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Abstract: Farmers working inside greenhouses during summer are at risk of heat-related illness.
In this study, we compared the dry-bulb temperatures (DTs) and the wet-bulb globe temperature
(WBGT) index inside and outside greenhouses. We then determined the criteria for appropriate
working and resting times inside greenhouses. The measurements were performed during the hottest
period in 2020 and 2021 for two greenhouses, representative of those commonly found in rural areas.
A direct-reading WBGT index meter was used for these measurements, and Automated Synoptic
Observing System (ASOS) data were used to obtain regional DT data. DTs inside the greenhouses
were significantly higher than the ASOS DTs (p < 0.001). In addition, the August WBGT index
inside was significantly higher than that outside the greenhouses (p < 0.001). We found that the
temperature during the period between 08:00 and 19:00 exceeded the international threshold of 28 ◦C
for heat-acclimatized workers performing moderate-intensity work, above which heat stress becomes
a concern. Our results revealed that the thermal index inside can be significantly higher than that
found outside greenhouses. Therefore, when work is required inside greenhouses during the summer,
stricter standards and safety measures should be considered.

Keywords: WBGT; farming; greenhouse; heat stress

1. Introduction

Increasing temperatures, caused by global warming and climate change, are sig-
nificantly affecting the agricultural sector, especially with regards to land use and food
supply [1,2]. Extremely high temperatures not only affect crop growth but are also dan-
gerous for vulnerable individuals, such as people with chronic diseases, children, and
the elderly [3,4]. Seasonal and average annual temperatures in Korea have also increased
gradually [5]. In Korea, 1376 people suffered from heat-related illnesses during the summer
of 2021; these included 109 workers engaged in the agriculture, forestry, and fishing sectors,
representing approximately 7.9% of these individuals [6].

Agricultural work is mostly performed outdoors or in facilities such as greenhouses,
which can be directly affected by the outdoor temperature. Thus, farmers are highly
likely to be exposed to heat stress, and elderly farmers can be even more vulnerable. In a
survey on occupational diseases and injuries among farmers conducted in Korea in 2018,
among all the respondents (1,864,444) who experienced abnormal health symptoms during
agricultural work, approximately 6.9% (128,814) experienced headache or dizziness, and
among them, approximately 56.2% (72,358) of the farmers responded that indoor and
outdoor heat was the cause of their ailment. In addition, 73.2% (94,337) of all respondents
reported experiencing such symptoms from July to September. Based on the data from 2016,
71.2% of a total of 112,569 respondents who experienced headache or dizziness experienced
those symptoms during work in the fields, and approximately 6.8% (7698 respondents)
experienced such symptoms during work in facilities [7].

Because heat stress can have severe health effects, various techniques have been
suggested to evaluate heat stress. It is important to examine the level of heat exposure
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in hot environments because such environments can affect cardiorespiratory, mental, and
renal health, and pregnancies, and can also cause heat-related illnesses, manifesting, for
example, as stroke, exhaustion, cramps, collapse, and fatigue [3,8–10]. Indices available for
evaluating heat stress include the wet-bulb globe temperature (WBGT), discomfort index,
predicted heat strain, and universal thermal climate index [11,12]. In particular, the WBGT
has been utilized in various fields, including sports and clothing, as it is a representative
tool to evaluate the heat exposure level of individuals [13]. The WBGT has also been used
to evaluate hot work environments in industrial fields.

In the agricultural sector, the heat exposure level of farmers during agricultural work
has been evaluated [14–16], but only a few studies have evaluated heat stress inside
greenhouses. In Korea, protected cultivation is mostly performed in polyethylene-covered
greenhouses [17]. As of 2020, greenhouses represented approximately 99.3% (52,055 ha)
of Korea’s protected cultivation area (52,444 ha) [18]. In summer, the temperature inside
these greenhouses can be similar to or higher than the outdoor temperature, owing to
the properties of the material used in the construction or insufficient ventilation. Most
farmers depend on thermo-hygrometers installed in greenhouses for the environmental
management required for the growth of crops and weather forecasts and check only the
dry-bulb temperature level. Recently, the prevalence of work environments such as smart
farms, wherein the temperature and humidity are controlled automatically, has increased.
However, even in such farms, only the temperatures relevant to crops are measured and
controlled, and there are limitations in identifying the level of heat stress for farmers.
Although there are some standards related to WBGT [19], it is difficult to determine
the work intensity or rest time by applying these standards when an accurate index is
unavailable. Therefore, it is necessary to quantify the level of heat stress that farmers can
be exposed to in the summer inside typical greenhouses.

