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Abstract: A Venlo-type greenhouse with a continuous roof vent (CR-Venlo greenhouse) was proposed
by the Ministry of Agriculture, Food and Rural Affairs, South Korea (2019) for natural ventilation even
during summers. It is ventilated through the buoyancy effect of the heated air using the high eave
elevation. However, the CR-Venlo greenhouse was not distributed domestically, and its ventilation
efficiency was not quantitatively evaluated. We aimed to analyze the natural ventilation efficiency of
the greenhouse according to the eave height, using computational-fluid-dynamics. The simulation
model was analyzed for hot summer conditions. The target greenhouse is ventilated only through
the roof vent with all roof windows open; therefore, the air introduced through the roof window is
easily exhausted. To evaluate the efficiency of ventilation, the external air entering through the roof
window was calculated and evaluated. The amount of incoming air varied greatly with the location
of the span and average temperature of the greenhouse; The temperature of the crop zone decreased
lognormally with increasing height of the eave. Moreover, the ventilation efficiency of CR-Venlo
greenhouse could be increased by improving the ventilation structure such as a shape, position or
combination of roof window.

Keywords: computational fluid dynamics (CFD); eave height; natural ventilation; venlo greenhouse

1. Introduction

Crop production through facility cultivation has developed continuously over the
past several years by ensuring stable productivity and high-quality crops throughout the
year. Recent data from the Ministry of Agriculture, Food and Rural Affairs, South Korea
(MAFRA) indicated that the scale of production has been steadily increasing from the
1970s to the present; the area of domestic vegetable cultivation and total production were
54,443 ha and 2,441,000 tons in 2019, respectively [1]. Meanwhile, the domestic agricultural
population is steadily aging and declining, whereas the demand for agricultural products
has been growing. In addition, there is an increase in automation and the number of large-
scale greenhouses. The development of ICT technology and the expansion of investments in
smart farms are accelerating the enlargement of greenhouses. In particular, the area of multi-
span greenhouses in Korea increased from 5227 ha in 2012 to 7088 ha in 2019 [1]. A large
greenhouse enables easy automation and improved productivity. It has the advantage of
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relatively low heating cost in winter but, inevitably, the disadvantage of having a large
cooling demand in high-temperature environments in summer.

Therefore, a Venlo-type greenhouse with a continuous roof vent (CR-Venlo green-
house) has been developed by the MAFRA in 2019 to reduce high-temperature stress to
crops even in high-temperature environments in summer. The CR-Venlo greenhouse has a
structure similar to that of the conventional Venlo-type greenhouse (C-Venlo greenhouse).
Ventilation occurs due to the buoyancy effect of heated air inside the greenhouse in summer
due to the high eave height. Most of the roof area of the CR-Venlo greenhouse is designed
with roof vents; therefore, there is the possibility of wind ventilation using a large roof
vent. In particular, the temperature inside the greenhouse decreases as the elevation of the
eave increases [1]; therefore, the temperature difference between the inside and outside
of the greenhouse decreases. In this study, we evaluated a single-span greenhouse and
designed the opening angle of the roof window to be significantly large. In a single-span
greenhouse, the natural ventilation effect is greater than that in a multi-span greenhouse.
When the opening angle of the roof window is considerably large, the inflow of external air
into the greenhouse is smooth. Furthermore, in a single-span greenhouse, the influence
of side window ventilation is great. However, in a multi-span greenhouse, the ventilation
effect by the side windows decreases rapidly as the number of the multi-span increases.
Therefore, the ventilation through the roof window is highly important for the stagnant
area of the multi-span greenhouse. The roof vent window should be designed based on
the quantitative analysis of natural ventilation. The CR-Venlo greenhouse has a high venti-
lation efficiency due to the structural characteristics of the ventilation window; however,
its ventilation efficiency has not yet been quantitatively evaluated [2].

Changes in the thermal environment inside the greenhouse according to ventilation
design have been well studied [3–18]. Most studies analyze the horizontal temperature
distribution at a specific height, such as the height of a crop. Only a few studies have
been reported on the vertical temperature distribution inside the greenhouse for large,
high-altitude greenhouses. In a greenhouse with a high eave height, there is more space
for the heated air to rise from the bottom via buoyancy in summer; this results in a
vertical temperature deviation. In particular, the temperature at the height of the crop
zone could be lowered. It is necessary to quantitatively analyze the vertical temperature
distribution inside the greenhouse due to the buoyancy effect and to analyze the reduction
in temperature in the crop zone in summers, in the high-elevation greenhouse.

Therefore, in this study, the ventilation efficiency and temperature distribution in
a CR-Venlo greenhouse during summer were evaluated according to the eave height.
A computational fluid dynamics (CFD) program (FLUENT19.0, ANSYS, New York, NY,
USA) was used to analyze various environmental conditions, such as the external wind
speed. The internal air flow and ventilation efficiency of the CR-Venlo greenhouse were
evaluated according to the external wind speed and eave height of the CR-Venlo greenhouse.
This was followed by the evaluation of the ventilation effectiveness of a greenhouse with
a high lateral elevation. The CR-Venlo greenhouse has a roof vent with both windward
and leeward side openings; therefore, air flowing through the windward-side opening
easily flows out through the opposite leeward-side opening. Therefore, two efficiencies
were evaluated; one for air inflow through the roof vent and the other for air incoming into
the greenhouse. Furthermore, the average temperature of the entire greenhouse and at the
height of the crop zone was evaluated at varying external wind speeds and heights of the
greenhouse. Finally, improved models with higher ventilation efficiencies than those in
the CR-Venlo greenhouse are suggested based on ventilation efficiencies under the same
environmental conditions for the CR-Venlo and C-Venlo greenhouses.

