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ABSTRACT

Plastic-covered greenhouses are widely used in Yemen to cultivate various vegetable crops, often without ade-
quate consideration of their microclimatic conditions. This study evaluated the key microclimatic factors affecting
plant growth, including air temperature, relative humidity, humidity ratio, and heat content. Air temperature and
relative humidity were measured both inside and outside a 36-meter-long plastic-covered greenhouse. Inter-
nal measurements were performed at three locations: the entrance, middle, and end sections. Psychrometric
equations were used to calculate the humidity ratio and heat content of air. The results indicated that the air
temperature inside the greenhouse was lower than outside during the early and late afternoon hours, with a
maximum difference of 3.4°C. However, between 8:00 AM and 3:00 PM, the internal temperature exceeded the
external temperature, peaking at 7.5°C higher at 11:00 AM. On average, the internal daytime temperature was
25.9°C (ranging from 8.3°C to 34.9°C), while the nighttime average was 11.8°C (ranging from 8.4°C to 19.1°C).
The relative humidity inside the greenhouse remained consistently higher than outside, fluctuating between 32%
and 84% throughout the day. The average internal daytime relative humidity was 49.7% (ranging from 32.0%
to 86.4%), whereas the nighttime average was 76.1% (ranging from 52.3% to 86.3%). The humidity ratio and
heat content remained stable at night, but increased significantly during the daytime. A longitudinal variation
was observed, with the greenhouse entrance exhibiting a humidity ratio of 4.3 kg of water per kg of air and a
heat content of 12.2 kJ/kg, both lower than those recorded in the middle and end sections. The average internal
daytime humidity ratio was 13.2 kg of water per kg of air (ranging from 7.7 to 17.5), while the nighttime average
was 8.3 kg of water per kg of air (ranging from 7.6 to 9.5). Similarly, the average internal daytime heat content
was 59.8 kd/kg (ranging from 27.8 to 78.2), while the nighttime average was 33.4 kJ/kg (ranging from 27.9 to
43.3). Based on these findings, this study recommends enhancing greenhouse ventilation through mechanical
systems powered by solar panels or by optimizing existing natural ventilation methods.
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1. INTRODUCTION

Protected agriculture aims to improve plant growth and
productivity by creating a consistent and appropriate
environment [1, 2]. Temperature, relative humidity, and
solar radiation intensity are among the most important
factors that must be controlled in greenhouses [3-6].

greenhouse temperature is typically maintained be-
tween 23 and 27 °C, while the relative humidity is be-
tween 70 and 80%. Most protected crops are grown best

in this range of temperatures and relative humidity levels
[2]. Additionally, greenhouse temperature and relative
humidity variations have an impact on plant disease in-
fections [7, 8] as well as the regularity of plant growth
and fruiting [9, 10].

Controlling the levels of environmental factors is only
one aspect of the greenhouse environment, and the
other aspect is the regular distribution of environmen-
tal factors. Furthermore, the values of environmental
factors inside the greenhouse vary temporally, with varia-
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tions in daylight hours, months, and seasons of the year,
and spatially, depending on the dimensions and type of
greenhouse cover [9, 11, 12].

Solar radiation transmitted through the greenhouse
cover is the primary cause of temperature and relative
humidity fluctuations as well as heat accumulation within
the greenhouse [13, 14]. In addition to the effect of solar
radiation, the greenhouse environment is described by a
group of interconnected factors known as the psychro-
metric properties of air [15, 16].

The psychometric properties of air are the study of
the thermodynamic changes of air-vapor mixtures, em-
phasizing the relationship between temperature, actual
water vapor pressure, and the heat and humidity ratio of
air. Psychrometric studies of air involve the application
of thermodynamic concepts to the analysis of conditions
and processes involving moist air [17, 18].

Therefore, a comprehensive understanding of the psy-
chometric properties of humid air is important. It plays
a key role in ventilation, cooling, and heating processes,
and in understanding the thermal properties of insulation,
covering, and building materials and their resistance to
environmental conditions [19, 20]. Therefore, a good
understanding of the main concepts and principles of
psychrometric air characteristics, particularly for agricul-
tural buildings, is important [17, 21].

Understanding psychrometric air characteristics in
agricultural buildings and using psychrometric diagrams
greatly helps in designing environmental control systems
for farm buildings, such as ventilation, cooling, and heat-
ing systems [20, 21]. It also helps determine the priority
of using any of these systems over others under certain
environmental conditions. With these characteristics, de-
signers can answer questions and make decisions while
selecting an appropriate environmental control system
for agricultural buildings [19, 22].

The psychrometric chart shows all the following prop-
erties: dry bulb temperature, wet bulb temperature, dew
point temperature, relative humidity, total heat (enthalpy),
humidity ratio, and specific volume of moist air [17, 22,
23].

