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Abstract

:

A tunable LED panel with multiple types of LEDs on a panel can provide various spectra for optimal plant growth. However, it is difficult for a lighting panel with multiple types of high-power LEDs to achieve uniform lighting. We demonstrated that by using optical reflectors at the sides of an LED panel to trap photons of LED arrays or using both the above-mentioned reflectors and optical lenses on each LED, high lighting uniformity can be achieved at a short distance to plants. The ray tracing simulation results show that the LED panel equipped with reflectors and optical lenses can achieve a high uniformity of >0.80 when the LED-plant distance is at half of the LED array’s pitch. We further verified that an LED panel (at a size of 88 cm × 54 cm) installed with reflectors can achieve light uniformities around 0.90 at a 15 cm LED-plant distance for the 6 types of LEDs (4 color LEDs and 2 white LEDs) on the panel. Compared with a branded tunable LED panel, our LED panel saves >25 cm vertical distance for each tier of plants and has 92.5% higher photon efficacy for 660 nm LEDs that exist on both panels.
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1. Introduction


LED has been regarded as a promising lighting source for agriculture due to its higher lighting efficiency than other types of lamps such as fluorescent or high-pressure sodium lamps [1,2,3]. It is reported that different LED wavelengths will affect growth speed, morphology, and taste of crops [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19]. Furthermore, using a lighting recipe with optimal lighting conditions avoids over-supply of lighting, reduces LED generated heat, accelerates plant growth, and thus can save energy up to 40% through an on-demand lighting system that controls both lighting amount and lighting spectrum for indoor farming [20,21,22,23].



Smart tunable LED lighting systems are typically tuned using pulse-width modulation (PWM) via the control of LED driver with control software and algorithms [24,25,26,27]. In the market, there are some tunable LED products with four to nine different types of LEDs with different nominal wavelengths or different white LED color temperatures, such as DYNA from Heliospectra, PHYTOFY® RL from Osram, DRAGON ALPHA from Scynce LED, and LED Spectra SMART from AgroLED, etc. These LED products allow users to tune the optical spectrum with lighting recipes for plant growth. High-power LEDs (1 to 3 W per LED) are used in these panels for higher photon efficacy (i.e., the ratio of photons generated to electricity consumption) compared with mid-power LEDs (0.25 to 0.5 W per LED) or low-power LEDs (0.05 to 0.1 W per LED). High-power LEDs reduce the number of LEDs required in each panel for the same photon flux density (PFD), but impose difficulties in achieving uniform lighting on plants, especially for high-density urban indoor farming where space is precious and the optimal height in each tier of a vertical plant factory is just 40 cm [28]. Recently, Sheibani et al., demonstrated that energy efficiency for lettuce growth at a 15 cm LED-canopy distance is 2.1-fold that of at 45 cm LED-canopy distance [29]. The LED light source is desired to be located at a short distance to plants within 10 to 20 cm, with uniformity (i.e., the ratio of the minimum to the average PFD on the illuminated area) ≥0.7 [1].



Uniform lighting is a challenging issue in indoor farming. An example is shown in Figure S1 for Osram PHYTOFY® RL LED panel. Osram PHYTOFY® panel has six types of LEDs at 385 nm, 450 nm, 521 nm, 660 nm, 730 nm, and white 2700 K, with photon fluxes of 53, 252, 96, 245, 114, and 215  μ mol/s, respectively. We compare our study with Osram PHYTOFY® panel because it is a state-of-the-art tunable LED panel broadly used by different research entities for lighting recipe developments including Michigan State University, National Aeronautics and Space Administration (NASA), University of Arizona, University of Copenhagen, etc. [30,31,32,33]. Furthermore, we also purchased and characterized Osram PHYTOFY® panel in our laboratory. Ray tracing simulations indicate that a 48 cm × 48 cm sized LED panel with red LEDs arranged according to the Osram PHYTOFY® panel only has a light uniformity of 0.31 in a 48 cm × 48 cm illuminated area (in a plane representing the canopy of the plants) at 15 cm below the LEDs. At a distance of 40 cm from LEDs to plants, the light uniformity is increased to 0.53 (in Supplementary Materials Figure S1). To fulfill the required uniformity, a distance of >40 cm to plants is suggested in the datasheet of Osram PHYTOFY® panel. The datasheets for DYNA and DRAGON ALPHA also specified a minimum LED-plant distance of 50 cm and 60 cm, respectively. Because the uniformities of LED panels vary by the LED-plant distance, they are not specified in their datasheets.