2. Materials and Methods

Figure 1 displays the research flow chart for this study. A CFD simulation model was
designed to evaluate the ventilation efficiency of a CR-Venlo greenhouse. The standardized
design of the CR-Venlo greenhouse was disseminated only recently; therefore, there are no
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actual constructions. Lee et al. [14] evaluated the ventilation rate of the high-eave height
1-2W type 3-span Korean greenhouse in summer [14]. The CFD model information, such
as crop module, turbulence model, and external area information, from this report was
used in this study because both studies focus on the ventilation rate in greenhouses with
high eave height in summer. However, previous study focused on the 1-2W and 3-span
greenhouse, which is the most commonly used model in South Korea. Therefore, it was
necessary to verify whether the information from the CFD simulation model [14] could be
applied to other types of greenhouses; field experiments and verification of the simulation
model were performed. The CFD model of the CR-Venlo greenhouse was designed, and
the ventilation efficiency according to the eave height of the greenhouse was analyzed.
First, the amount of air inflow and outflow through the roof vent were calculated according
to the external wind speed and the eave height of the greenhouse were calculated. Next,
the thermal environment of the CR-Venlo greenhouse was evaluated by calculating the
average temperature of the entire greenhouse and the height of the crop zone. To address
the limitations of the ventilation structure that uses only the roof vent of the CR-Venlo
greenhouse, the possibility of improving ventilation efficiency by modulating the opening
and closing of the roof vent and auxiliary facilities was evaluated.
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Figure 1. Flow chart of the experimental procedure.

2.1. Target Greenhouse

The CR-Venlo greenhouse, the target facility of this study, is an even-span greenhouse
with a high eave height. It is like a C-Venlo greenhouse, but it has a large roof area
with continuous roof windows (Figure 2). In this greenhouse, both the windward and
leeward windows are open. It allows a lot of air to flow in and out through a large-area
roof window and has excellent heat buffering capacity because of its large volume and
ventilation rate due to a large-area roof window. Therefore, this type of greenhouse is
beneficial in the cultivation of paprika and tomatoes in all seasons. A standard design of
a CR-Venlo greenhouse has been developed; however, it has not yet been distributed to
actual farms because of the lack of quantitative-analysis data on its ventilation efficiency.
The CR-Venlo greenhouse in this study was designed based on the specifications presented
in 19-Yeondong-3 (MAFRA, 2019) of the internal type of standard design drawing. The
greenhouse length is 40.0 m; it is a 15-span greenhouse with a width of 8.0 m. The eave
height is 7.0 m, and the ridge height is 1.1 m higher than the eave height. The covering
of the greenhouse is 15.0 mm polyolefin film. The ceiling, side, front, and back of the
greenhouse are all covered with film, and the floor is concrete. The roof vent of the CR-
Venlo greenhouse is 1.0 m in width and 36.0 m in length. It has a large area of 39.4%
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compared to approximately 14.7% of the total ceiling area of a C-Venlo greenhouse of the
same volume. Ventilation is conducted by opening all roof windows by up to 45 degrees;
a separate ventilation system was not considered, including side windows. In addition,
a separate cooling system was not considered because the system was expected to have
excellent thermal buffering capacity due to the high structural feature of the side elevation.
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Figure 2. Schematic of a Korean Venlo-type greenhouse with continuous roof vents (MAFRA, 2019).

Tomatoes (Solanum lycopersicum), typically grown in domestic horticultural facilities,
were chosen for cultivation in the target greenhouse. Tomato is conducive to continuous
cropping through a hydroponics that reduces labor [19]. Five beds per span were arranged
at 1.6 m intervals with two rows per bed (Figure 3). The beds were placed at 0.7 m from the
ground; the width and height of the bed were 0.3 m and 0.15 m, respectively. A seedling
cube with a width of 0.3 m and a height of 0.15 m was placed on the bed. The shape of the
tomato crop was established as a cuboid with a width of 0.5 m and a height of 2.0 m.
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2.2. Computational Fluid Dynamics (CFD)

Computational Fluid Dynamics (CFD) is a numerical analysis tool that can analyze
fluid flow, heat transfer, and chemical action through computer simulation for a system
containing a fluid. CFD uses the Navier-stokes equation, a nonlinear differential equation,
as the governing equation. It is a tool for simulating numerical analysis using the finite
difference method. It is actively used in various fields, including machinery, aviation, chem-
ical engineering, manufacturing, civil engineering and construction, and environmental
studies. It is applied in the agricultural field to evaluated livestock facilities and greenhouse
environment [20–24].

In this study, a three-dimensional grid was designed using a commercial program for
CFD (ver. 18.2, ANSYSInc, Canonsburg, PA, USA) to analyze the ventilation efficiency of
the CR-Venlo greenhouse. The calculation was performed by setting boundary conditions
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for the target domain. Fluent is a program that numerically analyzes the flow of fluid
in an analysis space designed as a two- or three-dimensional grid, based on the law of
conservation of mass, energy, and momentum. The equations used in the calculation are
as follows:

∂ρ
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where ρ is the density of the fluid (kg·m−3),
→
v is the flow velocity of the fluid (m·s−1), P is

the static pressure (Pa),
→
τ is the stress tensor (Pa), and

→
g is the acceleration due to gravity.

