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This hydroponic greenhouse production system was designed for small operations to provide
local production of head lettuce as well as employment to the proprieters. Our research group
has experimented with many forms of hydroponics but have found this floating system to be the
most robust and forgiving of the available systems. This system is built around consistent
produciton 365 days of the year. This requires a high degree of environmental control including
supplemental lighting and moveable shade to provide a target amount of light which, in turn,
results in a predictable amount of daily growth.

by Dr. Melissa Brechner, Dr. A.J. Both, CEA Staff




Table of Abbreviations and Units

A Area Square feet or square meter.
Controlled
Environment
CEA Agriculture Producing plants in a greenhouse or other space.
cm centimeter A unit of length
Cool White
CWF Fluorescent A type of supplemental lighting
The sum of photosynthetic (PAR) light received by plants in a
DLI Daily Light Integral day.
Oxygen concentration in nutrient solution measured in parts per
DO Dissolved Oxygen million.
EC electrical conductivity | Anindirect measurment of the strength of a nutrient solution.
High Intensity
HID Discharge A type of HID supplemental lighting
hp horsepower A unit of power
A high intensity discharge lamp/luminare type for supplemental
HPS High Pressure Sodium | lighting
kPa kilopascals A unit of pressure, force per unit area
MH Metal Halide A type of HID supplemental lighting
A number of anything equal to 6.02 x 10723 items. We use it to
quantify the number of photons between 400-700 nm of PAR
mol pronounced 'mole' light plants receive.
moles per square
mol/m?/d | meter per day Integrated PAR light
moles per square
mol/m®/s | meter per second Instantaneous PAR light
nm nanometer Unit of length in S, one billonth of a meter
Photosynthetically The portion of the electromagnetic spectrum between 400-700
PAR Active Radiation nm plants use for photosynthesis
A unit that describes dimensionless quantities such as mass
ppm parts per million fractions
International system of units aka metric system - built around 7
S| System Internationale | basic units of measurements
micro-mole per square
pmol/m?¥s | meter per second Instantaneous PAR light
microsiemens per
uS/cm centimeter A unit of measurement for electrical conductivity




Chapter 1: Greenhouse Hardware

Of fundamental importance to hydroponic lettuce production are the physical components of
both the germination area and the pond area. It is necessary to have not only an idea of the
physical components associated with each area, but also a good understanding of their purposes.

1.1 Nursery or Seedling production Area

The first 11 days of lettuce production takes place in the seedling production area. Seedlings
develop best under constant lighting conditions with specific, closely controlled temperature,
relative humidity, carbon dioxide, and irrigation. These conditions can only be metin a
controlled area, whether that is a greenhouse or a growth room, with the following equipment:

Ebb and Flood Benches, Tables, or Ponds
Solution Tank and Plumbing

Supplemental Lighting Aspirated sensor Box
Sensors

Ebb and Flood Benches

Figure 1.This is a photo of an empty Ebb and Flood bench while the bench is flooding for sifigation.

To uniformly supply the germinating seedlings with water and nutrients, Ebb and Flood benches
(approximately 2.5 by 1.3 m or 8 by 4 foot) are periodically (2 to 4 times per day for
approximately 15 minutes) flooded. These benches were specifically designed to supply water
and nutrients through subrirrigation. Through a pump and piping, the fertilizer solutionis
pumped into the Ebb and Flood bench. The solution is then automatically drained after a given
time period.


http://www.cornellcea.com/Lettuce_Handbook/sub_irrigation.htm
http://www.cornellcea.com/Lettuce_Handbook/respiration.htm

Figure 2. Bench for seedlings.

Ponds

Figure 3. Seedling area on edge of pond in greenhouse.

Figure 4. Breaker on the end of a wand for hanewatering.

Alternately, the rockwool slabs in trays sitting on a bench (Figure 2) or the edge of a pond
(Figure 3) may be overhead watered with a hose that has a breaker (see Figure 4 above) on it that
slows the flow of high velocity water so that fragile seedlings are not damaged.



Figure 5.Humidity cover propped against a sheet of rockwool.

Humidity covergFigure 5) are used to provide a high humidity environment around the
germinating seeds. They are required if seeding with bare (not pelleted) seed.

