light which occurs over a 50000hr lifetime
(Lafont, Zeijl, and Zwaag 2012; Tungsram 2021). A higher forward current increases brightness
but decreases lifespan. A uniform light distribution is ideal; however, LEDs are often brighter
directly under the lamp, this varies with the lams distance from the bed (BornwaRer and Tantau
2012). More direct light could be useful to irradiate just the plants rather than the spaces in
between (Poulet et al. 2014). Over 50% of energy can be converted to light and this is constantly
improving towards a theoretical maximum of up to 5.52umol/j, with high red fixtures reaching 4
to 4.1 umol/j currently (Kusuma, Pattison, and Bugbee 2020; Tungsram 2021).



LEDs compared to HPS

Table 1: A comparison of lightning characteristics and specifications between HPS and LEDs in horticulture.

Efficiency

Maintenance cost

Operation cost
Set up cost
Spectral output

Dynamic control of
intensity and
spectrum
Photosynthetic
efficiency

Sole source
lighting

Lifespan

Long wavelength
radiant heat

possibility of use
for multitiered
farming or inter-
lighting

Even light
diffusion

Start up time
Direction of
irradiance
Compatibility with
digital control
system

3.42-4.10 and improving
to a maximum of 5.52

Low

Low
High but reducing with
demand

Tuneable

Yes

High/ adjustable
Possible

30,000-50,000 h
Minimal- can be close to
plants- some heat

conducted through frame
Yes

Poor, quite direct light

No start up time
Any

Good

1.5-2.1

Bulbs dim and need
replacing

High- energy cost
Low
Fixed, range (565-700nm)

no

Low

Not used

10000-12000

Very hot 450°C, have to be
far from plants

No

Very good

Prolonged start up time
Downward

Poor

(Fisher and Runkle 2004; Kusuma,
Pattison, and Bugbee 2020; P. V.
Nelson 2012; D. Singh et al. 2015;
Tungsram 2021; Yeh and Chung
2009)

(D. Singh et al. 2015; Tennessen,
Singsaas, and Sharkey 1994; Yeh
and Chung 2009)

(D. Singh et al. 2015; Yeh and
Chung 2009)

(Morrow 2008; D. Singh et al.
2015; Yeh and Chung 2009)
(Islam et al. 2012; Landis, Pinto,
and Kasten 2013; Tian 2016)
(Tungsram 2021)

(Tian 2016)

(Fisher and Runkle 2004; Lafont,
Zeijl, and Zwaag 2012; P. V.
Nelson 2012; D. Singh et al. 2015)
(Fisher and Runkle 2004;
Monostori et al. 2018; P. V.
Nelson 2012; D. Singh et al. 2015)
(Monostori et al. 2018; D. Singh et
al. 2015; Tennessen, Singsaas, and
Sharkey 1994)

(Bornwafler and Tantau 2012;

Poulet et al. 2014)
(Morrow 2008)

(Yeh and Chung 2009)



Opportunities for LEDS in Horticulture

LEDs are a promising light source for the greenhouse industry looking forward (Morrow 2008).
Their compact size, robust build, long lifespan, cool emitting temp, rapid turn on and off,
controllable light intensity and spectrum output and containing no hazardous substances makes
them very beneficial for greenhouse production (Fujiwara 2016; K. Li et al. 2014; Massa et al.
2008). LED lights can fulfil the roles of traditional horticulture lighting to extend days, increase
yield and quality and effect morphology, through top lighting and night-break with options of
sole source and inter-lighting with some key new benefits and opportunities:

1.

The increased energy efficiency of LEDs allows for equal yields with lower energy
consumption and carbon footprint. They are the most efficient light to produce blue, red
and white wavelengths (J. A. Nelson and Bugbee 2014). They can be over three times the
efficiency of HPS at 4umol/j (Tungsram 2021).

The monochromatic nature of light from LEDs have allowed for research advancements
in the effects of light wavelength on plant physiology (Fujiwara 2016; Massa et al. 2008).
Researched since the 1980s for use in horticulture (Bula et al. 1991; Massa and Norrie
2015).

