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Abstract: The development of various types of plant factories is central to improving agriculture. In
one form, it is expanding from the existing commercial plant factories to home cultivation systems or
cultivators. The plant cultivation system grafted into the living space for people produces differences
in the growth of the plant depending on the lifestyle (cooling and heating, residence time, number of
residents, etc.) of the resident. In this study, identical home cultivation systems that automatically
adjust environmental conditions (temperature, photoperiod, light, and nutrient solution supply)
other than the carbon dioxide level were set in an office and warehouse. The study confirmed how
plant growth can differ depending on the amount of carbon dioxide generated by humans occupying
the space. In addition, it was confirmed whether the growth of plants can be further promoted
depending on the external air exchange speed by a ventilation fan even if the indoor carbon dioxide
concentration is the same. Due to the nature of the cultivation system that controls the temperature,
the type and speed of the fan were set to minimize heat loss in the cultivator. The airspeed from
ventilation fans attached to the indoor cultivation systems of an office and warehouse was adjusted
to one of three levels (0.7, 1.0, or 1.3 m·s−1). In this study with two species, Ssamchoo and Romaine,
it was confirmed that the office space was significantly advantageous for the growth of Ssamchoo,
especially in terms of the fresh weight, root activity, and chlorophyll content. Romaine also had a
significantly higher fresh weight when grown in the office. Shoot length, leaf length, and leaf width
were longer, and there were more leaves. When comparing the relative yield based on an airspeed of
1.0 m·s−1, the yield increased up to 156.9% more in the office than in the warehouse. The fan airspeed
had an important influence on Ssamchoo. The higher the fan airspeed, the greater the yield, root
activity, and chlorophyll. However, fan airspeed had no consistent effect on the growth tendencies of
Romaine. In conclusion, carbon dioxide produced by humans occupying the space is a significant
source of carbon dioxide for plants grown in the home cultivation system, although both the speed
of the ventilation fan that can promote growth without heat loss and delayed growth caused by the
photorespiration in a carbon dioxide-limited situation require additional experiments.

Keywords: home cultivation system; home hydroponics; indoor cultivation; small plant factory; CO2

concentration; office; vegetable; Romaine; Ssamchoo; fan speed

1. Introduction

All trends on sustainability around the world are focused on climate change. Climate
change has a direct impact on our lives and sustainability. The issue in agricultural
production caused by the climate crisis also threatens the sustainability of the supply of
agri-food from farms to homes and leads to food security concerns. People are becoming
increasingly sensitive to environmental threats [1]. This is why there is an increasing
demand for pollution-free land [2] and water [3], better air quality [4], and more stringent
food safety [5]. Additionally, the health of modern people who stay indoors more than
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80% a day is prone to the indoor environment. Substances that affect indoor air quality [6]
include volatile organic compounds, air-borne microorganisms, nitrogen oxides, sulfur
oxides, ozone, and fine dust, which can be toxic. Although carbon dioxide [7] is not
acutely toxic, it is an important indicator of indoor air quality. At high concentrations,
it causes attention deficit, fatigue, and drowsiness [8]. The indoor carbon dioxide levels
may be adjusted with ventilation, but there may be situations where periodic ventilation is
difficult for the residents, or the inflow of ambient pollutants [9] is more damaging than
the reduction of carbon dioxide through ventilation. On the other hand, heat losses due
to ventilation result in the use of considerable electrical energy, increasing atmospheric
carbon [6,10].

Direct health threats caused by the climate crisis, including environmental pollution
issues and instability in the food supply, act as anxiety factors that threaten people’s
viability beyond sustainability. It is indoor cultivating systems that have emerged as the
results of these complex problems, stimulating the foundation of the desire for survival.

These plant cultivators are in the form of small plant factories and include technologies
such as temperature control, light supply, and the automation of irrigation and feeding of
nutrient solutions. However, unlike plant factories used for commercial crop production, it
is not easy to have an additional supply of carbon dioxide, which is an indoor air pollution
factor, because the installation site is a human-residing space. When the concentration of
carbon dioxide in the tissue culture vessels could not be increased, the growth of plantlets
in the culture vessels could be promoted by raising the CO2 concentration of the culture
room where the culture vessels were placed [11]. Fortunately, human respiration is a major
source of carbon dioxide in the non-industrial indoor environment. Therefore, the activities
of humans could be thought of as a supplemental source of carbon dioxide in spaces where
the plant cultivation systems are placed. If plants in the cultivation system can absorb
indoor pollutants, it is thought that indoor spaces will also lay the foundation for increased
sustainability through carbon neutrality as organic ecosystems.

In this study, people were used as a source of carbon dioxide and the productivity of
plants in an indoor cultivation system was compared. In addition, it was compared whether
it is possible to promote plant growth by varying the speed of ventilation fans in this indoor
cultivation system in the same space with the identical carbon dioxide concentration.

