Light environment control for reducing energy loss and

increasing crop yield in plant factories

Huichuan Zou®®, Chunzhe Li°, Aoyu Zhang®®, Xinping Zhang®®, Xudong Chen®,
Fugiang Wang®®**, Yuying Yan®, Shuai Zhang®
“ School of Energy Science and Engineering, Harbin Institute of Technology, 92, West
Dazhi Street, Harbin 150001, China
b School of New Energy, Harbin Institute of Technology at Weihai, 2, West Wenhua
Road, Weihai 264209, China
¢ Faculty of Engineering, University of Nottingham, Nottingham NG7 2RD, United
Kingdom

Abstract: Energy utilization for plant lighting is one of the primary constraints of the
development of plant factories. Most researchers overlook the impact of energy
attenuation during the propagation process on energy efficiency utilization, and the
redistribution process of energy lacks corresponding theoretical guidance. Based on the
expansion of Bouguer’s law, a new strategy of environmental control is proposed to
solve this problem by interfering the form of energy propagation and redistributing the
energy. Through the method of environment control, we establish two different
environments (by changing surface reflectance): high-reflection environment and high-
absorption environment (resembling an unbounded space). Near the leaf canopy in the
high-reflection environment, the photosynthetic photon flux density (PPFD) and
illumination intensity are 116.15 umol-ms™ and 7069 Ix, respectively. In contrast, in
the high-absorption environment, the values are significantly lower: 30.59 umol-m2-s”
! for the PPFD and 1815 Ix for the illumination intensity. The results of further plant
growth experiments show that the average weight and leaf number growth of lettuces
increased by 4.12 and 3.22 times, respectively, in high-reflection environment. The
growing status of plants is also better in the high-reflection environment compared with
the high-absorption environment. The strategy of environmental control provides a new
direction to reduce energy loss and increase crop yield in plant factories.
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1. Introduction

Solar energy, as an abundant and environmentally friendly source of renewable
energy, has garnered global attention [1,2]. Nowadays, there is a growing range of
applications for solar energy, including solar thermal storage [3,4], solar power
generation [5-7], solar heating [8-10], solar thermochemistry [11,12], solar atmospheric
science [13], etc. Human’s production [14-19], life [20-22], as well as the growth of
plants and animals rely heavily on solar energy. Without sunlight, plants can’t carry out
photosynthesis. However, less than fifty percent of solar energy reaches the Earth's
surface, resulting in a low utilization rate of sunlight for plant photosynthesis [23,24].
Ineftective energy utilization is also a key obstacle to the development of plant factories
[25]. Lighting in artificial light plant factories accounts for around 80% of total energy
consumption, encompassing the light source, air conditioning, and nutrient circulation
systems [26]. Thus, increasing the energy utilization of artificial light sources can
significantly increases crop yield and reduces costs.

Plant factory can enable continuous annual crop production through high-
precision environmental control in the facility and fewer constraints imposed by natural
conditions. It represents the advanced stage of facility horticulture development [27-
30]. Traditional agriculture is highly affected by the natural environment and various
types of extreme environments [31,32]. However, Plant factory is completely controlled
by humans and not disturbed by the natural environment. Plant factory can not only
enable comprehensive coverage of traditional agriculture, but also be applied to all
kinds of extreme environments: deserts, extremely cold areas, and outer space (space
station, moon base). It breaks traditional farming form, completely by artificial
intervention, realizing the efficient use of time and space, and the yield can be tens of
times increased [33,34].

Light source is one of the core elements of plant factory [35,36]. Plant factory light
sources have evolved from halogen lamps and incandescent lamps to the current LED

lights. The research direction has gradually transitioned from focusing solely on light



