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Abstract: Recently, the interest in the plant factory-based crop production technologies is rising
following the application of the smart farm technology to the agricultural arena. A lettuce production
system platform is proposed in this study considering the effects of indoor environmental conditions
and artificial light sources. The spectral characteristics of a visible ray according to growth perfor-
mances were analyzed first to develop a control algorithm that can stimulate the plant’s growth for
the proposal. Secondly, an imaging system was designed to analyze the plant’s growth characteristics
based on the images and set up the system configuration. Lastly, a crop production system was
proposed by using an experimental crop production group for environmental control and monitoring.

Keywords: plant factory; lettuce; particulate pollutant; wavelength; smart farm; smart LED farm;
smart LED farm algorithm; IoT energies; LED energies

1. Introduction

The modern dietary habit of pursuing wellbeing remarkably increased the consump-
tion of leafy vegetables and fruits by 30% between 1980 and 1990, and by 56% between
1990 and 2003 [1]. Among the crops falling under these categories, there are many that are
high value-added crops [2]. Nonetheless, these crops need to adjust well to environmental
conditions, since the product value and growth development are being changed under
different environments [3].

In particular, lettuce has many varieties, the representative types being romaine,
butterhead, loose-leaf, and crisphead. Among loose-leaf vegetables, red chrysanthemum
cultivars are the most favored vegetables by Korean consumers, as an indispensable item on
their dining table. However, the storage performance of lettuce is very poor, and it cannot
keep up with consumer demand. This perishable nature of lettuce is well-known [4,5].
Therefore, survey results showed that there are several crop items grown in the vicinity
of large cities, so outgoing transportation to the market, where purchases are made by
customers, does not take a longer lead time [6,7].

When growing leafy vegetables in the factory, temperature and humidity are important
factors [8–10].

Moreover, these crops are sensitive to the concentration of particulate pollutants, as
well as airborne microorganisms that feed on particular pollutants [11–15]. Specifically,
some of the airborne microorganisms contain pathogens for crop items, which cause
diseases in the crops [16–18].

Since these are not visible to the naked eye, if we do not have professional knowledge
in controlling the crops, we are unable to do anything but watch the crops become damaged.
For these sensitive crops, the factory has been introduced for the first time, and cultivation
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was performed by conducting research on seedling vegetables that grew under high-
pressure sodium lamps by the Christensen Farm, Denmark, in 1957 [19–22].

Since crops are grown indoors to create a pleasant environment where temperature,
humidity, particulate pollutants, and airborne microorganisms are controlled, rather than in
an ordinary outdoor field, additional costs and management are also required to maintain
such an environment [23–25].

Therefore, there is a need for research investigating the environmental elements inside
plants, but theses and reports related to this are almost nonexistent. In this study, the
elements of environmental conditions in a factory were investigated to monitor the effects
of environmental conditions on lettuce, as well as the growth characteristics of lettuce.

The various factors caused by environmental conditions inside the plant factory were
investigated, and site monitoring was conducted to examine the effect of indoor air quality
and different light sources on the growth of lettuce.

Also, the analysis result shows that the techniques that arithmetically use reflection
properties in visible light and Near-InfraRed (NIR) area have a closer relationship with
biomess, compared to the techniques that separately use visible lights or NIR. Thus, this
imaging system was designed to perform monitoring, according to the crop’s condition, by
selecting appropriate filters for individual crops and by using the converged image obtained
by using these filters. An NIR filter was designed to indicate the growth condition of crops,
according to their characteristics, along with a filter wheel containing four channels, on
which red, green, and blue filters can be installed. The filter wheel uses a small servomotor
and is operated by using a single-chip microprocessor. The images acquired through filters
are processes by the NIR-Enhanced Monochrome Charged-Coupled Device (CCD) camera,
controlled by the PC (Personal Computer), and the motor driven by the microprocessor
was designed to be synchronized with the image signals, controlled by the PC.

2. Related Research

The plant factory in a smart farm allows for planned production throughout the year
as it can control the environmental factors such as temperature, light or CO2 according
to the level of the plant’s growth [26,27]. The plant factories can be classified by how
the light(s) is supplied and the typical ones are a solar type, LED type, or a solar-LED
combined type. In the major of IT, some of the previous studies that focused on the plant
factories are as follows: “A Research on Plant Factory Automation System” [28], “The
Growth Performances of Light-Emitting Diode Lighting on Greenhouse Plant Growth and
Quality” [29], and “Production of Leaf Vegetables Using LED Light Source” [30].

Also, there was a test result that the growth of lettuce or kale was stimulated when
anionic treatment had been applied.

Following the increase in the volume of vegetables used for wrapping food, consumers
desire top-quality and safe leaf vegetables rich in functional substances; as such, a proper
environmental management that satisfies both high productivity and quality is required.
One of the most important factors in environmental control is light management technology
but the yield or growth plants in every factory using either LEDs or fluorescent lights can
be varied as the intensity or quality of light is different from the solar rays. The sunlight is
usually drawn into the production area through optical pipelines or fibers.

