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Self-sustaining life support systems are critical for NASA to achieve its goal of deep space 
exploration. To satisfy the food requirement, NASA is exploring extraterrestrial farming. One 
option for space-grown produce is a hydroponic farm; Freight Farms offers a commercial 
Leafy Green Machine (LGM). To adopt this earth-based product, several issues need to be 
explored to ensure that it is suitable for deep space farming. Phase One focuses on the 
characterization of the LGM’s thermal and growing performance. This paper investigates the 
operation of the Light Emitting Diodes (LED) currently used as the main grow lights. Testing 
results suggest that these lights produce more heat than the HVAC system is designed to 
remove while meeting the required spectrum and intensity for chlorophyll production in 
plants. The thermal load of the LEDs may be decreased by cycling the lights to improve 
temperature control. 

I. Nomenclature List 
A = Area of Styrofoam® container (𝑚𝑚2) 
𝐶𝐶𝑝𝑝 = Specific heat of air at constant pressure � 𝑘𝑘𝑘𝑘

𝑘𝑘𝑘𝑘∙𝐾𝐾� 
HVAC = Heating ventilation and air conditioning 
LED = Light emitting diode 
LGM = Leafy Green Machine 
𝑚𝑚 = Mass of air inside the Styrofoam® container (𝑘𝑘) 
NASA = National Aeronautics and Space Administration 
𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿  = Steady state heat production of the LED main grow lights (𝑊𝑊) 
𝑄𝑄𝑃𝑃𝑃𝑃 = Steady state heat production of the power supply units (𝑊𝑊) 
𝑄𝑄𝑃𝑃𝑃𝑃 =  Steady state heat production (𝑊𝑊) 
𝑄𝑄𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = Steady state heat production of the LED main grow lighting system (𝑊𝑊) 
𝑅𝑅 = Thermal resistance of Styrofoam® container � 𝑊𝑊

𝑆𝑆2∙𝐾𝐾
� 

𝑇𝑇𝑃𝑃𝑃𝑃 = Steady state temperature (𝐾𝐾) 
𝑇𝑇𝐿𝐿𝐿𝐿𝐿𝐿 = Steady state temperature of LED performance test (𝐾𝐾) 
𝑇𝑇𝑃𝑃𝑃𝑃 = Steady state temperature of power strip performance test (𝐾𝐾) 
𝑇𝑇∞ = Ambient air temperature (𝐾𝐾) 
𝜏𝜏𝑙𝑙 = Time constant of LED lights response to power loss (min:s) 
𝜏𝜏𝑝𝑝 = Time constant of LED lights response to power input (min:s) 
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II. Extraterrestrial Hydroponics 
ydroponics is a farming method with the capability to grow plants without soil. Instead of using soil, hydroponics 
utilizes nutrient rich water and can be conducted in many different system configurations1-3. System 

configurations for hydroponics include wick systems, water culture, the ebb and flow system, the nutrient film 
technique, aeroponic systems, and drip systems3. These different system types expand farming capabilities from the 
everyday nutrient rich and environmentally stable locations by making farming achievable in harsh environments, 
urban settings and even space4-7. 

For years, the National Aeronautics and Space Administration (NASA) has investigated integrating various 
farming techniques into space applications, with hydroponics being the method of choice5, 8-11. NASA’s research 
looked at growing plants in microgravity environments as well as different ways to control environmental conditions 
to optimize space plant growth8-9. More recent endeavors led NASA to consider using a current commercial scale 
hydroponic farming company, Freight Farms, as the foundation for their future extraterrestrial farming needs. 

Freight Farms developed the Leafy Green Machine (LGM), a mobile hydroponic growing system built entirely 
inside of a shipping container with all the needed components for commercial food production12. The system’s 
stackable modular design allows for easy integration into any environment. Using an overhead drip irrigation system, 
the LGM grows a variety of lettuce, herbs, and hearty greens. A diagram of the LGM is detailed in Figure 1. The LGM 
was designed to provide ideal growing conditions for leafy green vegetables, such as lettuce, while being deployed in 
harsh environments and urban settings. Ideal conditions for lettuce are temperatures between 15.5°C – 18.3°C (60°F 
– 65°F), and a relative humidity range of 60% - 65%13. However, to be integrated into space, further optimizations 
and controls need to be developed. 

 
Figure 1.  Diagram of the Leafy Green Machine (LGM). 