2. Materials and Methods
2.1. Cultivation System and Fan Airspeed

The cultivation system used in this study was an LG home cultivation system (ti-
iun L061G1, LG Electronics Inc., Seoul, Korea). The external size (W × H × D) is
595 mm × 815 mm × 590 mm, and the weight is 68 kg. The interior consists of two tiers.
Each tier is again divided into three compartments (Figure 1). The nutrient solution is
supplied by an ebb and flow-type system, and there is a 3 L water tank at the bottom of
the machine. The temperature and photoperiod were set at 25 ◦C/18 ◦C, and 14/10 h
day/night. Light was provided by white LEDs, with a total of 300 µmol·m−2·s−1 PPFD
(photosynthetic photon flux density) supplied to both the upper and lower tiers.

The fan is located in the upper right corner of the device. A ventilation fan mounted
on the device had three operating levels based on the maximum and minimum operating
speed of the fan. The rotational speed of the fan was set with software. The fan airspeed
was divided into three levels: 0.7 (low speed), 1.0 (medium speed), and 1.3 m·s−1 (high
speed). The radius of the ventilation fan is 38 mm. The cross-sectional area of the tube
through which air flows was 0.00453 m2. The total volumetric airflow rate was low speed,
11.41, medium speed, 16.31, and high speed, 21.20 m3·h−1.
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Figure 1. Appearance of the indoor cultivation system (tiiun L061G1, LG Electronics Inc., Seoul, Korea) used in the study.
The interior consists of two tiers, each with three compartments. Each compartment combines one pod (seed kit), and one
pod has 10 plants.

2.2. Cultivation Space

Due to the two different locations, the place of installation of the cultivation system
was treated differently. An office was selected as a space with people, and a warehouse
was selected as a space without people (Figure 2). Both places were located on a campus of
the Gyeongsang National University.

The floor area of the office is 20 m2 and the air volume is 49 m3. During the experiment,
an adult male aged 60 and weighing 63 kg used it as an office. He performed office work
in a sitting position during business hours, except Sundays, usually from approximately
06:00 to approximately 4:00. Lunchtime was usually from 11:30 to 13:00. There was no
additional ventilation of the room, such as opening the window. The experimental period
was from July to August, and it was a midsummer period in Korea. From 06:00 to 20:00, an
air conditioner without the ventilation function was operated.

The warehouse has a floor area of 68.4 m2 and an air volume of 164.2 m3. The
warehouse was used to store materials for horticultural uses in the greenhouse. It was a
space where no other experiments or any work were performed. Locks were installed in the
warehouse which were seldomly opened to allow people in. During the experiment period,
there was very limited access by people except for the researchers supplying nutritional
solutions or checking the cultivation systems. There was no ventilation system or air
conditioner running for this space.

The CO2 concentration, temperature, and relative humidity were measured at eight
points, four in the office and four in the warehouse. These measurement points were desig-
nated as follows in the office space: office–outside, OO; office–low fan speed, OL; office–
medium fan speed, OM; office–high fan speed, OH. For the warehouse: warehouse–outside,
WO; warehouse–low fan speed, WL; warehouse–medium fan speed, WM; warehouse–high
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fan speed, WH (Figure 2). Measurements were recorded using a data logger (ALMEMO
2890, Ahlborn, Holzkirchen, Germany). The measurement period lasted 14 days, from
August 5 to 19, and measurements were recorded at a 20-min interval for 24 h.

Figure 2. The locations of the cultivation systems used for the study. An office at Gyeongsang National University was
selected as the space with people. The warehouse space was selected as a space without people. Three cultivation systems
were placed in each space. The abbreviation for each unit was expressed in red letters representing the following: office
space (OO, outside of cultivation systems in the office; OL, OM, and OH, cultivation system with a low (0.7 m·s−1), medium
(1.0 m·s−1), and high (1.3 m·s−1) fan speed, respectively; WO, outside of cultivation systems in the warehouse; WL, WM,
and WH, cultivation system with a low (0.7 m·s−1), medium (1.0 m·s−1), and high (1.3 m·s−1) fan speed, respectively.

2.3. Nutrient Solutions and Medium

The nutrient solution used in this study is a multipurpose nutrient solution specially
prepared for these cultivators. The pH of the nutrient solution was adjusted to 6.0 during
preparation. At the start of the experiment, 3 L of the nutrient solution was supplied
to the water tank at the bottom of the machine. After that, when the machine made the
notification to replenish the water, approximately 2 L of the prepared nutrient solution
was added.

2.4. Plant Materials

In this experiment, Ssamchoo (Brassica Lee ssp. namai) and Romaine (Lactuca sativa L.
var. longiflora) were selected as the plant materials for study (Farm Hannong, Seoul, Korea).
The seeds were sealed and delivered to a laboratory at Gyeongsang National University.
The delivered seeds were stored in a refrigerator and sown on 28 July 2021. On 3 August,
except for healthy sprouts, the rest were thinned out. After 10 August, changes in the
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leaf width, leaf length, and the number of leaves were measured as intermediate growth
surveys, for a total of five times at 2-day intervals. On 19 August, all fully grown plants were
harvested. The shoot length, number of leaves, leaf width, leaf length, fresh weight, and
dry weight were measured from the harvested plants. In addition, the chlorophyll content,
root activity, soluble protein, soluble sugar, starch, and antioxidant enzyme activities in
plants were also measured.