Currently, a soilless production system is being adopted by many plant factories using
some kinds of artificial lighting systems [31]. Depending on the plant types, some sort of
a medium that replaces the soil is necessary and it should be able to supply appropriate
physicochemical and biological substances in the process of seeding and managing stages
to provide a better rooting environment [32]. One of the popular such mediums is peat
which is a dark brown substance similar to soil that was formed and accumulated over a
long period time by dying plants or vegetation including mosses and has been preferred
for its affordability and availability, as well as fine functionality [33,34].

Despite these merits, there are concerns about its excessive use and production process,
so it may not be available in the future as much as it is today [35–37]. Although a variety of



Energies 2021, 14, 2624 3 of 25

alternative materials (Coir pith, wood fiber, composted materials, biochar, etc.) are being
sought and introduced in the market [32,34,38–42], none of them has yet replaced peat as
long as functionality and cost are concerned; still, such an attempt may open up the way of
developing an alternative solution that utilizes peat in combination with other materials
that can be recycled [33], considering ever increasing demand for the plant production
mediums due to rapid global population growth [43,44].

3. Methods and Proposed System

The representing prototype has been upgraded from a, b and then to c going through
each stage of respective operation processes. First, in Figure 1, a is the 1st generation plant
developed in early stages of development and controls the factors such as temperature,
humidity, and CO2 only by adjusting lighting and ventilation [45], whereas b is the 2nd
generation plant to which Information and Communications Technology (ICT) has been
applied to create a proper lettuce growing environment by controlling indoor air quality
through the operation of an air purifier [46]. Based on the system developed in this study,
an Internet of Things (IoT)-applied plant factory (3rd generation) that monitors the lettuce
growing process through Closed-Circuit Television (CCTV) operation and indoor air quality
control is proposed [47]. It is expected that such a factory will outperform the others in
terms of functionality.
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Figure 1. Lighting and Environmental Control with Technological Proposal for Crop Growing Factory.
(a) The early plant factories that control temperature, humidity, and CO2 by adjusting lighting and
ventilation (1st generation). (b) The Information and Communications Technology (ICT)-applied
plant factories that create a proper lettuce growing environment by controlling indoor air quality
with air purifier (2nd generation). (c) The Internet of Things (IoT)-applied plant factories that monitor
the lettuce growing process in real-time through CCTV operation and indoor air quality control (the
3rd generation system being proposed in this paper).
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3.1. Analysis of Optical Spectral Characteristics in Near-Infrared (NIR) Range Following Crop
Growth Performance

The spectral characteristics were analyzed according to the leaf surface areas, by
extending the range to NIR band. Within a visible light range from 400 nm to 670 nm,
the light reflectance in the green area was higher than the red area, just as expected by
the unique characteristics of plants that show low reflectance in the red area. Meanwhile,
as shown in Figure 2, a sharp reflection was observed in an NIR range from 400 nm to
1200 nm.
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Figure 2. The light reflectance within the ranges (400 nm–1200 nm) of visible light and near infrared.

It is possible to recognize that the reflected NIR energy increases when the lamina of a
healthy plant is well developed. The healthy green plants usually show high reflectance
(40–60%) and transmittance (40–60%) in the NIR area, where a relatively low absorptance
(5–10%) can be observed. The reflectance becomes higher when 40–60% of the transmitted
NIR energy has been already reflected by the sponge parenchyma, and the rest (45–50%) is
transmitted through and repeatedly reflected (multiple reflections) by the leaves beneath.

3.2. Analysis of Crop Growth Characteristics by Images and System Design and Construction:
Imaging System Design Using Spectral Characteristics

The analysis result shows that the techniques that arithmetically use reflection prop-
erties in visible light and NIR area have a closer relationship with biomess, compared to
the techniques that use visible lights or NIR separately. Thus, this imaging system was
designed to conduct monitoring, according to the crop’s condition, by selecting appropriate
filters for individual crops and using the converged image obtained by using these filters.

An NIR filter was designed to indicate the growth condition of crops, according to
their characteristics, along with a filter wheel that has four channels, on which red, green,
and blue filters can be installed. The filter wheel uses a small servomotor and is operated
by using a single-chip microprocessor. The images acquired through filters are processed
by the NIR-Enhanced Monochrome CCD camera, which is controlled by the PC, and the
motor driven by the microprocessor was designed to be synchronized with the image
signals, controlled by the PC. Figure 3 shows the image acquisition system configuration
using the filter wheel for monitoring, whereas Figure 4 is the flow diagram of the filter
wheel operation and CCD camera control.



Energies 2021, 14, 2624 6 of 25
Energies 2021, 14, x FOR PEER REVIEW 6 of 26 
 

 

 
Figure 3. The image acquisition system configuration using the filter wheel for monitoring. 