Spectrum control is the most unique benefit allowing for advanced control on plant
morphology and physiology (Higuchi et al. 2012; Liao et al. 2014). LEDs are possible in
almost all colours with 37 wavebands of light possible (Fujiwara, Eijima, and Yano 2013).
LED lights can be more efficiently used by plants as there narrow wavebands of light can
be used maximise photosynthetic efficiency for specific crops (Bourget 2008). Broad
spectrums can be achieved by combining LEDs (Fujiwara and Yano 2011).

Lower radiant heat from LEDs allows the lights to be positioned closer to the plants giving
higher intensities (Monostori et al. 2018; D. Singh et al. 2015; Tennessen, Singsaas, and
Sharkey 1994), options for changing position and direction, inter-lighting and multitiered
production (E. Goto 2012). Less thermal stress on plants. The lack of infrared radiation
allows the control light and temperature separately(G. Zhang et al. 2015).

Light can be controlled to increase and fade mimicking natural daylight cycle with specific
spectrums for dawn and dusk or cloudy skies (Fujiwara, Eijima, and Yano 2013). Dynamic
control of photosynthesis is possible through altering led light intensity, CO, and
temperature (Z. Li et al. 2012). Chlorophyll fluorescence can be used to inform control
systems regarding LED output (Z. Li et al. 2012).

Last up to 10 times longer than traditional lighting forms with ongoing expected
improvements (Tian 2016).

LEDs are also more easily integrated into digital control systems allowing for more
complex light programs such as varying the light spectral composition and intensity
throughout the plants life cycle (Yeh and Chung 2009).



Lighting strategies

Vertical farming

LED lights give the option for vertical farming and controlled environment agriculture due to the
lower radiant heat allowing them to be positioned closer to the plants. With over half our
populations living in cities, interest in urban agriculture is increasing. It has the potential to
decrease the environmental impact of cities by reducing the amount of land/ pesticides/
resources to feed them as well as food transportation miles (Taylor Lovell 2010). Vertical farming
allows for full control of process where production can happen in a limited area, with recycled
water and nutrients, hygienically with no contamination risk, anywhere independent of
environment, locally, sustainably and with guaranteed quantity and quality (Toyoki Kozai 2016;
Toyoki Kozai, Fujiwara, and Runkle 2016). Furthermore, vertical farming reduces land pollution
with pesticides, is safe from weather extremes, has less heat/ CO, losses, and produces
dramatically higher yields per unit area (T. Kozai 2013; Tian 2016; Yeh and Chung 2009). However,
the associated costs are 2-3 times higher, urban land price is higher and there is currently little
knowledge on this form of crop production. Furthermore, there are many potential issues with
complete lack of sunlight which may yet be unforeseen like effects on insect pollinators, disease,
morphological disorders, or stress responses in the plant.

LED Inter-lighting

Inter-lighting provides light directly to the lower foliage in tall crops (Lu and Mitchell 2016),
increasing efficiency of the radiation by lighting the interior of the crop stands where the
unshaded upper leaves may be at full photosynthetic capacity (Akiyama and Kozai 2016; Lu and
Mitchell 2016; Trouwborst et al. 2011; G. Zhang et al. 2015). The comparative coolness of LEDs
makes this form of lighting possible with higher intensities closer to the plants (Massa et al. 2008).
Dense crops benefit from inter-lighting as it prevents lower leaves from deteriorating in
photosynthetic capacity and sensing prematurely, improves crop yield and quality (Hao et al.
2015; Lu et al. 2012; Massa et al. 2008; Moerkens et al. 2016; Tewolde et al. 2016). Combinations
of overhead and underlighting have been shown to improve productivity in a variety of crops
(Gunnlaugsson and Adalsteinsson 2006; Hao et al. 2015; Jokinen, Sarkka, and Nakkila 2012; T. Li
et al. 2012). Inter-lighting can also be used alone when there is sufficient sunlight to light the top
of stands (Lu and Mitchell 2016). The spectrum has a bigger effect in inter-canopy lighting due to
less background lighting (Craver and Lopez 2016).

