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Abstract: Offshore renewable energy is essential to reduce carbon emissions in China. However,
due to the lack of application scenarios, it is difficult to use renewable energy locally near offshore
power plants. To find an application scenario for offshore renewable energy, a growing container is
developed and combined with offshore renewable energy for food production. Small experimental
containers were tested, and their light intensities were compared to simulation results. The light
intensity range and uniformity of 20-foot containers were evaluated for some short-growth cycle
crops. Adding side reflectors and using LED light beads improved the energy efficiency considerably.
Side reflectors improved both the light intensity U and lighting uniformity u on the irradiated surface,
but the improvement decreased with increased plant height. With a plant height of 0–25 cm, U
increased by 57.4–16.6% and u by 13.1–8%, compared to the case without reflectors. Considering the
energy consumption of lighting, air conditioning, and ventilation, the daily power consumption of
growing containers was between 50 and 79 kWh; a 5 MW wind plant could support the operation of
up to 294 growing containers. Growing containers can also tolerate short-term output fluctuations in
renewable power production and they can be adapted to sizeable seasonal output fluctuations by
reducing the proportion of leafy vegetables and increasing the proportion of sprouts and mushrooms,
which require less light.

Keywords: growing containers; renewable energy; marine; light intensity; uniformity

1. Introduction

Agriculture is one of the core application areas of sustainability science [1]. The de-
velopment of traditional agriculture is limited by factors such as land, environment, and
climate [2,3], with more uncontrollable factors. While plant factories are controlled envi-
ronment agriculture [4], plant factories may become a competitive production technology
compared to traditional horticulture [5]. Plant factories are sustainable in a range of ways,
with lower CO2 emissions, less water use, and smaller footprints [6]. They are also less
affected by extreme weather and environmental pollution, and can achieve high-quality
output year-round.

A growing container is a miniature planting factory that converts a container into a
standard production unit [7,8], which can be arranged on multiple planting levels to multi-
ply the planting areas, but at the same time increase the lighting and energy requirement
compared to single-level planting. Growing containers can tolerate large environmen-
tal changes [9] and are more suitable for building marine farms on coasts, islands, and
ocean platforms than film trellises. Although growing containers can ideally produce
most vegetables [5], some vegetables are preferred considering the efficiency of resource
utilization and the existence of individual differences among species. Many studies are
more concerned with the optimal lighting environment for plant factories, creating the
optimal light intensity or photoperiod for a crop [10,11], but these are more limited to a
single crop. In this paper, it is hoped that the light intensity range can be flexibly adjusted
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to increase the variety of vegetables suitable for cultivation. A few studies have combined
wind power generation with plant factories [12], proving that it is feasible to grow some
leafy vegetables. However, combining plant factories with offshore renewable energy
sources is a new attempt.

Light is one of the most important conditions affecting the growth and development
of crops [13]. Although using natural solar radiation directly is the cheapest way to create
a planting light environment, fluctuations in the solar irradiance and its duration put
limitations on creating a stable planting light environment and achieving multi-layered
planting to improve space utilization. In contrast, planting buildings with artificial lighting
can create a light environment more conducive to plant growth than outdoors. A more
favorable spectrum [14–16] and photoperiod [17,18] for plant growth can be achieved
by increasing the planting density and shortening the growth cycle [19–21]. More im-
portantly, planting buildings can utilize multiple forms of renewable energy to create a
standard light environment. The cost of wind power and photovoltaic electricity has rapidly
declined [22,23], to the point of being below the cost of coal and natural gas-fired electricity
generation in some countries and regions. The intermittence of wind and photovoltaic
power, however, poses challenges to steady power production [24]. Additionally, their
low energy density raises challenges with land use, which would favor moving to marine
environments. Food growing would be a relevant application in marine environments due
to the relatively high power demand needed for creating a light environment for large-scale
planting buildings and high tolerance against fluctuations in energy input during plant
production. Moreover, shipping costs are significantly lower than that of land transporta-
tion, which is a unique advantage of growing containers in offshore areas and they can be
transported while planting. The energy nodes can be arranged along the transportation
route so that growing on the energy supply node takes place during the light response and
disengaging from the node during the dark response to carry out transportation and then
moving to the next energy supply node.