High PFD can burn or kill the plants, low PFD will lead to plant growth retardation, cryptogam, or death of plants, while non-uniform lighting will result in different sizes, weights, and shapes of plants. Uniform lighting for LED luminaires has been an issue investigated by various research papers, it can be solved either by diffusers, array constructions of LEDs, reflectors, optical lenses, or a combination of reflectors and lenses. Villard et al., positioned multiple LEDs to illuminate the surface of a light diffuser, and the aggregated light from the diffuser will have uniform lighting [34]. Diffusers are effective in civil lighting for human comfort, but for grow lights, diffusers redirect photons in all directions and lose LED photons for plant growth. Array constructions of LEDs can improve the uniformity of lighting, but it is not able to achieve high uniformity and cannot avoid the side effect (the PFD at the sides is lower than other areas) of the LED array [35,36,37,38]. Reflectors are commonly used to redistribute photons for uniform lighting, such as a parabolic reflector on each LED [39], a reflector hood with a plurality of reflective flutes for an LED blub [40] or reflectors with a tilt angle along the sides of an LED lamp or LED panel [41]. However, References [39,40,41] are patents with no simulation or experimental results reported on the uniformity achieved. Using optical lenses for each LED is a feasible method for improving the uniform lighting for indoor farms, and the lenses can be molded on a single plastic plate as a cover of the LED panel or LED tube. Qin et al., used an LED array and a freeform lens on each LED to produce a large beam angle; however, this method only generates uniformity of 0.92 on an illuminated area much smaller than the size of the LED array [42]. Adams et al., used a lens array (with one lens on each LED) to increase uniformity of the illuminated area [43] and built a 44.5        ′ ′   × 8        ′ ′    (113.03 cm × 20.32 cm) commercially available LED panel, which achieved a uniformity of 0.91 at 30        ′ ′    (76.2 cm) from the LED panel to plants in greenhouse, on an illuminated area of 5        ′ ′   × 3.5        ′ ′    (152.4 cm × 106.68 cm). Nevertheless, the distance of 76.2 cm is too high for indoor farming. Auyeung et al., designed a more complicated three-part lens for uniform lighting [44], and Yorio et al., not only used lenses to expand the beam angle of the LEDs but also installed the LEDs on curved fixtures to further unify the light [45]. References [44,45] are also patents with no detailed results presented. Combinations of reflectors and lenses are commonly used for single LED lamps [46,47] but are not reported to an LED panel level for light uniformity in indoor farming yet.



In this study, we propose a method of uniform lighting for LED panels at a short distance (<15 cm) to plants, by first arranging different types of LEDs in array format and then using light reflectors to eliminate the side effects of LED lighting, or using both the aforementioned reflectors and optical lenses (one lens per LED) to widen the beam angle of each LED. Through ray tracing simulation, we found out that, for an illuminated area having the same size as an LED panel, when the distance from LEDs to plants is about half the pitch of the LED array, >0.80 uniformity can be achieved for an LED panel with multiple types of LEDs. In experiments, we built a PFD tunable LED panel (at a size of 88 cm × 54 cm) with six types of LEDs (LEDs at nominal wavelengths of 425, 490, 595, 660 nm and two white LEDs at 3000 K and 5700 K color temperatures) and characterized the panel with a home-built optical spectral-based photon characterization stage. We demonstrated that by using the optical reflectors alone, the light uniformities for all six types of LEDs can reach 0.9 for LEDs at 15 cm to plants, which highly match the uniformities in simulations. Furthermore, by power meter measurement and photon flux characterization, we demonstrated that our LED panel has 92.5% higher photon efficacy for 660 nm LEDs (commonly exist on our LED panel and Osram PHYTOFY® panel) at 15 cm to plants than that of Osram PHYTOFY® panel at 40.6 cm distance to plants, which means our LED panel saves 92.5% of energy on plant growth for 660 nm LEDs.



The novelty of our work lies in the fact that the method we proposed can be used to design high uniformity (at 0.9) and high photon efficacy LED panels for high density (i.e., the distances between each tier of plants are short) indoor farming, which contributes to the energy-saving and space-saving of indoor farming.




2. Methods and Designs


2.1. Our Solution for Uniform LED Lighting


Uniform lighting of a multiple wavelength LED panel is achieved, as presented in Figure 1:




	
LEDs are arranged on an LED panel as an array of units, with each unit consisting of at least one LED or multiple LEDs at different wavelengths.



	
Reflectors with 100% reflectance (i.e., mirrors) are placed vertically at half of the LED array pitch to the nearest LEDs. The reflectors eliminate the loss of photons escaping from the sides of the panel and avoid non-uniformity lighting.



	
A dome lens is attached to each LED. The dome lens is formed by an outer hemisphere transparent material and an internal semi-ellipsoidal cavity. The dome lens widens the beam angle of each LED.








To investigate the feasibility of the method, we first simulated the uniform lighting of an LED panel with only reflectors, and then we designed a lens and simulated the uniformities achievable for different LED arrays with both reflectors and lenses, taking a 48 cm × 48 cm LED panel as an example. Based on the concept verification by simulations, we built a tunable LED panel including 6 types of LEDs in the size of 88 cm × 54 cm, characterized its lighting uniformity for each type of LED when the LED panel is installed with 15 cm mirrors, and compared the photon efficacy of our LED panel with that of the Osram PHYTOFY® panel.



We simulated a simple case of 4 Luminus deep red SST-10-DR LEDs (at a 120° beam angle) arranged on a 24 cm × 24 cm LED panel (Figure S2 in Supplementary Materials), to evaluate the effectiveness of uniformity improvement by reflectors. Ray tracing software FRED Optimum was used to trace 5 million rays in each LED based on its corresponding beam profile. For simulations, the grid of pixels is 481 × 481 across the full X and Y aperture of the analysis plane. Analysis surface at a size of 24 cm × 24 cm (i.e., the illuminated area) was placed 15 cm below the LED panel. The simulated irradiance (radiant flux received by a surface per unit area) was smoothed 3 times over the analysis surface, and then the average irradiance was extrapolated by averaging the irradiance of grid points on the analysis surface, and the uniformity was calculated as the ratio of the minimum irradiance to the average irradiance on the illuminated area. It was found that 15 cm high reflectors, with theoretically 100% reflectance property at the sides of the LED panel, can improve the uniformity within the illuminated area from 0.46 to 0.89 and triple the average irradiance.



