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Abstract

This work focuses on the evaluation of a photosynthetically active radiation (PAR) emission system
integrated into a mobile robotic platform, aiming to extend the photoperiod of long-day plants by ir-
radiating them during nighttime or on overcast days. The mobile robotic platform is height-adjustable,
while the PAR system is power-adjustable. Measurements were conducted over a 1.35 m? area, divid-
ed into 15 equal sections (30%30 cm each). In each section, PAR values were recorded for different
operating power scenarios of the lighting system (36299 W) and for different height levels from the
measurement surface. The results are displayed in the form of 3D plots, presenting the PAR distribu-
tion and the zones of high/low radiation intensity. The proposed system dynamically regulates the
intensity of PAR radiation, providing light with photo regulatory characteristics that enhance the pho-
tosynthetic activity of plants.
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INTRODUCTION

One of the most important factors affecting the photosynthetic capacity of plants is Photosynthetically
Active Radiation (PAR), defined as the spectrum of electromagnetic radiation between 400 and 700
nm, which is responsible for activating the photosynthetic mechanisms of plants (Ouzounis et al.,
2015). In modern controlled-environment cultivation systems, particularly in greenhouses or indoor
farming setups, the use of artificial light sources has become essential for maintaining stable and ex-
tended photoperiods (Adams & Langton, 2005, Kozai et al., 2016, Lozano-Castellanos et al., 2025), in
order to maintain optimal photosynthetic activity throughout the entire growth cycle. Light-Emitting
Diode (LED) technology has emerged as the most efficient solution, offering high energy efficiency,
extended lifespan, and the ability to spectrally tailor light to meet the specific needs of plants (Zou et
al., 2025).

Photoperiod - defined as the duration of light exposure within a 24-hour cycle - plays a pivotal role in
regulating key developmental stages of plants, including flowering, leaf area expansion, and overall
yield performance (Adams & Langton, 2005). Long-day plants, as opposed to short-day or day-neutral
species, require extended periods of light to initiate their reproductive phase. In open-field cultivation
systems, the total amount of incident solar radiation may be insufficient to meet the plants’ light re-
quirements during the growing season. Therefore, supplemental artificial lighting is often necessary,
either to extend the photoperiod or to compensate for reduced irradiance on overcast days (Kuniga,
2020). However, the effectiveness of an artificial lighting system is not solely dependent on the inten-
sity of emitted radiation. The uniform spatial distribution of PAR across the plant canopy is of critical
importance, as it prevents the occurrence of photoinhibition and shading effects while minimizing
energy losses. Non-uniform light distribution adversely affects plant growth and can ultimately lead to
significant reductions in productivity (Wenxiong & Chengwei, 2019). At present, various artificial
lighting systems are available that regulate PAR intensity (assimilation lighting), although most are
not designed to actively control the photoperiod (Kozai et al., 2016; Serrano-Bueno et al., 2017).
Nonetheless, studies evaluating the effectiveness of such systems in terms of PAR uniformity and
required intensity under varying environmental and operational conditions remain scarce.

This study focuses on the evaluation of an artificial lighting system integrated into a mobile robotic
platform, capable of dynamically adjusting both its vertical height and the operating power of the
lighting unit. Moreover, the study contributes to a better understanding of how such a mobile lighting
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platform may be effectively utilized to enhance crop productivity. By analyzing the spatial distribution
of PAR under different operational configurations, the aim is to inform improved management prac-
tices for artificial lighting systems applicable not only to open-field agriculture but also to urban and
vertical farming contexts.