(m·s−2),
→
F is the external force (N·m−3), Sm is the source term of the mass (kg·m−3), ke f f is

the effective conductivity (kg·m−2·s−1), T is the temperature (K), E is the specific enthalpy

indicating the enthalpy per unit mass (J·kg−1), t is the time (s),
→
Ji is the diffusion flux of

type i (kg·m−1·s−1), and Sh is the total enthalpy (kg·m−1·s−3).

2.3. Experimental Procedure
2.3.1. Field Experiment and Modelling for Validation of the CFD Simulation Model

A field experiment was conducted to verify the simulation model for a wide-span type
greenhouse using roof vents similar to those in the structure of the CR-Venlo greenhouse
(Figure 4). The target greenhouse is a 5-span wide type greenhouse located in Moga-
myeon, Icheon-si, Gyeonggi-do (37◦18′N, 127◦48′E). The dimension of the 1-span of target
greenhouse was a width of 9 m, a length of 30.0 m, an eave height of 3.5 m, and a ridge
height of 5.5 m. The tomato (Solanum lycopersicum) was grown hydroponically inside the
target greenhouse. The planting density was approximately 3 plants·m−2, and the plants
were cultivated in the one-stem attraction method. Tomatoes were approximately 60 days
old during the experiment. The cultivation environment was controlled by ventilation
using roof vents based on the values obtained using the central temperature sensor. The
temperature was maintained at 24–26 ◦C, which is the optimal growing temperature for
tomatoes. The field experiment was conducted on 8 July 2020, and the vertical temperature
distribution was measured for six points (0.8–4.8 m) at 0.8 m height intervals regarding
the central location of the greenhouse. The internal air temperature was measured at 1 s
intervals using a Type-T thermocouple; the measured data was processed to obtain a 10 s
average value.

The CFD model for validation was designed for the greenhouse on which the field
experiments were performed. The model information, including the turbulence model
and grid size, was like that of the CFD model of the CR-Venlo greenhouse. External
weather data, such as wind direction, wind speed, and air temperature, were obtained from
the Ochang Meteorological Observatory, the closest meteorological station. The external
weather data of the period in which the vertical wind (±15◦) blows against the sidewall of
the greenhouse, and the average values of the wind speed and air temperature were used.
Tomatoes in the mature stage exchange sensible and latent heat and act as resistance to
airflow. Therefore, the CFD model was designed based on the values of a previous study
for a mature tomato plant [25] (Table 1).



Agriculture 2022, 12, 1349 6 of 22Agriculture 2022, 12, x FOR PEER REVIEW 6 of 23 
 

 

  
(a) (b) 

  
(c) (d) 

Figure 4. Experimental greenhouse located in Moga-myeon, Icheon-si, Gyeonggi-do Province 
(37°18′N, 127°48′E) and field experiment (a) External view of the experimental greenhouse, (b) Sen-
sor installation for measuring vertical air temperature, (c) Internal view of the experimental green-
house and (d) Sensor installation to avoid direct radiation. 

The CFD model for validation was designed for the greenhouse on which the field 
experiments were performed. The model information, including the turbulence model 
and grid size, was like that of the CFD model of the CR-Venlo greenhouse. External 
weather data, such as wind direction, wind speed, and air temperature, were obtained 
from the Ochang Meteorological Observatory, the closest meteorological station. The ex-
ternal weather data of the period in which the vertical wind (±15°) blows against the side-
wall of the greenhouse, and the average values of the wind speed and air temperature 
were used. Tomatoes in the mature stage exchange sensible and latent heat and act as 
resistance to airflow. Therefore, the CFD model was designed based on the values of a 
previous study for a mature tomato plant [25] (Table 1). 

Table 1. Values of the boundary condition of the CFD simulation model for validation. 

Boundary Condition Input Values Reference 
Outside air temperature (℃) 27.4 Field experiment and 

Ochang weather station 
(Average value during 

field experiment period) 

Wind speed (m ⋅ sିଵ) 1.40 
Wind direction (°) 90 

Temperature (℃) 27.4 

Figure 4. Experimental greenhouse located in Moga-myeon, Icheon-si, Gyeonggi-do Province
(37◦18′N, 127◦48′E) and field experiment (a) External view of the experimental greenhouse, (b) Sensor
installation for measuring vertical air temperature, (c) Internal view of the experimental greenhouse
and (d) Sensor installation to avoid direct radiation.

Table 1. Values of the boundary condition of the CFD simulation model for validation.

Boundary Condition Input Values Reference

Outside air temperature (◦C) 27.4

Field experiment and
Ochang weather station
(Average value during

field experiment period)

Wind speed (m · s−1) 1.40

Wind direction (◦) 90

Greenhouse
wall

Temperature (◦C) 27.4

Thickness (m) 0.0001

Tomato

Latent energy sources (W ·m−3) −30.0

Lee [25]
Viscous resistance (m−2) 2.53

Inertial resistance (m−1) 1.92

Turbulence model Realizable k-ε

2.3.2. Design of External Domain and Wind Environment of the CFD Simulation Model

The external wind environment is an important factor in calculating the natural
ventilation rate. The wind speed and the turbulence distribution by height vary depending
on the stability of the atmosphere. Therefore, to apply these conditions to the CFD model,
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the average profiles of wind-speed, turbulence-energy, and turbulence-dissipation-rate
were calculated through the conditional equations reported earlier; a user-defined function
was created as a code and was reflected in the model [26,27]. The flow velocity profile and
turbulence profile applied to CFD in the external wind environment are as follows:

u(z) =
u∗ABL

k
ln
(

z + z0

z0

)
, (4)

ε(z) =
u∗ABL

3

k(z + z0)
, (5)

ω(z) =
ε

Cµk
, (6)

where u is the wind speed at height z (m·s−1), u∗ABL is the friction velocity (m·s−1), k is
the Kármán constant (dimensionless), z0 is the roughness length (m), ε is the turbulent
energy dissipation (m2·s−3), ω is the specific dissipation rate (s−1), and Cµ is the empirical
constant (dimensionless).