2.5. Chlorophyll Content and Root Activity

To measure the chlorophyll content, 2 cm2 leaf discs were collected from the youngest
mature leaf using a cork borer. Ethanol, acetone, and distilled water were mixed to make
an extraction solution. The collected sample was added to this solution and the chlorophyll
was extracted at 4 ◦C for 24 h. The extracted solution was measured at 645 and 663 nm
using a spectrometer and then the chlorophyll content was calculated [12]. For root activity
measurements, a 0.1 g sample near the root growth point was collected. A 1:1 mixed
solution of 0.4% tetrazolium chloride and 0.2M HCl-tris was prepared. A root sample was
placed in this solution and incubated for 16 h while the light was blocked. The colored root
was then taken out and the solution was wiped. After 24 h of overnight immersion in 99%
methanol, the wavelength was measured at 485 nm using a spectrometer [13].

2.6. Soluble Sugar and Starch Contents

The contents of starch and soluble sugars were determined by the Anthrone colorimet-
ric method according to Vasseur and Ren et al. [14,15]. For the extract, 0.3 g of the frozen
sample was pulverized, to which 10 mL of distilled water was added and incubated in
water at 100 ◦C for 30 min, then 15 mL of distilled water was subsequently added to make
the total solution volume 25 mL. This was then incubated in 100 ◦C water for 30 min. When
the temperature dropped to room temperature, the extract was centrifuged at 6500 rpm
for 10 min. Following this, 2.5 mL of the supernatant was separated and distilled water
was added to make the total solution volume 10 mL. A 0.2 mL sample was taken from
this solution, to which 1.8 mL of distilled water was added. A 0.5 mL of 98% Anthrone
(C14H10O) and ethyl acetate (CH3COOC2H5) mixture and 5 mL of 98% sulfuric acid were
added to the total solution, was shaken well, and again incubated at 100 ◦C for 10 min. Af-
ter the reaction finished and the temperature dropped to room temperature, the absorbance
was measured at 630 nm with a spectrometer. The starch content was determined using
the solids remaining after preparing the extract for measuring the soluble sugar contents.
The solids were collected, 20 mL of distilled water was added, and 2 mL of HClO4 was
added to make a total solution of 22 mL. The total solution was incubated for 30 min in
100 ◦C water and filtered through a filter. A 0.5 mL sample was obtained from the extract
and 1.5 mL of distilled water was added. After adding 1 mL of 98% Anthrone and ethyl
acetate mixed solution, 5 mL of 98% sulfuric acid was added. After the reaction sufficiently
occurred, the mixture was incubated for 30 min until the temperature dropped to room
temperature. The OD at 485 nm was subsequently measured.

2.7. Soluble Proteins and Antioxidant Enzyme Activities

The total protein estimations were conducted using Bradford’s reagent [16,17]. The
superoxide dismutase (SOD) activity was estimated by following the nitro blue tetrazolium
(NBT) inhibition methods according to the protocol of Giannopolitis and Ries [18]. The
activity of the catalase (CAT) enzyme was measured based on the method of Cakmak and
Marschner [19]. The guaiacol peroxidase (GPX) activity was determined based on the
amount of enzyme required for the formation of tetra guaiacol per minute, following the
methods of Shah et al. [20]. The ascorbate peroxidase (APX) activity was assayed following
the methods of Nakano and Asada [21].
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2.8. Statistical Analysis

The SAS statistical software (Version 9.2, SAS Inst., Cary, NC, USA), was used for the
statistical analysis of variance (ANOVA) and Duncan’s multiple range test at a significance
level of p = 0.05. The F-test was also run based on the Fisher’s least significant difference
test at a threshold of p = 0.05.

3. Results
3.1. Environmental Measurement
3.1.1. Temperature and Relative Humidity

The temperature and relative humidity inside each cultivation system were monitored
14 days before harvest (Figure 3). It was summer during the cultivation period, and
the air conditioning system was operated in the office, but ventilation facilities were
not. There was no air conditioner installed in the warehouse, so cooling or any type
of environmental control was not performed. Regardless of the difference in external
temperature, the temperature of the cultivation system was controlled according to the
setting of the systems. The cultivation system was set to a daytime photoperiod from 09:00,
and the LEDs were turned on and the temperature reached a daytime set point of 25 ◦C.
At 23:00, the temperature dropped all at once and fell to a nighttime or dark period set
point of 18 ◦C. At this time, all LEDs were turned off. There was no excessive heat loss in
the cultivation system due to the ventilation fan. The temperature control error range of
the cultivation system was 2 ◦C. Relative humidity was also measured during the same
period (Figure 4). The office maintained lower external relative humidity levels than inside
the cultivation systems. Conversely, the warehouse maintained higher levels of external
relative humidity than the inside of the cultivation systems. At 09:00, the relative humidity
inside the cultivation systems temporarily rose to nearly 90%. At this time, the light inside
the cultivation systems was turned on momentarily, and the stomata were open, promoting
transpiration. This temporary increase of relative humidity seems due to a lag period in
increasing temperature in the cultivation systems from 18 degrees at night to 25 degrees
during the day. Thereafter, the relative humidity rose and fell repeatedly according to the
operation and rest time of the system for cooling. The office cultivation system showed
relatively high levels of relative humidity in the OH. In all treatments, the relative humidity
level was higher in the second half of the cultivation period. This seems to be due to the
increased leaf area and growth rate.