 
Figure 4. The flow diagram of filter wheel operation and CCD camera control. 

The image acquisition range was set (400 × 400 mm2) after considering the distance 
between the culture medium and LED and with the Equation (1). A lens with a focal length 
of 4.8 mm was selected, by applying a working distance of 400 mm and a field of view 
(crop observation range) of 400 mm, as well as one-half of the CCD sensor size (4.8 mm). 
Figure 5 shows the camera operation range setting when selecting an appropriate lens, 
whereas Figure 6 shows the plant factory culture medium and the crop layout. 

 
Figure 5. Setting the image acquisition range for selection of lens. 

Figure 3. The image acquisition system configuration using the filter wheel for monitoring.

Energies 2021, 14, x FOR PEER REVIEW 6 of 26 
 

 

 
Figure 3. The image acquisition system configuration using the filter wheel for monitoring. 

 
Figure 4. The flow diagram of filter wheel operation and CCD camera control. 

The image acquisition range was set (400 × 400 mm2) after considering the distance 
between the culture medium and LED and with the Equation (1). A lens with a focal length 
of 4.8 mm was selected, by applying a working distance of 400 mm and a field of view 
(crop observation range) of 400 mm, as well as one-half of the CCD sensor size (4.8 mm). 
Figure 5 shows the camera operation range setting when selecting an appropriate lens, 
whereas Figure 6 shows the plant factory culture medium and the crop layout. 

 
Figure 5. Setting the image acquisition range for selection of lens. 

Figure 4. The flow diagram of filter wheel operation and CCD camera control.

The image acquisition range was set (400 × 400 mm2) after considering the distance
between the culture medium and LED and with the Equation (1). A lens with a focal length
of 4.8 mm was selected, by applying a working distance of 400 mm and a field of view
(crop observation range) of 400 mm, as well as one-half of the CCD sensor size (4.8 mm).
Figure 5 shows the camera operation range setting when selecting an appropriate lens,
whereas Figure 6 shows the plant factory culture medium and the crop layout.
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Figure 6. The experimental crop culture bed.

Figure 7 presents an actual example of an acquired image by the imaging system.
Figure 8 is an example that shows both a general CCD image and one that has been
applied with the NIR filter. In the latter image, it is possible to discover a tissue disorder
(abnormality) caused by dehydration in upper left corner.
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3.3. Development of Crop Image Processing Algorithm for Determination of Required
Environmental Controlled Variables

The images acquired by each filtering channel are represented, based on the digitized
growth characteristics produced by the eigen filter, after subsequently being separated and
converged. Figure 9 shows the outline of this process.
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Figure 9. The image processing flow–multi-band processing.

An algorithm was designed to calculate the inherent vegetation indices for imaging
within the factory, based on the spectral characteristics of the plant. The vegetation indices
are the ones that are generated by the combination of several band values of satellite
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image data and have relationships with vegetation volume in the given image pixels. They
are mainly used for a GIS (Geographic Information System) to determine the ecological
distributions.

In this research, the images acquired by several filter channels are being used, instead
of the images in individual wavelength bands transmitted from the satellite and attempt to
compute suitable indices in determining each crop’s condition and growth. The typical
vegetation indices are the Infrared Percentage Vegetation Index (IPVI) and the Difference
Vegetation Index (DVI).

3.3.1. Development of Basic Image Processing Algorithm for Determination of Crop
Growth: Development of an Algorithm Detecting Abnormal Parts, Based on the
NIR Images

A basic image processing algorithm was designed to determine crop growth conditions
and for the processing, the image produced by the NIR filter was acquired along with
a general gray-scale monochrome image. A synthetic image was created, based on the
reflection characteristics of these two images to separate plant (crop) areas with the binary
image for the detection. Then, the abnormal parts were detected by conducting a variety of
image processing tasks. In the acquired plant area, there was a clear distinction between
thallus and crown tissues, due to the NIR characteristics, so the crown range of plant leaves
was distinguished through detection of the outline.

Next, image erosion, smoothing, and labeling were performed in order to remove the
rest of noise, followed by sessioning in order to identify the exact branch distribution for
the outline. It is possible to determine the anomalies, based on the detected unusual nodes
appearing from collapse, and the crown’s general branch-form distribution after completing
all these processing tasks. Figure 10 shows the sequence of this image processing algorithm,
whereas Figure 11 shows the distinctions between images during the process and the
anomalies detected.
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3.3.2. The Image Processing Algorithm for the Comparison of Crop Growth Conditions by
Test Group

An image processing algorithm was designed to compare crop growth conditions,
according to the types of LED light sources and their proportions. The vegetation region
was detected by using the synthesized image that was created with the images obtained
with a green filter and a blue filter. The final image was then detected with the binary
image, through noise removal. Then, the images from the LED test groups were compared,
by using the projected area of the vegetation region to analyze the correlation with the
physical data measured after actually cultivating the crop. Figure 12 shows the images
following the process sequence, along with the program used for the image processing,
whereas Figure 13 shows the image processing results obtained from the arranged LED
light sources.