Until recently, there was no detailed standard for designing the external domain of a
3D computational fluid dynamics model; approximate values had been suggested through
empirical or experimental verification [28–30]. Kim et al. [31] proposed the minimum length
of the outer region where the atmospheric boundary layer reaches the center based on the
height of the target building, to prevent the internal boundary layer from continuously
growing [31]. The size of the entire computational domain can be determined by the height
of the study object. If there is an object larger than the study object, it should also be
considered. The vortex formed at the highest point dissipates at the farthest point within
the analysis domain.

Therefore, in this study, the external area for natural ventilation was designed based
on the results of previous research [31]; the length of the upstream section on the windward
side was set at 3H. The side and upper surfaces of the analysis area were designed to be 5H
each in a range where the vortex formed from the greenhouse does not affect them. The
length of the downstream section was designed to be 15H considering the convergence and
economic feasibility. The size of mesh inside the greenhouse was 0.3 to 0.5 m, and the total
number of meshes was approximately 8.1 million (Figure 5).
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2.3.3. Boundary Conditions of the CFD Simulation Model

The 3D simulation model of the CR-Venlo greenhouse was designed referring to the
19-Yeondong-3 model of the standard design [1] and was designed for five eave heights
to analyze the ventilation efficiency at different eave heights of the greenhouse. The
simulation target period was established for the hot summer season, the temperature of
the outside air was set to 35 ◦C, which corresponds to 1% of the TAC (Technical Advisory
Committee) temperature of the summer weather data (1990–2020) for the last 30 years in
Daegu. The turbulence model, the size of grid, and boundary conditions such as internal
ground temperature, sensible heat, and latent heat of tomato were designed referring to
the modeling conditions of a previous study [25] (Table 2).



Agriculture 2022, 12, 1349 8 of 22

Table 2. Boundary condition values of the CFD simulation model for case study.

Boundary Condition Input Values Reference

Outside air temperature (◦C) 35.0 Weather station data
(1990-2020) and

Greenhouse wall
Temperature (◦C) 35.0

Thickness (m) 0.0001 MAFRA (2019)

Ground temperature inside the greenhouse (◦C) 45.0

Lee [25]

Ground temperature outside the greenhouse (◦C) 44.16

Tomato

Latent energy sources (W ·m−3) −30.0

Viscous resistance (m−2) 2.53

Inertial resistance (m−1) 1.92

Turbulence model Realizable k-ε

2.3.4. Analytical Conditions for Evaluation of Ventilation Efficiency

When the external wind speed is over 2.0 m·s−1, wind-driven ventilation is dominant;
when the external wind speed is less than 0.5 m·s−1, gravity with buoyancy driven venti-
lation is dominant [4,32]. Depending on the wind speed, there are variations in the main
factors that affect the ventilation efficiency of natural ventilation. The wind speed at which
wind-driven ventilation and buoyancy-driven ventilation are predominant differ with the
number and size of the peristaltic ventilation of the greenhouse. Therefore, in this study,
the external wind speed conditions at the height of the greenhouse eave were established
at 0.5, 1.5, and 3.0 m·s−1 to include both conditions where buoyancy-driven ventilation
and wind-driven ventilation are dominant for the CR-Venlo greenhouse. Wind direction
conditions were subjected to a 90◦ wind perpendicular to the length of the greenhouse.
To analyze the changes in the ventilation rate with the height of the CR-Venlo greenhouse,
15 case simulation models were analyzed for different measured heights of the greenhouse
(5, 6, 7, 8, and 9 m) (Table 3).

Table 3. Analysis cases for the evaluation of ventilation efficiency using the CFD simulation model.

Analysis Cases Conditions

Wind direction (◦) 90

Wind speed (m · s−1)
0.5, 1.5, 3.0

(at the roof height of the greenhouse model)
Rigid height of the greenhouse 5, 6, 7, 8, 9

Total 15 cases

The CR-Venlo greenhouse is expected to have high ventilation because of the large
area of the roof vent window. However, the inflow air immediately flows out because the
windward and leeward roof windows facing each other are open. Therefore, in wind-driven
ventilation conditions in which air inflow and outflow through the roof window are actively
performed, ventilation efficiency could be reduced. To overcome the limitations of the
ventilation structure, an improvement is proposed by analyzing the opening and closing of
each roof window in the CR-Venlo greenhouse and the natural ventilation efficiency, based
on the installation of auxiliary facilities under wind-driven ventilation conditions (3 m·s−1)
(Figure 6 and Table 4). To strengthen the main airflow according to the location of each span,
Case 1–3 models were proposed in which the roof windows in the windward and leeward
direction were all opened according to the location of the 15 span greenhouses. In addition,
the airflow toward the bottom of the greenhouse was strengthened by installing a virtual
windbreak at the mid-point of the roof window or by increasing the roof opening angle.
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Figure 6. Schematic depicting the improved model ventilation structure of the CR-venlo greenhouse
with continuous roof vents: (a) Case 0: CR-venlo greenhouse, (b) Case 1: Opening of windward roof
vents at 1–5 span and leeward roof vents at 11–15 span, (c) Case 2: Opening of windward roof vents
at 1–7.5 span and leeward roof vents at 7.5–15 span, (d) Case 4: Opening of all windward roof vents,
(e) Case 4: Windbreak installation in the center of all roof vents, (f) Case 5: Increasing the opening
angle of roof vents.