Accordingly, this study was aimed at evaluating the heat stress level that farmers
could be exposed to during the summer of 2020 and 2021, when working inside typical
greenhouses. To this end, the dry-bulb temperature (DT) and WBGT index were measured
inside and outside greenhouses and were then compared with the DTs in the Automated
Synoptic Observing System (ASOS) data provided by the Korea Meteorological Adminis-
tration (KMA), which can be accessed by farmers through various media. In addition, the
pattern of temperature change was analyzed through time-series data, and the thermal in-
dex was examined for each time period in summer to identify the appropriate preventative
measures for each work hour when working in typical greenhouses.

2. Materials and Methods
2.1. Study Design

This study was conducted in the summer of 2020 and 2021. Measurements were
performed from June to September, a period that includes the hottest months, July and
August. Two greenhouses (ID: N and W), in which zucchini, cucumbers, cherry tomatoes,
and red peppers were mainly grown, were targeted. During the measurement period, all
the tasks required to cultivate crops, such as plowing, planting, rowing and fixing, spraying
fertilizer, installing shading net, suckering, vinyl removal, spraying pesticide, harvesting,
packing, and delivery, were studied. Measurement-related information is presented in
Table 1, and Figure 1 shows the target greenhouse.

2.2. Data Collection
2.2.1. Sampling Inside and Outside Greenhouses

Both single-span and multi-span greenhouses were included in the study. The dimen-
sions of the multi-span greenhouse (ID: N) were 6 m (W) × 90 m (L) × 2.5 m (H) and its
volume was 1350 m3. The dimensions of the single-span greenhouse (ID: W) were 17 m (W)
× 100 m (L) × 2.5 m (H) and its volume was 4250 m3. The greenhouses had steel frames
covered with a plastic material, and there was one or no fan installed on the ceiling as a
ventilation device. Windows on the sides of the greenhouses were mostly open during
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the summer, and most of the work was performed between 04:00 a.m. and 11:00 a.m. The
sampling inside the greenhouse was performed at a location in the center of the indoor area,
and the outdoor sampling location was in a non-shaded area, approximately 5 m away from
the entrance of the greenhouse. Two measuring devices were used: one installed indoors
and another installed outdoors. The WBGT was measured by installing a monitoring device
at a height of approximately 1.5 m from the floor, and it was similarly measured outside the
greenhouse (Figure 1). A thermal environmental monitor (model: QUESTemp◦ 48N, TSI
Inc., Shoreview, MN, USA) was used for the WBGT measurements, and the interval time
was set to 1 min. The accuracy and range of the device (with dry-bulb or globe sensors)
were ± 0.5 and 0–120 ◦C, respectively. The waterless wet bulb (humidity) sensor had a
higher measurement uncertainty, with an accuracy of 1.1 ◦C (k = 2) in the range between 0
and 80 ◦C. All the collected data were processed into 1 h average data.

Table 1. Sampling information.

Sampling Date
Sampling Time (h) Product Task Region (a)

Year Month Day

2020

6

10–12 50 Zucchini Harvesting, Packing N
16–18 52 Cucumber Harvesting W
22–24 47 Zucchini Plowing N
26–29 72 Cucumber Rowing W

7

1–3 48 Zucchini Vinyl removal N
7–9 47 Cucumber Rowing N

10–13 71 Zucchini Spraying fertilizer N
15–17 50 Cucumber Harvesting W
21–23 51 Zucchini Installing shading net N

8
4–6 45 Red pepper Vinyl removal N

12–14 45 Cherry tomato Harvesting W
19–21 49 Red pepper Suckering N

9 17–21 93 Red pepper Spraying pesticide N

2021

6
18–21 71 Cucumber Planting W
23–25 43 Zucchini Harvesting W

7

13–15 47 Zucchini Harvesting W
19–21 47 Cucumber Harvesting W
23–26 70 Zucchini Stem removal W

29–8/2 93 Cucumber Harvesting W

8
10–12 47 Zucchini Greenhouse maintenance W
17–20 58 Cucumber Harvesting W

9 14–16 47 Cucumber Harvesting W
(a) W, Wanju-Gun Jeollabuk-do; N, Naju-si Jeollanam-do.
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2.2.2. Automated Synoptic Observing System (ASOS) Data

The ASOS data, provided by the KMA, were used for the collection of weather data.
The ASOS data are obtained from simultaneous ground observations at all observatories
installed across the country to identify atmospheric conditions at specific times of the day.
Atmospheric conditions such as the temperature, precipitation, humidity, wind direction,
and wind speed are automatically observed. The ASOS data were selected because they
could represent atmospheric conditions in the observed area and were the same local
forecast data that could be accessed by farmers. Among the ASOS data corresponding to
the area containing the target greenhouses at the same measurement time, we referred to
the DT data at 1 h intervals.

