90

July, 2021 Int J Agric & Biol Eng Open Access at https://www.ijabe.org

Estimated viability of greenhouse cooling technologies for growing a
tomato crop under various climates
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Abstract: The viability of fan and natural ventilation, combined with evaporative cooling, was investigated using a simulation
model and weather data for thirty-seven locations in the world (mostly in China). And the geographical distribution pattern of
viable cooling technologies was examined in China. The model used was based on a simplified steady-state heat balance of a
greenhouse, and weather data were from corresponding meteorological organizations. The evapotranspiration coefficient used
two values of 0.5 and 1.0, and ventilation rates for natural ventilation were based on two empirically constructed equations.
The results suggested that the viability of various cooling technologies depended largely on local weather, although
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evapotranspiration coefficient and ventilation characteristics of natural ventilation also played important roles.
were sensitive to evapotranspiration coefficient and ventilation rate while some were not.

Some locations
The locations which were not

sensitive to evapotranspiration coefficient and ventilation rate could choose the most economical technology to meet the

cooling minimum, but these locations which were sensitive required evaporative cooling and/or forced ventilation.
examination of the geographical pattern of viable cooling technologies was conducted for China.

altitude general provides a cooling advantage.

A detailed
The results suggest that high
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1 Introduction

The selection of cooling technology for greenhouses is an
important task for greenhouse investors and/or operators. Cooling
needs are typically defined by the crop and local weather, and an
appropriate cooling technology must be identified for providing
those cooling needs. Various greenhouse cooling technologies
exist based on some forms of ventilation. Ventilation can be
achieved by fans (fan ventilation) in forced ventilation, or by
pressure differences (wind) and/or inside-outside temperature
differences (buoyancy) in natural ventilation. Evaporative cooling
is a complementary technology providing additional cooling to
assist transpirational cooling. Evaporative pads are normally used
with fan ventilation, and fogging is generally paired with natural
ventilation.

Each cooling technology has its limitations, and the viability of
cooling technologies depends upon the weather, crop, investment
amount, planting manager, among others. Nikolaou et al.!!
examined cooling effects and cucumber growth under
Mediterranean climate based on experiments and monthly weather
data. The result showed the forced ventilation system in the
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absence of an evaporative cooling could prevent overheating for
cucumber. However, the system should be conjugated with an
appropriate irrigation regime and required good management to
reach a fine cooling effect. Ren et al.”? revealed fan-pad was a
suitable cooling technology in east-central China by extensive CFD
modeling and calculation. The majority of previous research
about the cooling method in greenhouse has focused on modeling,
CFD calculating, prototyping, and field trial to determine
appropriate cooling technology under certain weather and crop.
However, any method of research is uneconomical and infeasible
for small and medium-sized vegetable production firms, which
have taken tunnels and single-span plastic film greenhouses as
main vegetable planting structures. Therefore, a simplified,
adaptable, and validated method should be proposed for reducing
investment and management costs by excluding unnecessary or
improper cooling methods. That means a lot for small and
medium-sized vegetable production firms in China.

Kittas!®! examined natural ventilation and fan ventilation under
the climate of Greece based on monthly weather data and a set of
rules he developed. However, evaporative cooling was not
included in his analysis. Sun et al." tested cooling effect in a
solar greenhouse during summer in Beijing by prototyping, and
better cooling effect of forced ventilation with the evaporative pad
was determined than natural ventilation. Neither force ventilation
without pad nor natural ventilation with evaporative cooling was
considered in the study. Because of the wind speed and
ventilation rate away from the side wall installed fans were
ineffective due to the long distance between the east and west wall
under force ventilation without pad, and high air humidity limited
the effectiveness of evaporative cooling under natural ventilation.

The purpose of this study was to evaluate the viability of
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two ventilation modes and their accompanying evaporative cooling
technologies under different climates through a simplified and
available model without massive computer calculation.
Especially it can provide a useful and viable calculate method to
exclude improper cooling technologies for reducing unnecessary
investment in rural poor areas. The geographical pattern of
viability is intended to be explored.