intensity, photoperiod, and light quality for plant growth [37-39], to exploring the
synergistic effects of photoperiod, light intensity, and light quality [40,41]. The more
challenging spectral conversion and spectral matching for plant growth is now a hot
research topic [42,43]. In general, photosynthesis is dominated by chlorophyll and
carotenoids [44,45]. Chlorophylls a and b mainly absorb the blue light at 350-480 nm
(with main absorption peaks at 430 nm and 460 nm, respectively) and the red light at
580-680 nm (with a main absorption peak at 660 nm), which are the typical blue/red
light receptors. Carotenoids, including lutein and carotene, are the primary receptors
for blue light, predominantly absorbing light in the range of 400-500 nm [46-48]. In
addition to their role in plant photosynthesis in plant photosynthesis, red and blue light
can also be used as a light signal to regulate plant growth [49]. Blue light stimulates
protein synthesis in plants; and affects the growth of plants and plumule formation. Red
light can regulate the photoperiod of plants, accelerate the development of stem, and
enhance seed germination [50]. Illuminating with red light at 650 nm and 680 nm, it
can significantly promote the growth of plants, resulting in a double light amplification
phenomenon. The phenomenon is also known as the Emerson effect [51]. It means that
light quality plays a vital role in the growth and development of plants.

The approach of spectral regulation can be divided into two types. The first
involves specially designed lamps that emit red, blue, and UV light through
nanoparticles [42]. The other utilizes light-converting membranes doped with light-
emitting nanoparticles to convert the full-color spectrum of sunlight into the
corresponding spectral wavelengths of chlorophyll, carotenoids, and photoreceptors
[52]. Currently, photoconverters include rare earth-inorganic complexes, rare earth-
organic complexes, and organic fluorescent dyes [53-55]. Yang's group manufactured a
spectral-shifting and unidirectional light-extracting film, which is able to convert green
light into red light, increasing the yield of lettuce by more than 20% [56]. Hyo and his
team produced a spectrum conversion film that converts blue-green light to red light,
improving the photosynthesis efficiency of plants [57]. Wan Soo Kim and his group
produced a red film that effectively increased lettuce yield [58]. Based on aggregation

induced emission effects, Yunpeng Qi and his group explored highly efficient light



conversion agents for agricultural film [53]. Furthermore, the films have been studied
for the conversion of ultraviolet (UV) light to visible light and the enhancement of red
and blue light emission properties by adding carbon dots [59,60].

The efficient utilization of energy is very essential to reduce the cost and promote
the development of plant factories. Kota Saito and his team researched the effects of
lighting designs in plant factories with artificial light (PFALSs) by optical simulations.
By appropriately controlling the layout of the lamps and their directionality, they
improved the coefficient of utilization for the lighting system [61]. Jaewoo Kim and his
group studied light use efficiency in plant factories through the method of combining
ray-tracing simulation with plants growth experiments. The research results can provide
an effective reference for the design of light environment in plant factories [62]. Li Kun
and his team explored an irradiation pattern used LED with zoom lenses (Z-LED) in a
plant factory, which saved over half of the light source electricity [63]. Moreover, L.
Poulet and his group researched the energy efficiency in different LED lighting systems.
Results showed that the LED lighting system with spectral optimization had better
biomass conversion efficiency [64]. The efficient utilization of energy and the
optimization of the layout of the lighting system also have a positive impact in indoor
lighting [65,66].

The literature review demonstrates that there are many researches in spectral
conversion and design of lighting system to increase the utilization of energy in plant
factory. However, researchers often overlook the impact of the light propagation
process. And the distribution process of energy lacks corresponding theoretical
guidance. This paper introduces a new concept of environmental control, which is based
on and expands upon Bouguer's law. When light travels through the air, it is scattered
by gas molecules, resulting in a scattering phenomenon. As the light path increases,
both the light intensity and the photosynthetic photon flux density (PPFD) decrease.
The scattered light is absorbed by the surroundings, diminishing the plant’s effective
utilization of light energy. Therefore, by minimizing absorption and transmittance in
the surrounding environment and maximizing surface reflectance, the scattered light

energy can be converged back to the plants, thereby enhancing the utilization of light



energy by the plant. In this paper, we have successfully regulated the light propagation
process through environmental control (by changing surface reflectance). It enhances
the effective utilization of light energy by plants and offers a new direction for further

reducing energy consumption of lighting in plant light factories.