2.3. Data Analysis

The collected data were analyzed using descriptive statistics. An exploratory data
analysis was performed and the normal distribution of data was checked using the Shapiro–
Wilk and Kolmogorov–Smirnov tests. The data were not normally distributed. However,
because the number of samples was 30 or more, it satisfied the central limit theorem (CLT),
and we could use the parametric test method (i.e., paired t-test) [20]. The paired t-tests
were used to compare the ASOS data and DTs inside and outside the greenhouses and the
WBGT inside and outside the greenhouses by month. We used the SPSS Statistics software
(version 27, IBM Corp., New York, NY, USA) for all statistical analyses.

3. Results
3.1. Comparison of ASOS Data and Dry-Bulb Temperatures Inside and Outside Greenhouses by Month

Table 2 shows the data from the greenhouses and the DT from the ASOS data by month.
The highest average DT inside the greenhouses in 2020 was in August (30.3 ± 6.0 ◦C), and
in 2021, it was in July (29.4 ± 5.9 ◦C). The highest average DT in 2020 from the ASOS data
was in August (28.2 ± 2.5 ◦C), and in 2021, it was in July (28.7 ± 2.9 ◦C). On comparing
the average DT inside the greenhouses in July and August with those from the ASOS data,
the former were found to be significantly higher. The average DT inside the greenhouses
in July 2020 was 27.1 ± 5.8 ◦C, which was significantly higher than that from the ASOS
data (23.4 ± 2.6 ◦C) (p < 0.001). The average DT inside the greenhouses in August 2020 was
30.3 ± 6.0 ◦C, which was significantly higher than that from the ASOS data (28.2 ± 2.5 ◦C)
(p < 0.001). Similarly, the average DT inside the greenhouses in July 2021 (29.4 ± 5.9 ◦C)
was significantly higher than that from the ASOS data (28.7 ± 2.8 ◦C) (p < 0.05), and the
average DT inside the greenhouses in August 2021 (28.0 ± 7.0 ◦C) was significantly higher
than that from the ASOS data (25.8 ± 3.1 ◦C) (p < 0.001). The average DT outside the
greenhouses was similar to the ASOS data, and it was generally lower than the average DT
inside the greenhouses.

3.2. Comparison of WBGT Levels Inside and Outside Greenhouses and the Dry-Bulb Temperature
from ASOS Data
3.2.1. WBGT Levels Inside and Outside Greenhouses

Table 3 shows the results of the descriptive statistics of the WBGT index measured
inside and outside the greenhouses. The average WBGT index was high in July and August,
as in the average DT results presented in Table 2. Overall, the average WBGT index inside
the greenhouses was significantly higher than that outside the greenhouses (p < 0.001). In
2020, the average WBGT index inside the greenhouses increased to 29.1 ± 4.8 ◦C in August
and then showed a tendency to decrease in September. However, in 2021, the average
WBGT index increased to 28.0 ± 4.5 ◦C in July but decreased to 25.6 ± 4.5 ◦C in August.
The same tendency was observed from the average WBGT index outside the greenhouses.
In August 2020 and July 2021, when the average WBGT index inside the greenhouses was
the highest, the index reached up to 41.2 and 42.5 ◦C, resulting in differences of 5.7 and
2.3 ◦C from the maximum values outside the greenhouses, respectively.
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Table 2. Comparison of dry-bulb temperatures between greenhouse (inside and outside) measurements and ASOS data.

