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Abstract: The aim of this study is to highlight the correlations among the main parameters 

of lighting systems, for the agricultural industry. With these data, engineers could enhance 

the efficiency of their light source, in regards to different plant types. Statistical analysis 

has been conducted on the results of several experiments to find out if there is any 

correlation among different LED driver settings, which could affect light source design. 
The experiments have been re-grouped according to plant types and used variables. Two 

major groups have been examined: the experiments made with lettuce and with microalgae 

(in which most studies were made in the topic of photo-bioreactor enhancement). Smaller, 

sub-groups, have been clustered together with similar test variables as well. Significant 

correlations have been found between the variables of: light intensity (photosynthetic 

photon flux density) and photoperiod, light intensity and frequency, and light intensity and 

light spectrum as well. The results are in congruence with other studies and the summary of 

the analysis could be used to optimize light source design. 
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1 Introduction 

Production efficiency is more and more crucial on the field of agriculture. 

Sunlight is dependent on weather conditions, time of the season and other time 

and place dependent parameters. Therefore, artificial light has to be provided to 

enhance or substitute natural light in plant production. 

This paper highlights the relationship between pulse width modulated (PWM) 

LED light source system parameters such as wavelength, frequency, duty cycle 

and light intensity (PPFD). This information provides support for engineers who 

are involved in plant factory design process. 

Different types of light sources are used to enhance plant growth in agriculture, 

but light emitting diode (LED) could be the optimal choice. Its response time is 
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quite fast, has much longer lifetime, very good controllability and has very good 

efficiency. Also, LEDs radiate electromagnetic waves in a quite narrow wave 

band. This attribute could give a perfect solution to “assemble” the spectrum 

necessary for most applications [38].  

Different plants might need different light source settings. If the correlation 

among different light source parameters could be known plant specifically, the 

control of light sources could be optimized. It would be possible to use less 

electricity and to achieve better plant quality and quantity. The effect of change of 

different parameters of light source on plant growth have been examined by 

previous researches. The following variables were tested in previous studies: duty 

cycle, frequency, wavelength, light intensity, photoperiod and phase difference of 

different wavelengths of a light source. However, only few of these parameters 

have been examined in the same experiment. Jao et al. [21] [22] tested different 

combinations of duty cycle, frequency and photoperiod, while Mori et al. [28] and 

Park et al. [34] checked frequency and duty cycle (Table 3). Lot of experiments 

made to find out the results of frequency change (Kanechi, M. [25], Son, K.-H. et 

al., [45], Jannsen M.G.J. [20], Vejrazka, C. et al., [49]). Others checked 

wavelength (light color) difference (Pardo, G.P. et al. [33], Yago, T. et al. [52] 

[53]) and the phase difference between different wavelengths of light (Shimada, 

A. et al. [44]) or the combination of them (Senol, R. et al. [40] [41]). Timothy, M. 

et al. [48] checked the effect of light intensity change (via the help of the change 

of duty cycle). Berkovich, Y. A. et al. [6] summarized the results of studies and 

experiments.  

Usually, only a few parameters are tested in a research. In this paper a statistical 

analysis is introduced to be used on already performed experiment data to 

synthesize their best results. It would be easier to optimize the parameters of 

PWM driven light sources and save energy cost with the found correlations. Based 

on this information, depending on the aim of a cultivation facility (which plant 

types to grow), it is possible to enhance the feasibility of a plantation.  

In the plant photosynthesis part, the light quality needs of plants are investigated. 

This information is vital to achieve perfect light conditions for plants and to be 

able to interpret data in a statistical analysis. It is possible to reach (or go beyond) 

the (photosynthetic) saturation levels (photoinhibition) [10] under optimal 

conditions. In the present paper the effects of electromagnetic radiation on plants 

are categorized according to PWM controlled LED light parameters. Part of the 

raw data is taken from a previous article [24] and used from an entirely new point 

of view. This way the analyzed parameters could be viewed from an engineering 

(PWM drive) point of view. 