Temperature, relative humidity, and other psychromet-
ric properties of air are directly affected by variations in
the intensity of solar radiation [24, 25]. Based on the heat
and mass balance, greenhouses have two types of heat
buildup: sensible heat and latent heat [26]. Sensible heat
is closely correlated with greenhouse air temperature,
whereas latent heat is directly proportional to the green-
house air humidity ratio [27]. In greenhouses, the thermal
content of air or enthalpy refers to the total amount of
heat energy in the air, which includes both the temper-
ature and the humidity ratio of the air. This concept is
important because it helps to understand the energy bal-
ance in a greenhouse environment, which affects plant
growth, energy use for heating or cooling, and overall
climate control [28].

Temperature and relative humidity cause changes in
all psychrometric properties of greenhouse air, includ-
ing the heat and humidity ratios [19, 22]. However, the
physiological processes of all plants are affected by the
psychrometric properties of air change. For example, low
temperatures and high relative humidity increase the po-
tential of plant stomatal closure, reducing photosynthetic
efficiency and plant intake of water and nutrients [29, 30].
This also increases the risk of plant pathogen spread [31].
Conversely, high temperature and low relative humidity
may result in heat stress in plants [29, 30].

There are two main ways in which the characteristics
of air are determined by psychometrics. The first involves
the use of psychrometric charts. Psychrometric charts
are employed to identify the instantaneous psychrometric
properties of air by knowing the two properties of humid
air, such as the temperature of dry air and relative humid-
ity. This method is known as the steady psychrometric
property of the moist air. The second method involves
the use of empirical psychrometric equations to deter-
mine the temporal change in psychrometric properties of
humid air during a specific period [22].

The psychrometric properties of air are crucial for pro-
viding valuable insights that will help in regulating the
environment of protected cultivation systems. A compre-
hensive understanding of these properties, along with
the thermal behavior of such systems, is essential for
the efficient design of ventilation, heating, and cooling
systems. This study aimed to assess the psychrometric
properties of air within plastic-covered greenhouses to
enhance ventilation systems for protected agriculture in
Sana’a City. Specifically, the research will examine the
temporal and longitudinal variations in air properties, in-
cluding air temperature, relative humidity, humidity ratio,
and heat content, were investigated. Furthermore, this
study sought to evaluate the suitability of these green-
houses for cultivating protected crops in Sana’a, Yemen,
by assessing their ability to maintain optimal temperature
and relative humidity levels.

2. MATERIALS AND METHODS
2.1. EXPERIMENTAL SITE

The experiment was conducted in a greenhouse with a
curved roof covered with a 200-micron-thick polyethy-
lene sheet. For ventilation, the greenhouse’s plastic
cover was overlapped with three white shade nets, each
with a permeability of 20% and width of 2.0 meters. The
greenhouse used in the experiment was 36.0 meters in
length and 9.0 meters in width, with a total floor area of
324 m2. The sidewalls were 2.0 meters high, and the
circular arc of the roof had a height of 1.5 meters (Figure
1). The greenhouse is oriented in a north-south direction
and is located at the educational farm of the College of
Agriculture, Food, and Environment, Sana’a University
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Figure 1. Schematic diagram of the experimental greenhouse,
showing ventilation openings along the structure, covered with
white shading nets

(Sana’a City, Republic of Yemen, 44°10° N, 55°21’ E)
at an elevation of 3200 m above sea level. Cucumber
plants were cultivated using a soil-based growing sys-
tem. Mulch was applied to the plant rows to conserve
moisture and suppress weed growth. A drip irrigation
system provided controlled and efficient water supply
directly to the root zone. Irrigation was scheduled daily
for an average of 20 min to maintain optimal soil moisture
levels.

2.2. EXPERIMENTAL SETUP AND MEASURE-
MENTS

The temperature and relative humidity were measured at
three points along the length of the greenhouse and at a
height of 1 m from the greenhouse floor (Figure 2). Out-
door temperature and relative humidity were measured at
a height of 6 m from the greenhouse floor. Data loggers
(RC-51H, Technology, Inc., USA) with a recording ca-
pacity of 32,000 readings, a temperature measurement
error of £0.5°C, and a relative humidity measurement
error of +3% were used to measure the temperature and
relative humidity both inside and outside the greenhouse.
The data loggers were programmed to record the tem-
perature and relative humidity every five minutes for 30
days, from May 1, 2024, to June 1, 2024. Prior to the
experiment, the temperature and relative humidity data
loggers were covered with aluminum foil to protect them
from direct sunlight.

2.3. CALCULATION OF
PROPERTIES OF AIR

PSYCHROMETRIC

2.3.1. The humidity ratio

The humidity ratio of air is also known as specific humidity.
It is defined as the mass of water vapor molecules per
unit of air molecules within a limited air volume. The
humidity ratio of air was calculated using the equation

reported by ASHRAE [22] as follows:

Py

PP, (1)

Where HR is the humidity ratio of air (kQwater/kQair), Pw

is the partial water vapor pressure (kPa), and P is the at-

mospheric pressure in the study area (kPa). The partial

water vapor pressure is the pressure exerted by water

vapor as a component of the total gas mixture in the

atmosphere. The partial water vapor pressure repre-

sents the fraction of the total atmospheric pressure that

is specifically due to the presence of water vapor, as-

suming that the gas behaves ideally [32]. The partial

water vapor pressure was calculated using the equation
reported by ASHRAE [22], as follows:

HR = 0.621945 x

RH

Py = 100 X Pgwv @)

Where RH is the relative humidity of the air and is
the saturated water vapor pressure. The atmospheric
pressure in the study area (P in kPa) was assumed to
consist of dry air, which behaves as a perfect gas. The
atmospheric pressure in the study area was calculated
using the equation reported by ASHRAE [22]:

) 5.2559

P =101.325 x (1 — 225577 x 107°Z 3)

Where Z is the altitude (m). The saturated water vapor
pressure (Ps . in KPa) is the highest partial pressure
of water vapor that can exist at a specific temperature
before air becomes saturated and condensation occurs.
The saturated water vapor pressure was calculated using
the Teten formula reported by Monteith and Unsworth
[20], as follows:

(23
PS,WV = 0.611 x e\ Tap 273

Where Ty, is the dry bulb temperature (°C).

(4)

2.3.2. The heat content

In thermodynamics, the heat content or enthalpy (h,
kJ/kg) is an expression of the total heat energy in a
system that can be used to perform work or transferred
as heat [33]. In greenhouses, the thermal content of air
(h in kJ/kg) refers to the total amount of heat energy in
the air, which includes both the temperature and humidity
ratio of the air [28, 34]. The heat content of air (enthalpy)
can be expressed using the ideal gas law [22] as follows:

h = 1.006 Ty, + HR (2501 + 1.805 Ty,) (5)

where 1.006 is the specific heat of dry air at constant
pressure (kJ/kg.°C), 2501 is the latent heat of vaporiza-
tion at 0°C (kJ/kg), and 1.805 is the specific heat of water
vapor at constant pressure (kJ/kg.°C).

The data collected throughout the 30-day experimen-
tal period were averaged to represent the temperature
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Figure 2. Schematic vertical view of the experimental greenhouse, showing temperature and relative humidity measurement

locations. Blue circles indicate these measurement points.

and relative humidity readings every five minutes for 24
h (from 00:00:00 to 23:55:00). The psychrometric prop-
erties of air were calculated using the mean values of
temperature and relative humidity.

3. RESULTS
3.1. AIR TEMPERATURE

Figure 3 illustrates the diurnal variation in the air temper-
ature inside and outside the plastic-covered greenhouse.
The results show that between 12:00 AM and 7:00 AM,
the air temperature inside the greenhouse was lower
than outside, with a maximum recorded difference of
3.4°C. Additionally, no significant variation in the air tem-
perature distribution was observed along the length of
the greenhouse during this period.

From 8:00 to 3:00, the average air temperature inside
the plastic-covered greenhouse consistently exceeded
that of the external environment. The maximum temper-
ature difference of 7.5°C was recorded at 11:00 AM. A
Temperature variation along the greenhouse’s length was
also observed, with the largest longitudinal difference of
8.5°C occurring between the entrance and middle sec-
tions at 11:00 AM. However, no significant temperature
difference was detected between the middle and the end
sections.

Between 3:30 PM and 12:00 AM, the average air
temperature inside the plastic-covered greenhouse was
2.4°C lower than the external temperature, with a max-
imum difference of 3.2°C. However, no significant lon-
gitudinal temperature variations were observed in the
entrance, middle, or end sections of the greenhouse.

Comparing the air temperature inside the plastic-
covered greenhouse to the optimal temperature for plant
growth (approximately 25°C), the results indicated that
temperatures during the early morning (00:00—08:30)
and nighttime hours (18:00-00:00) were lower than opti-
mal. This suggests a need for enhanced thermal insula-

tion during these periods.

The temperatures between 08:30-10:00 and
15:00-18:00 were within the optimal range for plant
growth. However, from 10:00 to 15:00, the air temper-
atures exceeded the optimal range, highlighting the
need for improved ventilation. This can be achieved by
enhancing natural ventilation systems or by incorporating
mechanical ventilation powered by solar panels.

Table 1 summarizes the mean, standard deviation,
and the highest and lowest temperatures recorded inside
and outside the plastic-covered greenhouse during the
experimental period. The results indicated a clear tem-
perature variation inside the greenhouse between day
and night.

During the daytime, the outside temperature ranged
from a minimum of 11.5°C to a maximum of 30.5°C. The
average air temperature inside the greenhouse was gen-
erally higher. At the entrance, the average temperature
was 24.8°C, with a maximum of 33.3°C and a minimum
of 8.5°C. The middle section exhibited an even higher
average temperature of 26.4°C, reaching a maximum
of 35.8°C and a minimum of 8.0°C. At the end, temper-
atures were slightly higher than in the middle, with an
average of 26.7°C, a maximum of 36.2°C, and a mini-
mum of 8.5°C.

At night, the temperature variation followed an inverse
pattern, with indoor temperatures being lower than those
outside the plastic-covered greenhouse. The average
outdoor temperature was 15.0°C, ranging from a mini-
mum of 11.7°C to a maximum of 21.2°C.