To understand the techno-economic feasibility of marine renewable energy sources
for providing lighting conditions for such growing containers, a detailed investigation of
the lighting solution for the growing container is undertaken. For the analyses, a small
growing container was built used to verify the accuracy of the illuminance simulation tool
TRACEPRO for designing the growing light environmental conditions in the container.
Then, the simulation tool was used to find a lighting solution for the growing container
with light intensity and uniformity meeting the plant growing requirements. The electricity
consumption of the container is then obtained based on the photoperiod and light intensity
requirements, which are used as the basis for the design of the renewable energy system to
support the operation of the growing container. Finally, the economic feasibility of creating
a light environment for the growing container with renewable energy is evaluated.

2. Methodology
2.1. Experimental Procedures
2.1.1. Testing Environment

To ensure the reliability of the optical simulation used to design the lighting solu-
tion for the growing container, a small optical container platform with dimensions of
1200 mm × 800 mm × 40 mm was built, and its frame was built of wooden boards. Ac-
cording to a preliminary assessment, four T8LED full-spectrum plant growth lights would
be required inside the standard layer of the growing container as shown in Figure 1. To
improve indoor illumination and lighting, some uniform reflective devices were added
to the container. To verify the effects of the reflectors, the container was divided into two
compartments: The first has a black light-absorbing cloth on the four inner sides of the
container, corresponding to the case without reflection on the sides; the second compart-
ment has reflective aluminum MIRO4 (ALANOD, Ennepetal, Germany) sheets on the four
inner sides corresponding to the cases with reflection. In order to reduce the interference of
external light, the container was put in a dark room for testing as shown in Figure 2.
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Figure 2. Illumination test environment of two working conditions.

The illuminance measurements were made with DELI illuminance meter DL333204
(Ningbo Deli Tools Co., Ltd., Ningbo, China). In the plane parallel to the irradiation surface
at a distance of 37 cm apart, the 1200 × 800 mm plane of the container is divided into
96 small areas of 10 × 10 cm2 (8 rows of 12 columns) and the center illuminance of each
small area is used as the illuminance value of the area.

In the experiment, differences were found in the illumination level of different lamp
beads in the strip. To detect the errors, the 1200 mm area of the container directly under
the LED was divided into 11 measurement points and the illuminance was measured close
to the lamp shade. Data were analyzed using SPSS 24. Differences between measurement
points were analyzed using analysis of variance (ANOVA). Mean values followed by the
same letter are not significantly different as determined by ANOVA and the differences
were compared by Duncan’s T3 test and LSD test to a significance level of 5%.
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2.1.2. Designing Growing Container Solution

A standard 20-foot container (589.5 cm × 235.0 cm × 239.2 cm) is used to build the
growing container. Each side of the container is arranged with a five-layer 5000 × 800 mm
planting layer. Each layer can be planted with the same species, or different species can
be planted under the premise of no conflict in the planting environment to more flexibly
adapt to the market demand.

The basic layout scheme inside the container is shown in Figure 3. In order to be
more suitable for the light environment required for container planting, the T8LED light
source was modified for the primary adjustment of LED spacing as follows: Each strip
is 5 m long, each strip contains 455 beads, the distance between the first LED and the
last LED is 3 mm from the border, the distance between the centers of two adjacent LEDs
is 11 mm, the luminous flux of a single LED (0.2 W) is 18.75 lm, each LED can achieve
independent switching, and the distance between the strips is consistent with the test
program. The height from the light-receiving surface to the light source can be adjusted in
a range of between 15 and 40 cm. In order to obtain the light intensity to meet the planting
requirements with fewer lamp beads, i.e., lower energy consumption, the aluminum
reflective layer can be arranged on both sides of the planting frame. Although it has been
argued that inwardly inclined reflectors enable more uniform illumination [25], this comes
at the cost of reducing the planting area in a container with limited space, so vertical
reflectors were used here.
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Figure 3. Schematic diagram of the environment inside the growing container. 1. air conditioner,
2. sensor, 3. reflector, 4. hydroponic tube, 5. water pipe, 6. router, 7. LED light, 8. seedling pot, 9.
culture frame, 10. water tank, 11. seedling sponge, 12. container side panel.