Solution Tank and Plumbing

Figure 6.Nutrient solution reservoir fiberglass tank (A), Pump (B), Piping (C), and Valve (D). The bottom of the
germination bench can be seen in (E).

A fiberglass tank (A) see Figure 6, holds the nutrient solution used for sub-irrigating the
seedlings. A plastic tank could also be used but may not be as strong as the fiberglass. Care
must be taken to procure a plastic vessel that will not degrade quickly in sunlight if germination
area is in a greenhouse. Any vessel that is used should be sufficiently opaque to prevent algae
growth. Approximately 250 L (66 gallons) of nutrient solution is sufficient to prime the system
(given above-listed bench size), fill the bench, and provide nutrient solution for the first 11 days
of growth for approximately 2000 seedlings. A small (1/50 h.p.) pump (B) is used to pump the
solution to the bench. The piping (C) should be flexible to adjust to individual germination area
needs. A throttling or gate valve (D) is included to control the flow of the nutrient solution to the
Ebb and Flow bench. The bottom of the sub-irrigation bench (E) is visible in the photo above.
The pump may be operated on a time clock so that irrigation can occur without human
intervention.


http://www.cornellcea.com/Lettuce_Handbook/humidity_covers.htm

Lighting

Figure 7.Fluorescent(A) and incandescent (B)ighting in the growth room. Fluorescent lighting is used for plant biomass
production and incandescent lighting is used for photoperiod control.

Figure 8. High Pressure Sodium (A) and Metal Halide (B) lenps in a growth chamber.

Germination Room

In general, a separate room for germination of seedlings is very energy intensive. Our
experience was that the improvement in growth obtained by utilizing a germination room was
not worth the large amount of energy such a room used and its’ use was discontinued. Cool
white fluorescent (CWF) lamps (A, see Figure 7) or High Pressure Sodium/Metal halide (A,B,
see Figure 8) are recommended. Heat generated by the lamps must be dissipated from the
germination area in order to maintain the temperature set points. Use of incandescent lamps (B)
is discouraged because the red light emitted from these lamps causes the seedlings to

'stretch’. Fluorescent lamps are rich in blue light, which cause compact and sturdy seedlings.



Greenhouse

\

Figure 9. High Intensity Discharge (HID) luminaire in a greenhouse.

If germination of seedlings is performed in a greenhouse, high intensity discharge (HID)
luminaires such as high pressure sodium (HPS) of metal halide (MH) are recommended (Figure
9).

Configuration and Intensity

Lamps should be configured for a uniform distribution of light over the entire growing

area. Light intensity is maintained at no less than 50 pmol/m?s of PAR Photosynthetically
Active Radiatiohduring the first 24 hours the seeds are kept in the germination area. This level
of illumination prevented stretching of the seedlings while minimizing the tendency of
supplemental lighting to dry out the surface of the medium.

The following calculation may be used for determination of hourly PAR.
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Sum the accumulated hourly PAR values for a daily PAR value.

For the remaining 10 days, the light intensity is maintained at 250 pmol/m?s. The photoperiod
(or day length) is 24 hours. Shorter photoperiods are acceptable if the light intensity is increased
to provide the same total daily accumulated light (~22 mol/m?d). Anecdotal evidence shows
that some lettuce seedlings can tolerate 30 mol/m?/d.

Note for germination rooms: Light output of CWF and HID lamps decays over time. Thus, it is
important to measure the light output of the lamps regularly. If the light intensity drops below an
acceptable level (e.g. 200 pmol/m?s), new lamps should be installed. A quantum sensor can be
used to measure the amount of PAR.


http://www.cornellcea.com/Lettuce_Handbook/biological_significance.htm
http://www.cornellcea.com/Lettuce_Handbook/biological_significance.htm
http://www.cornellcea.com/Lettuce_Handbook/sensors.htm

Figure 10.Aspirated box in a greenhouse. A fan draws air from the bottom of the box ovéhe sensors.

Figure 11. Aspirated box opening on bottom of box.

This is an example of an aspirated box (Figure 10) which houses and protects the sensors the
computer uses to make control decisions from light or localized temperature fluxes. Most
greenhouse control systems supply their own aspirated boxes with sensors included that will be
used for environmental monitoring. Aspirated boxes can be home-made but care must be taken
so that the air is drawn over the sensors so that heat is not added to the air from the fans. The
position of the box should be close to the plant canopy to measure the environmental parameters
at the plant level. This may not be possible in all germination areas. The box is equipped with a
small fan which draws air past the sensors (Figure 11). Sensors are located upstream from the
fan.