Year Month

Greenhouse
ASOS (c)

p (b)
Inside Outside

Dry-Bulb Temperature (◦C) Dry-Bulb Temperature (◦C) Dry-Bulb Temperature (◦C) Relative Humidity (%)

n (a) AM ±
SD

Min–
Max n (a) AM ±

SD Min-Max n AM ±
SD Min-Max n AM ± SD Min-Max

2020

06 221 26.4 ± 6.0 17.6–46.2 NA NA NA 221 24.0 ± 3.1 18.7–31.5 221 77.2 ± 16.4 36.0–99.0 <0.001
07 267 27.1 ± 5.8 17.6–43.3 219 24.0 ± 3.2 19.2–32.8 267 23.4 ± 2.6 19.0–30.0 267 86.7 ± 12.4 51.0–99.0 <0.001
08 139 30.3 ± 6.0 22.5–45.7 94 28.2 ± 4.1 21.5–35.3 139 28.2 ± 2.5 24.1–33.9 139 83.0 ± 12.9 51.0–99.0 <0.001
09 93 21.2 ± 5.8 12.8–34.1 93 19.4 ± 5.1 11.0–28.2 93 19.6 ± 3.2 14.1–25.7 93 84.1 ± 17.6 41.0–99.0 <0.001

2021

06 114 24.4 ± 5.7 16.9–38.1 114 23.2 ± 4.7 17.0–33.1 114 22.8 ± 3.2 17.6–30.6 114 72.5 ± 15.7 33.0–94.0 <0.001
07 251 29.4 ± 5.9 20.8–43.6 251 28.1 ± 4.2 20.7–38.2 251 28.7 ± 2.8 23.3–34.0 251 69.3 ± 13.5 42.0–96.0 <0.05
08 108 28.0 ± 7.0 19.9–45.7 108 25.7 ± 4.6 20.2–37.0 108 25.8 ± 3.1 20.8–33.4 108 71.9 ± 12.1 38.0–92.0 <0.001
09 48 25.1 ± 7.6 15.6–37.8 48 22.8 ± 5.2 15.4–31.5 48 23.7 ± 3.3 18.3–29.9 48 59.2 ± 9.2 44.0–73.0 <0.05

Abbreviations: AM, arithmetic mean; SD, standard deviation; NA, not available; Min, minimum; Max, maximum. (a) One sample was averaged every 1 h with 1 min intervals
(e.g., “n = 221” indicates averaged samples for a measurement time of 221 h). (b) Paired t-test to analyze the statistical significance of the dry-bulb temperature inside the greenhouse and
from ASOS data by month. (c) Automated Synoptic Observing Systems data provided by the Korea Meteorological Administration Open MET Data Portal.
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Table 3. WBGT indices inside and outside greenhouses.

Year Month
WBGT (◦C) in Greenhouse WBGT (◦C) Outside Greenhouse

p (b)

n (a) AM ± SD Min–Max n (a) AM ± SD Min–Max

2020

6 221 25.3 ± 5.1 17.6–39.1 NA NA NA NA
7 267 25.5 ± 4.7 17.3–36.0 219 22.7 ± 3.7 14.8–32.1 <0.001
8 139 29.1 ± 4.8 22.4–41.2 94 27.5 ± 3.7 21.4–35.5 <0.001
9 93 20.9 ± 5.6 12.8–34.2 93 18.4 ± 3.9 10.9–25.0 <0.001

2021

6 114 23.7 ± 4.9 16.8–34.0 114 21.6 ± 2.9 16.9–28.3 <0.001
7 251 28.0 ± 4.5 20.7–42.5 251 26.4 ± 3.3 20.3–40.2 <0.001
8 108 25.6 ± 4.5 19.7–35.8 108 24.2 ± 3.1 19.8–34.0 <0.001
9 48 23.5 ± 6.2 15.6–34.1 48 21.1 ± 4.3 15.1–30.1 <0.001

Abbreviations: AM, arithmetic mean; SD, standard deviation; NA, not available; Min, minimum; Max, maximum;
WBGT, wet-bulb globe temperature. (a) One sample was averaged every 1 h with 1 min intervals (e.g., “n = 221”
indicates averaged samples for a measurement time of 221 h). (b) Paired t-test to analyze the statistical significance
of the WBGT index inside and outside the greenhouse by month.

