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I ntroduction

The light environment insde a greenhouse structure is primarily determined by the amount of
solar radietion received a the location. The introduction of dectric lighting started the use of artificid
light sources for plant irradiaion. Artificid light sources (e.g., incandescent, fluorescent, and especidly
high intengity discharge lamps) can be used to supplement the (limited) amount of solar radiation
received by a greenhouse crop on darker days. Therefore, a discusson on supplementa lighting should
condder the effects of solar radiation on the light environment experienced by greenhouse crops. In
addition, the greenhouse structure and a possible shading system will reduce the amount of solar
radiation reaching the top of the plant canopy. The successful use of supplementa lighting for
greenhouse plant production requires a careful design incorporating such dements as light intengity, light
digtribution and uniformity, cost of operation, and system maintenance. When measuring light for plant
production, it isimportant to use the correct unit of measurement, the gppropriate type of sensor, and
the desired placement of light sensors. Computer control of the greenhouse light environment usualy
involves both lighting and shading systems, and in some cases aso includes carbon dioxide enrichment.

Solar Radiation

Just outside the atmosphere, the earth is receiving an amost constant amount of solar radiation
from the sun. The amount of radiation that penetrates the atmosphere and reaches the surface of the
earth depends on the composition of the atmaosphere (clouds, dust particles, and gaseous congtituents),
the location on earth (latitude and eevation), and the season (solar €evation above the horizon and
daylength). The radiation the earth receives from the sun is usualy called short-wave radiation and
includes radiation with awavelength between roughly 300 and 3,000 nanometer (nm, or 10° meter). All
objects with atemperature above absolute zero Kelvin (-273.15°C or -459.67°F) radiate energy to
each other. Objects at temperatures common on earth (15°C or 59°F) radiate so-caled long wave
radiation (gpproximately 3,000-100,000 nm). The magnitude of long-wave radiation depends on the
temperature difference between radiating objects and their surface emittance (a materia specific
coefficient). The amount of solar radiation is usualy much larger than the long-wave radiation (except at
night). However, only part of the solar radiation is used by plants for photosynthesis. This so-cdled
photosyntheticaly active radiation (PAR) contains the wavelengths between 400 and 700 nm and fdls
just within the so-cdled visible spectrum (380- 770 nm) that we can see with our eyes. The totd visble
gpectrum is perceived by humans as white light, but with the help of aprism, white light can be
separated into a continuous spectrum of colors: from violet to indigo, blue, green, yellow, orange, and
red (from the smdler to the larger wavdengths). Plants roughly use from blue to red light astheir energy
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source for photosynthesis. The amount of energy contained in light isinversdy proportiond to the
wavdength (in other words: the larger the wavelength, the less energy). This means that blue light
contains more energy than red light. However, for photosynthesis to occur, a fixed amount of energy is
needed. Therefore, blue light will cause the same photosynthetic response as red light. But from an
energy point of view, the plants are less efficient using blue light for photosynthesis compared to using
red light.

On aclear and sunny day, the solar radiation starts off dowly at sunrise, followed by arapid
increase till the sun reaches its highest position above the horizon (solar noon). Solar noon does not
aways coincide with noon on the (local) clock because of our conventions for kegping time (eg., time
zones and daylight saving time). After solar noon, the solar radiation declines rapidly. The decline
continues more gradua towards sunset. The bell-shaped curve of solar radiation on aclear and sunny
day is shown in Figure 1. The shape of this curve changes depending on the location on earth and the
season. Of course, not al days of the year are clear and sunny, so the amount of solar radiation
received varies from day to day. Therefore, it is sometimes easier to consider the total amount of light
received during, e.g., a 24-hour period compared to instantaneous (e.g., minute-by-minute) light levels
Thetotal amount of light is usudly referred to as the integrated (or summed) light. Figure 1 dso shows
the integrated light for aclear and sunny day (it Starts a zero at sunrise and reaches its maximum a
unset).

Greenhouse Structure

Once the solar radiation reaches the surface of the earth, the greenhouse structure is the next
obstacle it has to pass through. Framing members and glazing bars are usualy opague and absorb or
reflect dl the light that fals on them. The same istrue for the gutters. In addition, shade curtains, ectric
conduits, water lines, heating equipment and pipes, horizontal arflow fans, and supplementa lighting are
ingalled near the top of the greenhouse, dl of which block light from reaching the plantsinsde. In some
cases, evaporative cooling pads and ventilation fans are ingtdled in the sdewals, which further reduce
the amount of solar radiation. All added up, avery sgnificant amount of solar radiation available outsde
the greenhouse will never reach the plants insde (30% for newer, 50% and higher for older
greenhouses). Especidly during the darker months of the year when the solar elevation above the
horizon islow and the days are short, the greenhouse structure and the various systemsingtalled can
block large amounts of light from reaching the plants. Finaly, the choice of greenhouse cover (glass or
plastic) will have an impact on the amount of light transmitted.