2 Materials and methods

2.1 Simulation model

The inside temperatures of greenhouses were predicted by the
following model®™:

t, =t +(1_E)—.T.S” (1)

OC'U+,B'Q'Cp'p

where, #; is the inside temperature, °C; ¢, is the inlet temperature
into greenhouse, °C; E is the evapotranspiration coefficient; z is the
transmissivity of greenhouse cover; S, is the outside solar radiation,
W/m?; a is the cover-to-ground area ratio; U is the overall heat
transfer coefficient of greenhouse cover, W/(m?-°C); B is the
adjustment coefficient for ventilation system; Q is the ventilation
rate, m¥(m?.s); ¢, Is the specific heat of air, taken as 1007 J/(kg-°C);
p is the density of outside air, taken as 1.157 kg/m® at 30°C.

Temperatures resulting from evaporative pad cooling were
expressed as following assuming wet bulb temperature is
constant™!.

t =1, = (to =107, @
where, ¢, is the outside temperature, °C; ¢,, is the outside wet bulb
temperature, °C; #, is the cooling efficiency of evaporative pads,
taken as 0.75. If the evaporative pad was not in operation or if
natural ventilation was used, ¢, should be set equal to ¢,.

For this study, the transmissivity of the greenhouse cover was
set to 0.5 (the shading screen with 50% transmissivity was used
commonly from May to September in Chinal™) and the cover-to-
ground area ratio was assumed to be 1.5. According to Seginer™,
the adjustment coefficient, 8, can be approximated as 1 for natural
ventilation. Theoretically, the adjustment coefficient should be 2
if air temperature increased linearly along the airflow direction in
fan ventilated greenhouses. Based on some unpublished
experimental data, the coefficient was taken as 1.5 for fan
ventilation. The deviation was attributed to the non-linearity of
air temperature distribution in the direction of airflow. The lower
value of £ is conservative, resulting in a slightly lower value of ¢
than that would be predicted using the coefficient suggested by
Seginert®.

The evapotranspiration coefficient, E, depends on the type,
amount, age, health, and/or stress level of the crops, the humidity
ratio of the ventilation air at the inlet, and the amount of moisture
available for evaporation from non-plant sources within the house®.
Originally, 0.5 was assumed to be a reasonable value for E.
Later on, other studies™®*Y found £ could be much higher than 0.5,
even greater than 1. As of now, it is not clear how, and what
extent, crop type and amount, humidity ratio of the incoming air,
and other factors affect £. To deal with the uncertainty, two
values of E of 0.5 and 1.0 were selected to represent the range of
conditions likely to be found in a greenhouse operation.

For fan ventilation, Willits"? suggested that increasing O
beyond 0.05 m®(m?s) is not beneficial for cooling if an
evaporative pad is not used. Even when evaporative pads are used,
operating with a O higher than 0.05 m*/(m?-s) is not common. To
be conservative, a slightly higher value of 0.06 m*(m?s) was set

for Q for fan ventilation.

Various relationships between ventilation rates and wind speed
have been developed previously for various vent configurations.
Some of them are shown in Figure 1.
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Figure 1 Dependence of ventilation rate on wind speed!***®!
To represent a moderate condition, the following relationship
is constructed based on the data of Lee et al.!**!

0= 0.02u u>1
10.01+00l  u<1

where, u is the wind speed, m/s. Another ventilation rate was
taken to be 20 to represent highly efficient natural ventilation
systems, as suggested by the data of Kacira et al.[!4%,

When fogging was used, the inside temperature should be
calculated by the following equationt®").

) 6= —(G—t,0)ry @)
where, ¢ is the virtual inside temperature that would be reached
without fogging, °C; ¢,, is the inside wet bulb temperature, °C; 7, is
the cooling efficiency of fogging. The virtual temperature ¢ was
calculated using Equation (1). The inside wet bulb temperature,
t.i» was correlated with inside enthalpy with the following
relationship.

©)

t,; =—0.001347 +0.4527h, — 2.1668 (5)
where, A; is the inside enthalpy, kJ/kg. The relationship was
regressed with the data points (wet bulb temperature versus
enthalpy) calculated with a digital psychrometric chart™® within
the range of wet-bulb temperatures of 5°C-38°C and at the relative
humidity of 100%. Figure 2 shows that the wet-bulb temperatures
calculated with Equation (5) matched well with those calculated
with the digital psychrometric chart.
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Figure 2 Regression relationship between enthalpy and
wet bulb temperature
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The inside enthalpy, A, was approximated from a simplified
heat balance as:

7§,
Op

The cooling efficiency of high-pressure fogging, #; is known
to vary with spray rate, ventilation rate, and outside humidity!”.
To simplify this analysis, it was assumed to be a constant with a
value of 0.5.