2.2. Simulation Methods

TRACEPRO is software dedicated to the design and analysis of illumination and
optical systems. It can build different optical models according to the needs of the ex-
perimenter and is commonly used in the field of plant lighting. A TRACEPRO software
package was used for the 3-D illuminance simulations [26] in the container. We established
a three-dimensional model of the standard layer of the container in TRACEPRO, used the
lampshade material properties for Plycarb, and set each LED lamp as a surface light source.
The field angle is divided into Lambertian luminous field types; the luminous flux of a
single LED lamp is 18.75 lm, the light emission angle is 120◦, and the emission contains
2000 rays. The light plane (5000 mm × 800 mm) surface properties are those of a perfect
absorber; the initial height from the light source plane is 40 cm, and the light surface is
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divided into 1024 × 1024 square areas of equal size each area approximated as a point.
In the case of a side reflector, the reflector surface property used is MERO4 (ALANOD,
Ennepetal, Germany).

The number of pixels determines the resolution of the simulated irradiance map. If the
value is too large, the irradiance map will not be smooth enough to enable the observation
of differences in irradiance trends. Since this paper focuses on the illuminance distribution
trend on the irradiation plane of 5000 × 800 mm, the average value (Eave) is used as the
variable for irrelevance verification in Table 1. When the number of pixels is increased from
50 to 100, Eave changes from 7103 lx to 7138 lx with a difference of 0.49%. The difference
drops to 0.17% when the pixels increased from 100 to 150. We used 100 pixels as Eave, which
would be insensitive to the number of grids with this value.

Table 1. Grid irrelevance analysis.

No. of Pixels Number of Grids Eave (lx)

50 2500 7103
100 10,000 7138
150 22,500 7150

2.3. Evaluation Indicators
2.3.1. Light Intensity

The light intensity in plant lighting design was generally characterized using the plant
photometric unit Photosynthetic Photon Flux Density (PPFD) [27], but in TRACEPRO the
light intensity is characterized using the illuminance (E), which required using a conversion
coefficient [28]. Growing containers are more suitable for crops with shorter growing
cycles, mainly mushrooms, sprouts, and leafy vegetables. Leafy vegetables are the primary
light energy consumers. They required higher light intensities between approximately
200–600 µmol m−2s−1 [29–36], corresponding to a luminosity E of 2307–6920 lx. Table 2
shows the optimum light intensity for some crops.

Table 2. Optimum light intensity for some crops.

Crop Name Light Intensity (µmol m−2s−1)

Lettuce 350 [30]
Kale 250 [33]

Amaranth 280 [35]
Basil 100–300 [31]

Spinach 200 [37]

Different crop species required different light intensities and different growth stages
of the same species, at least the seedling and maturity stages, required different light
intensities [38,39]. Therefore, for growing containers, it is necessary to evaluate their light
intensity under different relative light source heights, i.e., the spacing between the light
source and the growing surface. Since most of the selected leafy vegetable varieties vary in
height from seedling to maturity within 25 cm, a variation of 25 cm in relative light source
height was allowed.

2.3.2. Energy Consumption per Unit Area

The energy consumption per unit area is equal to the light source power multiplied
by the photoperiod divided by the planting area and is used to evaluate the daily power
consumption on the unit planting area:

Q =
PLED × a × T

S
(1)
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where Q = daily electricity consumption per unit planted area (kWh·m−2·d−1), PLED = sin-
gle lamp bead power (0.2 W), a= number of lamp beads, T= photoperiod (h·d−1), S = plant-
ing area (4 m2).

2.3.3. Light Intensity Distribution

The illumination uniformity can be used to evaluate the distribution of light intensity.
The light uniformity u was defined as the ratio of the illuminance mean Eave to the maximum
illuminance Emax [40–42].

u =
Eave

Emax
× 100% (2)

Although the average light intensity in some light environments meets the growing
requirements, a low light uniformity means that the light intensities locally will be too low
or too high. Some areas would not meet the growing needs and some other areas would
have excessive power consumption. Therefore, the closer u is to 1, the lower the energy
consumption to form a light environment that meets the crop illumination requirement
will be.

However, u does not directly give the proportion of planted areas with moderate
light intensity. For this purpose, another light intensity distribution evaluation index ε is
introduced, which indicates the proportion of the area SA with moderate light intensity to
the whole planted area S.

