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The ventilation rate is an essential parameter for the continuous monitoring of the photosynthetic rate for greenhouse-
cultivated plants via the CO, balance method. Diurnal changes in the ventilation rate (G) according to window aperture (W)
and solar radiation level were therefore measured using the heat balance (HB) and water vapor balance (WVB) methods

during winter and spring in a naturally ventilated greenhouse cultivating tomatoes. The results were indirectly compared with
those of the tracer gas (TG) method. The G obtained through both methods increased with increasing . However, when
W increased rapidly, the increase in G was delayed when using the HB method compared to the WVB method. The G
obtained via the WVB method performed similarly to the TG method at small values of W, and similarly to the HB method
at moderate values of 7. Furthermore, when measured using the HB method, the value in G was sensitive to the change in

solar radiation level. Meanwhile, the G measured using the WVB method exhibited a stable response to the changes in W
and could permit continuous real-time monitoring of greenhouse ventilation rates, which is necessary to estimate the

photosynthetic rate for the plants in a greenhouse.
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INTRODUCTION

Real-time photosynthetic rate monitoring is crucial
for managing crop cultivation in greenhouses. Nederhoff
and Vegter (1994) accordingly presented a canopy photo-
synthesis measurement method that enabled the accurate
estimation of the greenhouse CO, balance. The photosyn-
thesis of cultivated plants in a greenhouse is directly
related to the ventilation rate, which also affects the air
temperature and humidity. Takakura et al. (2017) proposed
a method for directly estimating the canopy photosynthetic
rate by introducing the ventilation rate, determined from
the greenhouse environmental parameters, into the CO, bal-
ance equation. The ventilation is very complex as it is the
result of the heat transfer processes of conduction, convec-
tion, and radiation occurring in a naturally ventilated green-
house. Additionally, the ventilation rate has been found to
be influenced by the presence of crops as well as the struc-
ture and design of the greenhouse, and has been observed
to constantly fluctuate throughout the day (Mashonjowa et
al., 2010). Therefore, it is necessary to continuously meas-
ure the ventilation rate in greenhouses used for cultivation.

Various ventilation rate measurement techniques have
been studied extensively, such as the tracer gas (TG), heat
balance (HB), and water vapor balance (WVB) methods.
The TG and HB methods are the most widely adopted for

greenhouse ventilation rate measurement (Fernandez and
Bailey, 1992). In previous research, the TG method has
exhibited highly accurate air exchange rate measurement
under leakage conditions (i.e., with the window apertures
closed) and with the smallest window apertures (Fernandez
and Bailey, 1992; Nederhoff et al., 1985; Baptista et al.,
1999; Muioz et al., 1999). Other studies have shown that
the HB method achieves high accuracy with larger window
apertures (Fernandez and Bailey, 1992; Baptista et al.,
2001). However, the WVB method was found to estimate
the ventilation rate more accurately than the TG method
with small window apertures (Boulard and Draoui, 1995)
and has been applied in a greenhouse used to cultivate
mature plants (Harmanto et al., 2006).

It is important to note that the TG method is not
suitable for long-term, continuous ventilation rate measure-
ment (Sherman, 1990) because it requires that a consider-
able amount of the TG be present in a greenhouse under
cultivation, and SFs, which is often used as a TG, is quite
expensive. Meanwhile, the HB technique requires numer-
ous variables to measure the ventilation rate even when it
is possible to do so continuously (Baptista et al., 1999).
There are also several challenges associated with the WVB
method related to the i) direct measurement of the transpi-
ration rate parameter using a lysimetric device (Kittas et
al., 2002); ii) overestimation of the ventilation rate at night
(Mashonjowa et al., 2010); and iii) evaluation of the error
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in the evapotranspiration rate, which increases when scal-
ing up from a few plants to the entire canopy (Mashonjowa
et al., 2010; Boulard and Draoui, 1995).