Sensors
See "Sensors" under Chapter 3: Computer Technology for full details.


http://www.cornellcea.com/Lettuce_Handbook/computer_technology.htm

1.2 Pond Area
The concepts involved in the pond area are the following:

Pond Size
Pond Solution
Construction
Pond Design
Lighting
Paddle Fan
Aspirated Box

Pond Size

For example, for the production of 1245 heads per day a 660 m® growing area is required. The
lettuce plants are grown in the pond area for 21 days. This includes one re-spacing of the plants
at Day 21, from 97 plants m™ to 38 plants/sq m.

Pond Solution
Equal portions of Stock Solutions A and [®Bee formulas in appendix) are added to reverse-
osmosis RO water to achieve an EC of 1200 uS/cmor 1.2 dS/cm.

Construction

Figure 12. Empty pond with liner.

Figure 13.Edge of pond detail. The inside edges of two separate pondade of wood andseparated by structural
members is showron left. The right hand picture shows a concrete pond.


http://www.cornellcea.com/Lettuce_Handbook/stock_solutions.htm

There are three main options for pond construction.

9 The pond may be sunken in the greenhouse floor, with the pond surface just
above the floor (not pictured).

1 A containerized pond with concrete or wooden walls (Figure 12) can be
constructed on top of the floor of the greenhouse.

9 The pond can be built on an island of fill with the ponds built into the fill so that
the water level is closer to waist level to lessen the amount of bending that must
be performed when working with the crop. An important note is that a
greenhouse that uses this system must be sufficiently tall so that supplemental
lighting is not too close to the plants (not pictured).

In any case, the pond floor can be layered with sand to cushion any sharp edges from puncturing
the polyethylene lining. A heavy plastic (for example, 0.5 mm poly) liner is then installed as the
major barrier for leak protection. Proper precautions should be taken to avoid leaks.

Design

The pond area is designed to allow for one plant spacing(also called respacing)on Day 21. To
facilitate the spacing process, multiple ponds run in parallel. The plants are grown in one of the
ponds between days 11 and 21. After re-spacing (from 97 plants m™ to 38 plants m™) the plants
are moved to one of the remaining ponds where they will be grown for two weeks (day 21
through day 35).

Lighting

Uniform light distribution is required in the Pond Growing Area. A supplemental light intensity
within the range of 100-200 pmol/m?/s (for a total of 17 mol/m?/d* of both natural and
supplemental lighting) at the plant level is recommended. It should be noted that 17 mol/m?/d is
the light integral that worked best for the particular cultivar of boston bibb lettuce that we used.
For some cultivars, 15 or mol/m?/d is the maximum amount of light that can be used before the
physiological condition called tipburn occurs. High pressure sodium (HPS) lamps are a type of
High Intensity Discharge (HID) lamp, and are used to supply light. These lamps are relatively
efficient, have a long life (~25,000 hours, generally these lamps lose 1% output for every 1000
hours), and slowly decay in output over time. There is a recent development in the
manufacturing process for metal halide lamps that gives them a lifetime similar to high pressure
sodium lamps. Metal halide lamps have a spectrum that is slightly more efficient for plant
growth than high pressure sodium lamps. A new bulb produced by the Philips corporation has
exaggerated the benefits of metal halide lamps including shifting more light production to the
blue and red portions of the spectrum and decreasing the heat output of the luminare.
Independent lighting consultants have specialized software to determine proper number and
placement of lamps needed for a specific and uniform light intensity. It is critical to have the
correct lighting system installation.

Because the CEA lettuce program is production-intensive, lighting and electrical power usage is
high. Local utility companies should have information on special rates and rebate programs for
new industries and Controlled Environment Agriculture facilities.


http://www.cornellcea.com/Lettuce_Handbook/spacing.htm
http://www.cornellcea.com/Lettuce_Handbook/hid_lamps.htm

Lighting Configuration and High Intensity Discharge (HID) Lamps

The number and position of the lamps were determined using a specialized lighting configuration
computer program.