Table 4. Specifications of the modified CFD simulation model to improve ventilation rate.

Model
Installation of
Wind Break in

the Roof
Opening Condition of Roof Vents Opening Angle of

Roof Vents (◦)

Case 0 X All spans: Open on both windward
and leeward sides 45

Case 1 X

1–5 spans: Open on the windward side
6–10 spans: Open on both windward

and leeward sides
11–15 spans: Open on leeward side

45

Case 2 X 1–7.5 spans: Open on windward side
7.5–15 spans: Open on leeward side 45

Case 3 X All spans: Open on leeward side 45

Case 4 O All spans: Open on both windward
and leeward sides 45

Case 5 X All spans: Open on both windward
and leeward sides 75

2.3.5. Evaluation of Ventilation Efficiency and Thermal Environment

A large amount of fresh outside air should flow into the greenhouse, and the heated
air inside the greenhouse should be smoothly discharged to the outside. The CR-Venlo
greenhouse does not have a side window and can only be ventilated through the roof
window; the inlet and outlet have the same structure. In addition, the distance between
the roof windows is considerably short, and all the facing roof windows are open. The air
introduced through the roof window can immediately flow out through the facing roof
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window. Therefore, it is necessary to evaluate whether fresh air is introduced into the
greenhouse through the roof window and whether it replaces the air inside the greenhouse.

In this study, the ventilation efficiency through the roof window of the CR-venlo
greenhouse was evaluated by calculating the air inflow and outflow through the roof vent
of each span (Figure 7a). Based on the roof window surface of the greenhouse, the inside
direction was designated as ‘+’ and the outside direction as ‘−‘. Air inflow through the
greenhouse roof window (Airinflow) was calculated as the mass flow rate in the positive
direction (( 1©+ 2©)/2) and air outflow through the greenhouse roof window (Airoutflow) was
calculated as the mass flow rate in the negative direction (( 3©+ 4©)/2). The air introduced
through the roof window that flows into the interior space of the greenhouse was assessed
by defining a virtual reference plane parallel to the floor of the greenhouse in the area near
the roof of the greenhouse and by calculating the mass flow rate ( 5©) of the air that flows
into the interior of the greenhouse (Figure 7b). Figure 8 indicates the position of each span
where the ventilation efficiency was calculated.
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Figure 8. Region definitions for Korean Venlo-type greenhouses with continuous roof vents used to
evaluate ventilation efficiency.

The design of the CR-Venlo greenhouse is expected to decrease the temperature of the
lower part of the greenhouse by allowing hot air to rise to the upper part of the greenhouse
during summer due to the high elevation of the structure. Therefore, the reduction in
air temperature at different heights of the greenhouse was analyzed. The average air
temperature at different heights of the greenhouse, was also calculated, and the average air
temperature at the height of the tomato crop zone (0.7–2.7 m), which directly affects the
growth of the crops.

3. Results
3.1. Validation of the CFD Simulation Model

To verify the CFD simulation model, the changes in the vertical temperature inside
the greenhouse with changes in the external weather conditions were measured for a
wide-span greenhouse (Figure 9). In the case of the field experiment, the wind direction,
wind speed, and the external temperature continuously changed. The CFD model in this
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study analyzed the ventilation rate of the greenhouse for each wind direction and wind
speed condition; therefore, the analysis was performed assuming a steady-state. The data
measured at constant wind direction and blowing time among the experimental field data
were used for validation. The wind direction (246◦ ± 15◦) that is perpendicular to the
sidewall of the greenhouse, which can effectively influence the change in temperature
inside the greenhouse due to the inflow of external air, the blows, and the data for the time
(PM 12:20) of high external air was used. The external wind speed was 1.4 m·s−1.
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Figure 9. The outside air temperature and wind direction in the experimental greenhouse located in
Moga-myeon, Icheon-si, Gyeonggi-do Province (37◦18′N, 127◦48′E) during the experimental period
(July 2020).

The data measured through the field experiment change in real time despite using
10 s average data measured for 1 min for a relatively constant time under a specific wind
direction and speed; therefore, the changes in the internal vertical temperature profile with
the measurement time were evaluated (Figure 10). The temperature profile exhibited a
tendency to change the temperature at the top height. It was influenced by wind conditions
changing in real-time. According to the wind conditions, the influence of outside air
entering the greenhouse through the roof window was variable. In the CFD verification
model, the simulation was performed assuming a steady state; therefore, the location where
the outside air is introduced through the roof vent and the location where the air inside
the greenhouse flows out are divided according to the span location of the greenhouse.
A constant vertical temperature profile was calculated according to the span position
of the greenhouse. In the central position of the greenhouse, which is the verification
position, the internal temperature exhibited a tendency to increase as the height of the
greenhouse increased.

In field experiments and simulation results for comparative verification, because field
experiments were conducted at the central location of the greenhouse, the simulation calcu-
lation results of the same location were used. The CFD verification model was validated;
therefore, it exhibited a similar trend to the field test result and the shape of the vertical tem-
perature profile at the central location of the greenhouse (RMSE: 0.3 ~ 1.1 ◦C; R2: 0.88~0.99);
it predicted the vertical temperature inside the greenhouse by roof-window ventilation.
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Figure 10. Validation of the CFD simulation model for the vertical temperature in the greenhouse.
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minimum values).