Photosynthetic photon flux density (PPFD), is the measure of light energy arriving 

to plants. In the PPFD parameter calculation section of the paper, it is highlighted 

how to convert light source parameters according to the processes of plant 

photosynthesis procedures.  
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The plant specific light source parameter part shows the results of the compared 

studies. It gives information about optimal LED driver settings (PWM duty cycle, 

frequency etc.) for specific plants.  

The statistical analysis part introduces the used analysis methods to achieve a 

synthesis of the analyzed experiments.  

In the last part of the paper, the results of the statistical analysis are highlighted 

and the findings of the study are summarized in the conclusion. This procedure 

could give support to the realization of a more efficient PWM driven LED light 

source design for plant cultivation.  

2 The Photosynthesis of Plants 

2.1 The Effect of Different Light Wavelengths on Plants 

2.1.1 The Light Sensors of Plants – Photoreceptors 

Photoreceptors in plants mostly not just sense light but absorb it as well – and 

according to their types, they absorb different band of light. These photoreceptors 

transmit - transduce signals to the crops to be able to change their structure.  

Several photoreceptor signals work together, which result in plant response or in a 

morphological change of the plant. These are the phytochromes, cryptochromes, 

rhodopsins, xanthopsins and phototropin (light-oxygen-voltage (LOV) sensors) 

[29]. The newest discovered photoreceptor is the UV resistance locus 8, which 

absorbs UV-B light [6]. 

It is important to find a photoreceptor signal’s effect and also have to find a way to 

stimulate the photoreceptor with light.  

2.1.2 The Energy Harvesters of Plants - Photosynthetic Pigment Groups   

In plants photoreceptors and the materials which are contained in their 

cells/structure are effected by light as well. The chloroplast has several parts 

absorbing electromagnetic waves and reacting to it. Only certain parts of the 

electromagnetic spectrum affect them and only certain parts of it are absorbed by 

them. As a consequence of the “color” sensitivity of the chloroplast, it has a certain 

color as well: therefore they can be called pigments [5]. They are responsible for 

different metabolic processes of plants. These are photosynthesis, thermal balance, 

etc..: the state of the plant and its behavior [12] [5]. 
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Table 1 
Photopigment sensitivity to different bands of electromagnetic stimulus. The effect of electromagnetic 

stimulus on plant morphology 

Since pigments absorb light in certain wavebands only, it is possible to group them 

accordingly. Chlorophylls, Phycobilins and Carotenoids are the major pigment 

groups.   

Chlorophyll is one of the major pigment group, consists of “Chlorophyll a” and 

“b”, (c1, c2 and d). It consists of a phytol tail and a porphyrin ring, which 

respectively captures light. With its electrons activates the photosynthesis. 

“Chlorophyll b” absorbs a different band of light and helps “Chlorophyll a” with its 

energy. It reacts to green (450-475 [nm]) and orange-red (630-675 [nm]) light. 

Chlorophyll content increases when R : FR ratio increases – that is also the time 

when photosystem II to photosystem I decreases (PSII/PSI) [14].  

Carotenoids have the task to deal with the excess of light. They protect other 

pigments (Chlorophylls at first place) and absorb light from the blue (400 [nm]) 

until the green (550 [nm]) band.  

Phycobilins are present mostly in cyanobacteria and red microalgae. They replace 

the accessories of Chlorophyll in terms of light absorption accessory – antennae. 

They absorb light bands in the blue, green, yellow or orange (400-650 [nm]) parts 

[27]. 

Photopigment 

name 
Color Sensitivity Area controlled / effected by the pigment 

Chlorophyll a, b 

(c1,c2,d) 

green (450-475 nm) and 

orange-red (630-675nm)  

Captures light, and with its electrons 

activates the photosynthesis. Chlorophyll b 

absorbs a different band of light and helps 

Chlorophyll a with its energy. 

Phycobilin 
(primarily in 

cyanobacteria and 

red microalgae) 

blue, green, yellow or 

orange (400-650 nm)  

They replace the accessories of Chlorophyll 

in terms of light absorption accessory – 

antennae. 