The authors have conducted research into the measure-
ment of the ventilation rate, which is among the essential
parameters for the direct and continuous prediction of the
photosynthetic rate for greenhouse-cultivated plants, using
the CO, balance method in a naturally ventilated green-
house. As the protected cultivation of tomato plants occurs
from early autumn to early summer of the following year
in Japan, the area of opened greenhouse windows must be
constantly adjusted depending on the changing climatic
conditions to maintain an acceptable interior environment.
However, no comparison of ventilation rate measurement
methods in different seasons has been reported to date.
Therefore, in this study, the diurnal change in the ventila-
tion rate was continuously measured using the HB and
WYVB methods in a naturally ventilated greenhouse used to
cultivate tomato plants during the winter and spring. The
validity of the results was then evaluated by indirectly com-
paring the measured ventilation rates with those obtained
using the CO, TG method as a reference.

MATERIALS AND METHODS
Greenhouse experiment setup
The experiments were performed in the spring (April

20-22, 2019) and winter (December 12—19, 2019) in a
single-span greenhouse at a research field site of the Fac-

@

Western side

ulty of Applied Biological Science, Gifu University, Japan.
The greenhouse was composed of glass (glasshouse) and
had dimensions of 3.2 mX5.0 mXx2.8 m covered by a sup-
ported roof. Ventilation was provided by double flap side
vents that were covered by a screen-net material with a
pore size of 0.4 mm and a porosity of 52.2%. The experi-
ments were conducted with two upper side vents and the
roof vents (SV2-RV1) open in the spring and only the roof
vents (SV0-RV1) open in the winter, as shown in Fig. 1.
The window aperture (W) is presented in this paper as a
percentage calculated based on the ratio of the total ventila-
tion area to the greenhouse floor area as follows:

_ Total window opening area (m>)

Greenhouse floor area (m?”) x100% (1)

The window aperture area was automatically con-
trolled as required to maintain the inside air temperature at
20°C and 25°C in winter and spring, respectively, using
five opening angles (S0, S1, S2, S3, and S4) (Table 1). The
W values for SO, S1, S2, S3, and S4 were 0, 3, 7, 12, and
16%, respectively, under the SV2-RV1 ventilation treat-
ment and 0, 2, 4, 6, 13%, respectively, under the SVO-RV1
ventilation treatment.

The greenhouse contained mature fruiting tomato
crops (Solanum lycopersicum L., variety “Momotaro”), cul-
tivated in 14 modified Wagner pots with a volume of 10 L
(one plant per pot), filled with light sandstone (diameter 1—
5 mm) and covered with plastic mulch. The plants were
supplied with a hydroponic nutrient solution (EC =1 dS
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Schematic diagrams of cross-sections, ventilators, and locations of instrumentation in the experimental greenhouse. (a) Locations of

sensors for dry and wet bulb temperatures, CO,, solar radiation (inside and outside), and outside wind speed. (b) Window aperture
treatments: upper side and roof vents used in spring (SV2-RV1) and roof vents used in winter (SV0-RV1).
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Table 1 Performances of the evaluated ventilation rate measurement methods under different window apertures in spring and winter.

Climate condition*

Ventilation rate (m® m~? min~")**

Air exchange rate (h™')**

w n Orn v AT  VPD

Ventilation step WVB HB WVB HB
(%) data Wm? ms' °C kPa

SV2-RV1  Spring (April 20-22, 2019)
SO 0 13 29 0.4 3.1 0.2 0.173+0.009 —0.112%+0.036 4.6+0.2 —3.0*+1.0
S1 3 5 62 0.4 4.6 0.4 0.260+0.031 0.094+0.125 6.9+0.8 3325
S2 7 3 85 0.6 22 24 0.777£0.036 0.232+0.034 20.7£1.0 6.220.9
S3 12 12 186 1.5 3.9 0.5 0.582+0.036 0.439+0.078 15.5+1.0 11.7+2.1
S4 16 27 353 1.0 2.2 35 0.810%0.017 0.819+0.059 21.6*0.4 21.8*1.6