Energies 2021, 14, x FOR PEER REVIEW 10 of 26 
 

 

 
Figure 11. The image in the anomaly detection process using NIR images. 

3.3.2. The Image Processing Algorithm for the Comparison of Crop Growth Conditions 
by Test Group 

An image processing algorithm was designed to compare crop growth conditions, 
according to the types of LED light sources and their proportions. The vegetation region 
was detected by using the synthesized image that was created with the images obtained 
with a green filter and a blue filter. The final image was then detected with the binary 
image, through noise removal. Then, the images from the LED test groups were com-
pared, by using the projected area of the vegetation region to analyze the correlation with 
the physical data measured after actually cultivating the crop. Figure 12 shows the images 
following the process sequence, along with the program used for the image processing, 
whereas Figure 13 shows the image processing results obtained from the arranged LED 
light sources. 

 
Figure 12. The image processing program and processed image. Figure 12. The image processing program and processed image.



Energies 2021, 14, 2624 11 of 25
Energies 2021, 14, x FOR PEER REVIEW 11 of 26 
 

 

 
Figure 13. The crop’s image and its processed image according to light sources. 

Table 1 shows the physical measurement data and image data after cultivating the 
crop and Figure 14 shows the comparison between the image measurement data of differ-
ent light source configurations. 

Table 1. Image measurements in accordance with arranged light sources and actual physical data measured. 

Test Group Image 

Measurements 

Actual Physical Measurements 

Projected 

Pixel 

Number 

of leaves 

(ea) 

Leaf fresh 

wight (g) 

Leaf dry 

weight 

(g) 

Length of 

Leaf (cm) 

Length of 

Root (cm) 

Root 

fresh 

weight 

(g) 

Root dry 

weight 

(g) 

R (650nm) 83,519 9.00 33.27 1.18 9.81 16.96 4.12 0.19 

R (647nm) 85,335 10.40 30.93 1.31 8.95 19.50 4.67 0.18 

R (622nm) 72,968 8.00 28.86 1.20 8.96 18.14 4.85 0.26 

B (463nm) 153,378 6.20 25.14 0.20 10.34 17.44 4.01 0.20 

B (450nm) 128,208 7.00 26.30 1.39 10.12 17.26 3.32 0.37 

Wh_All 96,045 8.40 30.44 1.10 9.87 19.70 3.03 0.16 

R:B (8:2) 73,418 8.00 24.22 0.85 8.27 16.62 3.05 0.15 

R:W (7:3) 71,340 8.20 26.48 1.09 8.85 18.06 3.25 0.15 

R:B (9:1) 70,928 9.40 30.95 1.41 9.06 16.18 3.99 0.19 

R:B (7:3) 73,441 9.40 32.27 1.12 10.11 18.62 3.36 0.14 

Figure 13. The crop’s image and its processed image according to light sources.

Table 1 shows the physical measurement data and image data after cultivating the crop
and Figure 14 shows the comparison between the image measurement data of different
light source configurations.

Figure 14 shows the correlation between total projected pixels (area) after processing
the image and the leaf length. For the measured crop (lettuce), the growth rate in the
environment, where blue LED light source was used, was similar to the growth rate
resulting from the normal environment under the sun. When compared with the actual
physical data measured, it was best correlated with the leaf length.

However, this is still a basic measurement result, so the future plan is to perform a
comparative analysis with the algorithm for the growth conditions from the early stages of
cultivation, by constructing a multi-band filtering system that uses various types of image
filters, including the NIR filter.
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Table 1. Image measurements in accordance with arranged light sources and actual physical data measured.

Test Group

Image
Measurements Actual Physical Measurements

Projected Pixel Number of
Leaves (ea)

Leaf Fresh
Wight (g)

Leaf Dry
Weight (g)

Length of
Leaf (cm)

Length of
Root (cm)

Root Fresh
Weight (g)

Root Dry
Weight (g)