3.2.2. Time-Series Comparison between Greenhouse WBGT and the Dry-Bulb Temperature
from ASOS Data

Figures 2 and 3 show the average WBGT index inside and outside the greenhouses,
as measured in 2020 and 2021, respectively, and the average DT from the ASOS data in
time-series graphs. In both the figures, the average WBGT index inside the greenhouses
is generally higher than that outside the greenhouses and the DT from the ASOS data. In
particular, the average WBGT index inside the greenhouses increased significantly from
08:00 to 18:00, as compared with the average WBGT index outside the greenhouses and the
average DT from the ASOS data. The average WBGT index outside the greenhouses was
similar to the average DT from the ASOS data.
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3.3. Greenhouse WBGT Levels by Time Period

Figure 4 shows the average indoor WBGT index data from June to September at 1 h
intervals for a day. The highest average WBGT index values between 12:00 and 13:00 were
33.1 ± 4.7 and 32.7 ± 3.8 ◦C for 2020 and 2021, respectively. In addition, the maximum
WBGT index during this time period reached 41.2 and 42.5 ◦C in 2020 and 2021, respectively.
The time periods with an average WBGT index of 30 ◦C or higher were 11:00 to 17:00 in 2020
and 09:00 to 17:00 in 2021. For domestic agricultural work characterized as moderate work,
the reference limits provided by the heat stress standard ISO 7243 for workers acclimatized
to heat and those not acclimatized to it were considered. When 28 ◦C was considered as the
reference limit of heat-acclimatized workers, this limit was exceeded from 09:00 to 18:00
in 2020 and from 08:00 to 18:00 in 2021. For the assumption that the domestic farmers are
heat-acclimatized workers, we used a reference limit of 28 ◦C, and found that these workers
were commonly exposed to heat stress from 08:00 to 19:00.
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4. Discussion

Heat stress can be increased by various environmental variables, including temper-
ature, and can cause various heat-related illnesses. Farmers mostly work outdoors or in
greenhouses and are at risk of experiencing heat stress. In greenhouses, the heat stress may
be significant because solar heat is trapped inside, and the application of heat reduction
measures that do not interfere with crop growth is difficult. In this study, the indoor
and outdoor WBGT index levels from June to September—the hottest months—in 2020
and 2021 were evaluated for greenhouses in Korea; they were compared with DT data
from the national ASOS data. In general, our findings show that the heat-stress-inducing
temperatures experienced by greenhouse workers were not exactly proportional to the
outdoor temperatures. The DTs inside the greenhouses were significantly higher than those
from the ASOS data and the DTs outside the greenhouses, and the interior WBGT index
was also higher than that on the exterior. In particular, the WBGT index was the highest in
July and August, which are the two hottest months, and the average WBGT index increased
to more than 30 ◦C and exceeded 40 ◦C from 12:00 to 17:00.

The results obtained in this study were affected by several variables, including the
weather, greenhouse characteristics, and the presence or absence of a ventilation device.
The weather was generally clear during the measurement period. The side windows and
the windows in the ceiling were open at all times in 2020; they opened automatically at
25 ◦C in the same manner during the measurement period in 2021. Overall, the WBGT
index inside the greenhouses increased most significantly from 08:00 to 18:00 and was
significantly different from that outside the greenhouses. Zucchini and cucumbers were
the main crops grown in the target greenhouses; however, the results that showed the
smallest difference between the inside and outside were measured from 12–14 August 2020
and were obtained from the cherry tomato greenhouse. Although the crop height of the
zucchini and cucumbers was approximately 2 m, the cherry tomatoes reached the ceiling
at the time of the measurements in the greenhouse. The shade created by these tall crops
may have reduced the measured temperature, thereby affecting the results. It is, therefore,
possible that a more significant difference in the WBGT could have been measured in the
absence of this effect.

A comparison with previous studies, in which the heat exposure level of workers was
evaluated, shows that workers can be exposed to high heat stress inside greenhouses. The
heat exposure level in outdoor work, such as in construction, increases to an average of
33 ◦C or a maximum of more than 40 ◦C, approximately between 10:00 and 12:00, when the
sunlight is the strongest [21]. In this study, the temperature also increased to an average
of more than 30 ◦C from 08:00 to 11:00, and to an average of approximately 33 ◦C and a
maximum of 41.2 ◦C between 12:00 and 13:00 before decreasing. Because thermal energy is
conserved inside the greenhouses, it was highly likely to remain at an average of more than
30 ◦C until approximately 17:00, unlike in the case of outdoor work. The temperature can
also exceed 30 ◦C during specific time periods, even in June and September, as indicated by
our results, even though July and August are expected to be the hottest, warranting the
exercise of caution. Farmers who work outdoors in the period from April to October can
be exposed to a maximum of 33–38 ◦C [16], but a direct comparison is difficult because
regional and weather conditions are different.