The unit of the FRED simulation results is W/m       2   due to the fact that the LEDs we simulated only provided the beam profile in the watt unit. The unit between W/m       2   and PFD is interchangeable by    E p  =   10 6   ∫   λ  m i n     λ  m a x    λ  E e   ( λ )   d λ  /  h c  N A    , where   E p   is the PFD expressed in µmol/m       2  /s,   λ  m i n    and   λ  m a x    are the lowest wavelength and highest wavelength of the LED spectrum,    E e   ( λ )    is the spectral irradiance measured in W/m       2  /nm at wavelength  λ , h is the Planck constant, c is the speed of light, and   N A   is the Avogadro constant [48]. For a specific type of LED, the related   E p   and   E e   have a fixed ratio. Therefore, the light uniformity is not affected by the expression of W/m       2   or  μ mol/m       2  /s.



We designed a lens to widen the beam of each LED effectively. The lens was designed with FRED 21.42.0 by adjusting the curvatures and cavities of the dome lens, until a satisfactory beam angle was achieved. The lens sketched in Figure 2a has an outer hemisphere radius of 5 mm and an inner semi-ellipsoidal cavity at semi-axis lengths of 4 and 3 mm, respectively. The refractive index of the dome lens is 1.51, close to the property of transparent glass or plastic material. The dome lens can increase the SST-10-B LED’s beam angle from 120° to about 160°, according to the polar angle of the LED’s emission in ray tracing simulation. The LED beams spreading on a 24 cm × 24 cm illuminated area, 10 cm away from the LED, can be observed in Figure 2b,c for the LED without and with the lens, respectively. We also simulated and discovered that the same dome lens can effectively increase the beam angle of other types of LEDs from 120° to about 160°; thus, the dome lens applies to other types of LEDs with a 120° beam angle.



According to the preliminary simulations, we hypothesize that by either using the 100% reflectance reflectors alone or by combining the reflectors and dome lenses in a multi-wavelength LED panel, high lighting uniformity on plants can be achieved.




2.2. Design, Fabrication, and Characterization of the LED Panel for Uniformity Test


To verify the effect of uniform lighting based on our proposed solution, we designed and fabricated a PFD tunable LED panel at the size of 88 cm × 54 cm, for lighting an 88 cm × 54 cm area at a 15 cm distance below the LED panel. Six types of LEDs were designed on the panel as listed in Table 1. The PFDs required at different wavelength ranges vary by specific plants at their specific growth stages. The lighting recipes are developed to supply the enough photons required by the plants. Thus, the tunability of the LED panel is important. A total PFD of 350  μ mol/m       2  /s would be enough for vegetable growth [18]. Since the tunable LED system can tune down the PFD of the photons, we designed each type of LED on the panel to have a maximum PFD between 350–450  μ mol/m       2  /s to make sure that the PFD for each single wavelength is strong enough for plant growth. PFD for 595 nm yellow color LED is designed at around 190  μ mol/m       2  /s because the yellow color LEDs have lower photon efficacy and yellow photons required for plants are only about 18 to 32% of total photons [19,49].



Eight PCBs at a size of 22 cm × 27 cm were combined to form an 88 cm × 54 cm panel, as presented in Figure 3a. LEDs on each PCB for different types were arranged as arrays of 3 × 3, 3 × 4 or 4 × 4 (Table 1), depending on the LED numbers required to generate the desired PFDs on the illuminated area. The LEDs were driven by Mean Well LDD-350L DC-DC LED drivers at a 350 mA constant current and the drivers were soldered on the PCBs. The DC-DC LED drivers were powered by AC-DC transformer HLG-240H-36 from Mean Well. The 3rd pin of the LDD-350L LED driver was for PWM input to tune the PFD of the LEDs. We used the PWM outputs of the ESP32 microcontroller to tune the light via C language.



Although our proposed solution is meant to use both reflectors and lenses to achieve uniform LED lighting, LED lenses are expensive to fabricate for small batches of experiments. Since reflectors with 100% reflectance can greatly improve the LED panel’s uniformity as shown in Figure S2, we only used four 15 cm high mirrors installed at the sides of the LED panel to realize the uniform lighting, as shown in Figure 3b.



The PFD for each type of LED on the LED panel was characterized with a home-built optical spectroscopy setup in Figure 3c, at a room temperature of 25 °C in the laboratory. During the characterization, the LED panel was fixed on the top of a rack. On the rack, a fiber probe connected with optical spectroscopy moved in XYZ directions controlled by Keyence PLCs. The method we used to characterize the LED panel was similar to the one described by Balázs et al. [48], except that our system wasautomated in XYZ directions for the movement of the fiber probe. The end of the fiber probe was capped with an 8 mm active area cosine corrector with diffusing material for UV/VIS/NIR to collect LED emission from a 180° field of view, and the optical spectroscopy used was AvaSpec-ULS2048CL-RS-EVO spectroradiometer purchased from and calibrated by Avantes. When only one type of LED was on, a fiber optical probe fixed on the XYZ stage collected the optical spectrum of the LEDs at the location of the fiber probe for the specific type of LEDs. As the fiber probe mapped the illuminated area, the PFD for the whole illuminated area was obtained. The mirrors for the LED panel were 15 cm in height, and the vertical distance from the fiber probe to the fabricated LED panel was also set as 15 cm (i.e., the illuminated area was 15 cm away from the LED panel), to make sure at most photons emitted downwards from the LED panel were collected by spectroradiometer’s fiber probe. In Reference [48], 10 × 10 grid points were used to characterize a 110 cm × 110 cm lighting area for plant growth at a pitch of 10 cm. In our LED panel characterization, the grid points in X and Y directions were 32 × 28, with pitches of 3 cm and 2 cm, respectively. It took about 3 s to complete the spectral collection and probe movement at each point. Thus, 45 min were required to characterize one type of LED on the panel, and 4.5 h were used to characterize the LED panel with 6 types of LEDs.