MATERIALS AND METHODS

This study evaluated the distribution and intensity of Photosynthetically Active Radiation (PAR) emit-
ted by an artificial lighting system integrated into a mobile robotic platform (Figure 1), under various
operational configurations. PAR measurements were conducted over a surface area of 1.35 m?, subdi-
vided into 15 equal quadrants of 30x30cm. Data collection was performed at three different heights of
the robotic platform (53, 68, and 83 cm above the measurement surface) and across multiple power
settings. The power output ranged from 36 W (10% of the system’s rated power) up to 299 W (100%
of rated power), incrementally increased during the measurements. To ensure consistency and elimi-
nate measurement bias, the robotic platform remained stationary throughout all experimental trials.
The artificial lighting system used was a full-spectrum LED fixture emitting in the 400—700 nm range,
corresponding to the PAR spectrum. It offers precise intensity regulation between 10% and 100% of
its maximum power and is designed to support all stages of plant growth, from germination to flower-
ing and fruiting. It includes includes broad-spectrum white light for overall photosynthetic support,
blue light (400-500 nm) to promote leaf and root development (7Terfa et al., 2012), green light (500—
600 nm) to penetrate deeper into the plant canopy and enhance photosynthesis (Shafig et al., 2021),
and red light (635—665 nm), which is critical for flowering and fruit production (Aliniaeifard et al.,
2018).

PAR intensity was recorded using equipment from the Italian manufacturer Senseca, consisting of a
quantum radiometric probe (LP471PARO02) with a spectral sensitivity of 400—700 nm, accuracy of
+5%, and resolution of 0.1 pmol/m?/s, paired with a data logger (HD2102.1). At each measurement
point, the sensor was allowed to stabilize for two minutes to minimize transient errors, and each read-
ing was repeated three times. The quantum sensor was placed at the center of each section to ensure
uniform data collection. All measurements were conducted under controlled environmental conditions,
with the exclusion of external light sources, to guarantee measurement accuracy and repeatability.
Data were stored in an Excel file and later processed using Python, specifically the Pandas, Matplotlib,
and Seaborn libraries.

Fig. 1 Mobile robotic platform with integrated artificial lighting system.

Photosynthetic Photon Flux Density (PPFD) is a key measured parameter for evaluating the intensity
of photosynthetically active radiation (PAR) reaching the surface of plants. It is expressed in units of
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umol/m?/s and refers to the number of photons within the 400—700 nm spectrum that strike a unit of
surface area per second (Ge et al., 2011; Nelson & Bugbee, 2014a; Ritchie, 2010). PPFD is critical for
understanding photosynthetic activity, as plants primarily respond to the quantity of photons rather
than the energy of light. In controlled agriculture applications, PPFD is used to adjust the intensity of
artificial lighting in order to ensure optimal photosynthetic efficiency depending on the plant's growth
stage (Kozai et al., 2016). PPFD is measured using quantum sensors, which have a spectral response
tailored to the PAR spectrum. PPFD values vary depending on the plant species and developmental
stage, with typical values ranging from 100-300 pmol/m?%s for seedlings and up to 600-1000
umol/m?/s for mature plants (OQuzounis et al., 2015)
To evaluate the performance of the lighting system, two key parameters were calculated: the coeffi-
cient of uniformity (Cu) and the system’s photon efficiency (PE). Uniformity was calculated using
equation (1).

Emin

C, =
U = Favg (1)

where Emin is the minimum measured PAR value across the 15 points, and Eavg is the average PAR.
This index evaluates the spatial distribution of the radiation.

The energy efficiency of the artificial lighting system is assessed using the Photosynthetic Photon
Efficacy (PPE) index, which expresses the amount of photosynthetically active photons (PPFD) emit-
ted per unit of electrical power consumed (Kosai et al., 2016, Nelson & Bugbee, 2014). Photosynthetic
Photon Flux (PPF) refers to the total rate of photon emission in the photosynthetically active radiation
(PAR) range of 400-700 nm, measured in umol/s. In experimental settings where PPFD (photosyn-
thetic photon flux density) is measured at multiple points, the total PPF can be estimated using the
equation (2).

PPF = PPFDavg x A 2)

where PPFDavg is the average photosynthetic photon flux density (in pmol-m2-s™"), derived from »
point measurements across the cultivation surface and A is the total illuminated area (m?). Once the

PPF has been calculated, PPE is determined as equation (3):

PPF
PPE = —— )

The resulting unit umol/J (or equivalently umol/W-s) allows for comparing the photosynthetic perfor-
mance of different lighting systems regardless of their total power input. Higher PPE values indicate
greater efficiency in delivering useful light for photosynthesis.