To prevent heat-related illnesses, studies were conducted on the relationship between
the metabolic equivalent of task (MET) and the WBGT index, and exposure limits were
set and presented nationally and internationally. The International Organization for Stan-
dardization presents appropriate WBGT index criteria by job classification, according to
the MET, for both heat-acclimatized and unacclimatized persons [19]. The work performed
inside greenhouses was investigated, and most of these jobs were assumed to correspond
to moderate work (class 2). Compared with 28 ◦C, a criterion for heat-acclimatized persons,
the temperature for each time period was higher from 08:00 to 18:00 in both 2020 and 2021,
that is, for 10 h a day.
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Figure 5 shows the results of applying the threshold limit value (TLV) of the WBGT
index, provided by the American Conference of Governmental Industrial Hygienists
(ACGIH), to the results obtained in this study. The ACGIH sets the WBGT index for
each of the four work intensities (light, moderate, heavy, and very heavy) according to the
MET and suggests an appropriate ratio between working and rest hours [22]. In the results
obtained in this study, the moderate criterion of TLV was applied, considering the work
characteristics inside domestic greenhouses. The ratio of working hours was found to be
0% to 25% for 11:00 to 16:00, 25% to 50% for 10:00 to 11:00 and 16:00 to 17:00, 50% to 75%
for 09:00 to 10:00, and 75% to 100% for 08:00 to 09:00 and 17:00 to 18:00. In other words, per
hour of work performed during the time period from 11:00 to 16:00, the maximum working
time must be limited to 15 min with 45 min of rest. When the results of this study are
considered conservatively (based on the maximum values rather than the average values),
it is likely that the temperature exceeds 31.5 ◦C and workers are exposed to heat stress from
08:00 to 18:00. In particular, a maximum of 40 ◦C can be exceeded from 12:00 to 15:00, and it
is judged appropriate to interrupt work during this time period because the risk may vary
depending on the level of heat acclimatization, clothing, work intensity, and sensitivity of
an individual worker. Therefore, it is recommended to plan work in the early morning or
late afternoon. If work during the more dangerous time period is considered, the rest time
must be set to 75% of the total working hours or more.
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Appropriate working and rest hours were considered by applying the results of this
study to several criteria, but the WBGT index criteria may differ depending on individual
characteristics. Heat-related illness is related to various risk factors, such as obesity, dehy-
dration, weak physical condition, a history of heat-related illness, lack of acclimatization,
and hydration level [8]. Moreover, old farmers can be more vulnerable to heat stress, and
the risk of heat-related illness can be higher for people aged over 60 years and suffering
from chronic diseases [23]. As of 2021, the number of farmers aged over 60 years in Korea
was estimated to be 1,381,854, which accounts for approximately 62.4% of all farmers in
Korea [24]. Therefore, it is necessary to conduct research and implement measures to reduce
heat stress to protect these farmers, particularly those working in greenhouses.

Greenhouses offer protected cultivation and carefully maintained conditions to pro-
mote crop growth. The air temperature and relative humidity inside greenhouses can be
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greatly affected by the type of ventilation window and external wind speed. The tempera-
ture inside a greenhouse may vary depending on several variables [25]. When ventilation
fans are installed, the air temperature may change at windward or leeward points [26].
However, in such studies on environmental conditions in greenhouses, the focus is on
the growth of crops and not on the exposure of farmers to heat stress. Based on previous
studies, it is judged that there are limitations in seeking ways to reduce the WBGT of
farmers by reducing the air temperature through the ventilation of greenhouses. Therefore,
when farmers work in greenhouses in summer, it is considered effective to devise a strategy
to provide proper rest hours during specific time periods and a method that allows farmers
to reduce heat themselves. In addition, plant factories, which have been expanded recently,
can be helpful in managing workers’ heat stress. Ambient environment factors inside plant
factories, such as light, temperature, humidity, air velocity, and carbon dioxide, can be
set for the growth of specific crops [27]. In addition, because the work intensity inside
plant factories is judged to be relatively lower than that found inside greenhouses [28], a
reduction in the MET is expected to have a positive impact on the WBGT index. If plant
factories continue to be used in the future, it will be necessary to consider the safety and
health of farmers by combining a system that evaluates the thermal index of workers with
the monitoring of ambient environmental factors.