R (650 nm) 83,519 9.00 33.27 1.18 9.81 16.96 4.12 0.19

R (647 nm) 85,335 10.40 30.93 1.31 8.95 19.50 4.67 0.18

R (622 nm) 72,968 8.00 28.86 1.20 8.96 18.14 4.85 0.26

B (463 nm) 153,378 6.20 25.14 0.20 10.34 17.44 4.01 0.20

B (450 nm) 128,208 7.00 26.30 1.39 10.12 17.26 3.32 0.37

Wh_All 96,045 8.40 30.44 1.10 9.87 19.70 3.03 0.16

R:B (8:2) 73,418 8.00 24.22 0.85 8.27 16.62 3.05 0.15

R:W (7:3) 71,340 8.20 26.48 1.09 8.85 18.06 3.25 0.15

R:B (9:1) 70,928 9.40 30.95 1.41 9.06 16.18 3.99 0.19

R:B (7:3) 73,441 9.40 32.27 1.12 10.11 18.62 3.36 0.14

R:B (6:4) 79,364 7.80 25.35 1.18 9.02 18.86 3.22 0.16

R:B (5:5) 68,379 8.40 21.63 1.09 8.79 18.50 3.23 0.18

Sun 1 162,485 7.40 42.63 1.87 12.03 16.36 2.99 0.13

Sun 2 124,183 8.60 39.53 2.11 10.34 19.50 3.62 0.22

3.4. The Crop Cultivation Test Groups for Environmental Control and Monitoring: Crop
Cultivation System

An aeroponic crop cultivation system was constructed by preparing a single closed
building (10 m2) to apply the environmental control and monitoring systems. The cul-
tivation standard size was 900 mm × 600 mm × 1700 mm, and eight test groups, with
a 2-story bed each, were prepared. The system also allowed the red and blue LED light
sources to be combined. Then, the nutrient solution tank and pump were installed at the
lower part, along with wireless control device and sensor transmission unit for convenient
external control. Figure 15 shows the constructed design of the crop cultivation system,
whereas Figure 16 shows the light combinations of the individual test groups for the crop
cultivation experiment.
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4. Experiment
4.1. Experiment Subjects

The experiments were conducted in three phases using the hydroponics technique.
The dimension of the employed plant factory was 4420 mm × 3060 mm × 2170 mm.

The lettuce (Lactuca sativa L.) variety adopted for the experiment was “Seonmang-
jeokchukmyeon” (Nongwoo, Korea); it is one of the loose-leaf (var. crispa) variants among
the leafy vegetable commodities.

4.2. Experimental Design

The duration for lettuce cultivation is normally 28 days from the time of sowing, as
per the hydroponics standard in the factory. The medium introduced for hydroponics was
a polyurethane sponge. The nutrient solution was supplied through the lowermost beds
with storage bottom watering. The number of lettuce plants in 1 bed was 28 stocks, and
the seedling planting was done in the shape of a pentagon. A dedicated closed central
ventilation system was employed for ventilation inside the factory. The LED (Light Emitting
Diode) used for the illumination of the experimental plot was 1 W in 15 levels, with a
power consumption of 18 W PCB (Printed Circuit Board), and a loss of 5%, and of 15%
from power supplier circuit. Multi-layer beds were implemented to make the wavelength
of illumination source different for lettuce. The amount of light maintained for the color of
light source per bed as PPDF (Photosynthetic Photon Flux Density) was 200 µmol·m−2·s−1

under the condition that all light sources inside of the factory were ON.

4.3. Measurement and Analysis

The number of particulate pollutants and airborne microorganisms inside the plant
factory was measured thrice (on the first day of the experiment, the middle of the experi-
ment, and the last day of the experiment), per experimental plot, and the average value
was adopted as the representative value. To set the baseline concentration of particulate
pollutants and airborne microorganisms, their concentrations outdoors were also mon-
itored. The growth indicators of 10 attributes for the final growth and development of
lettuce were estimated during the 28 days of the formal planting of lettuce in the main bed.

To monitor particulate pollutants inside the plant factory, TSP (Total Suspended
Particulate matter), PM (Particulate Matter) 10, PM2.5, and PM1 were measured, using
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light scattering-type direct-reading indicators (Dustmate, DM 11431, Turnkey Instruments
Ltd., Northwich, UK). For the measurement of airborne microorganisms, a 1-stage cascade
impactor (BUCK Bio culture B30120, A.P. Buck Inc., Orlando, FL, USA) was utilized.

Among airborne microorganisms, airborne bacteria and airborne fungi were selected
as experiment subjects and sampled using Trypticase Soy Agar media (TSA, Lot 2087730,
Becton Dickinson and Company, Franklin Lakes, NJ, USA), wherein 500 mg of cyclohex-
imide was added to suppress the growth of airborne bacteria, and SDAC (Sabouraud
Dextrose Agar + Chloramphenicol) agar media, wherein 100 mg of hemichloride was
added to suppress fungal growth. The sampled medium was immediately sealed with
parafilm after sampling to avoid contamination, and culturing was carried out in the
microorganism analysis laboratory.

The culture was maintained at 37 ◦C for 1–2 days for airborne bacteria, and at 20 °C
for 3–5 days for airborne fungi. After the completion of culturing, the concentration of
airborne bacteria and airborne fungi was calculated as in Equations (1) and (2), by dividing
the counting of colonies in the culture media by the volume of sampled air (m3):

CFU (Colony Forming Unit)
m3 =

Colony counted on agar plate
Air volume (m3)

(1)

Air volume
(

m3
)
=

20 L
min

× Sampling time (min)
103 (2)

The temperature and relative humidity of the plant factory during the experiment
period were measured as a logarithm of measured value at a 1-h interval, by installing a
dry-bulb thermometer and a wet-bulb thermometer in the facility.