2. Materials and methods

2.1 Mathematical model

When light travels through a medium, its energy gradually attenuates because of
the absorbing and scattering effects of the medium [67-70]. Burger's law describes this
phenomenon with mathematical expressions. Bouguer's law states that the radiant
intensity of light decays exponentially with the distance of the propagation [71]. Its

mathematical expression is shown as:

I, = lexp(-eL) (1)
Where |, is the radiation intensity of light source (W-m?Zsr'), | _ is the

radiation intensity after the light has traveled a distance of L meters in the medium

(W-m2sr'!), & is the attenuation coefficient of the medium, which can be defined as:

eE=a+p (2)
Where « is the absorption coefficient of the medium, f is the scattering

coefficient of the medium. In this experiment, the medium is air, and air has an almost
negligible absorption rate for visible light (380 - 760 nm), resulting in an absorption

coefficient close to 0 [72]. In this case, it is nearly equal to B for «, which means

that the attenuation of the light is mainly caused by the scattering of the medium. Since
this experiment is carried out in a sealed environment, the air inside can be considered

to be homogeneous and stable. Therefore, the scattering coefficient £ and attenuation

coefficient can be regarded as a constant. Ultimately, the radiation intensity of light
only depends on the distances that the light travels in the medium.

In a highly absorptive environment, scattered energy is absorbed by the
surroundings with no reflection, resembling an infinite open space. However, in a
highly reflective environment, the scattered energy is reflected back by the
surroundings, which increases the energy density in the space. For instance, considering

a point P beneath a light source, the corresponding radiation intensities of point P in a



highly absorptive environment and a highly reflective environment are 1] (W-m?sr-

"and If (W-m?srh), respectively, which are defined as:

17 = 1,exp(-¢L,) 3)
17 = 1exp(-el,) + 17 @
Where 1”7 (W-m?sr') represents the radiant energy reflected back from the

surroundings, which is defined as:
17 =30 Ly expl-sL) B
k Ny
Where p is the reflectivity of the surroundings, k is the number of reflections, N,

denotes the total amount of energy that can reach point P after k reflections, and L}

(m) represents the distance traveled by the light from the light source to point P after k
reflections. On the basis of Burger's law, equation (5) further describes the
redistribution of energy by the surrounding environment after energy propagation in a
medium. Its specific meaning is that the surrounding environment reflects the energy
back to a point in space, and its magnitude reflects the degree of environment on the
redistribution of energy.

Radiation intensity of light decrease with the increase of propagation distance and
number of reflections. Therefore, when the radiation intensity significantly reduces to
1%, it can be ignored. It is described as:

LN

=) <001 (6)
P

P exp(-
Ny

Based on the analysis of the above mathematical expressions, it is found that the
light propagation process can be intervened by means of regulating the environment
(change of p) for the purpose of energy redistribution. Therefore, by increasing the
surface reflectance of the environment, the authors reduce the absorbance of the
surroundings. While the input energy remains constant, it would enhance the energy
density in the space and increase the energy utilization of plants. The strategy of
environment control is developed by this thought, and some experiments are conducted

to prove it.

2.2 Research idea

Plant light factories represent an advanced stage in the development of facility



horticulture and are an inevitable trend for future agriculture [27-29]. In this paper, we
propose a method of environmental control to improve energy utilization and lower
lighting cost in plant factories. Bouguer's law states that light energy weakens as it
travels through a medium [71]. It is caused by the absorption and scattering of light by
the medium. When visible light travels through air, air absorbs almost no visible light.
Instead, the attenuated energy is mainly scattered into and absorbed by the surroundings.
Based on this principle, we have extended Burger's law (equation (5)) by introducing
the strategy of environmental control. Scattered energy is redistributed to the plant by

arranging the surrounding environment of plants as a highly reflective environment.
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Fig. 1. Schematic diagram of the distribution of energy in high-reflection and high-absorption

environments.

As shown in Fig. 1, two different environments are constructed in two square
spaces by arranging high-reflection and high-absorption materials on the walls,
respectively. These two environments are called the highly reflective and highly
absorptive environments, respectively. In the highly reflective environment, the
scattered light is redistributed to plants by the reflection of the wall, greatly improving
the effective utilization of energy. However, in the highly absorptive environment,
scattered light energy is absorbed by the wall, rendering it akin to a boundaryless space.
In this space, plant energy absorption relies solely on direct irradiation by light source.