Carotenoid 

from the blue 

 (400 nm) until the green 

(550 nm)  

It deals with the excess of light – protecting 

other pigments (Chlorophylls at first place). 



Acta Polytechnica Hungarica Vol. 17, No. 3, 2020 

 – 75 – 

Table 2 

 Photoreceptor sensitivity to different bands of an electromagnetic stimulus. The effect of 

electromagnetic stimulus on plant morphology 

Taken into account the above mentioned information, the following wavebands are 

the most important: UV-B, UV-A, blue, red and far-red light. However, green [6] 

[11], yellow and the orange band also affects plants (Table 2). 

2.2 The Speed of Different Processes in Photosynthesis 

The oxidization of water (via a tetra manganese cluster [51]) is the base of the 

whole photosynthesis. It gives the base material (electrons and protons) for the 

Electron Transport Chain (ETC). This process is in the thylakoid membrane of the 

chloroplast. The ETC process could be called an energy harvester procedure since 

photons activate it. The performance of the ETC could be characterized with the  

parameter called Linear Electron Flux (LEF) as well [5]: 

Photoreceptor name 
Color 

Sensitivity 

Area controlled / effected by the 

receptor 

Phytochrome (might be 

complementer system with 

Cryptochrome) ABCF/E 

Red : Far red 

ratio (shade) 

Early flowering - stem elongation, Fatty 

acid regulation during seed maturation, 

Chlorophyll and carotenoid increase - 

Reduces during the End Of the Day 

Cryptochrome  (might be 

complementer system with 

Phytochrome) Cry1,Cry2 

UV-A and Blue  Cell expansion reduction 

Phototropin (light-oxygen-

voltage (LOV) sensor) 

Phot1, Phot2 

Blue 

Chloroplast and leaf movement, stomatal 

opening, phototropism, onset of flowering, 

entrainment of the circadian clock, 

regulate aspects of morphogenesis, , de-

etiolation 

Rhodopsin (in Microalgae) 

Light intensity 

(color 

independent) 

Fototaxis direction indicator 

UVR8 (UV res. Locus 8) UV-B Light dependent gene expression reg. 

Figure 1 

Process of the electron transport chain [25] 
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From the above showed processes the PSII and PSI reaction (centers) are the light 

(induced) reactive phases. It is important to take into account the speed of these 

processes. The frequency of light reaching these centers are essential in terms of 

the efficiency of photosynthesis. The speed of the reaction center PSII is 

approximately 200 μs and the speed of PSI is 20 ms [25].  

In parallel with these processes works the ATP synthase, but its reactions are non-

photochemical. Plants create adenozyne-tri-phosphate (ATP) with the help of the 

light reaction of photosynthesis. This gives energy to the plants in and also 

nicotinamide – adenine-dinucleotide-phosphate (NADP+). It reduces power to 

organic materials. These are synthesized with the help of Photosystem II (P680), 

Photosystem I (P700) and ATP synthase.  

The Calvin(-Benson) cycle happens in the thylakoid lumen and it could be one of 

the end phases of the energy conversion of photosynthesis. During this reaction 

happens the carbon assimilation. The created ATP and NADPH2 helps to assimilate 

CO2 into organic materials (recreate cells, or store it) [5] [5]. This process is 

directly independent of light. It is dependent on the processes (end products) of 

PSII and PSI, it is also indirectly dependent on light. 

Mostly the harmony of the ETC process makes it possible for pulsed light to give 

better results than continuous light. This happens with the re-oxidation of the 

plastoquinin pool in the chloroplast/photosynthetic membrane. Higher photon flux 

density (PFD) could be reached – and with that higher quantities could be reached 

in plant production [30]. It is important to have an abundant supply of other input 

materials than light as well (depending on plant type: CO2, H2O, N2, P etc…) [43]. 

Moreover, it is important to state, that there are studies which conducted research 

with the concentrated and pulsed light of the sun. The results of these studies 

showed that plant cultivation with pulsed sunlight gives better results than 

continuous sunlight [13]. Also, other studies state that sunlight itself can not arrive 

without interruption to most plants. Different obstructions are in their way, such as 

leaves on trees [25]. 