Figure 9 shows a high pressure sodium (HPS) lamp and luminaire used for supplemental
lighting. These lamps provide the recommended Photosynthetically Active Radiation (PAR)
needed to supplement natural light. The computer control program records the irradiance and
adjusts (on and off) the supplemental lighting system to achieve a predetermined total light level
each day. For the lettuce production the recommended level is 17 mol/m?/d.

Paddle Fan

Figure 14. Paddle fan to increase vertical air movement and therefore evapotranspiration. This is important for the
prevention of tipburn.

An overhead fan (paddle fan - Figure 14) is used to blow air vertically down onto the lettuce
plants at the rate of 140 cubic feet per minute. The airflow increases plant transpiration. This
increase in transpiration increases the transport of nutrients, especially calcium, from the roots to
the young, fast-growing lettuce leaves. The greater rate of nutrient transport provides sufficient
amounts of calcium to the leaves and, therefore, prevents tipburn. Without this airflow, lettuce
must be grown under reduced light levels (for example at 12 mol/m?d instead of 17 mol/m?/d
but realize that this data is only for cultivar Ostinata which is no longer available), which slows
the rate of growth. The actual daily light integral target that can be achieved with and without
vertical airflow before tip burn occurs is a function of cultivar selection, spacing and airflow.
The numbers given above are examples of what has been successful in our situation and are not
the only solution and no attempt was made to establish airflow maxima and minima.


http://www.cornellcea.com/Lettuce_Handbook/tip_burn.htm

Aspirated Box

Figure 15. Aspirated box with digital output screen in greenhouse.

The aspirated box located in the pond area has the same function as the aspirated box in the
germination area.



Chapter 2: System Components

System Component Information

Note: References to company and brangames are used for identification purposes only
and do not necessarily constitute endorsements over similar products made by other
companies.

2.1 Dissolved Oxygen Sensor

Most manufacturers recommend that dissolved oxygen sensors be calibrated daily. Modern
sensors are fairly stable and will probably not go out of calibration in such a short time period.
Remember that your data is only as good as your calibration, so be sure to calibrate all sensors
on a regular basis.

A hand-held sensor (~$600 in 2013) is always an essential trouble-shooting tool and should
always be available. If the facility is one acre or larger, an in-line sensor may be a worthwhile
investment.

Model: Orion 820, hand held, battery operated

Manufacturer: Orion Research Inc., Boston, MA

Some other manufacturers that make this same quality meter are YSI, Oakton and Extech

2.3 Compact Submersible Centrifugal Pump

Specifications: 0.02 HP, 75 W, max 1.5 Amps

2.4 Flow Meters

Figure 16. Model: H-0321604: 65 mm variable area aluminum flow meter with valve and glass float for Q2
Manufacturer: Cole Parmer Instrument Co., Niles, IL

Specifications: Max. flow rate for O, = 46 ml/min.



Chapter 3: Computer Technology and Monitoring

Computer technology is an integral part in the production of hydroponic lettuce. A computer
control system (example: Argus, Hortimax, Priva) should be used to control the abiotic
environment. Different sensors are used to monitor greenhouse environment parameters. These
parameters include temperature of greenhouse air and nutrient solution, relative humidity and
carbon dioxide concentration of greenhouse air, light intensities from sunlight and supplemental
lighting, pH, Dissolved Oxygen (DO) levels, and Electrical Conductivity (EC) of the nutrient
solution. Sensors will communicate the environmental conditions to the control computer which
will activate environmental control measures such as heating, ventilation, and lighting.

3.1 Biological Significance of Environmental Parameters

Temperature

Temperature controls the rate of plant growth. Generally, as temperatures increase, chemical
processes proceed at faster rates. Most chemical processes in plants are regulated by enzymes
which, in turn, perform at their best within narrow temperature ranges. Above and below these
temperature ranges, enzyme activity starts to deteriorate and as a result chemical processes slow
down or are stopped. At this point, plants are stressed, growth is reduced, and, eventually, the
plant may die. The temperature of the plant environment should be kept at optimum levels for
fast and successful maturation. Both the air and the water temperature must be monitored and
controlled.

Relative Humidity

The relative humidity (RH) of the greenhouse air influences the transpiration rate of plants. High
RH of the greenhouse air causes less water to transpire from the plants, which causes less
transport of nutrients from roots to leaves and less cooling of the leaf surfaces. High humidities
can also cause disease problems in some cases. For example, high relative humidity encourages
the growth of botrytis and mildew.