For the LGM to be implemented into NASA’s extraterrestrial applications, the current open loop system must be 
converted into a closed loop system. The first step in converting an open loop system to closed loop system is to 
understand the electrical and thermal inputs and outputs of the system along with their relationships. The two main 
focuses of the LGM’s design improvements are to reduce energy consumption and thermal production. The LGM’s 
Heating, Ventilation, and Air Conditioning (HVAC) system is designed to maintain optimal growing conditions 
throughout the farm for the entire operational period. Operating daily, the current HVAC system requires a large 
portion of the LGM’s total energy consumption. Currently, the LGM’s thermal production prevents environmental 
conditions from being consistently optimal. To decrease the LGM’s thermal production, and to decrease the electrical 
energy consumption, heat sources within the farm need to be characterized and managed. 
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This study looks to characterize the major heat contributors within the LGM to determine how to better control 
the farm thermodynamically. A major heat contributor in the LGM are the light-emitting diodes (LEDs) used in the 
growing area. 

LEDs have grown to play a major role in controlled environment plant production and have been considered for 
extraterrestrial farming applications5, 14. LEDs are known for their energy efficiency15, making them optimal for long 
light periods in regards to power consumption. The LEDs in the LGM shine directly on the plants to provide the light 
energy needed for plant growth. LEDs’ efficiency, small volume, ease of operation and control, and the ability to 
optimize spectral output make LEDs the ideal light source for indoor and extra-terrestrial farming. Currently, the 
LGM’s LEDs run daily for eighteen hours and are switched off for the remaining six hours of the day. 

The LGM contains 128, two meter long, strips of LED ribbons. Qualitative observations demonstrate that the 
thermal contribution from the LED ribbons (and their associated power sources) have a detrimental effect on the 
LGM’s thermal conditions. The LEDs’ thermal efficiency has been identified as an opportunity for improvement. This 
paper looks to characterize the current LEDs used in the LGM thermodynamically, spectrally, and on a quantum scale. 
Understanding the LEDs’ performance and effects on the LGM’s environmental conditions will allow for a 
replacement to be selected with a reduced thermal impact on the LGM. 

III. Thermodynamic Characterization of LED Main Grow Lights 
The goals for Phase One of the LGM optimization project were to identify opportunities to reduce resource 

consumption, improve the cooling performance of the LGM, and improve the performance of the LED main grow 
lights. This paper focuses on the testing done to characterize the performance of the LED main grow lights. 

The LGM’s main grow lights are GroFlex Flexible LED strips made up of 84 SMD5050 LEDs, shown in  
Figure 2. The purpose of testing the LED main grow lights was to observe the time required for the LED main grow 
lights to reach a steady state temperature and return to room temperature and to determine the thermal energy generated 
during a growth cycle. This testing was performed in two parts. First, a thermocouple was attached to the LED main 
grow lights to capture a temperature profile as the lights were cycled on and off. Second, a strand of LED main grow 
lights and a DC power supply box were separately placed in a Styrofoam® container and powered on until a steady 
state temperature was reached. The second test provided data necessary to calculate the heat produced by the LED 
main grow lights and the LEDs’ DC power supplies required to power the LED lights during steady state conditions. 
The LED main grow lights require a DC power supply. One DC power supply can power eight strands of LED lights. 
Each LGM has 128 strands of LED main grow lights and therefore requires 16 DC power supplies. The power supplies 
were tested to ensure all the heat produced by the LED main grow lights system was identified. 

 
Figure 2.  LED main grow lights inside an LGM. 

A. Temperature Profile of Main LED Grow Lights 

This test was performed on the LED main grow lights to observe the steady state temperature, the time required to 
achieve the steady state temperature, the time required to return to ambient temperature. 

1. Methodology for Obtaining the Temperature Profile 

An OMEGA T-Type thermocouple (part # 5TC-TT-T-30-36) was used to measure the surface temperature of the 
LED main grow lights hanging in a room with a temperature of 23°C. The thermocouple was applied to the front of 



 
 

4 
International Conference on Environmental Systems 

 
 

the LED main grow lights, with the position available in Figure 3. The thermocouple provided a voltage to the National 
Instruments USB-6211 Data Acquisition System and LabVIEW software was used to interpret and record the data. 
The LED main grow light strand was powered on until a steady state temperature was reached. The LED strand 
remained at steady state for 15 minutes. Finally, the strand was powered off and data was collected while it cooled to 
room temperature. 

 
Figure 3.  T-type thermocouple applied to the main LED grow lights. 

2. Temperature Profile Results 

Figure 4 demonstrates that a steady state temperature of 44.5°C was achieved in 10 minutes. The LED strand 
remained at the steady state temperature for 15 minutes before the strand was powered off. After the LED main grow 
light strand was powered off, it took 15 minutes to return to the ambient room temperature of 23°C. 

 
Figure 4.  LED test results with a T-type thermocouple demonstrates a 44.5°C steady state temperature and 

returned to ambient conditions 15 minutes after the strand was powered off. 

Two time constants were calculated, to understand the LED main grow lights’ response to the power input and 
power loss. A system’s time constant is a representation of how quickly the system responds to a change. In this case, 
the time constant represents how the temperature of the LED main grow lights responds to a change in power. The 
time constants represent the time required to achieve 0.6321 of the step system change16, the power input in this case. 
The time constant of the LED main grow lights’ response to power input,𝜏𝜏𝑝𝑝 is 3:30 ± 0:30 (min:s). The time constant 
of the LED main grow lights reaction to a power loss, 𝜏𝜏𝑙𝑙, is 3:30 ± 0:45 (min:s). 