2.3 Light Energy Required for Plants    

It is very important to note that light energy input for plants is very much 

connected with the daily light period used. The total daily amount of photons could 

be the same with longer photoperiod. For example, with 16/24 instead of 12/12 

would need lower PPFD (i.e.: with this, the photoinhibition could be avoided).  

The most efficient power level could be different at each type of plant. According 

to different researches, the minimum level of PPFD is 0.1 [μmolm-2s-1] which is a 

measurement threshold [5], but the efficient PPFD usage could reach 1500 [μmolm-

2s-1] as well [6]. However, common values are 200-300-400 [μmolm-2s-1]). The best 

solution is to use measurements to confirm the best illumination input.  
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There are different ways to measure the level of photosynthesis in vivo. One 

indirect method is to measure the level of chlorophyll a fluorescence with the help 

of a (portable) fluorimeter [5]. Although this factor belongs to the PSII center, it is 

correlated with the efficiency of the whole photosynthesis. With the measurement 

of the minimum and maximum level of fluorescence, it is possible to find the best 

operating efficiency of PSII.  

The best possible power settings could be skewed by the indirect effects of other 

parts of the ETC on PSII. Such effects are the regeneration time, resource needs 

and assimilation rates of PSI center. Furthermore, ATP synthase and the Calvin 

Cycle (among others) could affect power settings. Furthermore, the effect of the 

environment of the plants have to be taken into account as well (possible abiotic 

stresses like gases present, temperature, humidity, nutrients) [9]. 

3 PPFD Parameter Calculation from Flux of LED  

An LED is different from a diode in terms of its (emitting) nature. This emission is 

measured in luminous flux (photometric power [lm]) or radiant flux (radiometric 

value [W]). It is also characterized by the wavelength of the emitted light [nm]. 

In the UV and IR bands the radiance: the intensity of the emission is represented by 

the SI unit of radiometric flux: Φe; watt [W] or [mW] – which is a radiometric 

value.  

Component catalogues use the SI unit of Luminous flux: Φv, lumen [lm] as the 

measurement unit for the emission values in the visible region of the 

electromagnetic wave spectrum. This is a photometric value, representing luminous 

energy (which has a visible – luminous – nature). This parameter is based on the 

photopic response of the human eye (relative spectral sensitivity function (V(λ)) 

[33]). The photoreceptors of the human visual perception differ from plants (in 

functionality and responses as well). There are two main groups of photoreceptors 

in the human eye: rods and cones. Rods are incapacitated (saturated) during 

daylight conditions. Cones function as the main tool of visual perception, which is 

called a photopic response [39]. 

The radiometric flux parameter (Φe, [W]) of light source could be calculated from 

its photometric parameter (Φv, [lm]). The calculations are detailed in several books 

and articles [36] [38]. The relative spectral sensitivity function (V(λ)) has to be 

used as a weighting factor and could be calculated via a non-linear regression (like 

in [47]). The conversion from luminous flux to radiometric flux data involves a 

wavelength parameterized component. Because of this, it is necessary to integrate 

the results of the whole band (the whole emission source spectral band of a 

component) [36]. 
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Although, this value gives information only about the light source performance. In 

terms of plant cultivation, one has to be able to control the number of photons per 

second arriving at an area (plant surface), because photosynthesis is activated 

(energized) via photons.  

The parameter which is used for this purpose is the Photosynthetic Photon Flux 

Density (PPFD), which is the measure of the number of photons arriving at a unit 

area during a unit time [μmolm-2s-1].   

PPFD could be calculated via the help of spectral irradiance (Eλ(λ)) [37]: 

     (1) 

where h is the Planck’s constant (6.626 × 10-34 [Js]), c is the speed of light (3.00 × 

108 [ms-1]) and NA is the Avogadro’s number (6.023 × 1023). 

Spectral irradiance (Eλ(λ) [1]) is a combination of absolute irradiance and spectral 

power distribution (SPD) [37]:  

     (2) 

Spectral power distribution is included in the datasheet of the emitters. It is a ratio 

number over a spectrum band (different wavelengths (λ)).  