2.2 Locations and weather data

Thirty locations in China and seven locations abroad were
selected for analysis (Table 1 and Table 2). Each location selected
from China has the lowest design wet-bulb temperature in its
province™ and weather data are available for that location. The
selections of the most of locations in other countries were based on
the rules of being close to major greenhouse production areas.

Weather data were derived from various sources. Weather
data for China locations were from China Meteorological
Administration.  Weather data for the other countries were
compiled by various agencies of the corresponding country and/or
international meteorological organizations!*®.

hi=h, + (6)

Table 1 Viability index for all locations with different E and

Q in China

Province City A B C D
Tibet Lhasa 4 4 4 4
Yunnan Kunming 4 4 4 4
Ningxia Yinchuan 2 2 2 2
Liaoning Shenyang 2 2 2 2
Shanxi Taiyuan 2 2 2 2
Guizhou Guiyang 2 4 2 4
Heilongjiang Harbin 2 4 2 4
Jilin Changchun 2 4 2 4
Hebei Shijiazhuang 1 2 1 2
Shaanxi Xi’an 1 2 1 2
Sichuan Chengdu 1 2 1 2
Tianjin Tianjin 1 2 1 2
Beijing Beijing 1 2 1 2
Qinghai Xining 3 4 4 4
Gansu Lanzhou 1 2 2 2
Inner Mongolia Hohhot 1 2 2 2
Xinjiang Urumgi 2 2 2 2
Guangdong Guangzhou 1 1 1 1
Shanghai Shanghai 1 1 1 1
Hubei Wuhan 0 0 0 0
Anhui Hefei 0 1 0 1
Fujian Fuzhou 0 1 0 1
Guangxi Nanning 0 1 0 1
Hainan Haikou 0 1 0 1
Hunan Changsha 0 1 0 1
Jiangsu Nanjing 0 1 0 1
Jiangxi Nanchang 0 1 0 1
Zhejiang Hangzhou 0 1 0 1
Henan Zhengzhou 1 1 1 2
Shandong Jinan 1 1 1 2

Note: A indicates that £ was 0.5 and Q was from Equation (3); B indicates that £
was 1.0 and Q was from Equation (3); C indicates £ was 0.5 and Q was twice of
that from Equation (3); D indicates that E was 1.0 and Q was twice of that from
Equation (3), the same as below.

Table 2 Viability index for all locations with different E and

Q abroad

Country City A B C D
Canada Vancouver 4 4 4 4
Netherlands Amsterdam 4 4 4 4
Israel Jerusalem 2 4 2 4
England London 2 4 4 4
Spain Almeria 2 2 2 2
Japan Tokyo 2 2 2 2
Mexico Mexico City 1 4 3 4

The weather data used were hourly values over 1 year. They
include dry bulb temperature, relative humidity, horizontal solar
radiation, and wind speed. Since summer cooling is the focus of
this study, and all of the locations were in the northern hemisphere,
only the data from May to September were used.

2.3 Viability assessment

The viability of the four cooling options (natural ventilation
without fog, natural ventilation with fog, fan ventilation without
evaporative pads, fan ventilation with evaporative pads) at the
selected locations was assessed by calculating ¢ using the model
described. The criteria for assessment were arbitrarily set to be
that 98% of ¢, must be below 30.0°C, otherwise, it was regarded as
not viable. The temperature threshold of 30.0°C was arbitrarily
based on a tomato crop®®. Many crops have greater heat
tolerance and some have less. If the crop were less heat tolerant
than tomato, the results presented here would be re-evaluated.

To group the locations with the same suitable cooling number,
a viability index is defined and tabulated in Table 3. A ‘1" was
used to indicate that a cooling option is suitable and a ‘0’ indicates
that a cooling option is undesirable. A four-bit number, each bit
representing the viability of one of the four cooling options,
characterized each location. NV in Table 3 meant natural
ventilation while FV meant fan ventilation. And four cooling
technologies are shown in Table 3, which are natural ventilation
without high-pressure fog (NV+no fog), natural ventilation with
high-pressure fog (NV+fog), fan ventilation without evaporative
pad (FV+no pad), and fan ventilation with evaporative pad
(FV+pad). A viability index with a value of 4 meant that all the
four cooling options are viable; an index with a value of 3 meant
that all the four cooling options except NV without fog are viable;
an index equal to 2 meant that NV with fog and FV with the pad is
suitable while NV without fog and FV without pad is not viable,
and so forth.