SV0-RV1  Winter (December 12-19, 2019)
SO 0 81 52 0.1 5.6 0.2 0.167+0.010 0.031£0.015 4.5+0.3 0.8+0.4
S1 2 7 110 0.3 7.4 0.1 0.177£0.009 0.073£0.058 4.7%0.2 2.0x1.5
S2 4 22 138 0.5 8.3 0.2 0.230£0.029 0.126+0.031 6.1+0.8 3.4%+0.8
S3 6 25 194 0.7 8.8 0.3 0.235+0.031 0.229+0.038 6.3+0.8 6.1+1.0
S4 13 5 281 0.3 7.7 1.3 0.949+0.065 0.899+0.158 253%1.7 24.0+4.2

*Means of climate data conditions for n data points. #: window aperture, Qk,: inside net radiation, v: outside wind speed, AT: tem-
perature difference between inside and outside, and VPD: vapor pressure deficit.

**The means and standard errors are shown for the ventilation and air exchange rate values.

m~ ' and pH 5.5-6.5) in the lower part of the pot system

using capillary irrigation to maintain a maximum water
level of 10 cm. The plants were fertilized with a complete
nutrient solution—Stock A (10% N, 8% P,Os, 27% K,0,
4% MgO, 0.10% MnO, 0.10% B,0s, 0.18% Fe, 0.002%
Cu, 0.006% Zn, and 0.002% Mo) and Stock B (11% N and
16.4% Ca)—after being transplanted to the production
system. During the measurement periods in the spring and
winter, the cultivated tomato plants were maintained with
an average height of about 1.6 m, and the leaf area index
(LAI) of the crop was about 3.8 m> m 2. The plants were
placed 0.45 m apart in double rows with an inter-row dis-
tance of 0.80 m.

The following climatic data were recorded during the
experiments: the air temperatures both inside and outside
the greenhouse (dry and wet bulb temperatures), the solar
radiation both above the crops in a greenhouse and exterior
height of 2 m, and the exterior wind velocity. The air tem-
peratures (dry and wet bulb) were measured by two aspi-
rated psychrometers using T-type thermocouple (copper/
constantan) sensors. The two psychrometers were set up at
heights of 0.5 m and 2.0 m above the floor in the center of
the greenhouse and one psychrometer at height of 1.0 m in
the outside. To measure the solar radiation, two pyranome-
ters (Model MS-602, EKO Instruments, Japan) were
placed inside and outside the greenhouse at 1.8 m and 3.5
m above the ground, respectively. All the above measure-
ments were recorded by a data logger (CR1000, Campbell
Scientific, Inc., USA) in 1 minutes intervals for an
extended time during daylight (from 8:00 to 16:00).

TG method

Though it is possible to calculate a corrected G value
according to the presence of plants in ventilation measure-
ments conducted using the TG method if the amount of
CO, absorbed by plant photosynthesis is known, this
approach is not recommended for practical use (Nederhoff
et al., 1985). Indeed, Nederhoff et al. (1985) reported that
when applied with CO,, the TG method can be best used to
determine the ventilation characteristics of greenhouse
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when it is free of plants. The ventilation and leakage rates
were therefore measured by injecting a TG into the empty
greenhouse and then measuring the decay rate of its con-
centration (the dynamic TG method). The TG CO, was
supplied from a tank by a 2-m long diffusion tube run at a
height of 0.8 m (approximately the mid-height of the
plants present during the HB and WVB tests). Ten CO,
sensors (Model K30, Senseair, Sweden) were placed inside
the greenhouse and one sensor was placed outside the
greenhouse (Fig. 1) to measure the CO, concentration level
every 1 second. The TG experiment was performed con-
tinuously in the greenhouse without crops on from April
27 to May 22, 2019, with no ventilation and with two
small window aperture areas (W = 0%, 4%, and 12%).
Data were collected every 1 second, and the decay rate was
averaged in 15 minutes intervals. The method applied for
ventilation rate measurement using the CO, TG was based
on the technique proposed by Nederhoff et al. (1985) with
a modified CO, concentration. In this experiment, CO, gas
was injected into the greenhouse until a concentration of
550 umol mol™" was reached, at which point the supply
was stopped. As a result of exchange with the outside air,
the CO, concentration in the greenhouse can be expected
to decrease at a rate proportional to the difference between
the interior and exterior CO, concentrations, assuming the
ventilation rate is constant over time. Once the CO, level
decreased to below 450 pmol mol™', CO, was again
injected to a concentration of 550 umol mol~' and addi-
tional measurements collected. The ventilation rate
obtained using the TG technique (Grg) can be determined
using the following equations:

3600 Cm(lo)_cout]
N = ]n 2
TG 5t [Cin(tl)_cout ( )
_ 1 Nl
Gro= gy "2, @)

where Ci,(z,) is the initial CO, concentration at 7= 0,
Ci(t) is the CO, concentration measured at 7 = f,, V, is
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the greenhouse volume (m?), and A4; is the greenhouse floor
area (m?). A factor of 3,600 is present in Eq. 2 because the
greenhouse air exchange rate (Nrg) expresses the number
of greenhouse volume exchanges per hour (in units of h™'),
whereas ¢ is measured in seconds. The value of Ny can be
converted into the TG ventilation rate, Grg (m’ m ? min™")
using Eq. 3. The resulting values were used as references
for comparison with the ventilation rates measured using
the HB and WVB methods in the greenhouse under cultiva-
tion as described below.

HB method

Ventilation removes heat from a greenhouse to pre-
vent excessively high temperatures. The HB method
assumes steady-state conditions and uses the principle of
energy conservation, i.e., the heat losses from inside the
greenhouse are equal to the heat gains outside the
greenhouse. When no heating is used, the heat removed by
leakage (i.e., the heat loss occurring when the vents are
closed) and by ventilation (Q,) is equal to the solar radia-
tion collected in the greenhouse (Qg,) minus the thermal
loss through the cover (Q.) minus the stored heat in the soil
(Q,). The value of Q; was measured every 1 minutes by a
soil heat flux sensor placed 10 mm below the ground
surface. Mathematically, the equation for the static HB of a
naturally ventilated greenhouse has the following general
form:

Q\' = QRn_Qs_Qc (4)
= (T —7 e

Qc - k(Tm Tout) Af (5)

Gus Oy X60  (6)

ey pa (T Tow) +Ly*(AHyy— AH,)]

where Gyg is the measured ventilation rate per unit floor
area over a period of time (m® m > min™'), Ok, is the aver-
age incoming net solar radiation inside the greenhouse dur-
ing the day (W m™), Q, is the soil heat flux (W m?), Q. is
the heat transfer through the greenhouse cover, Q, is the
heat removed via ventilation (W m™), k is the heat trans-
mittance coefficient of the greenhouse cover (W m > K™'),
A, is the covered area of the greenhouse (m?), ¢, 1s the spe-
cific heat capacity of air (J kg”' K™'), p, is the specific
mass of air (kg m™?), Ti,— T,y is the difference between the
air temperature inside and outside the greenhouse (K), L, is
the latent heat of vaporization (J kg™ "), and AH,,—AH,, is
the difference between the absolute humidity inside and
outside the greenhouse (kg m ™). A factor of 60 has been
included in Eq. 6 to convert the units of time from seconds
into minutes.

Clearly, due to the importance of Qg, in the calcula-
tion of Gyp in Eqs. 4-6, the accuracy of the HB method
will depend on the location of the solar radiation sensor in
the greenhouse; the effects of shadow upon the direct radia-
tion sensor cannot be neglected if the results of the HB
method rely upon data collected by this sensor. Akutsu et
al. (2015) noted that the use of double sensors or a diffused
covering material would help solve this problem. How-

52 (12)

ever, it was not easy to evaluate the difference between
double sensors because of the constraints on the method
used to match their outputs and select their values. Taka-
kura (2008) proposed a plant solar meter with a spherical
sensor that can measure the solar radiation at the top of the
canopy to minimize this problem when using the HB
method and enable more effective greenhouse environ-
mental control. Therefore, the measurements in this experi-
ment were performed with one radiation sensor above the
canopy.