Carbon Dioxide or CO>

The CO; concentration of the greenhouse air directly influences the amount of photosynthesis
(growth) of plants. Normal outdoor CO, concentration is around 390 parts per million

(ppm). Plants in a closed greenhouse during a bright day can deplete the CO; concentration to
100 ppm, which severely reduces the rate of photosynthesis. In greenhouses, increasing CO,
concentrations to 1000-1500 ppm speeds growth. CO, is supplied to the greenhouse by adding
liquid CO,. Heaters that provide carbon dioxide as a by-product exist but we do not recommend
these because they often provide air contaminants that slow the growth of the lettuce.

Lights

Light measurements are taken with a quantum sensor, which measures Photosynthetically Active
Radiation (PAR) in the units pmol/m?%s. PAR is the light which is useful to plants for the
process of photosynthesis. Measurements of PAR give an indication of the possible amount of
photosynthesis and growth being performed by the plant. Foot-candle sensors and lux meters are
inappropriate because they do not directly measure light used for photosynthesis.



Dissolved Oxygen

Dissolved oxygen (DO) measurements indicate the amount of oxygen available in the pond
nutrient solution for the roots to use in respiration. Lettuce will grow satisfactorily at a DO level
of at least 4 ppm. If no oxygen is added to the pond, DO levels will drop to nearly O ppm. The
absence of oxygen in the nutrient solution will stop the process of respiration and seriously
damage and kill the plant. Pure oxygen is added to the recirculation system in the

ponds. Usually the level is maintained at 8 (7-10, no advantage to 20) ppm. For sufficiently
small systems, it is possible to add air to the solution through an air pump and aquarium air stone
but the dissolved oxygen level achieved will not be as high as can be achieved with pure oxygen.

pH

The pH of a solution is a measure of the concentration of hydrogen ions. The pH of a solution
can range between 0 and 14. A neutral solution has a pH of 7. That is, there are an equal number
of hydrogen ions (H") and hydroxide ions (OH"). Solutions ranging from pH 0-6.9 are
considered acidic and have a greater concentration of H*. Solutions with pH 7.1-14 are basic or
alkaline and have a greater concentration of OH".

The pH of a solution is important because it controls the availability of the fertilizer salts. A pH
of 5.8 is considered optimum for the described lettuce growing system, however a range of 5.6-
6.0 is acceptable. Nutrient deficiencies may occur at ranges above or below the acceptable
range.

Electrical Conductivity

Electrical conductivity (EC) is a measure of the dissolved salts in a solution. As nutrients are
taken up by a plant, the EC level is lowered since there are fewer salts in the

solution. Alternately, the EC of the solution is increased when water is removed from the
solution through the processes of evaporation and transpiration. If the EC of the solution
increases, it can be lowered by adding pure water, e.g., reverse osmosis water). If the EC
decreases, it can be increased by adding a small quantity of a concentrated nutrient stock
solution. When monitoring the EC concentration, be sure to subtract the base EC of your source
water from the level detected by your sensor.

Monitoring
The following parameters should be monitored. Specific sensor recommendations will not be
made here.
Temperature, see Figure 12.
Relative Humidity, see Figure 12.
Carbon Dioxide Concentration (Infra Red Carbon Dioxide Sensor)
Light (Quantum PAR sensor), see Figure 13.
Dissolved Oxygen, see Figure 14.
pH
Electrical Conductivity (EC)



Figure 17. Quantum PAR sensor to measure light available for photosynthesigzoot-candle sensor and lux meters are
inappropriate because they are designed to quantify the sensitivity of the human eye and overestimate (~25%) the light
available for photosynthesis

Figure 18. Dissolved oxygen sensorDO levels should be greater than 4 ppm to prevent growth inhibition. Visible signs of
stress may be observed at 3 ppm.

3.3 Set-points

Air Temperature 24 C Day/19 C Night (75 F/65 F)

Water Temperature No higher than 25C, cool at 26C, heat at 24C

Relative Humidity minimum 50 and no higher than70%

Carbon Dioxide 1500 ppm if light is available, ambient (~390 ppm) if not
Light 17 mol m-2 d-1 combination of solar and supplemental light
DO 7 mg/L or ppm, crop failure if less than 3 ppm

pH 5.6-6