LEDs in Propagation

Plant propagation ideally requires DLIs of at least 10-12 molm2d (Randall and Lopez 2014).
Plants should be compact with lots of roots. Propagation material is often produced under light
as this produces more starch and biomass in young plants (Faust et al. 2005). Light is also used in
propagation for uniform consistent plant production, good quality and higher subsequent
performance (Herndndez and Kubota 2012). LEDs have been shown to be as good for propagation
and give the option of producing more compact plants (Currey and Lopez 2013). The colour ratio



can be used to control the vegetative growth to focus on the plantlets future yield and
profitability. Also beneficial morphological traits can be emphasised like improving colour of
lettuces (Garrett Owen and Lopez 2015). Coloration also increased with intensity of blue light
(Craver and Lopez 2016).

Overhead lighting and crop finishing

Overhead lighting can be used to increase DLI, improve the growth, yield, and quality of finishing
crops, and is the most used form of horticultural lighting. Overhead arrays do not utilise the
benefits of LEDs being cool so can be placed closer to the crops but they work just as well as HPS
(C. A. Mitchell et al. 2015). Furthermore, spectral control can be implemented to manipulate
morphology, flowering and foliage colour which is very important for ornamentals (Garrett Owen
and Lopez 2015; Q. Li and Kubota 2009). Top lighting is most efficient for tall crops (Massa et al.
2008). However, dense overhead arrays block solar radiation (Lu and Mitchell 2016).

Photoperiod lighting

Photoperiod lighting is very low intensity lighting used to regulate flowering and or vegetative
growth (Okimura and Igarashi 1997; Erik S. Runkle et al. 1998). Only low light levels are needed
so it has a low associate cost. However, a high far-red ratio is required which is not the most
efficient light to produce (Kusuma, Pattison, and Bugbee 2020). Increased photoperiods can
promote flowering in long day plants and inhibit it in short day plants.

Spectral control of morphology

Plants have evolved with the natural environment to utilise as wide a range of wavebands as
sources of energy and information. To understand how we can utilise LED light wavelengths to
control plant morphology it is important to understand how the light spectrum varies in the
natural environment and how plants respond to it. If a plants natural response is desirable in the
specific cultivar and life-stage, then it is likely to be beneficial when mimicked in a greenhouse.
Plant photoreceptors absorbs photons of specific wavelengths and communicate that
information to the plant bringing about morphological and physiological changes (Folta and
Carvalho 2015; E. S. Runkle and Heins 2001). Responses have been noted as far out as ultraviolet-
C (Magergy et al. 2010) and near infra-red (Johnson et al. 1996). Monochromatic LED lights can
be used to bring about desirable responses in plants. The extent to which this is possible in a
variety of crops is yet to be fully researched.

Red/far-red

Red and far-red light is absorbed antagonistically by the phytochrome (Butler et al. 1959; Craver
and Lopez 2016; Higuchi and Hisamatsu 2016). Far-red (700-800) makes up a higher proportion
of natural light radiation in winter, the evenings and under shaded canopies (Chen et al. 2014;
Higuchi and Hisamatsu 2016; Holmes and Smith 1975). Whereas red light (600-700nm) makes up
a larger part of summer, daytime and direct sunlight (Mathews 2006). The phytochrome
equilibrium regulates stem extension and flowering (Stutte 2009). Far-red induced shade
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response brings on earlier flowering ad petiole extension (Collins 1966; Philip Davis 2016; Franklin
2008; J. C. Sager et al. 1988; Lorrain et al. 2007; Monostori et al. 2018). Red light causes more
compact plants, delayed flowering, deetiolated seedlings and mediates the effects of shade
avoidance (Blazquez and Weigel 1999; Cao et al. 2016; Craver and Lopez 2016; Franklin et al.
2003; N. Goto, Kumagai, and Koornneef 1991; J. Li et al. 2011; Sharrock and Clack 2002; Whippo
and Hangarter 2006). Plants are most sensitive to far-red at the end of the day light pulses can
simulates growth in a low R:FR environment (Fankhauser and Casal 2004; Kasperbauer 1971).
Far-red, aside from having potential beneficial morphological traits, is not the most efficient at
driving photosynthesis. Red light is close to the absorption peak for chlorophyll, very efficient for
biomass accumulation and most efficiently produced by LEDs (Massa et al. 2008). However, sole
red light can be detrimental and cause excessive hypocotyl elongation (Goins et al. 1997;
Hoenecke, Bula, and Tibbitts 1992) A small amount of blue with the red stops the detrimental
effects (Goins et al. 1997; Hoenecke, Bula, and Tibbitts 1992).