3.1.2. Carbon Dioxide Concentration

The average concentration of atmospheric carbon dioxide in Korea where the study
was conducted was 420.4 µmol·mol−1 [22]. The carbon dioxide concentration recorded in
the warehouse was generally lower than that in the office and remained stable (Figure 5).
The concentration of carbon dioxide in the warehouse was similar to the average atmo-
spheric concentration in Korea. The concentration of carbon dioxide in the cultivation
systems in the warehouse during the cultivation period was maintained at a higher level
than that in the atmosphere of the warehouse from 23:00 to 09:00, which was set as the
nighttime. The concentration during the night was highest in the WM treatment, followed
by the WH and WL. Lights were turned on at 09:00 and photosynthesis began. There was
no significant change in the carbon dioxide concentration in the warehouse atmosphere.
All three cultivation systems set in the warehouse had a rapidly decreasing carbon dioxide
concentration, and within an hour after the lighting was turned on, the concentration
dropped below the concentration outside in all treatments. After that, the concentration
of carbon dioxide was maintained at levels lower than that of the outside until the light
was turned off again. As a result, the CO2 concentration in the WL, the treatment with the
lowest yield, was maintained relatively higher as compared to the other two treatments.
The WM and WH showed lower carbon dioxide concentrations than the WL, but the two
treatments were within the error range with no significant difference. As the light was
turned off at 23:00, the concentration of carbon dioxide rose sharply in all treatments,
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suggesting that the consumption of carbon dioxide stopped, while the generation of carbon
dioxide by respiration continued. Within an hour of turning off the light, all treatments
had levels higher than that in the outside atmosphere. The level kept increasing over time
and showed the highest point just before the light was turned on again.

Figure 3. Temperatures inside cultivation systems, office, and warehouse. It was a summer period during the cultivation
and an air conditioner without ventilation was operated from 06:00 to 20:00 in the office. The warehouse did not have any
air conditioner operating. All cultivation systems were set to run from 9:00 to 11:00 as the photoperiod and from 11:00 to
09:00 as the dark period. The temperature set point was 25 ◦C during the photoperiod and 18 ◦C during the dark period
both with an error range of ±2 ◦C. The codes represent the abbreviation of each treatment as described in Figure 2. The
vertical bars represent SEs of fourteen-day replicates (n = 14).

In the office space, the external carbon dioxide concentration changed greatly depend-
ing on the presence of the occupant and activity (Figure 5). From 00:00 to 06:00, the CO2
concentration in the office (OO) was lower than that in the cultivation systems, and it
showed a tendency to decrease with time. On the other hand, the CO2 concentration in
the cultivation systems was higher than that of the OO. In particular, it was highest in the
OH treatment, and lower concentrations were found in the OM and OL. The difference in
concentration between the OM and OL treatments was within the error range, and there
was no significant difference between them. There was usually only one occupant in the
office (60 years old, male, 63 kg) who usually came in to work at 06:00. The carbon dioxide
concentration of the OO rose sharply after 06:00 until 09:00. The concentration in the three
cultivation systems also showed a sharp increase in the same way as the change in the
OO. After that, the OO showed a steady increase until 11:30 when lunchtime started and
showed a temporary decrease until 13:00 when lunchtime was over. The CO2 concentration
rose again until 16:00 when the occupant left the office, and then it decreased until 06:00
the next morning.
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Figure 4. Relative humidity in the cultivation systems, office, and warehouse. In the office, the air
conditioner was operated from 06:00 to 20:00. The set temperatures of the cultivation systems were
25 ◦C during the daytime from 09:00 to 23:00 when the light was turned on, and 18 ◦C during the
nighttime when the light was turned off. In order to control the temperature, the cooling system was
turned on and off, showing some of the relative humidity rising and falling accordingly. The codes
represent the abbreviations of treatments as described in Figure 2. The vertical bars represent SEs of
14-day replicates (n = 14).

The CO2 concentration in the cultivation systems showed three periods with descend-
ing concentration. In the first descending period, when the light was turned on at 09:00, the
CO2 concentration dropped all at once due to instantaneous consumption because of the
resumption of photosynthesis. The second and third descending periods seem to be due to
the fact that there was no one in the office during the lunchtime, so the decreasing external
CO2 concentration was reflected in the CO2 concentration inside the cultivation systems.
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Figure 5. Changes in the 14-day average concentration of carbon dioxide for each treatment in the
office (O) and warehouse (W) over 24 h. The concentrations in the office are shown in black and
those in the warehouse are shown in blue. The average atmospheric CO2 concentration in Korea is
indicated by a red auxiliary line. The codes represent the abbreviations of each treatment as described
in Figure 2. The vertical bars represent SEs of 14-day replicates (n = 14).