Thermocouple 

𝜏𝜏𝑝𝑝 

𝜏𝜏𝑙𝑙 

LEDs on Strip 
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Current growth cycles in the LGM last for 18 hours and the LED main grow lights remain on for the entire 18 hour 
period. The temperature profile of the LED main grow lights demonstrates that the lights respond quickly to power 
input or power loss. The response time (due to the power input) of 10 minutes and the corresponding time constant 
(related to the power input) of 3:30 demonstrate that the LED main grow lights respond quickly (when compared to 
the 18 hour (1080 minute) growth cycle period when power is applied. Additionally, the response time (due to a power 
loss) of 15 minutes and the time constant of 3:30 show that the LED main grow lights also responded quickly 
(compared to the entire growth period) when power is removed. The results from the temperature profile test 
demonstrate that cycling the LED main grow light strands inside the LGM could be a method of reducing thermal 
waste produced during a growing cycle. Cycling the lights would reduce the total number of lights on at one time, 
thus reducing the thermal waste produced. Experimentation needs to be performed to determine the amount and 
locations of the lights that can be cycled on and off without reducing the yields, this will be further explained in the 
future work section of this document. 

B. Heat Produced by Main LED Grow Lights 

The primary goal of this initial test on the main LED grow lights is to determine the heat generated during a 
growing cycle of the LED main grow lights. 

1. Methodology for Obtaining the Heat Produced by the LED Main Grow Lights 

One complete strand of LEDs was placed in an insulated Styrofoam® container. A T-type thermocouple was used 
to measure the ambient air temperature inside the cooler. The thermocouple hung freely from the top of the container 
to record the ambient air temperature. The thermocouple position used is shown in Figure 5. The strand was powered 
on until the thermocouple recording the ambient air temperature reached a steady state value. 

a)  b)  

Figure 5.  Heat produced by a single strand of LED lights a) outside of container prior to testing with the tail of 
the LED strand shown, and b) thermocouple exposed inside the container. 

The following assumptions were made to calculate the heat generated by the LED main grow lights and their DC 
power supplies. First, the Styrofoam© box used was not a perfect insulator, therefore heat generated by the LEDs 
could flow through the walls of the container. Second, for this test, the light output of the strip of LEDs was assumed 
to be constant. 

Using equations 1 and 2, and the assumption that the box was not a perfect insulator, calculations were performed 
to determine the total heat produced by a single LED strand. 

 𝑚𝑚𝐶𝐶𝑝𝑝
𝑑𝑑𝑇𝑇𝑆𝑆𝑆𝑆
𝑑𝑑𝑆𝑆

+ 𝑅𝑅𝑅𝑅(𝑇𝑇𝑆𝑆𝑆𝑆 − 𝑇𝑇∞) = 𝑄𝑄𝑠𝑠𝑠𝑠 (1) 

where 𝑄𝑄𝑆𝑆𝑆𝑆 is the steady state heat production, 𝑚𝑚 represents the mass of the air inside the container, 𝐶𝐶𝑝𝑝 represents the 
specific heat of air at constant pressure, 𝑑𝑑𝑇𝑇𝑆𝑆𝑆𝑆

𝑑𝑑𝑆𝑆
 is the temperature change with respect to time, R is the thermal resistance 

of the cooler, 𝑅𝑅 is the total surface area of the internal walls of the container, and 𝑇𝑇𝑆𝑆𝑆𝑆 is the observed steady state 
temperature of the air inside the container. At steady state, the air temperature in the box is no longer changing. Thus, 
equation 1 simplifies to equation 2. 

Exposed 
thermocouple 

Tail end of LED 
main grow lights 
emerging from the 
Styrofoam® 
container 
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 𝑄𝑄𝑠𝑠𝑠𝑠 = 𝑅𝑅𝑅𝑅(𝑇𝑇𝑆𝑆𝑆𝑆 − 𝑇𝑇∞) (2) 

There is a total of 128 LED strips in an LGM and every 8 strips require a 30 VDC power source. The heat produced 
from one power source was determined using the same method described above. The power source was placed in the 
Styrofoam® container, and a thermocouple measured the ambient air temperature in the container as the temperature 
increased until steady state. The results of the power box test were then calculated using equation 2 evaluated at the 
steady state temperature of the power source, 𝑇𝑇𝑃𝑃𝑃𝑃. 

2. Heat Production Results of the LED Main Grow Lights 

a)  b)  

Figure 6.  Temperature profile of ambient air inside the Styrofoam® container a) LED main grow lights test (𝑻𝑻𝑳𝑳𝑳𝑳𝑳𝑳), 
and b) the power source test (𝑻𝑻𝑷𝑷𝑷𝑷). 