Thus, the scattered energy is not efficiently absorbed by the plants, which leads to



inefficient energy utilization. Most scattered energy is always not effectively utilized in
the plant factory [40,61]. Therefore, the proposed concept of light environment control
in this paper aims to reutilize the scattered energy. It will significantly enhance energy
utilization and effectively promote plant growth.
2.3 Plant growth experiment

In this experiment, some equipment was used to conduct the experiment and
measure relevant data. The detailed information of the equipment used in the
experiment was shown in Table 1. Table 2 presented the concrete photometric properties
of lamps in different height.

Table 1. The detailed information of the equipment used in the experiment

Equipment Function Production address
the plant light analyzer used to measure the PPFD and Hangzhou Yuanfang
(PLA-30) light intensity in different Optoelectronic Information Co.
environments Ltd., China
UV-VIS-NIR
spectrophotometer used to measure the Shimadzu, Japan
(SolidSpec-3700) reflectivity of materials
Plant growth lamps used for plant illuminating WEGA Guixiang, China
(WEN-8)
precision electronic scale used for weighing Aarhus Instruments Co., Ltd,
(AX124ZH) China

Table 2. Detailed photometric properties of lamps in different height

Height (cm) illumination intensity (Ix) PPFD (umol-m?-s)
10 13745 229
15 9708 162
20 6775 112
25 5283 88

30 4222 71




Acrylic plates, mirror stickers, and black light-absorbing cloth were materials used
to establish different light environments. Both sides of the acrylic plates were covered
with mirror stickers. The acrylic plates covered with mirror stickers were assembled
together to form a closed rectangular space, which was a highly reflective environment.
And the highly absorptive environment was established in the same way, except that
the mirror sticker was replaced with a black cloth. ‘Italy’ lettuces served as the
experimental objects and were planted in cylindrical resin pots. The soil was made of
universal nutrient soil and fertilized with a universal nutrient solution. Fig. 2 shows the
essential properties of the materials and equipment employed in the experiment. Figure
2a depicts the reflectance of two different materials (mirror sticker and black fabric) in
the visible range and the absolute spectral values of the plant grow lamp. As can be seen
in Figure 2b, the light emitting color of the plant grow lamp tends to be white, which
would be much friendly to the humans' eyes. Figure 2c shows the experimental
installation for the high-reflection and high-absorption environments. Fig. 2d shows the
growth status of lettuce in different environments (from left to right: high-reflection and
high-absorption environments, respectively). The growth of lettuce in the high-
reflection environment is significantly better than the high-absorption environment.

Two rectangular spaces (40 cm x 80 cm % 80 cm), assembled from acrylic plates,
were established for regulating different growth environments of plants and conducting
control experiments (Fig. 2c). The key characteristic of artificial light plant factories is
that they are not affected by the natural environment and the growth and development
of plants are completely controlled by humans. Therefore, the impact of external light
should be eliminated. Mirror stickers and black light-absorbing cloth are used for the
arrangement of two spaces, which can isolate the impact of the external lighting
environment on plant growth and ensure the difference between the two environments.
Under same lighting conditions, the two rectangular spaces are applied to prove the
influence of surroundings on plant growth by regulating the light-absorption

environment.
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Fig. 2. Plant growth experiments. (a) Reflectance of mirror stickers and black cloths for highly

reflective and absorptive environments and absolute spectra of plant growth lamps. (b) Chromaticity
diagram of plant grow lamps. (c) Different environments for plant growth experiments. (d) Lettuce
growth status in different environments after plant growth experiments (high reflective environment on

the left and high absorptive environment on the right).

Different plants have different growth rate and sensitivity on light. Therefore,
authors need to choose a valuable, fast-going, and light sensitive plant. As lettuce is a
vegetable with high economy and nutrition, it is selected as a model crop. It is one of
the most valuable crops grown in the United States. From an experimental perspective,
lettuce is also chosen because it is sensitive to the photon spectrum and has a short
growth cycle [56]. Lettuces were cultivated in a cylindrical resin pot with a capacity of
approximately 0.57 L. The light/ dark photoperiod was 10:12 h. During the growth
period, the plants were irrigated as needed (every 2 days) with 50 ml water. Additionally,
a water-soluble fertilizer was supplied with the following nutrients (in mg-L™!): N > 40,
K>0 > 30, P,Os, > 80, Zn > 0.5, B > 0.5, Fe > 0.25, Mn > 2.5. The daily illumination
time for lettuce plants was 10 hours. In addition to the illumination, the growth status
of the plants was recorded and photographed (four times a day at 8:00 am, 12:00 pm,
4:00 pm and 8:00 pm). Every other day, a set of photos was selected to display the

growth status of plants in different light environments. Furthermore, lettuce height and



number of leaves were measured and recorded every other day. Fresh weight of lettuces

was only measured on the first and the last day.