WVB method

Water vapor was considered to originate only from
crop transpiration during the growth process. The evapora-
tion from the substrate media and greenhouse floor was
neglected as these surfaces were covered by plastic mulch.
The interior of the greenhouse was thus assumed to be in
uniformly humid and steady-state conditions. The crop
evapotranspiration rate was directly measured for two
plants by weighing devices (Model SW-15KS, A&D Com-
pany, Japan) with an accuracy of 2 g. The average meas-
ured evapotranspiration rate was then scaled up to cover all
plants by assuming that the evapotranspiration was uni-
form, and adding a plant coverage factor to the total green-
house floor area in the following equation used to calculate
the ventilation rate:

n ET
Acha[A[_[in_AHout]X60 ’

Gwvs = (7
where Gyyp is the measured ventilation rate per unit sur-
face area of the greenhouse floor over a period of time (m’
m~? min~"), n is total number of plants, ET is the average
measured evapotranspiration rate (g h™'), 4; is the green-
house floor surface area (m?), F,, is the plant coverage fac-
tor, defined as the ratio of the plant coverage area to the
greenhouse floor area and measured based on the real hori-
zontal projection of the canopy (de Medeiros et al., 2001),
and AH,,—AH,, (g m™) is the absolute difference between
the humidity inside and outside the greenhouse during the
measurement period.

Analysis and comparison of methods

The ventilation rate was measured using the WVB
and HB methods in a naturally ventilated greenhouse culti-
vating a fully grown tomato crop. The measurements were
recorded every 1 minute and averaged in 15 minutes inter-
vals because of the time lag associated with the direct esti-
mation of the evapotranspiration rate in the WVB method.
All measurements were performed on the same day, and
the window aperture configuration ranged between closed
(0%) and moderately open (16%). During ventilation rate
measurements using both methods, CO, gas was supplied
to maintain an inside CO, concentration of around 400
umol mol™' via the diffusion tube in center of the green-
house in spring and between 450 wmol mol™' and 550
umol mol ™" in winter. All ventilation rates measured using
these two methods were indirectly compared with the
results of the TG method applied with no crops present in
the greenhouse.

Environ. Control Biol.
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RESULTS AND DISCUSSION

The effects of different 7 values on the ventilation
rate were first measured using the TG method (Grg) in a
naturally ventilated greenhouse without crops. Figure 2
shows the time series corresponding to W = 0% (closed
apertures), 4% (small apertures), and 12% (moderate aper-
tures) during the daytime on the measurement days (April
27 and May 2, 2019). The ventilation rate determined by
the TG method was considered be accurate as the CO, con-
trol system was able to maintain the gas concentration at
the predetermined level. The measured value of Grg was
observed to increase as W increased from 0% to 12%. The
average Grpg values when W=0%, 4%, and 12% were
0.059, 0.254, and 1.955 m®> m~? min', respectively. The
increase in AT increased the ventilation rate under leakage
conditions, indicating that the air temperature had a greater
effect on the gas flow in the greenhouse because the gas

volume expands with increasing temperature. However,
with a small window aperture (W = 4%), G leveled off
at 0.153-0.350 m’> m > min~' even though AT decreased
linearly with decreasing solar radiation. Generally, the ven-
tilation rate is expressed as the product of the window aper-
ture area, the outside wind speed, and the square root of
the wind pressure coefficient. The wind pressure coeffi-
cient of a flap type window, such as that present in the sub-
ject greenhouse, depends on the angle of its opening
(Boulard and Baile, 1995); the measurement of ventilation
rate with the TG method in the subject greenhouse cor-
rectly showed this relationship. Figures 2b and 2¢ show a
proportional increase in the average of Grg with a window
aperture from 0.254 m* m™? min~' (W = 4%) to 1.955 m’
m ™2 min~' (W = 12%) for an average wind speed outside
the greenhouse of 0.3 and 0.9 m s™', respectively.