Shading

Most greenhouse growers use some kind of shading technique to grow their crops successtully.
The god isto reduce the amount of sunlight reaching a crop or to shorten the photoperiod. The latter
technique requires a heavy-duty shade cloth that blocks al outsde light from entering the greenhouse.
Whether the cloth is gpplied manualy or with a (computer controlled) mechanica system, it isimportant
that dl entry pointsfor light are completely covered. The technique for reducing the amount of sunlight in
the greenhouse is usualy smpler. One can apply a shading compound or fabric on the indde or outside
of the greenhouse. The shading compounds are usudly applied in the spring and removed in the fal.
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Fabrics can be ingaled to remain in place part or most of the year and can be operated manually or
mechanicaly (in that case, usudly controlled by a computer system). Some shade fabrics are designed
S0 that they, once deployed, act as an energy curtain by preventing warm greenhouse ar fromrising dl
the way to the greenhouse roof and cooling down againgt the colder cladding materid.

Supplemental Lighting

Especidly at the higher latitudes, and during the darker months of the year, the amount of solar
radiation reaching the plantsin a greenhouse is insufficient to sustain adequate growth rates. Some
growers decide not to use the greenhouse during such conditions, while others use supplementd lighting
to boogt plant production. Without careful andyss of al economic factors involved, the use of
supplementd lighting is frequently perceived as too expensive. It istrue that these systems are expensve
to indal and operate, but with supplementa lighting, crops grow considerably faster during a period of
the year when prices are generdly (much) higher. If agrower is not convinced the use of supplemental
lighting can be profitable, a smdl-scaetrid might be a good way to investigate the possibilities without
major capital expenses.

When ingaling supplemental lighting systems in greenhouses, severd factors should be
consdered. Firg, the (average) amount of solar radiation for the location should be investigated. This
will give an idea of the range of solar radiation conditions at the Ste. An example of such radiation data
isgivenin Figure 2 for Ithaca, NY. Second, as discussed before, the type of greenhouse structure and
cover will have an impact on the transmisson of sunlight. Third, the type of crop (or crops) grown in the
greenhouse will point to the plant requirements (such aslight intensity, duration, or light integrd), and the
available space in the greenhouse to hang lamps (less space is avallable for taler cropsin lower
greenhouses resulting in loss of light uniformity). Next, the plant requirements should be compared to the
available amounts of sunlight to calculate the necessary amounts of supplementa lighting. It is usudly not
economicd to inddl lighting sysems that provide high light intengities in greenhouses because of the
large number of lamps required. Therefore, supplementa lighting systems can be designed to provide a
certain light integra during a 24-hour period such that the sum of the supplementd light integra and the
solar radiation integra meet the plant requirements for even the darkest day of the year. The light
integra supplied by the supplementd lighting system depends on the average light intensity provided by
the lamps and the duration of operation. The light intengty supplied by commercid supplementd lighting
systems usudly is not higher than 200 mmol-ni-s* (or 0.72 mol-m?-hr, or 17.3 mol-nmi-(24 hour)™).
These units of measurement will be explained in the next section.

In addition to light intengity, light uniformity is an important factor to consider when designing
lighting systems for greenhouses. In generd, except when clouds are passing overhead or when
dructural eements creste shading patterns, sunlight is uniform from one location to the next insde a
greenhouse. However, due to the distance between lamps and the distance between the lamps and the
crop, supplementd lighting systems will aways provide non-uniform lighting patterns over a plant
canopy. It isthe task of the designer to optimize light uniformity by carefully caculating the light
distribution from each lamp and the different paths the light can travel from each lamp to the crop
undernegth. Fortunately, computer software programs exist to assist the designer with this complicated

© CCEA, Center for Controlled Environment Agriculture, Cook College Page 3 of 10



task and, in general, a careful design results in very acceptable light digtribution and uniformity over a
Ccrop canopy.

In order to make the operation of a supplementa lighting system as economical as possble,
these systems are sometimes operated exclusively during periods of the day with off-peak eectricity
rates (e.g., from 10:00 pm to 6:00 am). However, during the darker months, this could result in two light
periods for a crop during every 24-hour period (one sarting at sunrise, ending at sunset, and followed
by a (short) dark period; the other continuing with the supplementa lighting period, and followed by a
brief dark period before sunrise). Not every crop will thrive under these conditions. Some crops require
an extended dark period (e.g., tomatoes), resulting in the use of supplementd lighting during hours of the
day with more expensive dectricity rates. Careful (computer) control of the operation of lighting systems
will help reduce ectricity codts.