Table 1.  Properties used in the evaluation of equation 2. 

Property Variable Value  Units 

Steady state air temperature in the container for 
the LED test from Figure 6 a 𝑇𝑇𝐿𝐿𝐿𝐿𝐿𝐿 338 𝐾𝐾 

Steady state air temperature in the container for 
the power source test from Figure 6 b 𝑇𝑇𝑃𝑃𝑆𝑆 318 K 

Ambient air temperature in the lab 𝑇𝑇∞ 296 𝐾𝐾 

Thermal resistance of the cooler 𝑅𝑅 1.45 
𝑊𝑊

𝑚𝑚2 ∙ 𝐾𝐾
 

Surface area of the cooler 𝑅𝑅 0.4877 𝑚𝑚2 

The steady state temperature results shown in Figure 6 and the properties shown in Table 1 provide the information 
required to determine the heat produced by the LED main grow lights and the power sources. The heat produced by 
the LGM’s LED main grow lights, 𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿, is shown below in equation 3. 

 𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿 = 1.45 � 𝑊𝑊

𝑚𝑚2∙𝐾𝐾
� 0.4877[𝑚𝑚2](338 − 296)[𝐾𝐾] = 29.70 � 𝑊𝑊

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
� × 128 �𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠

𝐹𝐹𝑆𝑆𝑆𝑆𝑚𝑚
� = 3.801 � 𝑘𝑘𝑊𝑊

𝐹𝐹𝑆𝑆𝑆𝑆𝑚𝑚
� (3) 

The heat produced by the LEDs’ power sources, 𝑄𝑄𝑃𝑃𝑆𝑆, is available in equation 4. 

 𝑄𝑄𝑃𝑃𝑆𝑆 = 1.45 � 𝑊𝑊

𝑚𝑚2∙𝐾𝐾
� 0.4877[𝑚𝑚2](318 − 296)[𝐾𝐾] = 15.56 � 𝑊𝑊

8 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠
� × 128 �𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠

𝐹𝐹𝑆𝑆𝑆𝑆𝑚𝑚
� = 248.96 � 𝑊𝑊

𝐹𝐹𝑆𝑆𝑆𝑆𝑚𝑚
� (4) 
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Equation 5 sums the heat produced by the LED main grow lights, 𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿, and the heat produced by the LEDs’ power 
sources, 𝑄𝑄𝑃𝑃𝑆𝑆, to provide the total heat produced by the LED main grow lights system, 𝑄𝑄𝑆𝑆𝑦𝑦𝑠𝑠𝑆𝑆𝑠𝑠𝑚𝑚. 

 𝑄𝑄𝑆𝑆𝑦𝑦𝑠𝑠𝑆𝑆𝑠𝑠𝑚𝑚 = 3.801 � 𝑘𝑘𝑊𝑊

𝐹𝐹𝑆𝑆𝑆𝑆𝑚𝑚
� + 0.24896 � 𝑘𝑘𝑊𝑊

𝐹𝐹𝑆𝑆𝑆𝑆𝑚𝑚
� = 4.05 � 𝑘𝑘𝑊𝑊

𝐹𝐹𝑆𝑆𝑆𝑆𝑚𝑚
� (5) 

Equation 6 reveals that the total heat produced in the LGM during steady state of a growing period is 4.05 � 𝑘𝑘𝑊𝑊
𝐹𝐹𝐹𝐹𝐹𝐹𝑆𝑆

�. 
The Daikin HVAC unit used for the LGM is rated for a cooling capacity of 6.21 𝑘𝑘𝑊𝑊 and a can handle a maximum 
cooling capacity of 7.03 𝑘𝑘𝑊𝑊17. While the 4.05 𝑘𝑘𝑊𝑊 produced by the LED main grow lighting system in the farm is not 
above the rated or maximum capacity, it is still 65% of the rated cooling capacity and 58% of the maximum capacity. 
The results from the heat production testing reveal that more efficient grow light should be used to reduce the amount 
of thermal waste, and improve the HVAC unit’s performance. 

To be used in a space application, the LGM must reduce the amount of energy being produced the LED main 
grown lights. Additionally, the HVAC system does not efficiently cool the LGM, and a more targeted cooling system 
should be designed to reduce waste. This testing has identified two major areas that require re-design so that the LGM 
can be made into a closed loop system capable of growing leafy green vegetables in space. 

IV. Spectral and Quantum Characterization of LEDs 
The LED lights used in the grow area of the LGM are responsible for a large amount of the heat generated within 

the LGM. This heat generation then contributes to the electrical load and increases the cooling load within the LGM. 
The main purpose of the LEDs in the growing area is to provide light for production of leafy green vegetables. Spectral 
emittance is the wavelengths of light that the plants absorb. Light intensity is a measurement of the number of moles 
of photons provided to the plants. Spectroradiometer and quantum sensor testing were conducted on the main LED 
grow lights to investigate how the heat generation of the LEDs can be reduced without compromising the daily light 
integral and spectral emittance from the LEDs to ensure continued optimal plant growth. 