ε =
SA
S

(3)

3. Results
3.1. Subsection

As shown in Figure 4, there are differences in the mean values of some areas and the
differences are not exactly the same for the four light strips. For example, in Figure 4b,
the difference in illumination between measurement points 1 and 2 was not significant
(p > 0.05), but the difference in illumination with all other measurement points was sig-
nificant (p < 0.05). However, the overall illumination levels showed higher illumination
levels near the end of measurement point 1 (corresponding to the D1 side of the strip in
Figure 1) for the four plant growth lights and gradually decreases or oscillates down toward
the other end. As the LED lights are higher near the D1 side illumination. To reduce the
error in the small container experiment, the measurement will first have four strips of the
D1 end placed on the same side of the container as shown in Figure 1. For each point, the
measurement is repeated three times. Then, the four rows of the D1 end and the D96 end
were flipped and repeated three more times, and the average of the six measurements was
taken as the final illuminance value of each measurement point.

The illuminance on the small container was measured and compared to the simulation
model. The average simulated illuminance of the irradiated plane without a reflector was
3344 lx, with a maximum illuminance was 4510 lx, whereas the actual value was 3412 lx
and the maximum was 4600 lx. The illuminance error on the plane was 2%. The simulated
illuminance of the irradiated plane with a reflector was 5780 lx, the maximum value was
6015 lx, the actual measured value was 5788 lx, and the maximum value was 6033 lx. The
illuminance error on the plane was thus 0.14%. The simulated and the measured values of
the illuminance in each measurement point are shown in Figure 5 without a reflector and
with a reflector in Figure 6. The results clearly show that the illuminance drops towards the
ends, but in the case of using a reflector, the differences between the middle and the ends
were much smaller. The simulated values follow the actual measured values in both cases.
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The average illuminance on the irradiated plane with reflectors was 69.7% higher
than that without reflectors, and the uniformity increased from 74.2% to 96.0%. The light
intensity significantly increased, indicating that the same illumination without reflectors
would require more lamps and lead to higher electricity demand. The better uniformity
with reflectors provides better plant growth conditions. Therefore, because of these two
major advantages, the solution with reflectors is used in the overall container design.

3.2. Container Simulations

The next full simulation results of illuminance conditions in the container are presented.
Different heights corresponding to different growth stages of plants were set to correspond
to the dynamic growth of plants. Crops grown in containers were required to have a shorter
growing cycle, which means a faster growth rate, for lettuce, kale, and amaranth. Short-
growth cycle crops were considered as they are more suitable for growing in containers
requiring a light intensity of 200–600 µmol m−2s−1 (2307–6920 lx). Considering that an
irradiation height that is too low can cause low uniformity of the irradiated surface [43],
an irradiation height H ⊆ 15–40 cm was used, with a plant height h ⊆ 0–25 cm. Figure 7
shows a light intensity of 600 µmol m−2s−1 was reached in the middle area inside the
6920 lx contour, meeting the standard illumination requirements of common short-growth
cycle crops.
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Without reflectors, the light intensity reached 600 µmol m−2s−1 in only a tiny area
of H = 15 and H = 20 shown in Figure 8a, i.e., ε = 0 in the range of H = 25–40 cm. The U
value increases with decreasing H, but the light intensity remains below 600 µmol m−2s−1.
The u value was quite smooth over the whole range of H, fluctuating around 80% and
having a maximum of 83.3% at H = 15 cm. Adding reflectors in Figure 8b shows that the
light intensity U was over 600 µmol m−2s−1) and the light intensity received gradually
increased with the growth of plant height. Since the side reflectors were set around the
planting plane, the light uniformity u was less affected by the height and was above 91%.
At H = 15 cm, increasing h leads to a decrease in the actual area of the reflectors, which
in turn leads to a slight decrease in the light uniformity, but the uniformity can still reach
91.3%. The ε value indicates the ratio of the area of reasonable light intensity to the total
area. With the decrease of the irradiation distance, the light intensity gradually increases,
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and the area of moderate light intensity also increases. Therefore, ε tends to rise and had
a minimum value of 83% at h = 0 cm, which has little effect on crop growth considering
the small irradiance required at the seedling stage. However, in the later stages of crop
growth, 13% of the total area at the edges and corners may not grow vigorously enough
due to insufficient illumination.
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Comparing the two cases, when H = 40 cm, U in the reflector-added case was 57.4%
higher than that of the non-reflector-added case, and the u of the reflector case was 13.1%
higher than in the non-reflector case. For H = 15 cm, U was 16.6% higher, and u was 8%
higher, respectively. It shows that although the effect of the reflector decreases with the
distance, it can improve the light intensity and uniformity.