Absolute irradiance (flux density): E, [Wm-2] could be calculated with the help of 

radiant intensity, but this solution could be used only if the distance between the 

emitter and the irradiated surface is large enough. In this way it would not deviate 

from the inverse-square law (and if we assume that the emitter could be modelled 

with a Lambertian source model [1]): I, [Wsr-1] [36]. 

     (3) 

The radiant intensity (I, [Wsr-1]) could be calculated from the radiometric flux (Φe, 

[W]) and with the help of the solid angle (Ω) parameter of the emitter [36].  

      (4) 

Where α is the viewing angle in terms of emitters (LED). Based on the viewing 

angle of the emitter, the radiant intensity: Ie, [Wsr-1] for a given waveband could be 

calculated. The calculation will need the radiometric flux (Φe, [W]) and the solid 

angle (Ω) parameters as well [36]: 
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     (5) 

Therefore, we can conclude that under certain conditions (the usage of Lambertian 

modelling is possible) one can predict the PPFD to a certain extent with an error 

margin.  

It is important to note, that in cases where the Lambertian model is not applicable, 

one can arrive at false conclusions with the usage of the above model. Safe results 

could be achieved via the usage of validating measurements on the used emitters.  

Usually, PPFD is measured via the usage of (photon) quantum sensors (in [μmolm-

2s-1]) such as the LI-COR 190. This machine is quite expensive and gives 

information only about the PPFD of the location point, where the quantum sensor 

is placed because it is not feasible and possible to use in a larger plantation area. On 

the other hand, it is possible to use a much cheaper solution described by Sato and 

Tsukada: a simple digital camera could give a solution to find the PPFD of the used 

emitters [37].  

4 Plant Specific Light Source Parameters of 

Analyzed Studies  

There are many factors that affect the growth of plants besides light quality. Such 

parameters are the ground medium, fertilization (amount and mixture type), air 

exchange ratio, O2 and CO2 levels, air humidity, temperature and light source 

distance. Several papers – experiments were gathered to find trends among light 

source settings. The mentioned input variables and the output variables of the 

examined experiments are not included in this paper due to space limitations. Only 

the setup parameters of the best results are taken to use them as the base of a 

statistical analysis to find relationships among them. Mainly non-parametric tests 

were chosen because of the non-related nature of the examined values. Parametric 

tests were used in the cases where the data had certain (normal) distribution 

 

Figure 2 

Process of the conversion  
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Table 3 

LED based light source driver setup data of previous projects 

Variable abbreviations: F – Frequency, D- Duty cycle, Pho – Photoperiod, I – Light intensity, Pha – Phase 

shift of different wavelengths, W - Wavelength 

Research 

ID Type of plant 
LED light 

spectrum 

Freq.       

[Hz]   

Duty 

cycle  

[%] 

PPFD 

(μmolm
-2s-1) 

Varia

bles 

Daily 

photope

riod 

[21] Jao et 

al.  - 2003 

Potato  -           
Solanum T. L . 

9 red 645 +-20 Nm, 

4 blue 460 +-20 

Nm 

720 50 120 
FDPh

o  
16/8 

[22] Jao et 

al. -2004 

Potato   -         

Solanum T. L. 

9 red 645 +-20 Nm, 
4 blue 460 +-20 

Nm 

720 50 120 
 FDPh

o 
16/8 

[17] 

Hernández 

et al.- 2014 

Cucumber –C. 

s. ‘Cumlaude’ 
Red – 661 [Nm] 2500 50** 60  D 18/6 

[28] Mori et 

al. -2002 

Lettuce - 

Lactuca sativa 
L.  

10X20 / 10X40 

Clear White 
2500 33 50  DPho 24 

[25] Kanech

i et al. -2016 

Lettuce - 

Lactuca sativa 
L.  

red and blue, 

660:455 nm = 4:1 
10000 50 200  F 16/8 

[33] Pardo 

et al -2016 

Lettuce - 

Lactuca sativa 
L.  