Figure 3 shows time series of the ventilation rates (G)
obtained in winter on December 14 (Fig. 3a) and in spring
on April 22, 2019 (Fig. 3b) using the HB and WVB
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Fig. 2 Time series of parameters O, and v, as well as the corresponding G values obtained using the TG method (Grg) with no crops and
small window apertures of (a) W = 0%, (b) W = 4%, and (c) W = 12%. W is the window aperture; Ok, is the solar radiation absorbed
in the greenhouse; AT is the difference between the air temperature inside and outside; v is the outside wind speed; CO, ;, and
CO, o are the CO, concentrations inside and outside, respectively.

Vol. 59, No. 2 (2021)

(13) 53



A. TUSI ET AL.

25 " 25
AAH Rl td \_\ ,l\

20 F 0000 e ah 4 F ',"’\’ ¥ ey 20 T
— Pmae™= TN e AT o~ X
”?E 15 ¢ hat PP N B A {1 15 2

ST - N Nt =

= . S
T 10 } d F {10 <
< ."9. el
< P l\/\/‘/\m—_: . gL_)’
................. 4 . o

L T T L LT T PYL AL LIPSO Q

0 L L L L 1 'l 1 L 1 L L L 0

20
g~ 15
»n
£
< 10

05

0.0
__ 40 500
e Tin
— | sessesees Tout ]

E 30 r Tset-point
2 — O 1
g 20 —c

< 4 S L L

- ’,._-’ -—— ~‘~~
5 T et aeestea et e et  eea
e 10 k... 4
c

L O 1 L 1 1

20 20
T HB
Tt 7T i - {15
€
£ 1 Y Y UOUORRRt <
E 10 | 4 F T el {10 &
= P 1 T ST SRR b
— /i
© 05 | A, 1 ‘/ {s

A PR N - ‘\ t4 \v’\\"\l‘\ - "f..
0.0 R AR S 0
S 8 8 &8 8 &8 88 8 8 8 8 8 8 8 8
S = S 3 3 3 S ® o & 4 & & 4 40 O
Time (HH:MM) Time (HH:MM)

(a) Dec. 14, 2019

(b) April 22, 2019
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winter and (b) spring. Ok, is the solar radiation absorbed in the greenhouse; Ty, Tout, and Tierpoine are the inside air temperature, outside
air temperature, and set point of temperature for ventilation, respectively; v is the outside wind speed; CO, ;, and CO, o are the CO,
concentrations inside and outside, respectively; A4H is the difference between the absolute humidity inside and outside; Ak is the
difference between the enthalpy inside and outside; AT is the difference between the air temperature inside and outside. Note that
tomato plants were cultivated by substrate culture in the greenhouse.

methods. During the daytime on December 14 and April
22,2019, the solar radiation inside the greenhouse was less
than 100 W m™> and 400 W m™?, respectively. Since the
ventilation temperature was set at 20°C, the windows were
hardly opened during the low solar radiation period
(December 14, 2019). With the windows closed, the values
of G measured using the two methods were relatively
small. With the windows opened slightly from 11:00 to
12:00 (W = 5%), the values of Gyyp increased slightly
(0.5-0.7 m®> m™2 min~'), while those of Gyus remained
small (0-0.2 m*> m~? min™'). Under such low W condi-
tions, the value of Gwyg was similar to that of Gyg shown
in Fig. 2b even though the tests were not conducted on the
same date. However the environmental conditions during

54 (14)

measurement were almost similar; for example, the inside
net radiation (Qg,) ranged 50—200 W m >, temperature dif-
ference (AT) was 5-8°C, and air velocity (v) was less than
0.5ms".