In contrast, the temperature inside the greenhouse
is lower. At the entrance, the average temperature was
11.9°C, while the middle section recorded a slightly lower
average of 11.4°C, with a minimum of 8.0°C. Similarly,
the end section exhibited temperatures close to the other
interior areas, with an average of 12.0°C, a maximum of
19.2°C, and a minimum of 8.7 °C.
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Figure 3. Diurnal variation in air temperature inside a plastic-covered greenhouse. Tdb-o represents the outside air temperature,
while Tdb-f, Tdb-m, and Tdb-b indicate the air temperature in the entrance, middle, and end sections of the greenhouse,
respectively.

Table 1. Mean, standard deviation, maximum, and minimum temperatures (°C) inside and outside the plastic-covered greenhouse
during day and night

Daily period Measurement position Average Standard deviation Max Min
Outside the greenhouse 23.8 5.7 305 115
. Greenhouse entrance 24.8 7.6 33.3 8.5
Daytime
Middle of greenhouse 26.4 8.3 358 8.0
End of the greenhouse 26.7 8.3 36.2 85
Outside the greenhouse 15.0 25 212 117
. . Greenhouse entrance 11.9 2.8 196 8.6
Night time
Middle of greenhouse 1.4 2.8 18.7 8.0
End of the greenhouse 12.0 2.7 192 87

3.2. AIR RELATIVE HUMIDITY

Figure 4 illustrates the daily variation in the relative hu-
midity within and outside the plastic-covered greenhouse.
The results indicated that the relative humidity within the
plastic-covered greenhouse was higher than that outside
the greenhouse.

The study results also showed a consistent relative
humidity from 12:00 AM to 7:00 AM, with an average
of approximately 82%. During this time, there was no
significant difference in the longitudinal distribution of the
relative humidity between the entrance, middle, and end
sections of the plastic-covered greenhouse.

From 7:30 AM to 1:30 PM, the average relative hu-
midity inside the plastic-covered greenhouse decreased
from 84 to 32%. However, no longitudinal relative humid-
ity variation was observed among the entrance, middle,
and end sections of the plastic-covered greenhouse.

Between 2:00 PM and 12:00 PM, the average rela-

tive humidity inside the plastic-covered greenhouse in-
creased from 33 to 78% and no longitudinal relative
humidity variation was observed between the middle and
end sections of the plastic-covered greenhouse. The rel-
ative humidity in the entrance area of the plastic-covered
greenhouse was 10% lower than that in the middle and
end sections.

Comparing the relative humidity inside the plastic-
covered greenhouse to the optimal level for plant growth
(approximately 50%), the results indicated that the rel-
ative humidity during the periods from 00:00 to 10:00
and 18:00 to 00:00 was within the optimal range for plant
growth.

However, the relative humidity between 10:00 and
18:00 was lower than the optimal range, indicating the
need for air humidification potentially through small evap-
orative cooling units. However, this approach is often
impractical for many farmers using greenhouse systems,
because of the energy requirements required to operate
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Figure 4. Diurnal variation in air relative humidity inside a plastic-covered greenhouse. RH-o represents the outside relative
humidity, while RH-f, RH-m, and RH-b indicate the air relative humidity in the entrance, middle, and end sections of the greenhouse,

respectively.

evaporative cooling units.

The relative humidity values recorded inside and out-
side the plastic-covered greenhouse during both the day-
time and nighttime are summarized in Table 2. The
results indicated significant variations in relative humidity
depending on the measurement position and time of day.

The outside relative humidity during the daytime
ranged from a minimum of 20.3% to a maximum of
71.8%, with an average of 35.4%. In contrast, the rela-
tive humidity inside the plastic-covered greenhouse was
consistently higher at all measurement points. At the
greenhouse entrance, the average relative humidity was
47.0%, with a maximum of 88.1% and minimum of 23.2%.
The middle section of the plastic-covered greenhouse
exhibited a higher average relative humidity of 53.1%,
reaching a maximum of 87.3% and minimum of 34.4%.
At the end of the plastic-covered greenhouse, the relative
humidity was slightly lower than that in the middle, with
an average of 48.9%, maximum of 85.8%, and minimum
of 29.9%.

The findings of this study indicate that the variation
between the minimum and maximum relative humidity
levels recorded across the three greenhouse locations
exceeded 50%, demonstrating significant temporal fluc-
tuations in the relative humidity distribution within plastic-
covered greenhouses.

3.3. HuMmiDITY RATIO

Figure 5 illustrates the diurnal variation in the air humid-
ity ratio inside and outside of the plastic-covered green-
house. The results indicated that the humidity ratio of
the air within the plastic-covered greenhouse was higher

than that outside the greenhouse.

Between 12:00 and 7:00, the air humidity content re-
mained stable at an average of 7.9 kgwater’/kQair- Through-
out this period, no notable fluctuations in humidity ratio
were observed along the entire length of the plastic-
covered greenhouse.

Between 7:00 and 9:00, a slight variation in the air
humidity ratio was observed along the entire length of
the plastic-covered greenhouse. During this period, the
humidity ratio ranged from 8.6 to 16.1 kQwater/KQair, With
an average value of 11.7 kgwater’kQair-

Between 9:00 AM and 7:00 PM, a significant longi-
tudinal variation in the air humidity ratio was observed.
The average humidity ratio in the entrance section of the
plastic-covered greenhouse was 4.3 kQwater/Kgair lower
than that in the middle section. However, no significant
longitudinal variation in humidity ratio was observed be-
tween the middle and end sections.