4 red LEDs 

(600-650nm) 
50 20 

240lu

mens/l
amp 

W 12/12 

[23] Jishi et 

al. -2012 

Lettuce - 

Lactuca sativa 

L.  

196 white LED 100 75 133,3 FD 16/8 

[8] Cho et 

al. -2013 

Lettuce - 

Lactuca sativa 

L.  

red:blue:white = 
5:2:1  

2500 25 100  DI 16/8 

[16] Harun 

et al. (2013) 

Lettuce - 
Brassica C. 

16 Red 660Nm,  
4 Blue 460Nm 

not 
discl. 

75 100  Pho 
0,45/0,1

5*24 

[48] 

Timothy et 

al.., 2016 

Lettuce - 

Lactuca sativa 
L.  

16 Red 660Nm,  

4 Blue 460Nm  

not 

disclo
sed 

75 38,8  I 
0,45/0,1

5*24 

[19] Iersel 

et al.2016 

Lettuce - 

Lactuca sativa 
L.  

4X100 W white 

LED (3000 K)  
1000 

50 - 

varied 

380 - 

520 
varied 

DI  12/12 

[45] Son et 

al. (2018) 

Lettuce - 

Lactuca sativa 

L.  

red 655 Nm,  

white 456 Nm  

+ 558 Nm 

blue 456 Nm LEDs 

(7:2:1) 

1000 75 190  F 12/12 

[31] Olvera- 

Gonzalez et 

al. -2013 

Lettuce - 
Lactuca sativa 

L.  

30 Blue 460±25 

Nm,  

170 Red 660±30 
Nm, 200 watts/l 

0,1 50 750  F 
not 

diclosed 

[32] Olvera-

Gonzalez et 

al. -2012 

Tomato - 
Lycopersicon 

esculentum 

30 Blue 460±25 

Nm, 170 Red 

660±30 Nm, 200 
watts/l  

1 50 450 F 
not 

diclosed 

[46] 

Tennessen 

et al.- 1995  

Tomato - 

Lycopersicon 
esculentum 

40 red 668nm,  

 more 

than 
1000 

 less 

than 
50 

50 FI 16/8 

[41] Senol et 

al. -2016 

Carnation –     

Dianthus sp. 

3 Red 615-630 Nm, 

3 Red 660 Nm,  

3 Blue 455 Nm,  
3 Blue 460-475 Nm    

5000 50 20  FPha 
not 

diclosed 
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Table 4 

Summary of driver settings of different plants about the most efficient settings  

Research 

ID 
Type of plant 

LED light 

spectrum 

Freq.       

[Hz]   

Duty 

cycle  

[%] 

PPFD 

(μmolm-

2s-1) 

Notes 
Daily 

photope

riod 

[44] 

Shimada et 

al. -2011 

Thale cress - 
Arabidopsis 

thaliana 

100 Red 630 Nm,  
100 Blue 470Nm, 

 in a unit (Starlet) 

2500 45 1800 Pha  12/12 

[49] 

Vejrazka et 

al. -2012 

Microalgae – 

Chlam. 
reinhardti  

48 Red 630 Nm,  

48 Blue 450 Nm 
100 50 220 DF 

not 

diclosed 

[50] 

Vejrazka et 

al. -2013 

Microalgae - 

Chlam. 
reinhardti 

96 Red 630Nm  

more 

than 
50 

10 115 DF 
not 

diclosed 

[20] 

Jannsen -  

2002 

Microalgae -  

Dun. 

tertiolecta  

1452 Red 666 

[Nm] 22 LEDs 

/line 

5,31 50 445 F 16/8 

[52] Yago et 

al. - 2012 

Micoralgae - 

Isochrysis g. 