The light intensity can be regulated from 200–600 µmol m−2s−1 by using different
open settings for the LED lights. When 0.5 degrees was used, i.e., the LED beads in the
base (even) position were turned on continuously (open state), the distance between the
LED beads was 22 mm. When combined with the actual length of the strip, the actual
number of beads turned on per row of the strip was 228, and the average light intensity of
the illuminated surface under this condition was about 300 µmol m−2s−1. The number of
beads per row was 152, and the light intensity was about 200 µmol m−2s−1.

4. Discussion

Plant factories need to be created an environment that is suitable for plant growth.
Light, humidity, heat, and air composition conditions need to be suitable, which requires
more electricity costs than traditional cultivation, accounting for 25–35% of the total operat-
ing costs [44]. Currently, the cost of photovoltaic power is about 0.35 Yuan per kWh, and
the cost of wind power is 0.5–0.6 Yuan per kWh (1US$ = 6.74 Yuan, August 2022) in China,
but further cost reductions can be achieved through technological advances and large
industrial-scale production. For example, using chalcogenide materials in photovoltaic
panels has shown a high conversion efficiency and cheaper cost [45]. Ocean wind power
can feed compressed air energy storage [46] adapting to fluctuations in wind conditions
and increasing the utilization factor. By 2035, PV and wind power generation costs are
expected to be below 0.3 Yuan per kWh. By 2050, the cost of PV and wind power generation
could drop to about 0.13 Yuan per kWh and 0.25 Yuan per kWh [47].

The intermittent nature of photovoltaic and wind power generation makes the lighting
vary over time. The stability of the power supply can slightly be improved through small-
scale energy storage. However, the stability of power is less critical in the planting process
than in commercial and industrial processes. In [48] continuous 16 h/8 h (light/dark)
as a control group was compared with five intermittent lightings while providing the
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same light duration of 16 h/8 h (L/D). The results showed that two cycles of 8 h/4 h
(L/D) and three cycles of 6 h/3 h (L/D) or 4 h/2 h (L/D) within 24 h/D) all improved
sweetness and crispness to promote lettuce flavor, with three light cycles increasing shoot
biomass and significantly elevating glucose content of lettuce in all intermittent groups.
Cabbage [49], sweet potato seedlings [50], and basil [51] plants all showed similar profiles
under intermittent photoperiod treatment. This indicates that the intermittent photope-
riod has less effect on the growth of some plants, and reasonable intermittency can even
promote plant growth, which can be well combined with the intermittency of renewable
energy generation.

According to (1), the daily power consumption of container lighting under different light
intensities (T ⊆ 8–16 h·d−1) is 9.7–19.5 kWh for a light intensity of 200 µmol m−2s−1 and
29.1–58.2 kWh for a light intensity of 600 µmol m−2s−1. According to the photoperiod and
growth days of typical short-growth cycles, the power consumption at the corresponding
light intensities is shown in Figure 9, where the x-axis coordinate is the number of growth
days (20 < x < 90), the y-coordinate is the crop photoperiod (8 < y < 16), and the z-coordinate
is the container lighting power consumption. As shown in Figure 9, the total power con-
sumption for lighting at a light intensity of 200 µmol m−2s−1 was 194.6–1751 kWh. The
total power consumption for container lighting at a light intensity of 600 µmol m−2s−1 was
582.4–5241.6 kWh.
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Other electricity consumption equipment for growing containers mainly include an air
conditioner, irrigation system, and ventilation. The air conditioner is mainly used to cool
down the container. According to the container space configuration one horsepower air
conditioner, the electricity consumption is about 17.652 kWh per day, but most varieties do
not need a long-term air conditioner. The irrigation system’s daily electricity consumption
is about 1.8 kWh and the ventilation daily electricity consumption is about 1.44 kWh. The
daily power consumption of the container is in the range of 50–79 kWh.