4.4. Data Analysis

For the statistical analysis of measured data, IBM SPSS (Statistical Package for the
Social Sciences) Statistics were used to determine statistical reliability and significance,
according to the light source variables for lettuce, during the experiment. Since the variation
is large in the growth patterns of crops in this experiment, these patterns were categorized
as artificially induced phenomena, rather than natural ones. A Kruskal–Wallis test was
carried out as part of the non-parametric verification tests under the assumption that the
data follows non-normal distribution. A run test was conducted to find out if there were
any growth patterns specific to the subjected crop, by setting up control 2 to compare
lettuce growth from other factories. The reliability of data, as per the categorization of all
light sources, was assessed, and statistical data, using a Bootstrap sample of 1000, was
proposed to secure reliability.

5. Results and Discussion
5.1. First Experiment

Table 2 shows the environmental variables inside the plant factory and the consequent
growth status of the lettuce. The experiment proceeded without equipping the plant factory
with ventilation and air conditioning.

The temperature and relative humidity were maintained at 111.2 ± 1.3 ◦C and
31.3 ± 2.2%, respectively, as natural environmental conditions in 1-h intervals. Nonethe-
less, all the planted lettuce died after 14 days of planting. This might have been caused
by the low temperature and low humidity conditions that are not favorable for growing
lettuce, as well as the large amounts of contaminants in the air, since many machines
were stacked inside newly built factories, and dust, accumulated on the lettuce leaves,
could be observed. Research on air pollutants will be needed via experiments in similar
environments in the future.

The amount of particulate pollutants TSP, PM10, PM2.5, and PM1 inside the plant
factory was impossible to measure since it exceeded the measurable level of the testing
machine. On the other hand, the TSP value outside the plant factory was measured as
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91.64 ± 44.47 µg/m3, with 32.60 ± 15.56 µg/m3 of PM10. The PM2.5 level was found to
be 16.45 ± 1.26 µg/m3, whereas PM1 was 7.10 ± 0.32 µg/m3. The air pollutants inside the
plant factory might be due to the unclean condition and absence of ventilation, rather than
being caused by an external source.

Table 2. Environmental variable in the plant factory.

First-Phase Experiment (1–28 February)

Pollutant Spot Concentration Spot Concentration
Airborne fungi

In

427 ± 228 CFU/m3

Out

540 ± 210 CFU/m3

Airborne bacteria 540 ± 210 CFU/m3 476 ± 170 CFU/m3

Particulate matter

TSP >6579 µg/m3 TSP 91.64 ± 44.47 µg/m3

PM10 >6579 µg/m3 PM10 32.6 ± 15.56 µg/m3

PM2.5 >657.9 µg/m3 PM2.5 16.45 ± 1.26 µg/m3

PM1 >657.9 µg/m3 PM1 7.10 ± 0.32 µg/m3

Micro-climate conditions (temperature: 11.2 ± 1.3 °C, relative humidity: 31.3 ± 2.2%) in the plant factory
Result: All experimental plants died after of 14 days of planting. (It might be due to the low temperature and humidity conditions

and the high dust level.)

Second-Phase Experiment (15 March–12 April)

Pollutant Spot Concentration Spot Concentration
Airborne fungi

In

525 ± 150 CFU/m3

Out

1656 ± 414 CFU/m3

Airborne bacteria 647 ± 241 CFU/m3 2267 ± 677 CFU/m3

Particulate matter

TSP 155.46 ± 52.40 µg/m3 TSP 101.22 ± 36.19 µg/m3

PM10 64.76 ± 9.71 µg/m3 PM10 61.22 ± 28.36 µg/m3

PM2.5 14.18 ± 1.76 µg/m3 PM2.5 14.46 ± 1.25 µg/m3

PM1 3.64 ± 0.38 µg/m3 PM1 3.83 ± 0.45 µg/m3

Micro-climate conditions (temperature: 12.2 ± 3.3 °C, relative humidity: 31.7 ± 4.2%)
Result: All plants died after 23 days of planting (it might be due to the failure of electric conductivity; 10.7 dS/m) in nutritional

solution. Continuous nutrient solution was mistakenly fed to the plants on a daily basis.

Third Experiment (28 October–25 November)

Pollutant Spot Concentration Spot Concentration
Airborne fungi

In

1113 ± 849 CFU/m3

Out

1462 ± 324 CFU/m3

Airborne bacteria 1533 ± 1226 CFU/m3 4133 ± 1200 CFU/m3

Particulate matter

TSP 183.10 ± 28.19 µg/m3 TSP 87.68 ± 20.68 µg/m3

PM10 73.88 ± 20.52 µg/m3 PM10 35.78 ± 14.02 µg/m3

PM2.5 12.53 ± 3.57 µg/m3 PM2.5 10.23 ± 0.86 µg/m3

PM1 4.13 ± 0.15 µg/m3 PM1 4.30 ± 0.47 µg/m3

Micro-climate conditions (temperature: 12.2 ± 3.3 °C, relative humidity: 31.7 ± 4.2%) in the plant factory
Result: The growth of lettuce was satisfactory.