Red blue ratio

Red light, followed by blue, are the most efficient for driving photosynthesis (Trouwborst et al.
2016). Neither red or blue light alone is sufficient for plant growth, some of the other is also
required to mediate suboptimal morphological and aberrant genomic effects (Philip Davis 2016;
Erik Runkle 2017; Hogewoning et al. 2010; Trouwborst et al. 2016). The red:blue ratio can be used
to control plant morphology. Blue light can reduce plant hight. The ideal red:blue ratio has been
shown to be 3:7 in tomatoes, 84:16 in brassica (Philip Davis 2016; He et al. 2015). Increasing blue
light percentage at low light levels can manipulate leaf properties to mimic plants kept in high
light intensities in field conditions (Hogewoning et al. 2010).

Blue

In the natural environment, blue light (400-500nm) makes up the largest proportion of natural
light radiation in summer and in direct unlight. Blue light is absorbed by several different
photoreceptors including, cryptochromes, phytotropins, phytochrome and Zeitlup family
proteins (W. Y. Kim et al. 2007). Blue light is important in the regulation of stomatal opening,
petiole extension, flowering, phototropism, secondary metabolite production, regulation of the
circadian rhythm and chloroplast movement (Christie 2007; Giliberto et al. 2005; W. Y. Kim et al.
2007; Valverde et al. 2004; Yu et al. 2010).

Blue light Inhibits stem extension (Kigel and Cosgrove 1991; Lin et al. 1998; E. S. Runkle and Heins
2001). However monochromatic blue causes stem elongation (Van leperen, Savvides, and
Fanourakis 2012). Both blue and red needed for compact plants (R. J. Mitchell et al. 2009).
(Kinoshita et al. 2001; Taiz and Zeiger 2006a). Small amount of blue added to red increases
stomatal opening and CO; uptake (Van leperen, Savvides, and Fanourakis 2012; Kinoshita et al.
2001). Blue light exposure produces darker leaves and increases secondary metabolites (Erik
Runkle 2017). Blue light also has a species dependant effect on flowering (Giliberto et al. 2005).
The quantity of blue light effects flowering time and the time taken for flowers to open reduces
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with blue light (Philip Davis 2016; Yoshida et al. 2016). Furthermore, blue light promotes
vegetative growth (Phillip Davis 2015).

Green

Green light (490-570nm) is reflected by chlorophyll and is absorbed only in low levels by green
plants, making its addition to supplementary lighting seam slightly erroneous (Terashima et al.
2009). However, it helps visibility for workers, can penetrate further into the canopy and has
some morphological effects on the plants (Brodersen and Vogelmann 2010; Terashima et al.
2009). It can downregulate the effects of blue light in a similar antagonistic relationship as red
and far-red (Taiz and Zeiger, 2006, 462). Green light has been shown to increase crop biomass
accumulation when replacing some of the blue or red light in a mixture (H. H. Kim et al. 2004)