Between 7:00 PM and 12:00 AM, the average air
humidity ratio in the plastic-covered greenhouse was
4.3 kgwater’kgair- However, no significant longitudinal
variation in humidity ratio was observed between the
entrance, middle, and end sections of the greenhouse.

Table 3 summarizes the mean and standard deviation
values, as well as the highest and lowest air humidity
ratios recorded inside and outside the plastic-covered
greenhouse. During the daytime, the humidity ratio was
significantly higher inside the greenhouse compared to
outside, with the middle of the greenhouse recording the
highest mean value (14.7 kg water/kg air). The end of
the greenhouse also showed a high humidity ratio (13.7
kg water/kg air), suggesting the accumulation of humid
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Table 2. Mean, standard deviation, maximum, and minimum relative humidity (%) inside and outside the plastic-covered greenhouse
during day and night

Daily period Measurement position Average  Standard deviation Max Min
Outside the greenhouse 35.4 15.5 71.8 20.3
. Greenhouse entrance 47.0 21.2 88.1 23.2
Daytime
Middle of greenhouse 53.1 16.3 87.3 344
End of the greenhouse 48.9 15.3 85.8 29.9
Outside the greenhouse 54.4 8.3 721 38.6
. . Greenhouse entrance 75.7 9.2 87.4 48.2
Night time
Middle of greenhouse 76.9 7.7 86.9 55.7
End of the greenhouse 75.7 8.4 855 526
240 -
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2180
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g 14.0
2 120
=
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Figure 5. Diurnal variation in air temperature inside a plastic-covered greenhouse. Tdb-o represents the outside air temperature,
while Tdb-f, Tdb-m, and Tdb-b indicate the air temperature in the entrance, middle, and end sections of the greenhouse,

respectively.

air towards the rear section.

At night, the humidity ratio differences between loca-
tions within the greenhouse were much smaller. The
external humidity ratio remained relatively stable (7.5
kg water/kg air), while the internal locations exhibited
less variability. The highest recorded night-time humidity
ratio was at the greenhouse entrance and end (8.6 kg
water/kg air), whereas the lowest was in the middle (8.4
kg water/kg air). This suggests a more uniform humidity
distribution at night.

3.4. HEAT CONTENT (ENTHALPY)

Figure 6 illustrates the daily variation in the heat content
of the air within and outside the plastic-covered green-
house. The results indicate that the heat content of the
air within the plastic-covered greenhouse was higher
than that outside the greenhouse.

Between 12:00 and 6:30 AM, the heat content of the

air inside the plastic-covered greenhouse remained rel-
atively stable at an averaging 29.2 kJ/kg. During this
period, a gradual decline in heat content was observed,
decreasing from 31.8 kJ/kg to 27.8 kd/kg. Notably, no
significant variation in heat content was detected along
the entire length of the greenhouse.

Between 7:00 AM and 9:00 AM, the heat content of
the air inside the plastic-covered greenhouse increased
from 32.3 kd/kg to 52.7 kd/kg. Additionally, a slight varia-
tion in heat content was observed along the entire length
of the greenhouse.

Between 9:00 AM and 7:00 PM, a substantial longi-
tudinal variation in air heat content was observed inside
the plastic-covered greenhouse. On average, the heat
content in the entrance section is 12.2 kd/kg lower than
that in the middle section. However, no significant varia-
tion was detected between the middle and end sections
where the heat content ranged from 38.6 to 88.1 kJ/kg.

Between 7:00 PM and 12:00 AM, the average heat
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Table 3. Mean, standard deviation, maximum, and minimum humidity ratio of air (kgwater/kgajr) inside and outside the plastic-covered
greenhouse during day and night

Daily period Measurement position Average Standard deviation Max Min
Outside the greenhouse 7.8 0.6 9.0 6.8
. Greenhouse entrance 11.1 23 166 7.5
Daytime
Middle of greenhouse 14.7 3.7 218 75
End of the greenhouse 13.7 3.4 219 77
Outside the greenhouse 7.5 0.9 8.6 6.0
. . Greenhouse entrance 8.6 0.7 9.5 7.6
Night time
Middle of greenhouse 8.4 0.8 9.9 7.4
End of the greenhouse 8.6 0.7 9.7 7.7
100

Heat Content (kJ/kg)

20 L 1 1
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00

Time (hr)

Figure 6. Diurnal variation in air heat content inside a plastic-covered greenhouse. h-o represents the outside heat content, while
h-f, h-m, and h-b indicate the air heat content in the entrance, middle, and end sections of the greenhouse, respectively

content of the air inside the plastic-covered greenhouse
was 36.8 kJ/kg, gradually decreasing from 39.0 kd/kg to
33.6 kJ/kg over time. However, no significant longitudinal
variations in the heat content were observed across the
entrance, middle, and end sections of the greenhouse.