Farmers in Korea use media, such as weather forecasts or simple thermo-hygrometers,
to monitor the environment inside greenhouses. This has limitations in evaluating the
thermal index that may vary depending on several variables. In addition, there are in-
sufficient institutions or experts to evaluate the thermal index in the agricultural fields of
Korea, and relevant education is not sufficient for farmers. Because the elderly farmers
represent more than 50% of all farmers in Korea, it can be difficult to provide education and
communication regarding the measurement and evaluation of the thermal index, which
should be used to determine working hours by taking into consideration the relationship
between labor intensity and the WBGT index. Therefore, the results of this study will be
used as basic data to inform farmers about the time periods to be avoided for work in
greenhouses in summer and the proper setting of the recommended ratio between working
and resting time for each time period.

The types of protected cultivation include plastic or glass greenhouses, shade net
houses, and plant factories; the type of protected cultivation used differs among countries.
Several European countries (e.g., Northern Europe) mainly use glass greenhouses and the
others use plastic-film-covered greenhouses (e.g., South of France) [29]. Although this study
was targeted at plastic greenhouses (i.e., polyethylene-covered greenhouses) mainly used
in Korea, it is deemed necessary to evaluate the heat stress in the other types, considering
the increase in temperature is expected to continue because of recent climate changes [30].
This should be taken seriously because an increase in the risk of heat illness among farmers
is expected. The results of this study might be useful in predicting heat stress by monitoring
the WBGT index. Research on the exposure of farmers to heat stress should be continued
for various protected cultivation types using different methods for the evaluation. Hence,
this study marks the beginning of the research on the heat stress exposure of farmers in
greenhouses. We believe that our study is the preliminary research on the exposure of
farmers to heat stress in greenhouses. The methodology employed by us can be used as
a reference for other studies, for educating farmers, or for establishing policy standards.
Moreover, heat stress is a serious problem in low-latitude developing and underdeveloped
countries. The present study will be helpful to researchers in countries other than Europe
and North America who are interested in conducting such investigations.

In this study, two greenhouses in Korea were evaluated. Therefore, there are limitations
in extrapolating these data to greenhouses in regions or places with different climatic
conditions. Although studies were conducted on the temperature, wind direction, wind
speed, humidity, and thermal energy in greenhouses, a study on the heat stress experienced
by workers was required. The results of this study confirm that the heat stress level
inside greenhouses is high. Because the WBGT index evaluates heat stress through the
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temperature, relative humidity, radiant heat, and airflow, a quantitative assessment that
includes all these variables inside greenhouses must be performed in the future. In addition,
it is necessary to evaluate and compare the heat stress levels under various farm settings,
such as in paddies, fields, and orchards. In this study, the criteria for each time period in
the warm season were proposed by collecting data from June to September for the number
of samples. Therefore, securing enough samples in the future will be helpful in preparing
criteria for determining daily working hours depending on the time period by analyzing
monthly measurements.

5. Conclusions

In this study, the heat stress level inside greenhouses in summer in Korea was eval-
uated. The dry-bulb temperature and wet-bulb globe temperature (WBGT) index were,
as expected, the highest in July and August, showing a significant difference from the
dry-bulb temperature of weather forecasts. The overall results confirm that the dry-bulb
temperature inside greenhouses can be higher than the atmospheric dry-bulb temperature,
even in June and September. The WBGT index inside greenhouses was significantly higher
than it was outside greenhouses, and a significant difference was observed from 08:00 to
18:00. In the case of modern greenhouses, employing cutting-edge technology wherein
the temperature and humidity can be controlled, the indoor WBGT index was found to be
relatively lower than the outside or atmospheric data. If the ISO international standards
are applied through the results averaged at 1 h intervals, workers unacclimatized to heat
are likely to be exposed to heat stress from 08:00 to 18:00. In addition, if the threshold limit
value (TLV) of the American Conference of Governmental Industrial Hygienists (ACGIH)
is applied under the assumption of moderate work, work must be interrupted or rest time
must be provided at a ratio of up to 75% from 12:00 to 16:00. Because the WBGT index
or the risk of heat-related illness may vary depending on several variables, appropriate
working hours must be set considering the environment and work being performed. In
addition, it is necessary to establish proper safety measures for each time period, such as
allowing sufficient rest time and working in groups of two, so that workers can monitor
each other for signs of heat-related illnesses.
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