There were differences in the change of CO2 concentration in the warehouse and
office. In the office, from 09:00 to 23:00, the CO2 concentrations outside and inside the
cultivation systems show the same pattern. Except for 2 h before the dark period, the CO2
concentration outside is consistently higher than that inside the cultivation systems.

In the warehouse, the concentration in the cultivation systems during the day was
consistently lower than that outside where the concentration was stable.
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The point to note here is the concentration of carbon dioxide in the atmosphere
of the experimental sites. Based on Korea’s average atmospheric CO2 concentration of
420.4 µmol·mol−1, the CO2 concentration in the office was maintained at levels higher than
the average concentration in the atmosphere, except from 20:00 to 22:00. However, in the
warehouse, it was consistently lower than the atmospheric average value from 09:00 to
10:00 when photosynthesis actively occurred.

The average values of external carbon dioxide concentration in the office and ware-
house were 763.6 and 449.03 µmol·mol−1. The weight of carbon dioxide supplied to the
cultivation systems per hour using the volume flow rate supplied to the cultivation systems
differs by OH, 31.80; OM, 24.46; OL, 17.11; WH, 18.70; WM, 14.39; WL, 10.06 mg·h−1. The
average amount of carbon dioxide used for photosynthesis was calculated by subtracting
the remaining amount in the cultivation system from the amount supplied per hour and
adding the amount generated by respiration. In the OH treatment with the highest yield,
carbon dioxide consumption per hour was 29.60 mg·h−1. This was approximately three
times that of 8.27 mg·h−1 in the WL treatment which has the lowest production.

3.2. Plant Growth Parameters

The fresh weight was compared based on the cultivation system location and the fan
airspeed for each species (Table 1). The fresh weight greatly differed depending on the
species and the location of the cultivation system. The difference due to the fan airspeed
was relatively small. The Ssamchoo in the office had the greatest fresh weight in the OH,
and the difference between the fresh weight of lettuce grown in the OM and OL was
insignificant. For Romaine, fresh weight was significantly the greatest in the OH, but it was
not significantly different between the OM and OL. For Ssamchoo grown in the warehouse,
the fan airspeed affected fresh weight, and the yield was significantly higher in the WH
and WM than that in the WL. In the case of Romaine, the yield was the greatest in the WM,
followed by the WH and WL.

Table 1. Comparison of the fresh weight, shoot length, leaf length, leaf width, and number of leaves as affected by species,
cultivation space, and fan speed.

Species
(A)

Cultivation Space
(B)

Fan Airspeed
(m·s−1)

(C)

Fresh Weight
(g)

Shoot Length
(cm)

Leaf

Length (cm) Width (cm) Number

Ssamchoo

Office
1.3 16.0 a y 14.3 abcd 13.9 abcd 8.5 a 8.1 bc
1.0 12.6 b 14.7 ab 14.4 abc 7.9 ab 7.3 de
0.7 12.2 bc 15.1 a 14.7 a 7.9 ab 7.1 ef

Warehouse
1.3 10.2 bcd 14.2 abcd 13.8 abcd 7.7 b 6.6 ef
1.0 10.2 bcd 13.7 cde 13.4 cde 7.4 bc 6.9 ef
0.7 8.8 de 13.9 bcde 13.5 bcd 7.2 bc 6.5 f

Romaine

Office
1.3 11.6 bc 14.9 a 14.6 a 6.8 cd 8.3 abc
1.0 11.0 bcd 14.7 abc 14.3 abc 6.1 e 8.9 a
0.7 10.1 bcd 14.8 ab 14.5 ab 6.4 de 8.9 a

Warehouse
1.3 6.0 fg 12.9 e 12.5 e 5.9 e 8.1 bc
1.0 7.6 ef 13.5 de 13.1 de 5.9 e 8.6 ab
0.7 5.1 g 11.6 f 11.2 f 5.1 f 7.8 cd

z F-test

A *** * * *** ***
B *** *** *** *** ***
C * NS NS * NS

A × B NS ** ** NS NS
A × C NS * * NS *
B × C * * * NS NS

A × B × C NS NS NS NS *
z NS, *, **, and ***, represent no significant or significant difference at p = 0.05, 0.01, or 0.001, respectively. y Mean (n = 30) values separated
within columns followed by different letters are significantly different according to Duncan’s multiple range test at p ≤ 0.05.

Leaf development was better in the cultivation systems placed in the office for both
species. The cultivation system location was observed to be the most important factor affect-
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ing the leaf length of both species. Romaine leaves were the longest in OH and Ssamchoo
leaves were the longest in OL. On the other hand, in the warehouse, Romaine leaves were
slightly longer in WM and Ssamchoo leaves in WH, compared to other treatments. In the
case of leaf width, the difference was larger in Ssamchoo than in Romaine. Both Ssamchoo
and Romaine leaves were the longest in OH. The longest plants were observed in the
WH cultivator, out of all the warehouse measurement points. Leaf widths were generally
greater in the office than in the warehouse, and the fan airspeed seemed to slightly affect
the leaf length. Romaine had the greatest number of leaves in OL and OM, and Ssamchoo
had the greatest number of leaves in OH. Although there was a difference depending on the
species, it was observed for both Ssamchoo and Romaine that the location of the cultivation
systems was highly significant, where the office provided a better growth environment
than the warehouse did.