A. Spectroradiometer Testing 

The goal of the spectroradiometer test was to quantify the spectral radiance of the LEDs and verify it matched the 
manufacturer’s documented spectral radiance. The documented spectral output of the GroFlex LEDs is 450nm, 
625nm, 660nm, 525nm, and 730nm18. 

1. Test Set-Up 

Using an AsenseTEK Essence spectroradiometer, the LED lights’ spectral emittance was measured. A strip of 8 
LED ribbons was mounted in a similar configuration as in the actual LGM (as seen in Figure 7). Spectral readings 
were taken 0.15 meters (6 inches) from the LEDs. Three locations were measured 0.5, 1.0, and 1.5 meters (20, 40, 60 
inches) down from the top of the LED ribbon at the center of all 8 LED strips. Readings were taken once the lights 
were turned on and every 1 hour interval after that for a 5-hour period to evaluate the performance of the LEDs over 
time. The lab the LED main grow lights was tested in was bright with white walls and a white floor, this was considered 
as a possible source of error for the test, however, as no other dominant colors were present it was assumed to be 
negligible. 
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Figure 7.  LED main grow lights testing configuration. 

2. Test Results 

The LED lights are documented to have several spectrums emitting, including 450nm (Blue), 525nm (Green), 
625nm (Red), 660nm (Red), and 730nm (Far-Red). This combination of red and blue lights provides the spectral 
emittance required for plant production. Figure 7 shows the results for the testing location 1.5 meters (60 inches) down 
the LED strip after 0, 3, and 5 hours of operation. Figure 8 shows the LEDs emitted the documented green wavelength 
of 525nm. The magnitude of the 525nm peak is low indicating and imbalance of intensity of the light spectrums 
emitted by the LEDs that is undocumented in the GroFlex LED specifications.  

 
Figure 8.  Spectral emittance for testing 1.5 meters (60 inches) down the LED strip after (a) 0 (startup), (b) 3, and 

(c) 5 hours of operation. 

Figure 8 demonstrates that over the five hour testing period, the spectral emittance of the LED lights remained 
consistent. Thus, indicating the spectral radiance of the LEDs does not shift as the LEDs’ temperature increases. The 
remaining locations tested produced similar results, indicating the LEDs do have a spectral emittance in the red and 
blue regions noted in the manufacturer’s documentation. Consistent spectral emittance from the LEDs over the five 
hour testing period indicates that the LEDs perform as the manufacture’s documentation states, even at increased 
temperatures. 

B. Quantum Sensor Testing 

The goal of the quantum sensor test was to quantify the light intensity of the LEDs under different light cycles. 
This test characterized the moles of photons per day, or daily light integral, from the current LED lights in three 
different locations along the LED grow strip over a three hour period. The results of this test provide data to calculate 
the light intensities for new LED cycles that can decrease the energy consumption and heat generation of the LGM. 
The suggested range of light intensity that lettuce needs to grow optimally without flowering (which ruins the 
vegetable for human consumption) is 150-180 μmol/m2/day19. 
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1. Test Set-Up 

The LED lights’ light intensity was characterized by using a LI-COR LI-1500 Quantum Sensor. A strip of 8 LED 
ribbons was positioned to replicate its configuration in the LGM, as seen in Figure 7, and quantum readings were 
taken 6 inches from the LED in 9 locations over the course of 3 hours. The locations tested were: 

• Location 1.1, 1.2, and 1.3 corresponding to 0.5, 1.0, and 1.5 meters down from the top of a front facing LED 
ribbon 

• Location 2.1, 2.2, and 2.3 corresponding to 0.5, 1.0, and 1.5 meters (20, 40, 60 inches) inches down from the 
top in between a front and back facing LED ribbon 

• Location 3.1, 3.2, and 3.3 corresponding to 0.5, 1.0, and 1.5 meters (20, 40, 60 inches) down from the top of a 
back facing LED ribbon. 

Figure 9 illustrates a front facing strip with test locations indicated as 1.1, 1.2, and 1.3, in between a front and back 
facing strip with test locations indicated as 2.1, 2.2, and 2.3, and a back facing strip with test locations indicated as 
3.1, 3.2, and 3.3. The LED lights in the LGM are placed in between two rows of plants and rotating the direction of 
adjacent LEDs 180° ensures plants on each side receive adequate light. Testing the light intensity of the LEDs in this 
manner ensured the test set up closely replicated the LGM’s main grow area. Readings from the front facing strip, 
back facing strip, and in between the front and back facing strips were measured and averaged to get an overall light 
intensity reading within the LGM. 