White – 400-800 

Nm, LED panels 
10000 50 104  FI 12/12 

 [34] Park 

et al. -2001 

Microalgae - 
Chlorella 

kessleri 

180 Red 680 nm 
10-

50000 
50 78  DF 

not 

diclosed 

[42] Sforza 

et al, - 2012  

Microalgae – 

Nannoch. 
salina  

750nm - LED Light 

Source SL 3500  
30 33 120  FI 

not 

diclosed 

[43] 

Simionato 

et al. -2013 

Microalgae - 

Nannoch. 
salina 

750nm - LED Light 

Source SL 3500 
30 33 120  ID 

not 

diclosed 

[53] Yago et 

al. - 2014 

Micoralgae - 

Isochrysis g. 
470 blue 10000 50 52 W 12/12 

The summary of the best results (Table 4), shows that there were several optimal 

power regulators (mostly PWM) settings for each plant types. The plants are 

grouped to clusters of sub-types which are noted with addition mark in brackets. 

The number in the brackets after a plant shows the number of sub-types per plant. 

Plant type (number of 

researches ) 

PWM 

Duty 

cycle 

Frequency Light Intensity (PPFD) 

Potato (2) 50 720 120 

Cucumber (1) 50 2500 120 

Lettuce (6+1) 20/25/50 0.1/0.2/50/1000/2500 80/100/125/127/133 

Tomato (3) 50 0.1/1/1000 20/100/750 

Carnation (1) 50 5000 20 

Thale Cress (1) 45 2500 20 

Microalgae 

(2+2+1+1+1) 

10/25/50/

60 

5.3/10/50/100/10000/25

000/50000 
104-200-220-1800 

Table 3 

LED based light source driver setup data of previous projects 
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5 Statistical Analysis 

Statistical analysis has been conducted with the help of SPSS (Ver. 20) to find out 

if there is any significant relationship between the parameters of the experiments. 

First, the relevant experiments have been collected. Second, the necessary data 

were collected from the articles. The following variables were used in the analysis: 

PWM duty cycle, Frequency, Light intensity (PPFD), Light spectrum and 

Photoperiod. These parameters are suggested by other researches as main 

parameters as well [6]. As third step, the data were prepared for the descriptive 

statistical analysis (with the help of section 3 as well). The light spectrum variable 

is a simplification: it shows the percentage of RED light used in the light sources in 

the cited experiments. The data were acquired based on Table 3. All these 

parameters represent the best possible settings to achieve the best results in plant 

cultivation (under certain conditions). The parameters were “competing” against 

each other in their own experimental settings. Each of them “won” in their own 

environment. Therefore, it is not necessary to take into account other variables: all 

the conditions in the experiment. Fourth, the clustering of the experiments has been 

done (characterized by their best settings) according to plant types and tested 

variables. In the end, the statistical analysis has been conducted according to the 

parametric and non-parametric part of the paper to find significant relationships 

among variables. Smaller groups (N<6) have been ignored because the reliability 

of the data they provide is low.  

5.1 Parametric and Non-Parametric Tests 

If it is possible to make certain assumptions about a sample, it is possible to apply a 

parametric test. Such tests are the Pearson’s r or ANalysis Of Variance (ANOVA) 

[54]. Among other assumptions, the population of the test has to have a normal 

distribution. If it is not the case, the results of the tests will be false. Therefore, the 

distribution of the data set has to be checked in order to avoid false results. Normal 

distribution has very specific traits. It is a unimodal, symmetrical curve, with exact 

areas from the mean after each standard deviation (SD): ±1SD 68.3%, ±2SD 

95.4%, ±3SD 99.7% (in SPSS: graphs/leg.dialogs/histogram).  

The Pearson’s r correlation could be calculated with the following equation [2]: 

(6) 

 

Figure 3 
The process of correlation finding across experiments  
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Non-parametric correlational tests had been conducted with Kendall’s tau (rank test 

- correlation signed with rτ) and also with Spearman’s rho (rρ) to check for error in 

the data set. The above mentioned tests were chosen because the variables are 

continuous and it can be assumed that no specific distribution exists among the 

specified results of the studies. The statistics take care of the wide variances of the 

results via giving ranks to the different magnitudes of results. Also, the size of the 

sample is quite small (N=25 examined studies – 2 omitted experiments because of 

missing data) – and the distribution of the values are quite wide (therefore 

Kendall’s tau is suggested according to these values as well). Although, Kendall’s 

tau does not take into account tied cases (same values) on dependent or 

independent variables, therefore most of the times (and in statistical software) 

Kendall’s tau b version is used [2]:  

(7) 

 

 

Where Ty represents the cases tied on the independent variable while the Tx 

represents the cases tied on the dependent variable. Spearman’ rho could be 

calculated with the equation [26] 

(8) 

 

 

Where di is the difference between the ranks of the corresponding values. The two 

methods gave similar results, therefore Spearman’s rho is more prone to errors and 

outliers [3]. It is suggested to use the results of Kendall’s tau b.  