3. Results and discussion

3.1 Experiments on energy utilization under different light environments

Firstly, a blank control experiment was carried out to observe the changes of PPFD
in the high reflective and absorptive environments without placing plants. From Fig. 3a,
it can be seen that the PPFD in the vertical direction decreases with the decrease in
height, and the decreasing trend gradually slows down with the decrease in height. At
higher heights, the difference in PPFD between the highly reflective and absorptive
environments is minimal. The difference in PPFD between the two increases
significantly as the height decreases. The highly reflective environment is significantly
larger than the highly absorptive environment. At a height of 60 cm, the PPFD of the
highly reflective environment (198.02 pumol-m™-s') is 1.17 times higher than that in the
highly absorptive environment (169.54 umol'-m™s™), while at a height of 10 cm, it
reaches 4.53 times (103.56 umol'm?:s! and 22.78 umol-m™s™!, respectively).

Light scattering is ultimately responsible for this phenomenon. A decrease in
height means an increase in distance from the light source, and the light is scattered
more strongly by the air. In a highly absorbing environment, scattered light is absorbed
by the surroundings, leading to a decrease in PPFD. However, in a highly reflective
environment, light is scattered but not absorbed by the surroundings, instead, it is
reflected back. Therefore, PPFD will be much higher in a highly reflective environment
than an absorbing one. On this basis, the light intensity also shows a law consistent with
the PPFD in Fig. 3b. As the lettuce canopy's height of approximately 20 cm, PPFD and
light intensity were measured on a horizontal plane at the same height. As shown in Fig.
3¢, the PPFD was symmetrically distributed at both sides of the center, and the trend of
the whole curve was approximately in the form of an arch-bridge. The PPFD at the
center is higher, and with the distance from the center getting farther and farther, the
PPFD also gradually decreases (the plus and minus signs in Fig. 3 indicate the direction,
the minus sign indicates the left side, and the plus sign indicates the right side). The

trend of light intensity is consistent with the PPFD in Fig. 3d.
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Fig.3. Differences in PPFD and illumination intensity under the high-absorption environment and high-
reflection environment. (a) PPFD in vertical direction. (b) PPFD in horizontal direction (Height is 20
cm, near the leaf canopy). (c) illumination intensity in vertical direction. (d) illumination intensity in

horizontal direction.

The comparison of PPFD and illumination intensity in high-reflection and high-
absorption environments reflected the effectiveness of environmental control. The
energy utilization experiments demonstrated the significant impact of the environment
on energy utilization. In the highly reflective environment near the lettuce canopy, the
PPFD and illumination intensity were 116.15 pmol'm™-s' and 7069 Ix, respectively. In
contrast, in the highly absorptive environment, these values were 30.59 pmol:m?-s’!
and 1815 Ix, respectively. The PPFD in the high-reflection environment was 3.78 times
higher than in the high-absorption environment, and illumination intensity was 3.9
times higher. The additional values represent the energy redistributed by the
environment. This provides compelling evidence of the pivotal role of environmental
regulation in enhancing energy utilization.

3.2 Experiments on lettuce growth under different light environments

As shown in Fig. 4, at the initial moment, there was no significant difference in



the size of lettuces between the highly reflective environment and the highly absorptive
environment (the front rows of lettuces in the figure are numbered 1-3 from left to right,
and the back rows of lettuces are numbered 4-6 from left to right). However, as the
duration of light exposure increased, the growth rate of plants in the high-reflection
environment was significantly greater than that in the high-absorption environment.
With the passage of growing days, the number of leaves and the leaf area increased
significantly, the entire plant grew well, and the plants appeared to be more luxuriant
from the appearance in the high-reflection environment (Videos 1 and 2 show the
growth of lettuce in the high-reflection environment and high-absorption environment,
respectively). However, changes in lettuce plants were less pronounced in the high-
absorption environment, with slight overall plant growth, but much less than in the
highly reflective environment. When comparing lettuce plants in highly reflective and
highly absorptive environments, it was found that the leaves of lettuces in highly

reflective environments were spread out and open, while the leaves of lettuces in highly

absorptive environments were compact and closed.