3.2. Evaluation of Air Inflow and Outflow Rate through Roof Vent According to Wind Speed
3.2.1. Analysis of Airflow Pattern According to Wind Speed

A single or multi-span greenhouse where the number of spans is not large is greatly
affected by wind ventilation when the external wind speed is 2.0 m·s−1 or higher, whereas
large-scale greenhouses with many spans are relatively less affected by wind ventilation [8].
The target is a large greenhouse with a high side elevation and 15 spans; therefore, the
conditions that predominantly affect ventilation according to the wind speed would be
different. In case of simulation calculations for a low wind speed (0.5 m·s−1), the flow
inside the greenhouse is formed according to the external air inflow and an upward airflow
from the floor is formed due to buoyancy. (Figure 11). Therefore, gravity with buoyancy
driven ventilation is dominant. With simulation results for high wind speed (1.5 and
3.0 m·s−1) there is no upward airflow due to buoyancy on the windward side. The flow of
air introduced from the roof window reached the bottom of the crop and greenhouse, and
the internal airflow was majorly formed.
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Figure 11. CFD computed airflow distribution at the center of the cross section of the greenhouse
according to the external wind speed (the external wind direction was fixed perpendicular to the side
window). (a) Airflow distribution in the eave height 7m and external wind speed 0.5 m · s−1 (Center
cross section of the greenhouse). (b) Airflow distribution in the eave height 7 m and external wind
speed 3.0 m · s−1 (Center cross section of the greenhouse).

Here, wind ventilation dominates, and below 0.5 m·s−1, gravity with buoyancy driven
ventilation dominates; as the number of spans increases, the effect of gravity with buoyancy
driven ventilation increases. In the greenhouse case of the inside on the downwind side, the
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influence of the air flowing in from the outside was relatively reduced; therefore, an updraft
was formed because of buoyancy. The ventilation efficiency of the Korean-style interlocking
greenhouse was evaluated according to the wind-environment conditions because the main
mechanisms affecting greenhouse ventilation varied with the wind speed conditions.

3.2.2. Estimation of Inflow/Outflow Rate at Roof Vent

The inflow/outflow rate through the roof vents of the CR-Venlo greenhouse according
to the external wind speed was quantified (Figure 12). The calculation of the airflow
rate passing through the roof vents of the CR-Venlo greenhouse under low wind speed
(0.5 m·s−1) conditions for each span revealed that the highest air inflow (Airinflow) was
in the first span on the windward side with 14.99 kg·s−1, and the air inflow gradually
decreased toward the leeward side. The air outflow (Airoutflow) through the greenhouse
roof vent in each span was greater on the windward side and decreased toward the leeward
side. Under low (0.5 m·s−1) and high wind speed (3.0 m·s−1) conditions, the coefficient
of variation (CV) for the air outflow through the greenhouse roof vents was 28.4% and
32.5%, respectively. Therefore, under low wind-speed conditions, the overall air outflow
is uniform for all spans, and indirectly indicates that the airflow inside the greenhouse is
predominantly influenced by gravity with buoyancy driven ventilation.
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Figure 12. Air inflow and outflow through roof vent with 7 m eave height according to wind speed.
(a) External wind speed 0.5 m · s−1, (b) External wind speed 3.0 m · s−1.
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The calculation of the flow rate for air passing through the greenhouse roof vents at
high wind speed for each span revealed that the first span on the windward side had the
highest air inflow (Airinflow) with 24.35 kg·s−1, and the air outflow (Airoutflow) was also
high with 28.53 kg·s−1. Except for the first span, little air flowed through the roof vents in
spans on the windward side, and after the span in the center of the greenhouse, air inflow
rate through the roof vents increased to approximately 80% of that of the first span. This
was because most of the air flowed in through the first span on the windward side, and
the airflow separation was largely generated by the greenhouse structure at first span. The
inflow through the roof vents gradually decreased toward the spans on the leeward side,
and the air outflow rate was greater than that of the inflow. In particular, the volume of
outflow from the last span on the leeward side was four times that of the inflow, indicating
that the outflow of internal air was dominant at the leeward side.

3.2.3. Estimation of Incoming Flow Rate

The volume of inflow and outflow through the roof vent indicates the ventilation
efficiency of the CR-Venlo greenhouse roof vent; however, it does not guarantee to increase
the ventilation rate at the height of the crop zone in the CR-Venlo greenhouse. Because
all facing roof vents on the same span are open and the distance between roof vents is
considerably short; most air escapes through the roof vent on the opposite side in the case of
ventilation under high external wind speed (Figure 13). Therefore, quantitative evaluation
of air inflow through the roof vent is necessary to determine if air actually flows into the
greenhouse. To quantitatively compare this, a CFD model for the general Venlo greenhouse,
which has the same shape as the CR-Venlo greenhouse but with a different roof vent,
was created. Ventilation efficiency was compared, and the volume replacement rate per
minute was calculated (Table 5). The volume replacement rate per minute in the CR-Venlo
greenhouse under low wind-speed conditions (0.5 m·s−1) was 0.17 AER min−1, which was
higher than that in the European-style Venlo greenhouse (0.10 AER min−1). The volume
replacement rate per minute of the CR-Venlo greenhouse under high wind-speed conditions
(3.0 m·s−1) was 0.28 AER min−1, which was lower than that in the European-style Venlo
greenhouse (0.49 AER min−1). The CR-Venlo greenhouse has a structure similar to that
of the European-style Venlo greenhouse, but the CR-Venlo greenhouse has a relatively
large area of roof window. It means that the large roof window area of the CR-Venlo
greenhouse helps gravity with buoyancy driven ventilation very efficiently under low wind
speed conditions. In high wind speed conditions, where the influence of wind-driven is
ventilation high, ventilation through the wide roof window area was not effective. This
result contradicts the results obtained when much of the external air flows through the roof
window of the CR-Venlo greenhouse, indicating that the influx of external air through the
roof window was ineffective.