 
Figure 9.  Quantum Sensor Test Locations: (1.1) front facing strip 0.5 meters down from the top, (1.2) front facing 

strip 1.0 meters down from the top, (1.3) front facing strip 1.5 meters down from the top, (2.1) in between a front and 
back facing strip 0.5 meters down from the top, (2.2) in between a front and back facing strip 1.0 meters down from 
the top, (2.3) in between a front and back facing strip 1.5 meters down from the top, (3.1) back facing strip 0.5 meters 
down from the top, (3.2) back facing strip 1.0 meters down from the top,  and (3.3) back facing strip 1.5 meters down 
from the top. 

2. Test Results 

Table 2 lists the light intensity readings for all three locations from zero hours (startup of operation), to three hours 
of operation. Average readings ranged from 2.38 to 3.86 mol/m2day. The resulting numbers equated to an average of 
36.75 to 59.50 μmol/m2s and were low in comparison to Freight Farms’ readings of 100-130μmol/m2s. 

Table 2.  Quantum Sensor Test Locations indicating (1) front facing strip, (2) in between a front and back facing 
strip, and (3) a back facing strip 0.5, 1.0, and 1.5 meters (20, 40, 60 inches) from the top. 

Location 

0hrs 
(startup) 

(mol/m
2
day) 

 
1hr 

(mol/m
2
day) 

 
2hrs 

(mol/m
2
day) 

 
3hrs 

(mol/m
2
day) 

1 (front) 2.383 3.640 3.720 3.856 
2 (middle) 2.382 3.167 2.907 2.968 
3 (back) 2.416 2.784 2.655 2.764 

The resulting low light intensities were assumed to be due to having a smaller number of LED grow strips in 
comparison to the actual LGM. The test was conducted over 8 LED strips, while an LGM has 128 LED light strips. 
Over the 3 hour period, the light intensity remained consistent in all three locations, suggesting the intensity of the 
lights is stable over time. 
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The light intensity results from Table 2 allow for potential light cycles that reduce heat generation to be calculated. 
Table 3 lists the proposed cycles, the minimum and maximum light intensities, and the heat generation for each cycle. 

Table 3.  LED Heat Generation and Daily Light Intensity Base on Lighting Cycle. 

Light Cycle 
(hours on/hours off) 

Min Intensity 
(mol/m2day) 

Max Intensity 
(mol/m2day) 

Heat Generation 
(kWh) 

Heat 
Generation 

Decrease (%) 
18/6 (current) 6.48 8.424 68.42 0 

*17/7 6.12 7.956 64.62 5.55 
*16/8 5.76 7.488 60.82 11.11 
*15/9 5.40 7.020 57.02 16.66 

*14/10 5.04 6.552 53.22 22.21 
13/11 4.68 6.084 49.42 27.77 
12/12 4.32 5.616 45.62 33.32 

*Denotes potential light cycles for LEDs 
Table 3 reveals that the current maximum light intensity is 8.424 mol/m2day, less than the ideal light intensity for 

lettuce. Of the alternative light cycles presented in Table 3, only 4 cycles have maximum light intensities that are 
greater than the current minimum light intensity of 6.48 mol/m2day. These 4 cycles have been labeled as potential 
cycle options to be used to reduce thermal energy generation and electrical energy consumption. However, reduced 
integrated light levels could lead to smaller crop yields. Future investigation is needed to determine if the reduction in 
energy consumption and thermal energy generation is worth the tradeoff of smaller crop yields. 

Changing the light cycle to 17 hours on and 7 hours off decreases the heat generation while remaining close to the 
current light intensity measurements. Cycling the lights from 14 to 17 hours on demonstrates potential light cycles 
that decrease heat generation up to 22% but with reduced integrated light levels. 

V. Sensor Network: Heat Measurement 
While the previous experiments focused on characterizing the heat generated from the LEDs, this part of the 

research describes a sensor network that can simultaneously measure the temperature, relative humidity, and air 
velocity from four individual locations inside the LGM. The sensor network was designed, fabricated, and placed 
inside an LGM located at the Freight Farms headquarters in Boston, MA. The purpose of the sensor network is to 
observe the environmental conditions inside the LGM during operation. These observations can be used to verify 
simulated models of the LGM. 

A. LGM Sensor Network Configuration 

The sensor network is designed to collect temperature, relative humidity, and air velocity measurements from four 
locations in the LGM simultaneously. There are four sensor clusters, each sensor cluster consists of three individual 
sensors – an air velocity sensor, a thermocouple, and a relative humidity sensor. Each of these sensor clusters has been 
color-coded (Red, Blue, White, and Yellow) to keep track of the data collected from each cluster. These sensors are 
connected to a Data Acquisition System which is connected to an onsite laptop computer. A diagram showing the 
connection points for one cluster of sensors is shown in Figure 10, and an image of the physical sensors is available 
in Figure 11. 