In an actual farming system, the light spectrum required by plants changes at different plant growth stages, and the actual LED light used in indoor farming is a spectral combination of different types of LEDs. However, in theory, the uniformity of lighting for each type of LED will not be affected by its PFD being tuned, nor will the uniformity of lighting be affected by the number of types of LEDs turned on. Thus, we characterized the PFD of each LED type at 100% power.



In this paper, we tried to achieve uniformity for each type of LED. This is because photons at different wavelengths have different photosynthesis effectiveness; thus, it is not suitable to compensate for the non-uniformity of photons at one wavelength by photons at another wavelength. Hence, the uniformity of LEDs should be simulated and measured by each LED type.



Since the PFD at the grow bed is simply an add-up of different combinations of different LED wavelengths, the overall LED light uniformity on the grow bed at any spectral combination can be calculated by adding the photons from all types of LEDs and finding the ratio of the minimum PFD to the average PFD on the grow bed. Because the minimum PFD point for each type of LED is different, when all types of LEDs are on, the uniformity will be better than the lowest uniformity among all types of LEDs on the lighting panel.



To study the energy-saving of our LED panel, the power consumption of the LED panel was measured by power meter MP001186 (Multicomp PRO).





3. Results and Discussion


3.1. Light Uniformity and PFD Simulated for a 4 × 4 LED Array


We simulated the lighting of a 48 cm × 48 cm LED panel with blue and red LEDs shown in Figure 4, to exemplify the achievable LED light uniformity by combining both the reflector and lens strategies. As presented in Figure 4, one Luminus SST-10-B blue LED and one Osram GH CSSRM4.24 red LED (both with a 120° beam angle) form one LED unit, and the 4 × 4 LED unit array at a pitch of 12 cm is arranged on the 48 cm × 48 cm LED panel. Reflectors with 100% reflectance are installed at the sides of the LED panel, and the lens designed in Figure 2 is attached to each LED. The blue LEDs are at the ideal positions for the optimal reflection of the reflectors (i.e., the distance from a reflector to its adjacent LED is half of the array pitch). The red LEDs have a 10 mm deviation from the adjacent blue LEDs. Figure 4 has the same layout as Figure 1, because in each unit, the blue LED is in the middle of the LED unit, and the red LED has a center-center distance of 10 mm from the blue LED on the right. The green, yellow, and purple LEDs in Figure 1 have the same simulation results as the red LEDs in Figure 1 and Figure 4 because the positions are symmetric, i.e., their center-center distance to the blue LED is also 10 mm.



Each Luminus SST-10-B high-power blue LED has a peak wavelength at 450 nm and a power of 1 W (equivalent to 3.76  μ mol/s photon flux) when driven by 600 mA current, and Osram GH CSSRM4.24 red LED has a peak wavelength at 646 to 666 nm and a power of 1 W (i.e., photon flux of 5.52  μ mol/s) when driven by 700 mA current. Under this condition, the arrangement of 16 SST-10-B and 16 GH CSSRM4.24 on a 48 cm × 48 cm LED panel is able to generate 60.27  μ mol/s blue photon flux and 88.3  μ mol/s red photon flux. With the PFD uniformly distributed and assuming all photons reaching the plants in an area of 48 cm × 48 cm, the average PFDs generated by blue and red LEDs are 261.1  μ mol/m       2  /s and 383.2  μ mol/m       2  /s, respectively.



Table 2a,b show the simulated irradiance distributions on the illuminated area at different LED-plant distances. Without using reflectors and dome lenses (i.e., without our solution), when the LED-plant distance is at 3 to 5 cm, irradiance on the illuminated area at the locations right below each LED is high, while the irradiance at remaining locations is low and even close to zero. This indicates that the light uniformity in the illuminated area is low. Accordingly, the plants right below the high-power LEDs might be burnt by the strong LED light. When the LEDs are at a further distance from the plants, the uniformity is higher because LED light beams are further dispersed and mixed in the illuminated area. However, the central illuminated area receives more photons contributed from all LEDs than the sides that only receive photons from nearby LEDs. Therefore, the light uniformity is still low. Distance increments between the LEDs and the plants also cause higher photon loss as more photons escape from the sides of the illuminated area.



The situation is different when reflectors with 100% reflectance are introduced. The height of the reflector should be able to cover the distance between the LED panel and the canopy of the plants, as illustrated in Figure 1. The reflectors reflect LED light at the sides of the panel, thus trapping photons from escaping, and the irradiance at the sides of the illuminated area will be the same as those in the middle of the illuminated area (Figure S2 in the Supplementary Materials). The dome lens (in Figure 2) further enlarges the beam angle of each LED. Table 2 shows that for blue and red LEDs with our solution by adding reflectors at the sides and designed dome lens on each LED, the light uniformity is ≥0.7 when the panel is ≥5 cm away from plants. Blue LEDs have higher uniformity that even at 4 cm distance from the LED panel, the uniformity is better than 0.7.



The colors of the LED lighting on the plants at different distances are analyzed in Table 3. Because the blue and red LEDs are arranged as units, the red and blue colors are mixed very well with or without the reflectors and lenses. Even at a distance of 5 cm from the LED panel, the color images seem to be uniform when our solution is used. Instead, without our solution, the light is concentrated under each individual LED.