On April 22, 2019, when the set temperature was 25
°C, Gwys showed a quick response to the rapid change in
W from 9:00 to 10:00, but Gy increased after a delay of
about 40 minutes (Fig. 3b). Thereafter, the G values for
both methods leveled off between 0.7 m® m > min~' and
1.0 m* m™? min~' when W remained constant at 16%.
When these results are compared with those obtained by
the TG method (Fig. 2¢), it can be seen that the value of
Grg 1s twice that of Gyp and Gyyp at W values greater than
10%. Even though the two evaluated methods were con-

Environ. Control Biol.
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ducted on different days than the TG method, the experi-
ments conducted in the same season (spring) under the
same greenhouse environmental conditions showed a simi-
lar QOr,, AT, and v, indicating that the comparison is valid.
The smaller Gy and Gwyp values observed are likely the
result of the drag effect of the plants. Indeed, Kacira et al.
(2004) found that the greenhouse ventilation rate without
plants was more than twice (1.54—3.16 m’> m > min~") that
for a plant canopy zone (0.69—1.50 m® m™~* min~') when
the outside wind speed ranged from 0.5 to 1.0 m s~ in a
two-span type greenhouse with butterfly side vents and
roof vents. The results of the present experiment agree
with the results of this previous study, despite the different
type of greenhouse, as the side vent types were similar in
both studies. Moreover, the air flow without the presence
of plants has been observed to travel along the floor of the
greenhouse and depart from the leeward side opening
faster (Kacira et al., 2004), and the amount of CO, lost by
ventilation has been noted to be much greater than that
taken up by the plants (Nederhoff et al., 1985).

Furthermore, Gyz was observed to respond to the
increase in net radiation and W in a similar manner to
Gwys. However, for the same W, Gy decreased with
decreasing solar radiation, while Gy did not change.
These results indicate that Gy was mainly affected by the
solar radiation level. The difference in the wind speed
between inside and outside the greenhouse also contributed
to the change in ventilation rate.

On the other hand, the G values obtained using the
two methods were observed to be affected by the differ-
ence between the absolute humidity inside and outside the
greenhouse (A4H) (Fig. 3), as well as the vapor pressure
deficit (VPD, Table 1). The WVB method was particularly
affected by the accuracy of the evapotranspiration meas-
ured inside the greenhouse. In soilless cultivation green-
houses in which the floor surface is covered by mulch,
most of the water vapor is generated by plants. Plant tran-
spiration is in turn related to the LAI, solar radiation, AAH
(Jolliet and Bailey, 1992; Katsoulas et al., 2001), and wind
speed (Jolliet and Bailey, 1992; Thongbai et al., 2010).
The measurement of the direct transpiration rate by the gra-
vimetric method is simpler than the measurement of many
environmental parameters using the HB method. However,
this measurement should be performed under an optimal
range of VPD values in a greenhouse. Shamsiri et al.
(2018) determined through a review of previous research
that the optimal VPD values were in the range of 0.3 to 1.0
kPa for tomato crop.

Table 1 presents the overall performances of the HB
and WVB ventilation rate measurement methods. The ven-
tilation rate increased as W increased from 0% to 16%
(spring) and to 13% (winter). The HB method had diffi-
culty predicting G when W was 10% or less (S0—S2 and
S0-S3 in spring and winter, respectively). When the win-
dow apertures were closed, Gy was —0.112 and 0.031 m’
m * min ' in spring and winter, respectively, under low
radiation levels (in the range of 29—52 W m™?). These val-

ues are less than those for Gyyg of 0.173 and 0.167 m* m 2

min~' in spring and winter, respectively. Likewise, when
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the window aperture was small (S1, 5-7% of W), Gyg was
less than Gy for radiation levels ranging from 62 to 110
W m 2 The value of Gy was less than that of Gyyg under
leakage conditions and the smallest ventilator aperture due
to the low net radiation level (below 200 W m?). How-
ever, Gyp increased when the ventilator area was greater
than 10%, which is the condition present at high radiation
levels. As presented in Table 1, for high solar radiation and
a moderate value of W (13% and 16%), the HB method
agreed well with the WVB method.