Light quality and secondary metabolites

Light stimulation enhances specific secondary metabolites, plant colour and flavour, health
benefits like antioxidants, vitamins, sugars and pigments (Shimizu 2016). Many raw materials for
making medicines and health benefits of plants, like antioxidant phenolic compounds, comprise
plants secondary metabolites (Samuoliene et al. 2012). Different wavelengths effect different
varieties differently (Samuoliene et al. 2012). Spectral improvements can either be added in
propagation or to the adult plant (Johkan et al. 2010; K. Kim et al. 2013; Piao et al. 2013). Blue
and UV light shows the biggest increase in secondary metabolites including, phenolic compounds,
antioxidants, carotenoids, chicory acid, anthocyanins and the primary metabolite chlorophyll
(Johkan et al. 2010; E.-Y. Kim et al. 2014; K. Kim et al. 2013; Q. Li and Kubota 2009; Ninu et al.
1999; Ouzounis et al. 2015; Samuoliene et al. 2012; Son and Oh 2013). However, higher ascorbic
acid and anthocyanin concentrations were seen under red light in some species (Mizuno, Amaki,
and Watanabe 2011). Also more antioxidants and a higher sugar content were seen with the
addition of pulsing yellow light (Urbonavi¢iaté et al. 2009; Zukauskas et al. 2011). Chlorophyll
reduce under far-red (Johkan et al. 2010; Q. Li and Kubota 2009).

Supplementary lighting and fruit quality

There is a high demand for out of season food production, however, the high fruit quality
standards for summer production remain (Lu and Mitchell 2016). Winter crops would ideally have
equal sugar content, flavour, ascorbic acid content, lycopene, and oxygen radical absorbance
capacity. Supplementary lighting can improve these fruit quality criteria making winter crops
higher value and more acceptable to consumers (Lu and Mitchell 2016).

A lot of the taste comes from the amount of sugars present (Shimizu 2016). Increasing light
intensity and duration increases the vitamin C and antioxidant content (Hanenberg, Janse, and
Verkerke 2016; Verkerke, Labrie, and Dueck 2015). Tomatoes irradiated with red and blue ELD
light increased the vitamin C content logarithmically with light exposure (Verkerke, Labrie, and
Dueck 2015). Inter canopy LEDs increase sugar and ascorbic acid content in winter grown
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tomatoes compared to ambient lighting (Tewolde et al. 2016). Supplementary LED lighting also
showed improvements in colour in cucumbers and green pepper (Alcock and Bertling 2013; Hao
et al. 2015).

Efficiency

System efficiency

The amount of natural resources required for plant production decreases with the increased
intensity of the system, replaced by increased infrastructure and energy use. In areas with scarce
natural resources for plant production, like cities and deserts, intensive systems can be very
effective. In any system the water, CO,, heat, nutrients, and light use efficiencies are vital for
reducing the environmental impact (Toyoki Kozai 2013). Looking at the growing system as a
whole is important where waste energy from one element can be reused for another like heat
from lighting reducing heating requirements.

Light efficiency

Light efficiency is very important for reducing energy consumption and is variable between types
of lighting and brands. Light efficiency is the measurable output over input of a system pumol/joul,
a higher number is more efficient, 1 watt is 1 j/second (Erik S. Runkle 2016). The growing system
efficiency combines light efficiency and effective canopy photon capture, and is measurable by
the energy input to plant biomass output (Ibaraki 2016; J. A. Nelson and Bugbee 2014). Increasing
the percentage of light captured by plants and evenly distributing light on all leaves is important
for increasing efficiency (Ibaraki 2016; Toyoki Kozai 2013; Murakami and Matsuda 2016). Using a
mixture of overhead and inter-canopy lighting, decreasing the distance from the lamp to the
plant, increasing planting density, improved canopy structure, and using reflectors behind the
lamps and in the growing environment can increase capture (BornwaRer and Tantau 2012;
Ibaraki 2016; Toyoki Kozai 2013; Massa et al. 2008; J. A. Nelson and Bugbee 2014; Poulet et al.
2014). The timing and spectrum of the light can be modified to best fit plants morphology
increasing efficiency (Ibaraki 2016). Where LEDs are positioned close to the plants there is a steep
light gradient causing an intensity disparity between upper and lower leaves decreasing
efficiency.