The ventilation efficiency was evaluated considering the characteristics of a CR-Venlo
greenhouse vent; the total inflow of external air through the roof vent and actual air inflow
(Airincoming) into the greenhouse was assessed.

Table 5. CFD computed ventilation rates based on the MFR method of the CR-Venlo greenhouse and
C-Venlo greenhouse.

External Wind
Speed (m·s−1)

Air Exchange Rate Per Minute (AER min−1)
Venlo-Type Greenhouse with
Continuous Roof Vent Open

Conventional Venlo-Type
Greenhouse

0.5 0.17 0.10
3.0 0.28 0.49
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Figure 13. Airflow in middle span of the greenhouse with a ridge height of 7 m under the external
wind speed of 3 m·s−1. (a) Airflow pattern of Dutch Venlo-type greenhouse through the roof vents,
(b) Air flow pattern of Korean Venlo-type greenhouse through the roof vents.

The top graph in Figure 14a depicts the air inflow (Airinflow) through the roof vent at
various heights of the greenhouse at an external wind speed of 0.5 m·s−1, and the bottom
graph indicates the air inflow (Airincoming) through the roof window. On the top graph, the
efficiency of inflow of external air in each span in the greenhouse can be evaluated, and
on the bottom graph, the efficiency of the air flow out of the greenhouse can be evaluated.
The mass inflow rate (Airinflow) was higher in the span on the windward side, where the
inflow of external air begins. It gradually decreased toward the spans on the leeward side.
Air flowing into the greenhouse (Airincoming) was higher in the span on the windward side
and gradually decreased toward the spans on the leeward side. The air inflow in each span
changed gradually and the airflow separation in the first span in the greenhouse was not
severe. This could be attributed to the dominant gravity with buoyancy driven ventilation
because the external wind speed was relatively low. The air flow into the greenhouse,
compared to the mass inflow rate through the roof vent in the greenhouse, presented at
30.3–61.4% in most spans, except for the span on the windward side (81.0~100%).

Figure 14c depicts the air inflow (Airinflow) through the roof vent at different heights
of the greenhouse under an external wind speed of 3 m·s−1, as well as the air flow into the
greenhouse (Airincoming). With the first and second spans on the windward side, which
had high levels of mass inflow rate, most air did not flow into the greenhouse. The ratio of
air that actually flowed into the greenhouse was less than 2%, with most air (98%) flowing
out of the greenhouse. Furthermore, most of the spans, except for the first and second
spans on the windward side and the last span on the leeward side, exhibited an air inflow
efficiency of 12.55–34.41%. Therefore, although the mass replacement rate was high due to
the opening of all facing roof vents, the actual air inflow efficiency was not.

When the height of the greenhouse increased, the ratio of air that flowed into the
greenhouse improved by a maximum of 4.59% in the span at the center of the greenhouse.
This indicates that airflow separation that occurs on the sidewall on the windward side
was greater, and consequently, the air inflow efficiency in the span in the center of the
greenhouse increased. However, in most greenhouse spans, the improvement of air inflow
efficiency with the height of the greenhouse was minimal, ranging from 0.16 to 3.50%.
Therefore, improvements are necessary to allow a lot of air to enter the greenhouse through
the roof vent.
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3.3. Evaluation of the Thermal Environment of the Greenhouse According to the Height of the Eave

The thermal environment analysis of the CR-Venlo greenhouse revealed that, except for
the first span, the temperature increased as the internal height of the greenhouse increased
in the spans on the windward side (Figure 15). The amount of air entering the roof vent is
small; however, the amount of internal air flowing out was dominant in these spans. For the
central span, the temperature increased with increasing internal height of the greenhouse;
however, the temperature decreased after a certain height. The inflow of air separated from
the sidewall on the windward side through the roof vent after the central span possibly
lowers the temperature at the top of the greenhouse. With the leeward side span, the higher
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the location inside the greenhouse, the higher the temperature. The dominant amount of
external air inflow in the central span of the greenhouse moving toward the spans on the
leeward side and flowing out through the roof vents have caused this.
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Analysis of average greenhouse temperature and crop zone temperature at different
heights of the CR-Venlo greenhouse revealed that the higher the height of the greenhouse,
the lower was the average greenhouse temperature and crop zone temperature, under
all wind conditions (Figure 16). This could be attributed to the increased volume of the
greenhouse, combined with the increase in the greenhouse height. This causes hot air to
move to the upper part of the greenhouse, resulting in the rapid removal of heat. These
results are in line with those in earlier reports [1]. However, when the external wind speed
was 1.5 m·s−1, the amount of temperature decrease with increasing greenhouse height
was reduced. The temperature of the crop zone decreased by 0.6 ◦C when the greenhouse
height was 6 m compared to that at 5 m; it decreased by 0.1 ◦C when the height was 9 m
compared to that at 8 m. This may be due to the low efficiency of the flow of external
air into the greenhouse because in the ventilation structure of the CR-Venlo greenhouse,
all facing roof vents are open. When the height of the greenhouse increases, the heated
air on the floor of the greenhouse should move up and escape to the outside through the
roof vent; the efficiency of hot air removal is influenced by the low efficiency of ventilation
through the roof vent. Consequently, the overall temperature of the internal greenhouse
and the crop zone decreased slightly with increasing height of the CR-Venlo greenhouse.
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Figure 16. Average temperature in the whole greenhouse and crop zone according to the eave height
of greenhouse (X-axis: eave height of greenhouse; Y-axis: Air temperature (◦C);
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3.4. Evaluation of the Ventilation Efficiency of the Improved Korean Venlo-Type Greenhouse with
Continuous Roof Vents

The height difference between the upper and lower parts of the CR-Venlo greenhouse
is sufficient due to the high eaves, and the buoyancy effect in hot summer is expected
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to be particularly large due to the temperature differences between the upper and lower
parts of the greenhouse. However, because the inflow and outflow of air occur through the
same roof vent, they move against each other, resulting in the decreased efficiency of the
greenhouse’s inflow of external air and outflow of internal air.