High-reflection environment

Ist day 3rd day Sth day 7th day

Ist day 3rd day 5th day 7th day

Fig. 4. Morphology of lettuce grown in the high-reflection environment (experiment) and the high-

absorption environment (control).

The primary factor affecting the disparity between the two lies in their respective
environments. Under the same illumination condition, when light reaches the plant
leaves, it needs to pass through an air layer, in which a large amount of light is scattered

by the air layer, making the energy reaching the plant leaves much weaker. As shown



in Fig. 3a, in a highly absorbing environment, the PPTD at a height of 60 cm is 169.54
umol-m?-s”!, while the PPFD at a height of 20 cm is only 30.59 umol-m*s™, a difference
of 5.54 times between them. This proves that the air scatters the majority of light into
the surroundings. In highly absorbing environments, nearly all of the scattered light is
absorbed, so that the utilization of light energy by the lettuce plant is greatly reduced.
Consequently, the lettuces grow in a worse state due to the lack of light. In contrast,
lettuces grow better in a highly reflective environment.

Although the PPFD at 60 cm height (198.02 pmol-m™-s) is 1.7 times than the
height of 20 cm (116.15 pmol-m?'s’!) according to Fig. 3a. At 20 cm height, the PPFD
in a highly reflective environment is 3.8 times higher than that in a highly absorptive
environment. In the highly reflective environment, there is a significant difference in
PPFD at different heights, which is caused by two factors. One is that the entire space
cannot be completely enclosed, allowing some scattered light transmit through the gaps.
Another reason is that the reflective wall cannot achieve 100% light reflection. But, the
high-reflection environment is still able to utilize energy efficiently. Highly reflective
environments reflect scattered light back to the plants, greatly improving the effective

utilization of light energy by lettuce plants, thereby effectively saving energy.
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Fig. 5. Growth of weight of lettuces under different light environments. (a) Comparison of lettuces
fresh weight growth in highly reflective and absorptive environments. (b) Comparison of lettuces

growth conditions in different environments.

Based on the blank experiment, lettuce plants were placed for testing. Twelve
plants were tested, divided into two groups of six each. These plants were labeled Al
to A6 and R1 to R6 (A1 and R1 represent plant No.1 in the high absorbing environment

and high reflecting environment, respectively). Before the experiment, the plants in



both groups were weighed. As shown in Fig. 5, the average weights of the plants in the
high-absorption and high-reflection environments were 3.45g and 3.82g, respectively,
with a relatively uniform mass distribution.

After one week, the plants were taken out and weighed. The results showed that
in the high-absorption environment, the average growth weight of the plants was 1.28
g, with a growth rate of 37.10%. However, in the high-reflection environment, the
average growth weight of the plants was 5.27 g, with a growth rate of 137.96%,
significantly surpassing the growth rate in the high-absorption environment. In the
high-reflection environment, the average growth weight of the plants reached 4.12
times than that in the high-absorption environment. This result suggested that higher
energy attenuation in the high-absorption environment resulted in a decrease in biomass
conversion efficiency. However, the lower energy attenuation in the high-reflection
environment resulted in a significant increase in the biomass conversion efficiency of
plants. Hence, the energy can be maximized to be used by lettuce plants for
photosynthesis in the high-reflection environment. This maximized energy usage
enhances their growth rate and overall energy efficiency.

The number of leaves of lettuces was counted before the start of the experiment.
The results showed that in the high-reflection environment, only plant R5 had 7 leaves,
and the rest of plants had 6 leaves; in the high-absorption environment, A1 had 5 leaves,
A2 had 8 leaves, and the rest of plants had 6 leaves. Afterwards, the number of leaves
in the plant were recorded every other day and plotted into a chart corresponding to the
change in leaf number, as shown in Fig. 6 and Fig. 7. From the whole trend of changes
of leaf number, the increase of leaf quantity in the high-reflection environment is
markedly higher than that in the high-absorption environment. In the highly reflective
environment, R2, R3 and R5 each grew two new leaves, R1 and R4 grew three new
leaves, and the number of new leaves in R6 reached four, bringing the total number of
new leaves to 16, with an average of 2.67 new leaves. Conversely, in the highly
absorptive environment, only plant A4 grew 2 leaves, A1, A2 and A6 only grew 1 leaf,
A3 and A5 did not produce any new leaves. The total number of new leaves was only