The efficiency of the plants converting light energy into chemical energy is also variable (Gitelson
and Gamon 2015; Rosati 2003). This can be measured by assessing the PAR captured by the
canopy compared to the increase in biomass. Different plant species and environmental
conditions, like temperature, CO2 and availability of nutrients (Rosati 2003). It is hard to compare
light use efficiencies between species as different studies definitions vary (Gitelson and Gamon
2015; McCallum et al. 2009).
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Economics

Economics is the most important criteria for a new technology becoming widely used and
indicates that it improves system efficiency (Toyoki Kozai 2016). For a system to be economically
viable the all the cost input needs to be less than the product output (Toyoki Kozai 2013).

Winter grown crops need to compete with crops from warmer countries with lower capital and
operational cost, making winter production economically challenging (J. A. Nelson and Bugbee
2014). Lighting is the biggest expense in winter production. HPS lamps are mass produced and
are comparatively cheap but have a high energy use. Furthermore, lots of waste long wave
variation, however, this can be used to offset winter heating, although gas heating is cheaper
than electrical. LEDs produce the same vyield with lower running cost, increased longevity and
higher efficiency (D. Singh et al. 2015; Yeh and Chung 2009). In 2014 LEDs and HPS had similar
efficiency of about 1.7umol/j, from there LED efficiencies have increased dramatically (Lu and
Mitchell 2016). However, the initial capital cost of LEDs are much higher (J. A. Nelson and Bugbee
2014). LEDs will have to be run for many years before the energy savings from the increased
efficiency cancel out the installation cost. Improved technology, demand and mass production is
quickly pushing the price of LED lighting down. LEDs need replacing less often, reducing part and
labour cost (H. Zhang, Burr, and Zhao 2017). LEDs have 38-47% less environmental impact than
HPS (Lu and Mitchell 2016). Areas with high energy cost and a large demand for supplemental
lighting favour LEDs (C. A. Mitchell et al. 2015).

Low light fast yielding crops like lettuce most likely to be economical under supplementary
lighting; high light requiring tomatoes scored intermediate for profitability due to their
productivity potential and heating offset of inter-lighting; Strawberries scored lowest in
productivity potential and heating cost offset (Kubota et al. 2016).

Work environment and health effects

Working environment for labourers is often not well invested in with to few occupational
regulations (Takao 2016). Monochromatic blue or red light changes the plants appearance.
Colour is important when assessing fruit ripeness, which is hard to tell under monochromatic
light, a broad spectrum needed. The plants colour is important to identify disease eg. Virus
mosaic or over anthocyanins purple colour. It is however possible to identify diseases using
particular spectrums of LEDs (Sankaran et al. 2010).

The circadian rhythm can be altered by bright blue light, like that in plant factories, putting
workers at risk. Circadian rhythm regulates daily activities, 24hr oscillation in the brain. Blood
pressure, body temperature, cognition, and sugar metabolism rises in the day and are lower at
night (Tokura et al. 1994). Disruptions to circadian rhythm can cause disease like increased risk
of diabetes mellitus and breast cancer in shift workers. Melatonin, secreted from pituitary gland,
regulates many human cells (Ekmekcioglu 2006). Melatonin requires a robust circadian rhythm
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and is strongly inhibited by bright light. For comfortable sleep avoid evening exposure to bright
light and have high light exposure in the mornings (Gradisar and Crowley 2013).

Conclusions

There are many ways to improve greenhouses system efficiencies, LED lighting is just one
element of a larger effort to maximise plant growth while minimising energy use. Reducing
shading in greenhouses and maximising the use of solar light should also be focused on as the
most energy efficient form of production. LED technologies are advancing very quickly with new
options for increased efficiency, vertical farming, and spectral control. This brings about new
opportunities, which have not previously been possible with supplementary lighting, like control
of colour and shape in ornamentals, and improved secondary metabolite production in medical
crops. The economics of installing LED systems suffers from high installation costs, but as fitment
prices drop and light efficiencies increase, should become less prohibitive in setting up new
systems if not replacing currently installed ones. There are many potential areas for further
research in LED horticultural production, including improving working environments, fine tuning
crop specific spectral responses, creating complete light spectrum for sole source agriculture,
exploring the effects of monochromatic lighting on pollinators, and using LEDs to further our
knowledge of plant physiology.
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