Table 4 summarizes the mean, standard deviation,
and the highest and lowest recorded air heat contents,
both inside and outside the plastic-covered greenhouse,
throughout the experimental period. During the day-
time, the heat content was significantly higher inside the
greenhouse than outside the greenhouse. The mean
heat content outside the greenhouse was 43.8 kJ/kg,
with a maximum of 49.6 kd/kg and a minimum of 31.0
kd/kg. The heat content increased substantially inside
the plastic-covered greenhouse. The heat content at the
greenhouse entrance averaged 53.3 kd/kg, with a sig-
nificant variation, ranging from 28.2 kd/kg to 71.8 kJ/kg.
The middle of the greenhouse exhibited the highest heat
content, with a mean of 64.3 kd/kg, a maximum of 89.6
kJ/kg, and a minimum of 26.9 kJ/kg, indicating large fluc-

tuations. Similarly, the end of the greenhouse had high
heat content levels, with a mean of 61.9 kJ/kg and a peak
of 92.9 kJ/kg. These results suggest that the middle and
end sections of the greenhouse accumulate more heat,
likely owing to reduced air circulation in these areas.

At night, the heat content inside and outside of the
greenhouse became more uniform. The mean heat con-
tent outside the greenhouse dropped to 34.1 kd/kg, with a
maximum of 41.6 kd/kg and a minimum of 28.4 kd/kg. In-
side the greenhouse, heat content ranged between 32.7
kJ/kg and 33.9 kJ/kg across different positions, indicating
significantly lower variation compared to daytime.

The middle of the greenhouse recorded the lowest
mean heat content at night (32.7 kJ/kg), while the end
had a slightly higher value of 33.9 kd/kg. The smaller dif-
ferences between the positions at night suggest a more
stable thermal environment, likely due to the dissipation
of accumulated heat from the day.
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Table 4. Mean, standard deviation, maximum, and minimum heat content of air (kJ/kg) inside and outside the plastic-covered
greenhouse during day and night

Daily period Measurement position Average  Standard deviation Max Min

Outside the greenhouse 43.8 4.9 496 31.0

. Greenhouse entrance 53.3 11.7 71.8 28.2

Daytime

Middle of greenhouse 64.3 17.5 89.6 26.9

End of the greenhouse 61.9 16.8 929 28.1

Outside the greenhouse 34.1 41 416 284

. . Greenhouse entrance 33.7 4.3 425 284
Night time

Middle of greenhouse 32.7 4.6 437 272

End of the greenhouse 33.9 43 43.8 282

4. DISCUSSION

4.1. AIR TEMPERATURE IN THE PLASTIC-
CovERED GREENHOUSE

Temperature is a crucial factor in greenhouses because
it directly affects plant growth, development, and produc-
tivity [35, 36]. Optimal temperatures promote efficient
photosynthesis, enabling plants to produce energy and
grow [37, 38]. The results indicated that during the night
and late afternoon hours, the air temperature inside the
plastic-covered greenhouse was lower than the outside
temperature (Figure 3 and Table 1). This suggests that
plastic-covered greenhouses may lead to a drop in night-
time temperatures, causing the internal environment to
be cooler than the surrounding external conditions. This
result can be attributed to radiative cooling. Radiant
cooling is commonly observed in greenhouses covered
with thin plastic films, particularly during cold, calm, and
cloudless nights, when there is no heating system in op-
eration. Under these conditions, it has been found that
the temperature inside the greenhouse can drop below
the outside temperature [14, 39, 40]. Furthermore, at
night, both the ground and plants inside the greenhouse
release heat through radiation. Plastic, which is a poor
emitter of infrared radiation, traps this heat within the
greenhouse. However, it also does not sufficiently reflect
the heat inside, allowing it to escape through the plastic
cover. In contrast, the outside environment loses heat
directly to the sky, which is often cooler than the interior
of the greenhouse [41]. This result aligns with the find-
ings of Kim et al. [14], who reported that the nighttime
air temperature within a plastic-covered greenhouse was
lower than the external air temperature.

The study revealed that from 08:00 to 15:00, the
greenhouse temperature remained consistently higher
than the external environment, reaching a maximum dif-
ference of 7.5°C at 11:00 (Figure 3). The temperature
difference between the entrance and middle sections
peaked at 8.5°C, whereas no significant longitudinal vari-
ation was observed between the middle and end sec-
tions (Figure 3, Table 1). This result can be attributed

to several factors, including the influence of external
environmental conditions on the greenhouse microcli-
mate [42, 43], the quality of the greenhouse cover [14,
44], the structural design of the greenhouse [42, 45—47],
and the greenhouse effect [6, 46]. These effects occur
because the plastic cover permits solar radiation to en-
ter the greenhouse, warming the air, soil, and plants.
However, greenhouses trap infrared radiation emitted
by heated surfaces, restricting its escape and thereby
elevating the internal temperature above the external
environment [26, 27, 48]. This temperature difference
is likely due to the increased absorption of solar energy
within the plastic-covered greenhouse [9] and the re-
duced heat loss resulting from the insulating properties
of the plastic cover [13].