The light uniformities and irradiance distributions, without and with our solution are compared in Figure 5a,b, based on the simulations shown in Table 2. For blue light with LEDs at optimal positions for light reflection by the reflector, the uniformities obtained by our solution at 3, 4, 5, 10, and 15 cm distances from the LED panel are 3.65, 6.73, 4.26, 2.85, and 2.42 times those without using our solution. For the red LEDs, the light uniformities at 3, 4, 5, 10, and 15 cm distances are 4.02, 5.69, 6.01, 3.05, and 2.82 times those without using our solution, respectively. The red LEDs deviate 10 mm from the optimal positions for light reflection by reflectors, so the uniformities for red LEDs are lower than those of blue LEDs.



As indicated in Figure 5b, without using our solution, the PFD on plants decreases when the LED panel is further away from the plants as more photons escape from the sides. With our solution, intensities of the LED lighting on plants at 5, 10, and 15 cm distances are almost the same, so the plants can grow in an environment with uniform lighting not only in horizontal directions but also along the vertical direction for plant growth. As a result, the plant will have minimal stress to compete for photons and can avoid deforming its shape by leaning towards the space where the PFD is higher.



We further investigated the lighting of the LED panel at a distance beyond the height of the reflectors (with 100% reflectance). We simulated the lighting for both blue and red LEDs in the 4 × 4 LED panel shown in Figure 4, on an illuminated area at a distance of 20 cm below the LED panel when the reflectors are only 15 cm in height. The irradiance pattern without our solution is taken as a reference. Table 4 indicates that in this case some photons escape from the bottom of reflectors and the sides of the illuminated area are not able to receive reflected light. This makes the uniformities of the LED panel with our solution even lower than those of the reference (i.e., without our solution) in the whole 48 cm × 48 cm illuminated area. Only the area within the red line boxes in a size of 35 cm × 35 cm shown in Table 4 is not affected, whose uniformities are 0.79, for both the blue and red LEDs. The reference only has 0.64 and 0.63 uniformities in the red line boxes for blue and red LEDs, respectively. Furthermore, the average irradiance inside the 35 cm × 35 cm red line boxes is also 1.75 or 1.58 times that without our solution for blue or red LEDs.



This implies that the height of reflectors should be the same as the maximum LED-plant distance, as illustrated in Figure 1. For example, for an LED panel with 15 cm reflectors, plants can grow within 5 to 15 cm LED-plant distance for plants to receive uniform lighting. In case the plants grow between a distance of 5 to 20 cm from the LED panel, the height of the 4 × 4 LED panel reflectors should be increased to 20 cm.




3.2. LEDs with Different Pitch on the Same Sized Panel


In the LED panel design, the LED numbers are not limited to 16 (4 × 4 array) only. The irradiance distributions and light uniformities for 2 × 2, 3 × 3 and 5 × 5 LED arrays are simulated and shown in Tables S1–S3 of Supplementary Materials Section S3. The simulations are conducted for an LED panel size of 48 cm × 48 cm with Luminus SST-10-B blue LEDs and Osram GH CSSRM4.24 red LEDs, and both LEDs have a 120° beam angle. The pitches of the 2 × 2, 3 × 3, 4 × 4 and 5 × 5 LED arrays are 24, 16, 12 and 9.6 cm, respectively.



As can be observed in Figure 6, with more LEDs on the panel and further LED-plant distance, higher uniformity for LED panel lighting is achieved. However, without our solution, even at a 15 cm distance, light uniformity is less than 0.4 for all these LED arrays. With our solution, 4 × 4 and 5 × 5 LED arrays can be used at 5 cm LED-plant distance (with uniformity ≥0.7); for 2 × 2 and 3 × 3 LED arrays, the LED-plant distance must be 10 cm to achieve uniformity ≥0.7. In summary, when the LED-plant distance is at half of the pitch of the LED array, a high uniformity of >0.80 can be achieved for different wavelengths of LEDs.




3.3. Light Uniformity Measured by the Fabricated LED Panel


The PFD for type of LED on the panel fabricated is characterized and presented in Figure 7. The illuminated area is 88 cm × 54 cm at a distance of 15 cm from the LED panel. Figure 7 indicates that for all types of LEDs , the PFDs within the reflector-trapped area are highly uniform.



The PFD and light uniformity for each LED type on the panel are analyzed in an area of 88 cm × 54 cm as shown in Figure S3 (Supplementary Materials), based on the mapping results in Figure 7. We simulated the uniformity of each type of LED based on their corresponding locations on the panel with reflectors (at 100% reflectance) installed (without lens) in Figure S4 (Supplementary Materials). Figure S4 is simulated with the light beam profile of white LED SST-20-W30H-A120 at 3000 K color temperature (i.e., the 3000 K LEDs in Table 1, at a beam angle of 120°). Using a fixed type of LEDs to simulate the light uniformity has the drawback of not being able to fully match the experimental results, but can reveal more information about how different arrays of LEDs affect the light uniformity. The simulation results show that on the illuminated area of 88 cm × 54 cm at 15 cm LED-plant distance, different wavelengths on the LED panel will have high uniformities of 0.92 to 0.94 for 3 × 3, 3 × 4 and 4 × 4 LED arrays. In Table 5, the characterized light uniformities of the LED panels match our simulations very well, which proves that our proposed method can effectively improve the light uniformity for each type of LED.