Table 3  Definition of viability index

NV+no fog NV+fog FV+no pad FV+pad Viability index
1 1 1 1 4
0 1 1 1 3
0 1 0 1 2
0 0 0 1 1
0 0 0 0 0

To examine the sensitivity of the suitability index to E and Q,
the suitability assessment was performed with four calculation
conditions with different £ and Q. The four conditions were
denoted as A, B, C and D (Table 1 and Table 2). Condition A
represented an E of 0.5 and a Q calculated with Equation (3);
Condition B represented an E of 1.0 and Q calculated with
Equation (3); Condition C represented an £ of 0.5 and a Q two
times greater than Equation (3); Condition D represented an E of
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1.0 and a Q two times greater than Equation (3).
3 Results

3.1 Viability of various cooling options under different
conditions
3.1.1 Consistent pattern

The viability of the various cooling options for the selected
locations is given in Table 1 and Table 2. Thirteen locations had
consistent viability indices in spite of different conditions,
including four locations abroad. For example, the index for
Kunming (Yunnan) is 4, indicating all four cooling technologies
are appropriate to meet the desired cooling. In other words,
natural ventilation without any evaporative cooling would be
sufficient for Kunming (Yunnan). Another example is Shenyang
(Liaoning) which has an index of 2, meaning that evaporative
cooling, either fog or evaporative pad, must be used to provide the
cooling minimums established in this study. Similar results were
obtained in other studies®??.  For example, Guangzhou
(Guangdong) has an index of 1, which means that both forced
ventilation and evaporative pad should be used at the same time,
namely neither natural ventilation nor high-pressure fog could
provide sufficient cooling minimums according to this study. The
result was similar to the conclusion that F\V+evaporative pad could
decrease the temperature to 3.8°C indoor while fogging and nature
ventilation increase temperature by 2.5°C and 4.7°C indoors
separately®.

The other extreme are the locations with an index of 0, where
none of the cooling options were viable. The location is Wuhan
(Hubei).  Additional cooling (such as shading with lower
transmissivity, even air condition) will be required for these
locations to meet the cooling needs specified in this study.

3.1.2  N-shaped pattern

Seventeen locations had consistent trends along with £ and Q
trends (Table 1 and Table 2), and the index of these locations
shows vertical zigzag curves under conditions A, B, C, and D.
For example, locations such as Guiyang, Harbin, Changchun in
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China and Jerusalem in Israel require evaporative cooling if E were
0.5 but not if £ were 1.0, meaning the importance of evaporative
cooling. Another example, locations of Shijiazhuang (Hebei),
Xi’an (Shaanxi), Chengdu (Sichuan), Tianjin (Tianjin), and Beijing
(Beijing) had an index of 1 if E were 0.5 and an index of 2 if E
were 1.0, which meant natural ventilation with high-pressure fog
cannot cool minimally. In another study about how to enhance
the cooling effects of wet curtains, installing large volume fans to
increase ventilation rate was recommended because of insufficient
cooling of natural ventilation with fogging™®, which was
coincident with the result in this study.

As for the other locations, such as Hefei (Anhui), Fuzhou
(Fujian), Nanning (Guangxi) and so on, there was only FV+pad
suitable if £ were 1.0, and even no right cooling method if E were
0.5. Xu et al.”® suggested a proper pad area and ventilation rate
under different greenhouse lengths by complex CFD simulation,
and the result was coincident with that the greenhouse at Hangzhou
need FV+pad cooling when E was 1.0 according to this research.
3.1.3 Other variety of viability

Viability indices of other locations varied with £ and Q. For
locations such as Lanzhou in China and Hohhot in Inner Mongolia,
only FV+pad was a viable cooling option under Condition A,
however, both FV+pad and NV+fog provided sufficient cooling
under Conditions B, C, and D.

3.2 Geographical distribution pattern

Figure 3 shows the geographical distribution pattern of the
viability index under Condition B, which indicates that £ was 1.0
and Q was from Equation (3). Six locations in China had an
index of 2 and NV+no fog there could provide the specified
cooling. The locations in China were mainly concentrated in the
southwest and northeast. High altitude often provides a cooling
advantage. For example, the city of Kunming lies in the south of
China, where the climate is semi-tropical. And owing to its high
altitude (1892 m), the temperature in summer is much lower than
that in other cities at the same latitude. The monthly average
temperatures at noon in July are 22°C-23°C.