The standard fan airspeed setting in the used cultivation systems was 1.0 m·s−1.
The carbon dioxide concentration varies greatly depending on the nature of the space or
lifestyle. The relative yields of each species in this study were analyzed with the fresh
weight of Ssamchoo and Romaine grown in the WM being considered as 100% (Figure 6).
Yields were significantly higher in the office than in the warehouse. For Ssamchoo, the
OH, OM, and OL yields were, respectively, 156.9, 123.9, and 120.1% relative to the WM
Ssamchoo yield. In the warehouse, the WL Ssamchoo yield (86.2%) was lower than the
WH (99.5%) and WM (100.0%) yields.

Figure 6. Relative yield (%) for each condition when converted based on the WM yield. The vertical bars represent SEs of
thirty biological replicates (n = 30). Significant differences among treatments are indicated by lower case letters at p ≤ 0.05
according to Duncan’s multiple range test.

For Romaine, OH (151.6%), OM (144.6%), and OL (132.4%) yields were all significantly
higher than those in the warehouse. Both the WH (79.1%) and WL (66.3%) yields were
significantly lower than the WM (100.0%) yield.

This difference can also be seen in photos taken on the day of harvest (Figure 7). As
can be seen, the Ssamchoo cultivated in the office grew better than the Ssamchoo cultivated
in the warehouse (Figure 7). Also, the root development of plants grown in offices and
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warehouses was different. There was a difference in the amount and density of the roots,
and the roots of the plants grown in the warehouse were slightly darker (Figure 7).

Figure 7. Growth of Ssamchoo compared characterized by the cultivation condition. Ssamchoo
presented on the left were grown in the office, and those presented on the right were grown in the
warehouse. The fan airspeed decreases in order from top to bottom. The photo below compares the
development of roots immediately after harvest. Likewise, the fan airspeed increases in order from
top to bottom.

Romaine was better grown in the office than in the warehouse, too. Although the
difference in the development of roots was less than that of Ssamchoo, the roots of Romaine
grown in the office were denser than those grown in the warehouse (Figure 8).
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Figure 8. Growth of Romaine characterized by the cultivation condition. Romaine presented on the
left were grown in the office, and those presented on the right were grown in the warehouse. The fan
airspeed decreases in order from top to bottom. The photo below compares the development of roots
immediately after harvest. Likewise, the fan airspeed increases in order from top to bottom.

3.3. Chlorophyll Content and Root Activity

For Ssamchoo, the root activity was the highest in OH, followed in order by that in
OM, and OL (Figure 9). Roots of all Ssamchoo grown in the warehouse were less active
than those of Ssamchoo grown in the office, and there were no significant differences
between the treatments. Romaine grown in OH displayed the greatest root activity, but
there were no significant differences in the root activity of Romaine grown in different
cultivation conditions.
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Figure 9. Root activity of Ssamchoo and Romaine. The codes represent the abbreviation of each
treatment as described in Figure 2. The vertical bars represent SEs of three biological replicates (n = 3).
Significant differences among treatments are indicated by lowercase letters at p ≤ 0.05 according to
Duncan’s multiple range test.

When the chlorophyll content at the time of harvest was analyzed and compared,
there was a significant difference in the case of Ssamchoo, but no differences in the case of
Romaine (Figure 10). Ssamchoo had high chlorophyll a content in the order of OH, OM,
and OL, and in the warehouse, the greatest chlorophyll a content was observed in WM. The
chlorophyll b content was also the greatest in OH, but there were no significant differences
in the other treatments. Although there were differences between species, it was found that
the office more effectively increased the chlorophyll contents than the warehouse did.

Figure 10. Contents of chlorophyll a and b in Ssamchoo and Romaine. The codes represent the abbreviation of each
treatment as described in Figure 2. The vertical bars represent SEs of six biological replicates (n = 6). Significant differences
among treatments are indicated by lowercase letters at p ≤ 0.05 according to Duncan’s multiple range test.
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3.4. Soluble Protein, Soluble Sugar, and Starch Contents, and Antioxidant Enzyme Activities

For both Ssamchoo and Romaine, the growth environment did not affect the soluble
protein contents (Table 2). For Ssamchoo, the greatest soluble sugar content was observed
in OH, followed in order by WM and WH. For Romaine, the soluble sugar content was the
greatest in OL followed by WM. Although the differences between the species were large,
there were no significant differences for both species according to the growth conditions.

Table 2. Contents of soluble protein, soluble sugar, starch, and proline as affected by the species, cultivation space, and
fan airspeed.