 
Figure 10.  Diagram of the sensor setup inside the LGM. 
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a)  b)  

Figure 11.  LGM sensor network, a) overall view of sensor setup and clusters, and b) setup of the blue sensor 
cluster inside the LGM. 

The heat generated from the LEDs inside the LGM is offset by using a split air conditioning unit located at one 
end of the LGM. The cool air from the air conditioning unit is blown towards the LED strips by four inline fans. Two 
of these fans are located on the ceiling and the other two are located on the floor, directly below the fans on the ceiling.  

In the initial stages of this study, the four sensors clusters were placed in the growing aisle located on the work 
area side of the LGM. The sensor clusters were evenly spaced throughout the grow aisle. Figure 12 provides a top 
view of the LGM that identifies the location of each sensor cluster. This setup ensured four different sets of readings 
were taken.  

Testing was performed at 0.91 m (36 in), 1.45 m (57 in) from the ceiling, and 1.98 m (78 in) from the ceiling for 
a total of three locations of data collection per cluster. At each of the locations two, two hour, tests were performed, 
one for the beginning of a growth period and one for the end of a growth period. The target testing conditions for the 
beginning period was thirty minutes of data prior to the LED main grow lights turning on and ninety minutes of data 
after the lights turned on. The target testing conditions for the end of a growth period was thirty minutes of data with 
the lights turned on (the last 30 minutes of an 18-hour growing cycle) and ninety minutes of data after the lights turned 
off. This provided a total of six tests. 

After the first six tests were performed in the first grow aisle, the sensors were moved to the center aisle of the 
LGM, and the six tests were repeated using the same horizontal spacing and heights. Finally, after the six tests in the 
center aisle were finished, the sensor clusters were positioned in the grow aisle without the work bench, and the six 
tests were completed, again using the same horizontal spacing and heights for a total of eighteen tests. The sensor 
locations were chosen to satisfy the goal of understanding the atmosphere in the LGM and the effectiveness of the 
current HVAC system design. 

 

Figure 12.  Diagram of the sensor system layout inside the LGM. The square represents the white cluster. The 
oval represents the blue cluster. The star represents the yellow cluster. The diamond represents the red cluster. 
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The first test conducted with the sensor network was the transition time from the dormant period to the growth 
period, in the sensor configuration shown in Figure 12, and at 0.91m (36 in) from the ceiling. A two hour test was 
performed starting at 3:37 pm. The growth period, when the LED main grow lights were powered on, started at 4:00 
pm. Data was collected until 5:30 pm for a total of 1 hr 53 minutes of data (23 minutes of dormant data and 1:30 of 
growth data). The data from the first test is available in Figure 13. 

B. LGM Sensor Network Test Results 

During the first 18 minutes of the test, the sensors recorded the conditions of the LGM while the LED main grow 
lights remained off. The air conditioning unit was active during the first 17 minutes and thus temperatures displayed 
in Figure 13 remained steady at 15°C (ideal growing conditions for lettuce are temperatures between 15.5°C – 18.3°C 
(60°F – 65°F)13). At t = 18 minutes, when the LED lights turned on, the temperatures steadily increased until the air 
conditioning unit turned on at t = 48 minutes when the white temperature decreased and the red, yellow, and blue 
temperatures remained constant. 

 
Figure 13.  Data collected from the sensor network in an LGM at Freight Farms headquarters in Boston, MA. 

Prior to the LED lights activating, the relative humidity remained steady between 55% and 60%. After the LED 
main grow lights turned on, the relative humidity levels in the farm increased until a maximum limit of 70% was 
reached. The 70% relative humidity value caused the dehumidifier to activate (dehumidifier status tracking not 
available for tracking at the time of this test) and to reduce the maximum relative humidity to 60%. The dehumidifier 
then turned off, causing the relative humidity to increase to 70% and to reactivate the dehumidifier. This cycle occurs 
because the dehumidifier operates when 70% relative humidity is measured in the LGM and until it has reduced the 
relative humidity value to 60%. This operating cycle was created to keep the LGM’s crops in the ideal relative 
humidity range for that of lettuce, 60%-65%. Note, the sensor measurements in Figure 13 do not activate the equipment 
in the LGM. The LGM has one temperature sensor and one relative humidity sensor, both are located at the front of 
the LGM near the HVAC unit. 

All the fans in the LGM were operating at a constant setting during the test. The air velocity data in Figure 13 
remains constant throughout the testing period, as expected because of the fans constant setting. 

The white sensor, closest to the front of the LGM, received the most air flow. The fans are located at the beginning 
of the growing aisle (refer to Figure 12Figure 10) and are closest to the white sensor cluster. Thus, it was expected 
that the white sensor receives the most air flow. Also, the red sensor cluster received the lowest amount of air flow. 
This was not surprising as the red cluster is in the back of the LGM, furthest away from the fans. The blue and yellow 
clusters measured air velocities between the red and white sensors clusters. However, more investigation is needed to 
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determine why the yellow cluster recorded higher air flow than the blue cluster, as the blue cluster should have received 
higher air flows as it was closer to the front of the LGM and the fans. 