RESULTS AND DISCUSSION

The energy efficiency of the artificial lighting system, as expressed by the PPE index (umol/J)), is
strongly influenced by both the electrical power input and the distance between the light source and
the target surface. According to the results, as shown in Figure 2, the maximum efficiency was
achieved at a height of 53 cm and a power level of 94 W, yielding a PPE of 1.83 umol/J. However,
when the power input exceeded 150 W, the PPE values consistently declined across all tested height
levels, indicating reduced energy efficiency at higher power settings. Furthermore, increasing the
height of the light source from 53 cm to 68 cm and subsequently to 83 cm resulted in a consistent de-
cline in PPE, confirming the impact of distance in accordance with the inverse square law. This find-
ing is consistent with the results reported by Sheibani et al. (2023), who demonstrated that reducing
the distance between the LED source and the plant canopy significantly improved energy efficiency,
as plant growth was achieved with lower energy consumption. Their study highlights that increasing
the distance of the light source tends to reduce the overall effectiveness of energy use in crop lighting
systems. Additionally, Sheibani et al. (2023) highlight light losses associated with the wide emission
angle of LEDs, which follow a Lambertian distribution, resulting in a significant portion of photons
being lost outside the cultivation zone. In addition to energy efficiency, light uniformity also plays a
crucial role. Light uniformity, as expressed by the Coefficient of Uniformity (Cy), increases steadily
with the height of the lighting system. As shown in Figure 2, at a low height of 53 cm, Cy remains low
at 0.33, indicating significant non-uniformity. At a medium height of 68 cm, Cy reaches approximately
0.47, offering a balance between light intensity and distribution. At the highest level of 83 cm, Cy
reaches its maximum value of 0.59, indicating high uniformity independent of power level. Therefore,
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the optimal selection of lighting height and power depends on the application requirements: if energy
efficiency is prioritized, a height of 53 cm with 94 W is preferred, while for enhanced light uniformity,
83 cm is recommended. For a combination of efficiency and uniformity, the 68 cm height with 154 W
provides the most balanced option. These findings are also supported by the study of Hwa-Soo et al.
(2014), in which optimization of lighting arrangement parameters (including the mounting height of
the light sources) resulted in a 15% increase in lighting uniformity. Moreover, it was observed that
increasing the height was associated with improved uniformity, despite a reduction in the average light
intensity on the target surface.
PPE and CU measurements
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Fig. 2 diagram of PPE and CU measurements

To better understand the spatial distribution of radiation across the analyzed surface, 3D plots were
generated for each combination of height and power of the artificial lighting system. Figure 3 illus-
trates the three-dimensional distribution of PPFD for all heights at 124 W and 217 W. At a height of
53 cm, the measurements exhibit prominent central peaks in the central region, indicating high radia-
tion intensity, but with considerable non-uniformity, as the intensity decreases sharply toward the edg-
es. At 83 cm, the surface shows a much more gradual distribution, with reduced overall intensity but
improved uniformity across the entire area. The intermediate height of 68 cm presents a more balanced
distribution, with smoother transitions in intensity that reflect a trade-off between strength and uni-
formity. The use of such graphical tools has been recognized as a valuable methodology in crop light-
ing studies, as it enables a direct and qualitatively comparable interpretation of light diffusion, as also
demonstrated in the study by Hwa-Soo et al. (2014).
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Fig. 3 3D PPFD distribution map for 124 W, 217 W and different heights.

CONCLUSION

This study demonstrates the technical and operational reliability of the mobile robotic platform
equipped with a full-spectrum artificial lighting system. The maximum Photosynthetic Photon Effica-
cy (PPE) value 1.83 pumol/J was achieved at a height of 53 cm and power of 94 W, indicating that
optimal efficiency is attained at intermediate power levels and short distances from the target surface.
Increasing the height of the light source from the measurement surface progressively improved the
uniformity of illumination (Cy), with the highest value of 0.59 recorded at 83 cm. This finding under-
scores the importance of the platform’s geometric configuration of the robotic platform in achieving
uniform PAR distribution across the measurement surface. The platform’s ability to adjust height and
modify electrical power offers significant advantages in extending the photoperiod for long-day plants,
and the technical analysis presented herein may serve as a guide for the deployment of such technolo-

gies in precision agriculture and controlled environment applications
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