Species
(A)

Cultivation Space
(B)

Fan Speed
(m·s−1)

(C)

Content (mg·g−1 FW)

Soluble Protein Soluble Sugar Starch Proline

Ssamchoo

Office
1.3 34.1 2.8 a y 1.5 b 0.17 c
1.0 32.7 1.9 de 1.2 ef 0.11 c
0.7 33.7 2.3 bcd 1.4 bc 0.20 c

Warehouse
1.3 36.2 2.4 abc 1.2 def 0.20 c
1.0 34.7 2.7 ab 1.5 b 0.15 c
0.7 37.2 2.0 cde 2.1 a 0.20 c

Romaine

Office
1.3 32.5 1.8 ef 1.2 cdef 0.49 b
1.0 37.3 1.6 ef 1.0 f 0.83 a
0.7 35.0 2.6 ab 1.3 bcde 0.20 c

Warehouse
1.3 37.6 1.3 f 1.4 bcd 0.88 a
1.0 34.1 2.0 cde 1.5 b 0.20 c
0.7 35.2 1.6 ef 2.1 a 0.51 b

z F-test

A NS *** NS ***
B NS NS *** NS
C NS NS *** *

A × B NS * * NS
A × C NS * NS *
B × C NS *** *** **

A × B × C NS NS NS ***
z NS, *, **, and ***, represent no significant or significant difference at p = 0.05, 0.01, or 0.001, respectively. y Mean (n = 3) values separated
within columns followed by different letters are significantly different according to Duncan’s multiple range test at p ≤ 0.05.

There were no significant differences in the starch content between the two species
(Table 2). On the other hand, the starch content significantly differed depending on the
position of the cultivation system and the fan airspeed. For both Ssamchoo and Romaine,
the greatest starch content was observed in WL. Ssamchoo and Romaine grown in the
office showed less significant differences between the different cultivation conditions than
they did in the warehouse. The proline content was not significantly different between
the different cultivation conditions for Ssamchoo (Table 2). For Romaine, the fan airspeed
slightly affected the proline content.

The activity of antioxidant enzymes differed greatly between species (Table 3). Fur-
thermore, the fan airspeed affected the antioxidant enzyme activities more significantly
than the location of the cultivation system did. For Ssamchoo, GPX was the most active
with the low fan speed in both the office and warehouse. The GPX activity for Romaine
was not significantly different among the different treatments. For both Romaine and
Ssamchoo, the CAT activity was more greatly affected by the fan airspeed than by the
cultivator location. High CAT activities were observed with the high fan airspeed in OH
and WH. The SOD activity differed greatly between species and was also affected by the
fan airspeed. For Ssamchoo, the greatest SOD activities were observed with medium fan
speeds, at OM and WM. For Romaine, the fan airspeed affected the SOD activity, but
no distinctive trends could be identified. APX tended to be more active in warehouses
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compared to offices for both species. Ssamchoo had the highest APX activity in WM, and
Romaine had the highest APX activity in WH.

Table 3. Comparison of the antioxidant enzyme activities as affected by the species, cultivation space, and fan airspeed.

Species
(A)

Cultivation Space
(B)

Fan Speed
(m·s−1)

(C)

Activity (U·mg−1 Protein)

GPX CAT SOD APX

Ssamchoo

Office
1.3 17.7 b y 44.2 a 0.665 abc 23.7 c
1.0 9.2 d 18.4 de 0.801 a 25.9 c
0.7 25.2 a 26.8 b 0.727 ab 26.7 c

Warehouse
1.3 12.4 c 41.5 a 0.541 bc 33.2 b
1.0 8.7 d 26.0 b 0.819 a 40.6 a
0.7 24.3 a 16.2 de 0.644 abc 22.8 cd

Romaine

Office
1.3 9.4 d 23.4 bc 0.462 c 18.8 de
1.0 8.1 d 12.1 f 0.504 bc 24.2 c
0.7 8.6 d 15.7 e 0.510 bc 17.2 e

Warehouse
1.3 8.0 d 19.9 cd 0.693 abc 31.9 b
1.0 8.9 d 17.9 de 0.615 abc 8.9 f
0.7 8.6 d 8.6 f 0.200 d 17.2 e

z F-test

A *** *** *** ***
B * NS NS **
C *** *** * ***

A × B * NS NS **
A × C *** *** * ***
B × C * *** * ***

A × B × C NS NS NS ***
z NS, *, **, and ***, represent no significant or significant difference at p = 0.05, 0.01, or 0.001, respectively. y Mean (n = 3) values separated
within columns followed by different letters are significantly different according to the Duncan’s multiple range test at p ≤ 0.05.

4. Discussion

Plant factories are central to the current agricultural transformation [23,24]. In ac-
cordance with the transition from field cultivation to hydroponics [25], environmental
conditions that affect plant growth are artificially provided, and in particular, abiotic fac-
tors such as light [26,27], temperature [28], and carbon dioxide [29] are considered to be
much more important than ever before [30,31].

As various studies on plant growth promotion have progressed, many attempts have
been made to study the effects of atmospheric carbon dioxide concentration on plant
growth [32]. Changes in the carbon dioxide concentration have a significant impact on
the plant yield [33]. This can be explained in two ways: promoting photosynthesis and
increasing water use efficiency. This is because separately supplying carbon dioxide in
agricultural facilities or plant factories plays a significant role in increasing production [34].