In the CR-Venlo greenhouse, most of the inflow air from the roof vent on the wind-
ward side escapes through the opposite roof vent on the leeward side; therefore, the actual
ventilation efficiency inside the greenhouse is considerably low. This phenomenon intensi-
fies with an increase in airflow speed and is especially noticeable when ventilation based
on external wind conditions is the dominant factor. Consequently, for wind ventilation,
we designed and analyzed an improvement plan that involves changing the method of
opening and closing the roof vents or opening the roof vent at a high angle, as well as
installing a virtual windbreak to induce air inflow into the greenhouse.

In the models for Cases 1 and 2, which improved the operation of the opening and
closing of the roof vents, the air inflow (Airincoming) increased by 43% and 68%, respectively,
compared to that in the existing model. In Case 3, the air inflow decreased by 35.6%.
In Cases 1 and 2, the air inflow (Airincoming) in the first span on the windward side increased
markedly; a lot of air entered to the greenhouse in the central span where the separated air
on the sidewall on the windward side entered the greenhouse. In Case 3, air inflow slightly
increased in the leeward side span compared to that in the existing model; however, the air
inflow (Airincoming) decreased in most other spans.

The roof vent on the windward side was closed, and only the roof vent on the leeward
side was open in Case 3; therefore, the air separated from the roof vent on the windward
side entered through the roof vent on the leeward side. This model had significantly little
air inflow (Airincoming) in the span on the windward side, the central span, and the spans
on the leeward side. In Case 3, the air separated at the roof vent on the windward side did
not efficiently enter through the roof vent on the leeward side due to the short distance
between the roof vents (Figure 17).
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In Case 4, where a virtual wall was installed on the roof vent of the CR-Venlo green-
house, the amount of air inflow (Airincoming) increased by approximately 43% compared
to that in the existing model. Air inflow (Airincoming) in the first span on the windward
side increased markedly (0.89 kg·s−1 → 20.87 kg·s−1). In Case 5, the amount of air inflow
(Airincoming) increased by approximately 95.9% compared to that in the existing model. Air
inflow (Airinflow) in the first span on the windward side increased markedly; the improve-
ment was the greatest in the spans after the central span. The flow of air was induced
toward the floor of the greenhouse due to the windbreak and the roof vent with a high
opening angle (Figure 18). The structure directs the external air entering the greenhouse
through the roof vent to the inside of the greenhouse. Therefore, a structure that effectively
directs the external air entering through the roof vent to the inside of the greenhouse is
important; in particular, the high opening angle of the roof vent is effective.
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Accordingly, the CR-Venlo greenhouse can replace a lot of air due to its large roof vent
area; however, the considerably short distance between the roof vents and the open roof
vents can cause a low ventilation rate; most of the air that enters through the roof vent
escapes through the roof vent on the opposite side. The improvement plans in this study
indicate that ventilation efficiency must be improved by managing the opening and closing
of roof vents and installing walls.

4. Conclusions

This study evaluated the ventilation efficiency of a CR-Venlo greenhouse using CFD.
Depending on wind speed, gravity with buoyancy driven ventilation and wind-driven
ventilation were the dominant factors considering the air flow pattern in greenhouse and
inflow/outflow rate. For an external wind speed of 0.5 m·s−1, gravity with buoyancy
driven ventilation was the dominant factor, whereas the dominant factor was wind-driven
ventilation, when the external wind speed was relatively fast at 1.5 and 3.0 m·s−1. In par-
ticular, when external wind ventilation was dominant, the air inflow (Airinflow) through
the roof vent was high, but the actual airflow rate into the greenhouse (Airincoming) was
significantly low, less than 30% in most cases.

The average greenhouse temperature and the average crop-zone temperature at vary-
ing heights of the CR-Venlo greenhouse revealed that, at a higher greenhouse height, the
average temperatures of the greenhouse and crop zone decreased lognormally; this is
consistent with the results of an earlier report [3]. Considering the exponential decrease
in temperature with the increase in the height of the greenhouse, a height of 6 m or
7 m is efficient. However, the cost of greenhouse construction and maintenance should
be considered.

In a CR-Venlo greenhouse, a lot of air flows in and out through the roof vent due to
its wide structure; however, the amount of air entering the greenhouse was considerably
low. Consequently, this study attempted to improve ventilation efficiency by managing
the opening and closing of the greenhouse roof vent according to airflow. Based on the
opening and closing of the roof vent, the air inflow rate (Airincoming) inside the greenhouse
either increased by 43 to 95.9% or decreased by 35.6%. Therefore, improving the ventilation
rate for the CR-Venlo greenhouse requires a thorough evaluation of various conditions of
the wind environment, conditions of opening and closing of the vent, and improvement
plans for the roof vent. It may be that a controller may adjust vent opening according to
wind speed and direction and thus improve ventilation efficiency.
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