5, with an average of merely 0.83 leaves per plant, significantly lower than in the high-



reflection environment. This shows that in highly reflective environments, the lettuce
absorbs more light energy which promotes growth. As shown in Fig. 2d, in the high-
absorption environment, the outer leaves of the plant are closed, preventing the inner
new leaves from receiving light, which reduces the growth of the plant and stops the
production of new leaves. The heights of all plants were measured before the
experiment. Initially, the average height of the plants in the high reflection environment
was about 9.16 cm, while the average height of the plants in the high absorption
environment was about 9.43 cm. The distribution between the two groups was relatively
balanced, with plants in the high-absorption environment being slightly taller than those

in the high-reflection environment. Subsequently, plant height was measured every

other day and plotted as a corresponding growth curve, as shown in Fig. 8.
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By analyzing the growth change curves of plants in different light environments,
it was found that out of 18 groups studied for plant height increase, 8 groups showed
that the growth height of plants in the high-absorption environment was higher than
that in the high-reflection environment. Conversely, the remaining 10 groups showed
that the high-reflection environment was greater than that in the high-absorption
environment. Considering the results, it was found that the increase in the height of
plants under the high-reflection environment was not significantly distinguished from
that under the high-absorption environment. However, in terms of the increase in
growth height, the high-reflection environment exhibited a slight superiority over the
high-absorption environment. The average height of the plants in the highly reflective
environment was 11.07 cm and it was 10.61 cm in the highly absorptive environment.
The mean growth heights of the plants were 1.91 cm and 1.18 cm, respectively.

The increase in plant height was less pronounced compared to the increase in plant
weight and number of leaves. It may be owing to the fact that in high absorption
environments, the light energy absorbed by the lettuce plant decreases due to the
absorption of the surroundings. Therefore, to obtain more illumination, the leaves can
only grow upwards. Eventually, it showed a small difference in plant height growth
between the high absorption and high reflection environments. However, it still showed

a more rapid increase of height in the high-reflection environment.
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Fig. 8. Height growth of lettuces under different environments (I - VI correspond to plants 1 - 6 in

different environments).



4. Conclusion

Lighting in plant factories accounts for the majority of total energy consumption.
But energy utilization for plant lighting is poor, which obstacles the development of
plant factories. To resolve the issue of energy utilization, this paper proposed a new
strategy of regulating light environment. This new strategy (environment control) was
based on Bouguer's law and further developed. Two different environments were
established to demonstrate the effectiveness of environment control. PPFD and
illumination intensity were measured to characterize the energy utilization in different
environments. On this basis, further plant growth experiments were conducted. Further
plant growth experiments have demonstrated that lettuces exhibit superior weight,
height, leaf count, and growth status in high-reflection environment. It implied that
interfering energy propagation process through environmental control could result in
energy redistribution, thereby significantly increasing the effective utilization of light
energy by plants.

(1) In the highly reflective environment, the PPFD and illumination intensity near
the lettuce canopy were 116.15 umol'-m?s™! and 7069 Ix, respectively. In contrast, in
the highly absorptive environment, these values were 30.59 pmol'm?-s'and 1815 Ix,
respectively.

(2) Further plant growth experiments showed that the initial average weight of
lettuces in the high-reflection environment increased from 3.08 g to 9.09 g, with an
increase of 6.01 g. However, the average weight of lettuces in the high-absorption
environment increased from 3.45 g to 4.73 g, with an increase of only 1.28 g.

(3) In the high-absorption environment, there was a minimal increase of only 0.83
leaves in the average leaf count, whereas in the high-reflection environment, the
average number of leaves reached 2.67. In the highly reflective and absorptive
environments, the average plant height growth was 1.91 cm and 1.18 cm, respectively.

(4) The growing status of plants was better in the high-reflection environment. the
leaves of lettuces in the high-reflection environment were spread out and open, while

the leaves of lettuces in highly absorptive environments were compact and closed.
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