The concentrations of airborne bacteria and fungi were found to be 427 ± 228 CFU/m3 and
540± 210 CFU/m3, respectively, in the factory, and 540± 210 CFU/m3 and 476 ± 170 CFU/m3,
respectively, outside the factory. With almost no difference in airborne microbial concentra-
tion inside and outside the plant factory, it was impossible to judge that these microorgan-
isms were moving through air flow in and out of the plant factory.

5.2. Second Experiment

During the second experiment, ventilation inside the plant factory was sufficiently
carried out to correct the failure during the first experiment, the temperature was main-
tained at 12.2 ± 3.3 ◦C at 1-h intervals, and the humidity level was 31.7 ± 4.2%, as naturally
adjusted. Nonetheless, all the lettuce died after 20 days of planting, without leaving a
particular proof of cause. Since tipburn was observed from the lettuce, and the leaves
were dried, efforts were made on the plant to revive it, but this could not stop the death
of the lettuce that occurred 20 days after planting, or 8 days before harvest. It would be
appropriate to say that lettuce could not tolerate the temperature and humidity conditions
that are not favorable for its original growth; since this crop showed good performance
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under the same environmental conditions, however, the critical cause of tipburn could not
be found. The cause of tipburn is understood to be the high temperature and potassium
deficiency [19]. Still, all deaths of lettuce by tipburn might not be caused by potassium defi-
ciency or physiological problems within the lettuce itself but might be due to a contagious
disease inside the plant factory or some difference in nutrient solution. The detailed and
correct cause of death could not be established.

The concentration of particulate pollutants inside the plant factory was measured
as 155.46 ± 52.40 µg/m3 of TSP, 64.76 ± 9.71 µg/m3 of PM10, 14.18 ± 1.76 µg/m3 of
PM2.5, and 3.64 ± 0.38 µg/m3 of PM1; outside the plant factory, however, TSP value was
101.22 ± 36.19 µg/m3, PM10 was 61.22 ± 28.36 µg/m3, PM2.5 was 14.46 ± 1.25 µg/m3,
and PM1 was 3.83 ± 0.45 µg/m3. The concentration inside the plant factory could be
higher than that of outside, but the levels were not that high, compared to the level of fine
particles during the first experiment.

The concentration of airborne microorganisms was found to be 647 ± 241 CFU/m3

for bacteria and 525 ± 150 CFU/m3 for airborne fungi inside the plant factory, and
2267 ± 677 CFU/m3 and 1656 ± 414 CFU/m3, respectively, outside the plant factory. This
shows a rather higher concentration in airborne microorganisms than inside. The con-
centration of airborne microorganisms was also observed to have considerably increased
outside the plant factory but increased only a little bit inside the plant factory, compared to
the first experiment. The increase in the concentration of airborne microorganisms may be
attributable to the yellow sand phenomena that occurred twice (on 19–22 March), causing
increases in microorganism concentration under the outside environment [20–22]. The
increases in airborne microorganism concentration occurred together inside and outside
the plant factory.

In addition, higher airborne microorganism concentration was confirmed to have been
observed from past meteorological data in spring, especially in the month of July.

5.3. Third Experiment

A ventilation facility was provided to the factory as a supplementary measure for the
failures during the first and the second experiments, the capacity and operating environ-
ment of ventilation were arranged as per the design specification in ISO 14644-9 in the form
of a clean room; thus, the maintained temperature was 20.0 ± 1.1 ◦C at 1-h intervals, and
the relative humidity was adjusted to 55.0 ± 4.3%, by artificial means. The lettuce could be
harvested after 28 days of planting.

The concentration of particulate pollutants inside the factory was as follows: TSP of
87.68 ± 20.68 µg/m3, PM10 of 35.78 ± 14.03 µg/m3, PM2.5 of 10.23 ± 0.86 µg/m3, and PM1
of 4.30 ± 0.47 µg/m3. On the other hand, the TSP value from outside of the factory was
found to be 183.10 ± 28.19 µg/m3, with 73.88 ± 20.52 µg/m3 of PM10, 12.53 ± 3.57 µg/m3

of PM2.5, and 4.13 ± 0.15 µg/m3 of PM1. By looking at the data of microorganisms and
particulate pollutants from inside, as well as outside the factory, a pure environment could
be confirmed to have been maintained inside the plant factory.