The tendency of Gup to decrease under low solar
radiation levels has also been reported by Fernandez and
Bailey (1992) and Yasutake et al. (2017). It is unclear,
however, why this occurs and when this method can be
used to predict the ventilation rates properly at higher solar
radiation levels. We therefore attempted to elucidate the
source of this problem by evaluating HB model in terms of
the percentage of net radiation collected in the greenhouse,
as presented in Fig. 4. This graph depicts the ratio of each
item considered in the HB method to the total absorbed
solar radiation in a single-span greenhouse for different
window apertures. In Fig. 4, three main energy parameters
can be observed to influence the HB ventilation rate predic-
tion performance: thermal loss through the cover (Q”..),
heat storage in the soil (Q7), and energy lost by ventila-
tion (Q’,). All energy was absorbed from the net radiation
inside the greenhouse (Rn).

Figure 4 shows that the Q7, in the greenhouse
increases in response to increasing W, corresponding to an
increase in Rn. On the contrary, Q' can be observed to
decrease slightly and tend to a flat response to increasing
W. The value of Q’., can be clearly observed to decrease
dramatically with increasing W. When W = 0%, the sum
of Q’., and Q’ was 81%, while Q”, was only 19%. Conse-
quently, the ventilation rate predicted using the HB method
was lower than those obtained using the other methods
(Fig. 2 and Table 1). Furthermore, when ventilation began
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Fig. 4 Evaluation of the HB model in terms of percentages of
the net radiation collected in the single-span experimen-
tal greenhouse under different window apertures on
April 20-22, 2019. Q7, is the ratio of the energy
removed from the greenhouse by the leakage processes
and ventilation to the net solar energy, Q’ is the ratio
of the energy stored in the soil of the greenhouse floor
to the net solar energy, Q’., is the ratio of the thermal
energy lost through the cover to the net solar energy, and
Rn is the net solar radiation inside the greenhouse.
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at W = 3%, Q’, increased to twice its initial value, reach-
ing over 40%. However, this increase in Q’, was insuffi-
cient to properly predict the ventilation rate because the
sum of Q’,, and Q’ was still greater than Q7. Consequent-
ly, the response of the HB measurements was slow in the
morning, even though /# began to increase with increasing
Rn. This observation indicates that the energy entering the
greenhouse in the morning heated the entire greenhouse
structure and floor area. The HB method began to exhibit
G values equal to those of the other methods when W =
13-16%, as presented in Fig. 3 and Table 1. Figure 4 also
demonstrates that when the net radiation level was greater
than 200 W m ™2, Q’, was greater than the sum of Q’,, and
Q’,, reaching over 80% of the total energy. Thus, the HB
method produced more accurate ventilation rates when the
window aperture area was moderate to high. This condi-
tion often occurs during late spring, summer, and early
autumn, when the radiation levels are high. Fernandez and
Bailey (1992) and Baptista et al. (2001) have also reported
that the HB achieved excellent performance in high ventila-
tion situations.

In conclusion, the HB and WVB methods for ventila-
tion rate measurement were conducted simultaneously in a
greenhouse under cultivation and the results were directly
compared in spring and winter. An indirect comparison
was then conducted between the results of the HB or WVB
method and those of the TG method in an empty green-
house. The HB method provided ventilation rates similar
to those provided by the WVB method for moderate ¥ val-
ues (13—16%) and inside solar radiation levels greater than
200 W m 2. The WVB method provided ventilation rates
similar to those provided by the TG method for small W
values, and performed similarly to the HB method for mod-
erate W values under optimal VPD conditions in the
greenhouse. However, the WVB method yielded slightly
higher ventilation rates under leakage conditions for the
lowest VPD. As it is time consuming to monitor the photo-
synthetic rate of all plants cultivated in a greenhouse to
evaluate their yields, it is essential that an efficient method
be selected to estimate the ventilation rate. The WVB
approach may better facilitate real-time and continuous
greenhouse ventilation rate measurement because it is
more straightforward than the HB and TG methods for
small and moderate W values. Thus, the results of the pre-
sent study could help to facilitate the achievement of real-
time continuous monitoring of greenhouse ventilation
rates, as is necessary for photosynthetic rate estimation.
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