In Table 5, the originally designed PFD for each type of LED should be higher than the characterized PFD because the panel design is based on LED’s photon flux at a P-N junction temperature of 25 °C. In actual operation, the junction temperature will increase by tens of degrees due to the accumulation of LEDs’ heat generation. By datasheets, the raised junction temperature will change the photon emission from the LEDs at 425 nm, 490 nm, 595 nm, 600 nm, 3000 K and 5700 K by −0.125%/°C, 0.0357%/°C, −1.2%/°C, −0.08%/°C, −0.125%/°C, −0.20%/°C, respectively. Accordingly, raising the LEDs’ P-N junction temperature from 25 °C to 40 °C will vary the PFDs for each type of LED from the original designs by −1.875%, 0.534%, −18%, −1.2%, −1.875% and −3%, respectively. This explains that 595 nm LEDs have the highest PFD drop of −19.97% in the measurements. Another reason for deviations between the design and measurement is that the LEDs purchased from retailers are not labeled with accurate brightness groups/bins, and this deviation could be two times. For example, 490 nm LEDs (GV QSSPA1.13-JZKZ-27-1), which have the second largest deviation in Table 5 are labeled as 62 to 112 lm with a typical value of 77 lm. Thus, no matter whether it is designed by 77 lm (which is used in our design) or by 87 lm (the median of 62 to 112 lm), the lumen of the purchased LEDs can vary up to 45% based on different manufacturing batches, designers can hardly retrieve accurate information based on corresponding LEDs’ datasheet. This implies that the PFD of LEDs on the panel must be characterized accurately and cannot solely rely on the LED labels.



Due to the inaccurate LED information used in the design of the LED panel, it is difficult to calculate the exact photon loss in the illuminated area. However, the deviations between the measured PFD and the PFD designed for the illuminated area shown in Table 5 are not very high, so we conclude that the photon loss caused by the side effect is trivial. In summary, our experiments prove reflectors installed on LED panels can help achieve highly uniform lighting. The uniformities match the simulations very well and the photon loss is negligible.





4. LED Lighting Panel’s Tunability and Energy-Saving


To compare the energy-saving of our LED panel with the Osram PHYTOFY® panel, we investigated the power consumption for the type of 660 nm LED which is on both LED panels. The PFD tunability of the 660 nm LEDs on our panel is presented in Figure 8a, where the PFD was measured at a distance of 15 cm with mirrors installed at the sides of the LED panel. The PFD of the 660 nm LED measured is linear (at an R-squared value of 0.9998) to the setting of the PFD percentage, indicating PWM as a linear and reliable PFD tuning method for LED luminaires in indoor farming.



The photon fluxes of the LED panel for 660 nm LEDs can be obtained by integration of the PFDs within the LED panel area. We calculated the photon fluxes at 5% increment of percentage setting and also measured the electric power of the LED panel when only 660 nm LEDs were on and set at the specific percentage. Accordingly, the relationship between the photon flux and electric power of the LED panel for 660 nm LEDs is plotted in Figure 8b. When the output percentage is >15%, the electric power taken by the 660 nm LED changes linearly with the photon flux of the LEDs. The linear coefficient in Figure 8b is the LED panel’s photon efficacy for 660 nm LEDs, which is 4.0818  μ mol/J.



The Osram PHYTOFY® LED panel is also tuned by PWM. In the datasheet of the Osram PHYTOFY® panel, it has indicated a total photon flux of 245  μ mol/s for the 660 nm LEDs when three PHYTOFY® panels are installed center to center at a spacing of 40.6 cm (16        ′ ′   ) and 40.6 cm (16        ′ ′   ) distance below these panels. We measured the electric power of an Osram PHYTOFY® panel when only its 660 nm LEDs are at the maximum PFD, which is 38.41 W. Thus, the photon efficacy of each Osram PHYTOFY® panel is 245  μ mol/s divided by 3 times of 38.41 W, i.e., 2.12  μ mol/J at a 40.6 cm distance to plants.



Compared with the Osram PHYTOFY® LED panel, our LED panel saves >25 cm distance required for each tier of LED plants and has 92.5% higher photon efficacy at 15 cm distance to plants than that of the Osram PHYTOFY® LED panel at 40.6 cm distance to plants. This energy-saving percentage matches the results reported by Sheibani et al., that energy efficiency for lettuce growth at a 15 cm LED-canopy distance is 2.1-fold that of at 45 cm LED-canopy distance [29].



The LED panel we developed has been tested at Temasek Life Sciences Laboratory of Singapore for lighting recipe developments for two years and achieved satisfactory results on plant growth. Due to the confidentiality of the collaboration, the plant growth details are not reported in this paper.




5. Conclusions


High-power LEDs are widely used for indoor farming because they have higher photon efficacy which benefits long-term energy-saving in indoor farming. When high-power LEDs are used, the quantity of LEDs used for each type is small (such as 4 to 25 LEDs on a 48 cm × 48 cm panel), achieving uniform lighting at a short LED-plant distance (10 to 30 cm) becomes an issue. Current high-power LED-formed lighting panels in the market require at least a 40 to 70 cm distance from the LED light source to plants, which wastes space and energy for indoor farming.