A 5 MW wind turbine with 1700 h of full operation hours in a year could support
a minimum of 294 containers working simultaneously on an average day, covering the
electricity demand for lighting, air conditioning, ventilation, and irrigation power. If the
growing area were also employed to grow leafy vegetables, sprouts, and mushrooms, the
number of containers supported simultaneously is even higher. In addition, during the
season when renewable energy resources are low, the proportion of sprouts and mushrooms
could be increased, and the proportion of leafy vegetables reduced, which means that the
seasonal fluctuations in renewable energy power production can be accommodated by
adjusting the varieties of plants.
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Table 3 shows a summary of the techno-economic analysis of the containers with
different plants and renewable energy sources. Considering the differences in illumination,
photoperiod, planting days, and mu yield, the lighting energy costs for lettuce, kale, and
amaranth are estimated to be 2.55, 1.52, and 3.03 Yuan·kg−1 with an electricity cost of
0.35 Yuan per kWh for PV, and 4.37, 2.62, and 5.18 Yuan·kg−1, with 0.6 Yuan per kWh
for wind power, respectively. If the plant light is used correctly, it can shorten its growth
cycle and increase its yield. Crops are marketed earlier or counter-seasonally, and crop
prices are increased accordingly. Thus, PV and wind power prices are competitive in the
market. Choosing the plant in practice is also dependent on the market price of the crop
and available varieties of plants.

Table 3. Selected leafy vegetable electricity costs.

Crop Name Light Intensity
(µmol m−2s−1)

Photoperiod
(h·d−1)

Maturity Days
(d)

Capacity
(kg·m−2)

Cost with
Photovoltaics
(Yuan·kg−1)

Cost with
Wind Power
(Yuan·kg−1)

Lettuce 350 [30] 16 40 4.8 2.55 4.37
Kale 250 [33] 16 90 12 1.52 2.62

Amaranth 280 [35] 16 30 2.3 3.03 5.18

5. Conclusions

In this study, growing containers suitable for offshore renewable energy were analyzed.
Small experimental containers were first tested and their light intensity was compared with
simulations to verify the applicability of the simulation tool for estimating the illumination
patterns in the container. Then, the light intensity range and uniformity of a 20-foot
container was evaluated for short-growth cycle crops.

The results showed that using side reflectors in the container would improve the
illumination level and uniformity of the crop growth plane. In the 20-foot container, the
reflectors had a significant energy-saving effect. The reflectors increased the lighting level
by 57.4% and uniformity by 13.1% at plant height h = 0 cm, and by 16.6% and 8% at
h = 25 cm, respectively. If all standard layers in the container were planted with leafy
vegetables, the daily power consumption would be 50–79 kWh. The seasonal fluctuation in
renewable power production could be compensated by increasing the proportion of crop
varieties growing, with lower illumination requirements such as mushrooms, sprouts, and
some leafy vegetable species. Considering the differences in illumination, photoperiod,
planting days, and yield per unit area, the lighting energy costs for lettuce, kale, and
amaranth are estimated to be about 2.55, 1.52, and 3.03 Yuan·kg−1 when powered by PV,
and 4.37, 2.62, and 5.18 Yuan·kg−1 with wind power.

Growing containers can potentially be beneficial in increasing food production, reduc-
ing environmental pollution, and contributing to sustainable farming. Marine renewable
energy power generation systems such as offshore, shore-based, or floating photovoltaic
and off-shore wind power are just emerging on the energy market, but their use for food
production in marine conditions is still in its infancy. The renewable energy-based growing
containers shown here may help to promote the sustainable development of marine farms.
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Nomenclature

ε Area of reasonable light intensity divided by total area [%]
a Number of lamp beads
E Illumination [lx]
Eave Average illumination [lx]
Emax Maximum illumination [lx]
H Irradiation distance [cm]
h Plant height [cm]
L Irradiated surface length [mm]
Q Daily electricity consumption per unit planting area [kWh·m−2·d−1]
S Total planted area [m2]
SA Reasonable light intensity area [m2]
T Photoperiod (h·d−1)
U Photosynthetic photon flux density [µmol m−2s−1]
u Light uniformity [%]
PLED Lamp bead power [W]
W Irradiation surface width [mm]
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