Maintenance of supplementd lighting systems is important and should not be overlooked. Just
like any other piece of equipment, failures do occur and need to be corrected as soon as possible.
Lamp failures create non-uniform light distribution patterns, which can quickly lead to nonuniform plant
production. In addition to incidentd failures, the light output of lamps dowly degrades over time. The
rate of degradation depends on the type of lamp used and the operating conditions (e.g., temperature).
Knowing the approximate rate of degradation (check with the manufacturer), alamp replacement
schedule can be developed such that the overdl light intensity does not drop below acceptable levels.
Instead of replacing dl the lamps a once (which can be expensive), lamps can be replaced in groups
(e.g., one greenhouse bay at-a-time, or, better yet, every other lamp or every other third lamp, etc.).

Units of M easurement

The currently preferred unit of measurement for light is mmol-m?-s® (pronounced:
‘micromole per meter squared per second’). This unit expresses an amount of photons (or quanta) of
light incident on a unit area () per unit time (second). A photon is defined as the smallest particle (or
unit) of light. In order for a common light sensor to display ameaningful reading, avery large number of
photons is needed to sufficiently activate the sensing element. Therefore, Avogadro's number (6.023 *
10%) of photons is defined asa‘mole of light. A ‘micromole (mmol) is defined as one millionth (10°)
of amole, which equals 6.023 * 10" photons.

The amount of PAR (400-700 nm) the plants receive is expressed in the unit of mmol-m*-s™.
The sensors used to measure PAR are cdled quantum sensors and have carefully designed filters such
that no light outside the PAR waveband is measured. As explained before, the human eyeis ableto
detect light in adightly larger waveband of gpproximately 380- 770 nm. To measure light in this
waveband afoot-candle meter (or alux meter) can be used. But measurements with a foot-candle
meter include some light with wavelengths that fal outside the waveband used by plants for
photosynthes's (PAR). Therefore, using a foot-candle meter introduces some error when oneis
interested in only measuring the amount of light avallable to plants for photosynthesis. It isfor this reason
that the use of afoot-candle meter is not recommended when evaluating the light environment for plant
production. It is possible to convert ameasurement taken with a foot-candle meter into anmol-m?-s*
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vaue, but the correct conversion factor depends on the light source and is, in the case of mixed light
sources, not always essily determined.

Sensors

Aswith dl sensorsin the harsh outdoor and greenhouse environments, light sensors need to be
checked and cdibrated on a frequent schedule. Usudly, important decisions about closing a shade
curtain or starting the supplementa lighting system are based on readings performed with alight sensor.
Errorsin sensor readings will result in erroneous decisions, which can lead to (subtle) changesin plant
growth and development. And, Since a sensor reading error is usudly not the first suspected cause of a
particular production problem, it is clear that sensor errors should be avoided as much as possible.
Usudly, the manufacturer recommends certain maintenance procedures (e.g., cleaning and removal of
obstructions) and indicates the time between and procedures for calibrations. When light sensorsare a
critica part of the greenhouse operation, it can make sense to ingtall more than one sensor for
redundancy or for a better gpproximation of the light environment (when the sensor readings are

averaged).

As explained earlier, the unit of light is expressed in mmol-mi>-s™, or in other words, in the
number of photons incident on aunit area per unit of time. A parale beam of light of afixed cross-
sectiona area (e.g., 1 nf) will cover the same cross-sectional surface area (1 nf) when it hits the
surface perpendicularly. But when this light beam with the same cross-sectional areaintersectsthe
surface a an angle, the illuminated surface areawill be larger. In fact, the larger illuminated areais
inversdy proportiona to the cosine of the angle between the beam and a plane normd (i.e.,
perpendicular) to the surface. And, since the same number of photons are spread out over alarger ares,
the light intengity isless and proportiond to the cosine of the angle between the beam and a plane
normal to the surface. Sunlight or supplementa light reaches the plants a different angles and, therefore,
the intengity is proportiond to the cosine of the angle between the incoming light and a plane normad to
the (lesf) surface. Light sensors, which are able to account for the directiondity of the incoming light, are
sad to be "cogne- corrected” and are highly recommended for accurate light measurements.

Placement of the Sensors

In generd, light sensors insde the greenhouse should be placed at the top of the canopy. Thisis
achallenge for tall growing crops when the sensor has to be moved as the crop matures. However,
failure to pogtion the sensor at the top of the canopy results in readings, which are influenced by the
shape and structure of the foliage. Since the foliage is changing continuoudy, the influence on the sensor
reading changes continuoudy. This will make any interpretation of the readings difficult at best.
Placement of an outdoor sensor is usudly straightforward as long as any adjacent structure or treeswill
not shade the sensor. Maintenance on outdoor sensor is usudly a little more complicated because the
sensors are more difficult to reach. However, outdoor sensors will have the same problems as indoor
sensors and their maintenance and calibration should not be neglected.