H;g-“"ﬁmm,

Note: ‘4’ indicates that natural ventilation without fog is suitable; ‘2 ‘indicates both fan and pad system and natural ventilation with
high-pressure fog are suitable; ‘1’ indicates that only fan-and-pad system is suitable; ‘0’ means neither of the cooling options is suitable.
Figure 3 Suitability indices for China under Condition B
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Eleven locations had an index of 2.  The China locations were
mainly concentrated on the northern, suggesting the two
evaporative cooling technologies (evaporative pads or fogging)
were necessary to meet the cooling needs for most conditions due
to fair air humidity. Most locations with an index of 0 or 1 in
China were located in the coastal area and southeast, where
summer cooling is generally more demanding than other areas of
China.

4 Discussion

These results suggest that whether the cooling technologies are
viable for a location is largely determined by the geographic
position and local climate, but it is also affected by crop statuses
such as transpiration rate and greenhouse characteristics such as
ventilation options design. The validity of these results relies on
the parameters and cooling criterion selected. Based on the
response of the viability index to E, it is obvious that plant
transpiration plays an important role in greenhouse cooling.

In spite of the uncertainty surrounding the parameters £ and Q,
the method illustrated in this study allowed a simple assessment of
cooling options without mass data and modeling, and a greenhouse
cooling design method from a different perspective without
complex simulation and calculation. For example, the locations
of Shijiazhuang (Hebei) and some other cities had indices of 1, 2, 1,
and 2 separately under the conditions of A, B, C, and D, namely the
index was changed from 2 to 1 while £ was changed from 1.0 to
0.5. Itindicated that the decline of evapotranspiration led to more
demand for cooling both ventilation and evaporation. Another
similar example is locations of Guiyang (Guizhou) and some other
cities had indices of 2, 4, 2, and 4 separately under the conditions
of A, B, C, and D. In other words, the index was changed from 4
to 2 while E was changed from 1.0 to 0.5. It meant that it was
necessary for evaporative cooling for these cities which were more
sensitive to £ than Q.  Thus, evaporative cooling options, either an
evaporative pad or fogging, are recommended at these locations
when the greenhouse was designed.

The normal design procedure utilizes the design conditions,
such as temperature and available solar radiation, given in
engineering standards such as the HVAC data manual and applies
them to design equations to specify equipment capacities. The
design conditions are usually statistically derived from raw weather
data, representing the harshest conditions. However, the harshest
condition for every concerned variable does not normally occur at
the same time. On the other hand, designs based on the extreme
conditions for individual variables tend to be conservative if the
correlation between the variables is not considered. So, if the
weather is regarded as random and raw weather data can represent
its distribution reasonably, applying weather data to a thermal
system and ensuring the design variables remain below the desired
level should result in more reasonable designs.

5 Conclusions

The viability of fan and natural ventilation, combined with
evaporative cooling, was investigated using a simulation model for
thirty-seven locations in the world, mostly in China. And the
geographical distribution pattern of viable cooling technologies
was examined in China. The model was based on a simplified
steady-state heat balance model of greenhouse cooling. The
results suggest that the viability of the various cooling technologies
is largely determined by local climate and altitude.
Evapotranspiration coefficient and ventilation characteristics of

natural ventilation were also shown to be important factors. The
locations with a consistent viability index could choose the most
economical technology to meet the cooling minimum. Some
locations were especially sensitive to the evapotranspiration
coefficient and the ventilation characteristics, so these locations
with zigzag viability index required evaporative cooling and/or
forced ventilation.

Nomenclature
[N Specific heat of air, J/(kg-°C)

E Evapotranspiration coefficient

h; Inside enthalpy, kJ/kg

h, Outside enthalpy, kJ/kg

0 Ventilation rate, m*(m?.s)

S, Outside solar radiation, W/m?

t Inside temperature, °C

t: Inside temperature that would be reached without fog, °C
tin Inlet temperature into greenhouse, °C

t, Outside temperature, °C

two Outside wet bulb temperature, °C

i Inside wet bulb temperature, °C

U Overall heat transfer coefficient of greenhouse cover, W/(m?-°C)
u Wind speed, m/s

a Cover-to-ground area ratio

p Adjustment coefficient for ventilation system

P) Density of outside air, kg/m®

T Transmissivity of greenhouse cover

p Cooling efficiency of evaporative pad

1y Cooling efficiency of high-pressure fog
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