In general, industrial developments range from small-scale to large-scale approaches.
In the cultivation system industry, attempts are being made to develop a small-scale
system in a situation where large-scale industrial production is becoming common [35].
Economically realizing a small-scale cultivation system is a difficult and considerable task.
Small-scale cultivation systems target a variety of consumers, beyond the consumers of
existing agricultural growers. In other words, the diversified consumer base expands and
diversifies into hobbies, interior design, and learning, rather than increasing income with
an increased production, which was the original purpose of plant cultivators. Therefore, it
is highly likely that those who use a plant cultivation system have less understanding of
plants and less interest in the cultivation process compared to professional users who have
mainly used the existing large-scale cultivation systems. There will be more consumers
who view plants as an industrial product with constant input and output, rather than as
sensitive organisms in the environment. The cultivation process should be easy and simple
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from start to finish. It is necessary to implement the operation to be as easy as possible
while minimizing the periodic input.

There were three reasons for avoiding a separate carbon dioxide input in this study.
Firstly, carbon dioxide is one of the pollutants of indoor air quality. Secondly, the character-
istics of the consumers, as mentioned above, needs to be considered, and thirdly, it aims to
improve indoor air quality by using small-scale cultivation systems.

We were able to confirm several things through this study. Firstly, the concentration of
carbon dioxide in human spaces was kept higher than the atmospheric concentration and
was able to supply the amount of carbon dioxide needed for the growth of plants. Raising
carbon dioxide from 400 to 1000 µmol·mol−1 in a plant factory or greenhouse increases
production, so greenhouse growers and plant tissue culturists often supply additional
carbon dioxide [36]. It has been shown that just one adult occupying an office space of 49
m3 for eight hours per day can supply carbon dioxide at a level of 1000 µmol·mol−1, which
is similar to the concentration supplemented to greenhouses.

Secondly, when there is no photosynthesis, the fan speed of the cultivation systems
can exchange the air inside sufficiently fast enough. The CO2 concentration inside the
cultivation systems increased at the same time as the external concentration increased.
There was no difference in the slope of the graph for each treatment in this rising stage. This
can be understood as the effect of the CO2 concentration due to respiration during the night,
not due to the fan speed treatment, in the increasing CO2 concentration. The first decline at
10:00 begins with the resumption of photosynthesis as the light was turned on at 9:00 and
it seems that this process consumed as much carbon dioxide as plants in the cultivation
system can use for the following hour. Then, until the light goes out at 23:00, carbon dioxide
in the cultivation systems changed in the same manner, while maintaining certain gaps
with the external concentration. This interval can be converted into the amount of carbon
dioxide used for photosynthesis, excluding the amount of carbon dioxide generated by
plants in the cultivation systems in respiration.

This shows that the amount of carbon dioxide used for photosynthesis varies depend-
ing on the location and the speed of the fan. The warehouse could have needed more
carbon dioxide to support a similar level of plant growth as in the office since those plants
did not grow as much due to lower levels of carbon dioxide in the warehouse [37].

Both Ssamchoo and Romaine had higher fresh weights in the office. Moreover, the
shoot length, leaf length, and leaf width were long, and there were more leaves produced.
In addition, as for the difference as influenced by the fan speed, in all treatments other than
the WM, the faster the fan speed, the more the plant growth.

When relative yields were compared based on the WM, the office showed significantly
higher yields in both Ssamchoo and Romaine. In the case of the fan speed, the OH and WM
treatments were effective in both Ssamchoo and Romaine, but other than that, there was no
consistent trend in yield as affected by the fan speed. Both Ssamchoo and Romaine grew
better in the office than the warehouse, and the difference was more pronounced in the root
in terms of the number and density of roots as well as length. The plants grown in the office
possessed longer roots so the roots from the adjacent cells touched each other, whereas the
plants grown in the warehouse had relatively shorter and non-twining roots [38].

Differences in the growth parameters, such as the root development, antioxidant
enzyme activities, and chlorophyll content, were more pronounced in Ssamchoo. Romaine
had no significant difference or tendency in root activity, chlorophyll content, and antiox-
idant activity. The concentration of carbon dioxide, which changed depending on the
cultivation space or the speed of the fan, did not affect the protein content of Ssamchoo
and Romaine [39]. The faster the speed of the fan, the greater the Ssamchoo yield as the
yield was significantly greater in the OH than in OM or OL. In addition, the root activity
and chlorophyll content were also greater in the OM than in other fan speed treatments.
However, in the case of Romaine, there was no significant difference in yield, root activity,
or chlorophyll content as affected by the speed of the fan. This means that the influence of
CO2 concentration or the fan airspeed varies depending on the species.
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In conclusion, additional research is needed on the speed of the ventilation fan that
maximizes the growth in various plant varieties without heat loss in the cultivation system.
When the amount of carbon dioxide supplied is limited, more light is a waste of energy
that cannot increase plant growth, and at the same time causes growth retardation due
to photorespiration [40]. Therefore, research is also necessary on the fan speed and light
quantity suitable for changing factors such as the presence or absence of people or other
CO2 generating activities such as cooking. Furthermore, research on whether indoor air
pollutants, such as formaldehyde, volatile organic compounds, and fine dust, can also be
removed by cultivating plants is worthy of investigation.
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