The maximum temperature difference and longitudi-
nal temperature variation observed at 11:00 (Figure 3)
can be attributed to the peak in solar radiation inten-
sity around midday [9, 49]. The maximum longitudinal
temperature difference of 8.5°C between the entrance
and middle sections at 11:00 AM (Figure 3) indicates
non-uniform heat distribution within the greenhouse [9,
11], likely due to variations in ventilation or air circulation
[50, 51]. This can explain the lack of variation in the
longitudinal temperature distribution between the mid-
dle and rear sections of a plastic-covered greenhouse
[52]. The results obtained were consistent with those
of Kim et al. [14], who found that the air temperature in
a plastic-covered greenhouse was higher than the out-
side temperature, with a maximum difference of 20°C
observed at noon. The study also compared temperature
levels in greenhouses covered with plastic, polycarbon-
ate, and glass and found that the highest temperatures
were recorded in the plastic-covered greenhouse. Sim-
ilarly, Ahmed et al. [9] reported that the longitudinal
variation in air temperature between the entrance and
end sections of a greenhouse increases with the intensity
of solar radiation.
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4.2. AIR RELATIVE HuMIDITY IN THE
PLAsTIC-COVERED GREENHOUSE

Relative humidity is crucial in greenhouses because it
directly affects plant growth, transpiration, disease preva-
lence, and overall plant health [53]. Proper relative hu-
midity levels help maintain optimal stomatal function,
ensuring efficient CO, exchange for photosynthesis [29].
High relative humidity can lead to condensation on green-
house surfaces, promoting mold growth and the spread
of disease [54, 55]. The results of this study, presented
in Figure 4 and Table 2, indicate that the relative humid-
ity inside the plastic-covered greenhouse consistently
exceeded that of outdoor air throughout the day. Further-
more, no changes were observed in either the relative
humidity or the longitudinal distribution of the relative
humidity during the night. In contrast, during the day,
significant variations were observed in both the relative
humidity values and their longitudinal distribution, char-
acterized by a sharp decrease until midday, followed by
a gradual increase toward sunset.

In this context, it can be concluded that relative humid-
ity levels within greenhouses are influenced by multiple
factors, with the most prominent being internal temper-
ature, ventilation, plant and soil evapotranspiration, irri-
gation practices, solar radiation, greenhouse covering
materials, and external weather conditions [42, 56].

The reduced relative humidity of the external air is a
result of Yemen'’s classification of a semi-arid region [57].
The increased relative humidity inside the greenhouse is
primarily attributed to reduced air exchange with the ex-
ternal environment, coupled with moisture contributions
from plant transpiration [51].

The higher nighttime relative humidity can be at-
tributed to the lower temperatures and reduced venti-
lation, leading to decreased evaporation rates and in-
creased moisture retention. This effect is particularly
pronounced inside greenhouses, where moisture accu-
mulates due to plant transpiration. Similar trends have
been reported in previous studies, where greenhouses
had moderate diurnal humidity fluctuations and created
a more stable microclimate for plant growth [14, 28].

The significant decline in relative humidity until midday,
followed by a gradual increase toward sunset (Figure 4),
was attributed to the interaction of external and internal
factors influencing the greenhouse microclimate. In natu-
rally ventilated, plastic-covered greenhouses, the relative
humidity typically decreases between 7 AM and 2 PM
owing to increasing solar radiation and the associated
rise in temperature. After 2 PM, both the temperature
and solar radiation declined, resulting in a gradual in-
crease in relative humidity. Reduced ventilation in the
evening further contributes to this increase until sunset
[9, 14, 58]. Conversely, higher relative humidity in the
center of the greenhouse indicates more stable humidity
levels in areas farther from ventilation openings, where

air circulation is limited [49, 58].

4.3. AIR HumiDITY RATIO IN THE PLASTIC-
CoVERED GREENHOUSE

The humidity ratio plays a crucial role in transpiration and
directly affects the water and nutrient uptake in plants
[59]. Maintaining optimal humidity levels helps prevent
condensation on leaves and surfaces, thereby reducing
the risk of disease [60, 61]. Certain crops, such as toma-
toes, depend on precise humidity conditions for pollen
viability and effective pollination [62]. By monitoring the
humidity ratio, growers can optimize ventilation, heating,
and cooling, leading to a more efficient energy use [55,
61]. Additionally, proper humidity control minimizes water
loss and wilting, preserving crop freshness and overall
plant health [63, 64].

Throughout the day, the humidity ratio within the
plastic-covered greenhouse remained consistently higher
than that in the external environment (Figure 5 and Table
3). This observation aligns with expectations because
the greenhouse structure inherently retains heat and
moisture, resulting in a more humid microclimate. These
findings are consistent with previous studies indicating
that greenhouses generally exhibit elevated humidity lev-
els compared to external conditions owing to plant tran-
spiration and limited ventilation [65, 66].

During the nighttime hours, the air humidity ratio re-
mained stable, with no significant variations observed
along the length of the greenhouse (Figure 5). The sta-
bility of the humidity ratio within plastic-covered green-
houses is largely influenced by the minimal temperature
variation between internal and external environments.
This is primarily because of the absence of direct solar
radiation, which typically causes significant temperature
fluctuations [43]. Additionally, the reduced airflow and
lower temperature also contribute to the stabilization of
moisture levels across the greenhouse [47, 67].