6 Results 

There was no significant relationship between the variables of all the experiments 

(n=25). This was anticipated to happen, because of the differences in plants and the 

experimental setups. There was no significant relationship among the experiments 

made with the tests of Duty cycle (N=11) and Light Spectrum (N=2). Even though 

significant relationships were found between variables among the experiments 

made with the tests of Photoperiod (N=4), the results were not reliable because of 

the too low number of cases. 

Significant relationship (inverse proportionate) has been found with the Parametric 

Pearson’s r correlation test between light intensity and photoperiod among the 

variables found in the studies conducted on lettuce (N=10; r= -0.824; pτb< 0.003 (2-

tailed)), (Figure 4). Normal distribution was checked via graphical test (Figure 5).  

Significant relationship (inverse proportionate) has been found between light 

intensity and frequency in the studies conducted on microalgae (N=8; rτb=-0.679; 

(rρ= -0.812); pτb< 0.023 (pρ< 0.014)). (Figure 6). 
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Significant relationship (inverse proportionate) has been found between light 

intensity and frequency in the studies conducted with the test of frequency (N=15; 

rτb=-0.522; (rρ= -0.662); pτb< 0.008 (pρ< 0.007 (2-tailed)). (Figure 7). 

Significant relationship (inverse proportionate) has been found between light 

intensity and photoperiod in the studies conducted with the test of Light intensity 

(N=7; rτb=-0.738; (rρ= -0.833); pτb< 0.028 (pρ< 0.02 (2-tailed)). (Figure 8) and also 

between light intensity and light spectrum (N=7; rτb=-0.843; (rρ= -0.935); pτb< 

0.011 (pρ< 0.001 (2-tailed)). (Figure 9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 

Normal Distribution test of variable Photoperiod 

(on the experiments made on lettuce 

Figure 4 

 Significant rel. between light intensity & photoperiod 

on the experiments made on lettuce – Eq. 6. 

Figure 6 

 Significant rel. between light intensity and freq. 

on the experiments made on microalgae - Eq. 7 

Figure 7 

 Significant rel. between light intensity and 

frequency on the experiments made on all the plants 

conducted with the test of frequency - Eq. 7 

Figure 8 

 Significant rel. between light intensity and 
photoperiod on the experiments made on all the 

plants conducted with the test of light intensity   

- Eq. 7 

Figure 9 

 Significant rel. between light intensity and light 
spectrum on the experiments made on all the 

plants conducted with the test of light intensity   

- Eq. 7 
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Light intensity (PPFD) has significant correlation with other variables almost in 

every analyzed group. Because it is proportional to the energy used by a light 

source, the variables correlated with it could be used to reduce the energy costs of a 

plantation – to enhance efficiency. Photoperiod, frequency and light spectrum are 

the variables found by this research as the variables affecting the amount of light 

intensity necessary. 

Different plants might require a different wavelength of light (Table 3). With the 

right spectrum of light, not just plant growth, but energy costs could be lowered as 

well. Therefore, light equipment could be made with flexible spectral parameters or 

the light equipment has to be made for a special type of plant. Wavelength and 

frequency of a light source could be different in the case of different plants (Table 

4).  

Conclusions 

The statistical analysis gave consistent results to other studies [6] and highlighted 

the correlations for the main parameters of LED light sources. 

This type of statistical analysis can support light source design and the setup of 

agricultural facilities. It has synthesized the results of different experiments. PWM 

driving of light sources, with optimal settings (frequency, duty cycle, PPFD, 

spectrum and photoperiod) better yields of plant growth and lower running costs 

could be obtained.  
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