Figure 3 shows the ingtantaneous light level measurements with two light sensors at two different
locations (East and West) insde a new greenhouse equipped with overhead heeating pipes, retractable
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shade screen, horizonta airflow fans, and supplementd lighting. The ridge of this four-bay gutter-
connected greenhouse was oriented in the East-West direction, and the greenhouse was located at a
latitude of 42° (Ithaca, NY). The sensors were placed asymmetricaly within two different greenhouse
segments (each segment measures 12 by 21 feet) and away from the end walls so that the shading of the
sensors due to structural elements occurs at different times of the day. The measurements of the sensors
were averaged in order to estimate the overdl light intengty in the entire greenhouse. A symmetric
placement of the sensors within two different greenhouse segments would result in the sensors being
shaded or fully exposed to the sunlight at the same time. The asymmetric placement of the sensors
ensures the average measurement is a better approximation of the light intengity in the entire greenhouse.
Using even more light sensorsin the greenhouse would further improve the characterization of the true
light environment, but is usudly too costly and would further increase sensor maintenance (calibration).

Light and Shade Contral

For some crops, and especidly for the vegetative growth phase, a (linear) relationship exists
between tota amount of light received and plant growth. This relationship brought forth the idea of
providing plants with the same light integra (or light sum) every day of the year and independent of the
amount of solar radiation received. Whenever the amount of light provided by sunlight would be less
than the target light integrd, the remainder would be added with a supplementa lighting system. And
whenever acrop would bein danger of recaiving more than the target light integral, a shade curtain
would be deployed. Controlling such alighting system with the god of providing the exact same light
integral every day of the year is only feasible with the help of computer software. Such software was
recently developed and it enables the computer to keep track of the amount of light received since
sunrise. By comparing the amount of light received with a calculated prediction of the total amount of
sunlight received a sunset and knowing the desired daily light integral, the computer determines when to
operate the lighting or shading system. Research showed that such a control program needs to decide
which system to operate only once every hour, minimizing the daily number of on/off cydesfor these
systems. Simulation runs with the devel oped software were very successful and the system is currently
being tested in a commercid greenhouse operation. 1n addition to making sure the plants receive the
samelight integra every day, the control system aso makes maximum use of the hours of the day with
off- peak eectricity ratesto operate the supplementa lighting system.

Carbon Dioxide and Light

For photosynthesis, plants need both light (PAR) and carbon dioxide. Both need to be available
in sufficient quantities for ether one not to become the limiting factor (if there is enough light but not
enough carbon dioxide, carbon dioxide becomes the limiting factor and vice vers). Therefore, when
using supplementd lighting to increase plant production, it isimportant to maintain sufficiently high
carbon dioxide concentrations inside the greenhouse. Especidly during the colder months of the year,
when (very) low ventilation rates are needed to maintain the desired greenhouse temperature, the
carbon dioxide concentration ingde the greenhouse can drop sgnificantly because little or no fresh air
(with more carbon dioxide) enters the greenhouse. Under these low ventilation conditions, it may be
economicaly feasible to boost the carbon dioxide concentration inside the greenhouse to levels as high
as three times the ambient concentration (from approximately 350 to 1,000 pmol/mol) resultingin
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increased photosynthesis and, thus, plant growth. Research indicated that, within certain limits, it is
possible to reduce the daily required light integra, while, a the same time, increasing the carbon dioxide
concentration for the same overal plant production. This result points to possible sgnificant savings
because adding carbon dioxide to the greenhouse environment is chegper than adding supplementa light
(needed to reach the required light integral). Computer control software is needed to assist the grower
with the decison when to add carbon dioxide to the greenhouse, what target concentration should be
used, and when to operate the supplementd lighting system. During the warmer months of the year,
when (ggnificant) ventilation is required to maintain the target greenhouse temperature, carbon dioxide
enrichment is not cost effective because the released carbon dioxide would be immediately exhausted
from the greenhouse.
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Figure 1. Normdized instantaneous and integrated light levels (sunlight only) for acdear

and sunny day with a 16-hour light period.
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measurements, and the fact that some summer days can be just as dark as some of

Dally outdoor integrated light levels for a 14-year period for Ithaca, NY. Note
the darker winter days.

especidly the large difference between the very darkest and brightest
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Figure 3. Ingtantaneous light levels measured with two light sensors in two different locations
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indde a greenhouse and for a 12-hour measuring period. Note that the sensors are, for

the most part, not shaded (by the greenhouse Structure) at the same time so that their
averaged reading gives a better gpproximation of the overdl light environment in the
greenhouse.
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