We proposed a tunable LED lighting panel including multi-types of LEDs, using either reflectors or a combination of reflectors and lenses to uniformize the LED lighting on plants. By ray tracing simulations on high-power LEDs, we demonstrated that our solution can achieve satisfactory light uniformity (>0.8) for plant growth at a short distance (with a ratio of LED-plant distance to pitch as low as 0.5) to plants. The effectiveness of our solution is verified by experiments with an 88 cm × 54 cm LED lighting panel with mirrors installed (with no lens for LEDs) at its sides. The characterization of the LED panel with 15 cm high mirrors indicates that the light uniformities can reach >0.90 at a distance of 15 cm to plants (on an illuminated area of 88 cm × 54 cm) for all 6 types of LEDs, highly matching the uniformities simulated by ray tracing method. For the LEDs at 660 nm that exist on both our LED panel and Osram PHYTOFY® panel, we found that our LED panel has a photon efficacy of 4.0818  μ mol/J at 15 cm distance to plants, which is 92.5% more efficient than Osram PHYTOFY® panel’s photon efficacy of 2.12  μ mol/J at a 40.6 cm distance to plants.



With our method, the LED-plant distance is shortened, and high-density indoor farming can be realized. Our solution also minimizes photon loss, increases the PFD on plants, and significantly increases the photon efficacy for plant growth.
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Figure 1. Schematic of the designed LED panel with reflectors and lenses. 
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Figure 2. (a) A dome lens designed to widen the beams of LED. The lens’ refractive index is 1.51. (b,c) are single SST-10-B LED beams on a 24 cm × 24 cm illuminated area 10 cm away from the LED, when the LED is without (at a 120° beam angle) and with the dome lens (at a 160° beam angle), respectively. 






Figure 2. (a) A dome lens designed to widen the beams of LED. The lens’ refractive index is 1.51. (b,c) are single SST-10-B LED beams on a 24 cm × 24 cm illuminated area 10 cm away from the LED, when the LED is without (at a 120° beam angle) and with the dome lens (at a 160° beam angle), respectively.



[image: Photonics 11 00394 g002]







[image: Photonics 11 00394 g003] 





Figure 3. (a) LED panel fabricated with a total size of 88 cm × 54 cm, formed with eight pieces of 22 cm × 27 cm PCBs. (b) 3D drawing of the LED panels with 15 cm high mirrors installed. (c) LED panel under characterization by the home-built LED luminaire characterization stage. 
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Figure 4. Designed LED panel with 16 blue LEDs and 16 red LEDs as a 4 × 4 LED unit array, each unit comprising 1 blue LED and 1 red LED. The yellow frame represents reflectors (with 100% reflectance) at the sides of the LED panel. 
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Figure 5. (a) Light uniformities and (b) average PFDs of the 4 × 4 LED panel for blue and red LEDs with and without using our solution, when the LED panel is at distances of 3, 4, 5, 10 and 15 cm to plants, respectively. The LEDs are Luminus SST-10-B blue LEDs and Osram GH CSSRM4.24 red LEDs at a 120° beam angle. The results are based on simulations in Table 2. 






Figure 5. (a) Light uniformities and (b) average PFDs of the 4 × 4 LED panel for blue and red LEDs with and without using our solution, when the LED panel is at distances of 3, 4, 5, 10 and 15 cm to plants, respectively. The LEDs are Luminus SST-10-B blue LEDs and Osram GH CSSRM4.24 red LEDs at a 120° beam angle. The results are based on simulations in Table 2.



[image: Photonics 11 00394 g005]







[image: Photonics 11 00394 g006] 





Figure 6. Light uniformities of blue and red LEDs for 2 × 2, 3 × 2, 4 × 4 and 5 × 5 LED arrays on a 48 cm × 48 cm LED panel. The light uniformity is analyzed on an illuminated area of 48 cm × 48 cm below the LED panel when the LED panel is 5, 10, and 15 cm from the plants. The LEDs are Luminus SST-10-B blue LEDs and Osram GH CSSRM4.24 red LEDs at a 120° beam angle. 
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Figure 7. The LED panel’s PFDs at wavelengths of (a) 425, (b) 495, (c) 595, (d) 660 nm, and white LEDs at color temperatures of (e) 3000 K and (f) 5700 K. The LEDs are characterized within an area of 93 cm × 54 cm, 15 cm distance from the LEDs to the characterization plane when four 15 cm high mirrors are installed along the sides of the LED panel. 
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Figure 8. (a) Characterized PFD output of 660 nm LEDs on the fabricated LED panel at various percentage settings. (b) Electric power taken of the 660 nm LEDs at different photon fluxes. 
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Table 1. LEDs (all at a beam angle of 120°) arranged in a six-wavelength LED panel.
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	LED Type
	LED Manufacturer
	Part Number
	LED Driving Current (mA)
	Voltage under the Driving Current at 25 °C Junction Temperature (V)
	Photon Flux of Each LED (  μ  mol/s)
	LEDs Arranged on Each 22 cm × 27 cm PCB
	Designed Maximum PFD on an Illuminated Area at 25 °C Junction Temperature (  μ  mol/m        2   /s)





	425 nm
	Lumileds
	L1CU-VLT1000000000
	350
	2.915
	1.74
	3 × 4
	352.12



	490 nm
	Osram
	GV QSSPA1.13-JZKZ-27-1
	350
	2.93
	1.84
	4 × 4
	494.99



	595 nm
	Cree
	XBDAMB-00-0000-000000703
	350
	2.17
	0.70
	4 × 4
	189.43



	660 nm
	Osram
	GH CSSRM4.24-V7V9-1-1-700-R33
	350
	1.87
	2.93
	3 × 3
	444.17



	3000 K
	Luminus
	SST-20-W30H-A120-J3302
	350
	2.812
	2.12
	3 × 4
	429.19



	5700 K
	Luminus
	SST-20-WDS-A120-L3572
	350
	2.83
	2.48
	3 × 3
	376.40










 