During daylight hours, the humidity ratio within the air
of a plastic-covered greenhouse decreased from sunrise
to midday, followed by a gradual increase until sunset
(Figure 5). This variation is primarily driven by rising
temperatures owing to increased solar radiation, which
enhances the rate of evaporation. From midday to sunset,
a reduction in solar radiation leads to lower temperatures,
thereby reducing the rate of evaporation [11]. Conversely,
the longitudinal variation in the air humidity ratio can be
attributed to the dynamics of the air movement within
the plastic-covered greenhouse. The entrance section of
the greenhouse may be influenced more by external air
exchange, which could result in a drier environment [28,
50, 68]. The absence of variation in the distribution of the
air humidity ratio between the middle and rear sections
of the plastic-covered greenhouse can be primarily at-
tributed to the low rate of air circulation. Previous studies
have suggested that ventilation openings at greenhouse
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entrances can lead to increased air exchange, resulting
in lower humidity levels in these areas [69]. Furthermore,
improving the air circulation through side openings can
substantially influence the uniformity of the environmen-
tal factor distribution within the greenhouse, including the
air humidity ratio [70].

4.4. AIR HEAT CONTENT IN THE PLASTIC-
CovERED GREENHOUSE

Greenhouse climate control systems typically depend
on precise measurements of the heat content, including
temperature and humidity. Accurate data are essential
for the optimal functioning of heating, cooling, and venti-
lation systems, thereby maintaining a stable environment
for plant growth and enhancing the overall operational
efficiency [71].

The results demonstrate that the plastic-covered
greenhouse acts as a heat trap, with the air inside gen-
erally having a higher heat content than that outside
(Figure 6 and Table 4). Stability in the early morning, fol-
lowed by rapid warming in the morning and longitudinal
variation during the day, is typical of greenhouse environ-
ments where both external factors (solar radiation) and
internal factors (ventilation and airflow) influence thermal
dynamics [48, 68]. The longitudinal variation in air heat
content within a plastic-covered greenhouse may be at-
tributed to several factors, including variations in airflow
dynamics, plant transpiration [51], or differences in the
efficiency of heat absorption across different sections of
the greenhouse [72].

The results presented in Figure 6 demonstrate that
during nighttime hours, there was no significant differ-
ence in the air heat content between the interior and
exterior of the plastic-covered greenhouse. Furthermore,
no variation in the heat content was observed along the
length of the greenhouse. However, a significant varia-
tion in the air heat content was noted during the daytime,
both inside and along the length of the plastic-covered
greenhouse. The variation in the air heat content within
the plastic-covered greenhouse is primarily driven by
fluctuations in the temperature and humidity dynamics
[73].

During daytime hours, the greenhouse begins to ac-
cumulate heat as external temperatures increase and
solar radiation intensifies [74]. The slight variation in the
heat content along the length of the greenhouse during
the early hours of the day can be attributed to the angle
of solar radiation striking the greenhouse, resulting in
varying rates of warming across different sections of the
structure [42, 45]. The gradients in the heat content of
air within a plastic-covered greenhouse can be attributed
to variations in sunlight exposure [48], air movement rate
and dynamics [28, 69], and the design of the greenhouse
structure [45, 47].

5. CONCLUSION

This study evaluated the levels and longitudinal varia-
tions in key environmental factors (air temperature, rela-
tive humidity, humidity ratio, and heat content) that affect
plant growth in a plastic-covered greenhouse. The find-
ings revealed significant diurnal variations in greenhouse
conditions. During the day, greenhouse temperatures
exceed outdoor levels owing to the greenhouse effect,
with the maximum temperature difference occurring at
midday. At night, temperatures drop below outdoor levels
because of radiative cooling. The relative humidity inside
the greenhouse remained higher than that outside, fluc-
tuating throughout the day. It peaks in the early morning
hours, decreases at midday, and increases again toward
the evening. These changes were influenced by tem-
perature variations, plant transpiration, and ventilation.
Nighttime humidity stabilized, reflecting reduced transpi-
ration and air exchange. The humidity ratio followed a
distinct daily pattern, increasing during the day and de-
creasing in the evening. The middle section of the green-
house retained the highest moisture levels, whereas the
entrance section was influenced more by external fac-
tors. The heat content is significantly higher inside the
greenhouse during the day, particularly in the middle and
end sections, owing to the reduced air circulation. At
night, the heat content was equal across all sections,
indicating thermal dissipation. Overall, plastic-covered
greenhouses create distinct microclimatic conditions that
differ from the external environment, with variations in the
temperature, humidity, and heat distribution across the
greenhouse. The effective management of these factors,
including optimized ventilation and air circulation, is cru-
cial for enhancing plant growth. This study recommends
improving ventilation in plastic-covered greenhouses by
optimizing natural ventilation systems, such as perme-
able shading nets that allow adequate airflow, or by em-
ploying mechanical ventilation systems powered by solar
panels. These measures help regulate the airflow and
temperature inside the greenhouse, ensuring better air
circulation and reducing the heat buildup.
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