The results from the test presented in Figure 13 and the additional seventeen tests from the other locations and 
times provide a detailed set of observations of the environment inside the LGM. These observations can be used to 
validate future simulated models of the LGM, by comparing the simulated results to the observed results. The 
simulation model can then be used to model and evaluate the performance of new components that will make the 
LGM a closed loop system capable of operating in space. 

VI. Conclusions 
Testing for the temperature profile of the LED main grow lights demonstrates that there is an opportunity to cycle 

certain main grow light strands that are powered on inside the LGM to reduce the thermal waste. The short response 
time and small time constants reveal that select LED strands could be powered on while others remain off. After a 
period of 15 minutes, the lights would reverse (those powered on would turn off, and those without power would turn 
on). This would allow the lights to return to room temperature before being powered on again, thus reducing the total 
number of LED strands on at a time and reducing the time the illuminated strands remain at steady state temperature. 
Additional testing is required to determine if the lights are cycled during the 18 hour growth periods, that the plants 
still receive enough light to produce effective yields. 

The thermal waste produced by the LED main grow lights demonstrates that these LED lights are an opportunity 
to reduce the LGM’s resource consumption. The heat produced by the LED main grow lights consumes 65% of the 
rated cooling capacity and 58% of the maximum capacity of the current Daikin air-conditioning unit. When the outside 
temperature is above 30°C, the thermal waste produced by the LED main grow lights increases the difficulty of keeping 
the LGM within the optimal 15.5°C-18.3°C for leafy green vegetables. This results in increased operation of the HVAC 
unit and more resource consumption. More efficient LED main grow lights will reduce the operating time of the 
HVAC unit and therefore reduce the electrical resource consumption. 

An additional area of improvement would be designing a more targeted HVAC solution to provide airflow directly 
across the growing area. The newly designed HVAC system could reduce the steady state temperature of the lights 
and therefore reduce the thermal waste of the LED main grow lights. Additional research is required to investigate an 
alternative HVAC unit that would more precisely condition the environment inside the LGM. 

The spectral radiance emitted from the lights is in range with the documented parameters suggesting that the LEDs 
do in fact emit a spectrum with of red and blue wavelengths. For the quantum characterization of the LEDs, one 
assumption made was that the daily light integral is based on photoperiod. Light cycles of 14 to 17 hours reduce the 
amount of heat generated by the LEDs but also reduce the daily light integral. 

The sensor clusters inside the LGM documented the environmental conditions inside the LGM during operation. 
These observations will serve as the basis for generating future simulated models of the LGM. The data collected from 
the sensor network can be used to verify the accuracy of the simulated LGM. 

This work identifies systems in the LGM that must be made more efficient for the LGM to be adapted for space 
exploration. The need for a more efficient and more intense light source is highlighted. Also, a higher capacity and 
more targeted HVAC system is required to keep the environmental conditions constant in the LGM. The work 
presented in this paper presents the major areas that need to be redesigned for LGM to be made into a closed loop 
system. Future work will identify other ways to identify waste and propose methods of improving the LGM so that it 
can be adopted for space exploration. 

VII. Future Work 
An extension of the current work, that is currently underway, is recreating the environmental conditions inside the 

LGM using a fluid simulation package. This modeling is being done using a SolidWorks Flow Simulation package. 
Once the model has been verified, it can then be used to better understand the impact of different factors on the LGM’s 
environment and will help in improving the design of the current LGM to improve its efficiency by reducing resource 
consumption. The simulated model will reduce the amount of resources and capital required to evaluate future design 
components of the LGM. 

Future testing is needed to determine if it is possible to cycle the LED main grow lights for less time than the 
current schedule of 18 hours of growth and 6 hours of rest. Reducing the number of times the lights are on will decrease 
the electrical energy consumed and decrease the amount of thermal energy generated by the LEDs. At this point, it is 
unknown how a shorter growth period will affect the crop yields and therefore testing of different lighting cycles is 
needed. This is one method that is being investigated to reduce the energy consumption and thermal waste of the 
LGM, thus making it a better candidate for use in space exploration. 
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A complete analysis of the LGM’s electrical energy consumption is being done to identify additional systems and 
components that can be optimized. The goal of Phase I of this project was to identify opportunities to reduce the 
resource consumption of the LGM. This paper demonstrated that the LED main grow lights system and the HVAC 
system can be improved to reduce energy consumption. 

The results of this work will be used in Phase II of this project. Phase II of the Freight Farms NASA STTR T6.04 
Grant, starting in the fall of 2017, will consist of designing a new LGM with the goal of creating a closed loop 
hydroponic farm capable of use in space. 
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