The concentration of airborne microorganisms inside the factory was found to be
1533 ± 1226 CFU/m3 of bacteria and 1133 ± 849 CFU/m3 of fungi, whereas the concentra-
tion of airborne microorganisms outside the factory was 4133 ± 1200 CFU/m3 of bacteria
and 1462 ± 324 CFU/m3 of fungi. From the data, the concentration of airborne microor-
ganisms was clearly higher outside the factory, than inside. A much higher concentration
of airborne microorganism was observed, compared to the results from the first and sec-
ond experiments. This may be due to temperature increases during experiments, which
raised microbial counts [23–25]. Those microorganisms, which are beneficial for lettuce
growth, were also assumed to have grown. The growth of microorganisms in the soil could
significantly affect the growth of lettuce, since plants would not be affected much inside of
a plant factory; however, it could be a hindrance in the growth and development of crops.
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5.4. Statistical Data Analysis

The growth pattern of lettuce in the plant factory could be clearly deduced from the
various indices shown in Figure 17.
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Meanwhile, the Kruskal–Wallis test was conducted to examine the significance of the
normal distribution patterns in the growth of lettuce, which shows constant trends under
various light sources. The analysis data, for which the null hypothesis was not rejected, are
shown in Figure 18.

As presented in Table 3, a run test was carried out to investigate if there were any
growth patterns in the lettuce.

Table 3. Ranks in the plant factory obtained by Kruskal–Wallis test and significance by Run test.

Mean Rank
RED BLUE (R):(B) (R)7:

3(W) WHITE Control
Significance

Value by
Kruskal Wallis

Significance
Value By Run

Test

(650) (647) (622) (463) (450) 9:1 8:2 7:3 6:4 5:5 (1) (2)

Number of
leaves **‡ 3 1 9 14 13 2 10 4 11 6 8 7 12 5 0.001 0.016

Fresh weight **‡ 3 5 8 12 10 4 13 7 11 14 9 6 1 2 0.001 0.002

Dry weight **‡ 7 5 8 9 4 3 14 11 6 10 13 12 2 1 0.000 0.004

Root length 4 3 2 6 8 5 13 8 9 10 11 12 14 7 0.761 0.339

Root fresh weight ‡ 13 12 14 8 2 9 11 6 3 1 7 10 4 5 0.025 0.810

Root dry weight 14 13 4 8 6 13 11 12 9 10 7 5 3 2 0.072 0.486

Chlorophyll **‡ 13 12 14 8 2 9 11 6 3 1 7 10 4 5 0.000 0.004

Photosynthetic
photon flux
density **

14 13 4 8 6 13 11 12 9 10 7 5 3 2 0.002 0.086

** Kruskal Wallis significance (p < 0.05); ‡ Run significance (p < 0.05).

Through the Kruskal–Wallis test, statistically significant data was obtained in the
number of leaves (p = 0.001), fresh weight (p = 0.001), dry weight (p = 0.000), fresh weight
of root (p = 0.025), chlorophyll (p = 0.000), and amount of light (p = 0.002), since the
null hypotheses of these variables were not rejected, whereas root length (p = 0.761)
and dry weight of root (p = 0.072) did not show statistical significance with the rejected
null hypotheses.

Besides, statistical significance via Run test was obtained for the variables number
of leaves (p = 0.016), fresh weight (p = 0.002), dry weight (p = 0.004), and chlorophyll
(p = 0.004), since the null hypotheses were not rejected. In contrast, statistical significance
was not obtained for the variables root length (p = 0.339), fresh weight of root (p = 0.810), dry
weight of root (p = 0.486), and amount of light (p = 0.086) with the rejected null hypotheses.
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6. Conclusions

A variety of crop growing technologies are being researched and adopted globally due
to the rapid increase in the number of smart farms. This paper deals with the effect of indoor
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environmental conditions and artificial light sources on the growth of lettuce in a plant
factory where an experimental lighting system has been used. The spectral characteristics
affecting the growth rate were analyzed and an environmental control algorithm was
developed along with an imaging system that monitors the growth performances for
analysis. With the results obtained from the experiments, a plant operation platform that
can adequately control factory environment has been proposed, validating its effectiveness.

The blue wavelength displayed a positive effect on the lettuce leaves, whereas the
red wavelength had a positive effect on root growth. On the other hand, lettuce growth
improved with an increase in the intensity of light built inside the plant factory. The
lettuce with the best performance was found in the control as anticipated. The red color
wavelength and white color wavelength showed the best commercial quality, in terms of
fresh weight, among the growth indicators, whereas growth was most active under R9:1B
and R7:3B within the red and blue combined wavelength. Lettuce growth was affected by
air pollutants in the plant factory.

The concentrations of particles and airborne microorganism as indoor air pollutants
were analyzed to be around two times higher during the third-phase experiment than those
during the first- and second-phase experiments, implying that the growth of lettuce was
greatly affected by the generation of air pollutants inside the plant factory.
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Abbreviations

CCD Charged-Coupled Device
PC Personal Computer
ICT Information and Communications Technology
IoT Internet of Things
CCTV Closed-Circuit Television
LED Light Emitting Diode
PCB Printed Circuit Board
PPDF Photosynthetic Photon Flux Density
TSA Trypticase Soy Agar
SDAC Sabouraud Dextrose Agar + Chloramphenicol
CFU Colony Forming Unit
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