Table 2. Simulations of a 4 × 4 LED array on a 48 cm × 48 cm sized LED panel. (a) shows the light uniformities of blue LEDs and (b) shows the light uniformities of red LEDs, when the LED panel is at a distance of 3, 4, 5, 10, and 15 cm to a plant area of 48 cm × 48 cm, respectively. The LEDs are Luminus SST-10-B blue LEDs and Osram GH CSSRM4.24 red LEDs at a 120° beam angle. Our solution means there are four reflectors at the sides of the panel whose height equals the distance from the LED panel to the plants, and there is a dome lens for each LED.
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(a)






	
Condition

	
16 Blue LEDs without Our Solution

	
16 Blue LEDs with Our Solution




	
Lighting at 3 cm from LED panel

	
[image: Photonics 11 00394 i001] Uniformity = 0.09

	
[image: Photonics 11 00394 i002] Uniformity = 0.33




	
Lighting at 4 cm from LED panel

	
[image: Photonics 11 00394 i003] Uniformity = 0.11

	
[image: Photonics 11 00394 i004] Uniformity = 0.71




	
Lighting at 5 cm from LED panel

	
[image: Photonics 11 00394 i005] Uniformity = 0.20
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Lighting at 10 cm from LED panel

	
[image: Photonics 11 00394 i007] Uniformity = 0.30

	
[image: Photonics 11 00394 i008] Uniformity = 0.87




	
Lighting at 15 cm from LED panel

	
[image: Photonics 11 00394 i009] Uniformity = 0.36
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(b)




	
Condition

	
16 Red LEDs without Our Solution

	
16 Red LEDs with Our Solution




	
Lighting at 3 cm from LED panel

	
[image: Photonics 11 00394 i011] Uniformity = 0.04
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Lighting at 4 cm from LED panel
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Lighting at 5 cm from LED panel
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Lighting at 10 cm from LED panel
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Lighting at 15 cm from LED panel

	
[image: Photonics 11 00394 i019] Uniformity = 0.30
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Table 3. Color images of the LED lighting on the plants 5 cm away from the 4 × 4 LED panel, when only blue LEDs are on, only red LEDs are on, and when both wavelengths of LEDs are on. This shows that with our solution, even at a 5 cm distance, the lighting on plants is uniform and the two wavelengths are well mixed. The LEDs are Luminus SST-10-B blue LEDs and Osram GH CSSRM4.24 red LEDs at a 120° beam angle.
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	Condition
	Blue LED Only
	Red LED Only
	Both Blue and Red LED Are on





	Without our solution at 5 cm distance from LED panel to plants
	[image: Photonics 11 00394 i021]
	[image: Photonics 11 00394 i022]
	[image: Photonics 11 00394 i023]



	With our solution at 5 cm distance from LED panel to plants
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Table 4. Simulated irradiance distributions of the 4 × 4 LED panel, when blue and red LEDs are 20 cm distance away from the plants and the reflectors are 15 cm high. The LEDs are Luminus SST-10-B blue LEDs and Osram GH CSSRM4.24 red LEDs at a 120° beam angle. The whole illuminated area is 48 cm × 48 cm, and the area depicted by red line boxes is 35 cm × 35 cm.






Table 4. Simulated irradiance distributions of the 4 × 4 LED panel, when blue and red LEDs are 20 cm distance away from the plants and the reflectors are 15 cm high. The LEDs are Luminus SST-10-B blue LEDs and Osram GH CSSRM4.24 red LEDs at a 120° beam angle. The whole illuminated area is 48 cm × 48 cm, and the area depicted by red line boxes is 35 cm × 35 cm.










	
	Blue Light at 20 cm Distance From
	Red Light at 20 cm Distance From





	
	LED Panel to Plants
	LED Panel to Plants



	Without our solution
	[image: Photonics 11 00394 i027] Uniformity = 0.39
	[image: Photonics 11 00394 i028] Uniformity = 0.36



	Our solution with 15 cm reflectors
	[image: Photonics 11 00394 i029] Uniformity = 0.28
	[image: Photonics 11 00394 i030] Uniformity = 0.28










 





Table 5. Comparisons of characterized PFDs and uniformities between the LED panel’s design and simulations.






Table 5. Comparisons of characterized PFDs and uniformities between the LED panel’s design and simulations.





	LED Type
	Uniformity Simulated (Based on Beam Profile of 3000 K LED)
	Uniformity Characterized
	Deviation between Simulated and Characterized Uniformity (%)
	Designed Maximum PFD on the Illuminated Area at 25 °C Junction Temperature (  μ  mol/m        2   /s)
	Characterized Maximum PFD on the Illuminated Area (  μ  mol/m        2   /s)
	Deviation between Designed and Characterized PFD (%)





	425 nm
	0.925
	0.92
	−0.54
	352.12
	363.21
	3.15



	490 nm
	0.935
	0.94
	0.53
	494.99
	416.84
	−15.79



	595 nm
	0.928
	0.89
	−4.09
	189.43
	151.61
	−19.97



	660 nm
	0.928
	0.93
	0.22
	444.17
	426.74
	−3.92



	3000 K
	0.924
	0.93
	0.65
	429.19
	395.63
	−7.82



	5700 K
	0.925
	0.94
	1.62
	376.40
	361.27
	−4.02
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