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ARTICLE INFO ABSTRACT

Keywords: Spatial temperature distribution of a greenhouse is critical to precision agriculture management, especially for
Temperature distribution the vertical cultivation mode. Crop transpiration and optical effects influence spatial temperature distribution of
Greenhouse

a greenhouse, which, however, were often omitted in literature. In this work, a Computational Fluid Dynamics
model on studying spatial temperature distribution of a greenhouse was developed with considering the effects of
air (light absorption), crop (light absorption, reflection, transmission, and transpiration), and soil (light ab-
sorption and heat radiation) in the greenhouse under dynamic solar load based on the law of energy conser-
vation. A set of field tests was used to validate the developed Computational Fluid Dynamics model. Spatial
temperature distributions of the greenhouse under different scenarios were simulated with and without
considering crop effects. The results show that the temperature standard deviation of the greenhouse with
considering the crop effects was about 31.68% higher than that without considering the crop effects. This implies
that greenhouse temperature distribution is significantly influenced by crop transpiration and optical effects. The
results also show that the highest temperature appears in the air region below the top of greenhouse and changes
with the dynamic solar radiation direction, and the temperature may vary by about 63.65% during the day.
There is a temperature difference of 2 °C-3 °C at the same height level between the greenhouse with and without
considering the crop effects. This work is important for understanding the non-uniform temperature spatial
distribution pattern of a greenhouse as affected by crops, and provides information for sensor deployment,
monitoring, and control of greenhouse temperature.

Energy conservation
Crops transpiration
Computational fluid dynamics

by external meteorological conditions, glass types [8], internal compo-

1. Introduction nents, and crop types, then has an influence on the growth of crops [9].
Temperature is one of the most significant parameters in greenhouse

With the increase of population and the depletion of resources, climate. Temperature prediction and control need multifactor modeling
reducing production cost and energy consumption becomes more and based on energy transfer mechanism. Dynamic temperature models [10]
more important [1]. A greenhouse may provide an enclosed space for of greenhouse air, cover, soil, and wall were established to predict and
soil heating/cooling [2], and achieve desirable agriculture production control of greenhouse temperature [11]. The heat storage material in a
temperature during cold/hot weather conditions [3]. A greenhouse is greenhouse plays a significant role in raising greenhouse air temperature
also applied to dry soil conditions to reduce water consumption [4]. during cold months [12]. Berroug et al investigated the impact of the
Greenhouse cultivation is an efficient way to increase crop yields [5], phase change material (PCM) on greenhouse temperature, and the re-
and the sustainable development of agriculture production is main- sults show that the use of north wall made with PCM can increase energy
tained beneficially [6]. Nowadays, greenhouses have been widely used efficiency [13]. In order to improve greenhouse temperature conditions,
in agriculture to make environmental conditions as favorable as possible Sara et al proposed the dynamic analysis of the natural and mechanical
for crop growth [7]. The microclimate in a solar greenhouse is affected ventilation of a solar greenhouse by controlling mechanical ventilation
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Nomenclature volume of air (W m™3)
Shy Buoyancy source term of air (kg m 2 s™2)

Agir Heat radiation absorption coefficient of air (m™ Set Energy source term of evapotranspiration per unit volume
A, Crop transpiration area (m?) of air (Wm™3)
As Soil evaporation area (m? t Local real time (s)
Cpa Specific heat capacity of air (J kg™! K1) Tair Air temperature (K)
Co Sunny coefficient for solar radiation Terop Crop temperature(K)
E.q Total crop air energy (J kg’l) Tour Outside air temperature (K)
Eg Total crop plant energy (J kg ™) Trof Reference temperature (K)
hsoit air Soil-air convective heat transfer coefficient (W m 2 K1) Tsoit Soil temperature (K)
Rout air Out-air convective heat transfer coefficient (W m~2 K1) Ujq Air flow velocity (m sh
Rerop.air - Crop-air convective heat transfer coefficient (W m2KY Uyent Vent velocity (m sH
Herop Heat flux of crop transpiration (W m~?) Vair Greenhouse air volume (m?)
Hgoit Heat flux of soil evaporation (W m~2) X; Three-dimensional location component (m)
Loir Radiation intensity, which depends on location (T") and

direction (5°) Greek symbols . .
. Air thermal conductivity (W m 1KY Acrop Solar radiation absorption rate of crops

atr . . . .
koo Air thermal conductivity of crops (W m 1KY soil Solar radiation absorption rate of 5011
kep Thermal conductivity of crops (W m~! K1) Pair Coefficient of thermal expansion (K™*)
kerop Effective thermal conductivity of crops (W m~! K1) re 1(\11.‘0121 p01t051ti 3
Ksoit Soil thermal conductivity (W m™! K1) Pair ATr densTty ( gm ) —
n Direction vector perpendicular to the boundary Pea 1r en51t¥ 1n.crop area (kg m 23
Mair Air refractive index Pep Plant density in crop areag(kg m )
P Air pressure (pa) Pref Reference density (kg m™ 1) )
Rpg Irradiance at the boundary (W m~2) s Dynamic viscosity (kgm s ) o4
R Crop heat radiation (W m2) o Stefan-Boltzmann constant (W m™“ K™ )
crop . .
Rgir Direct normal solar radiation (W m~?) Herop L%ght transm¥ttance of crops .
Ry Diffuse solar radiation (W m2) nf Light transmittance of greenhouse film
Rolar Total solar irradiance (W m~?) Ecrop Crf)p thermal en.ns.sn.nty
Rei Soil heat radiation (W m~2) Esoil Soil thermal emissivity
Ry, Solar radiation reaching the surface of crops (W m 2 g ?ﬁdlanft SOh_d angle (sr)
Ry Solar radiation reaching the surface of soil (W m3) ase function
Sa Energy source term of absorbed heat radiation per unit
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Fig. 1. A schematic diagram of energy conversion inside a greenhouse.
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with an Earth-to-Air Heat Exchanger [14]. However, due to differences
in boundary conditions and material properties [15], the temperature
distribution of a greenhouse is always complicated [16]. Cristina et al
proposed a reference methodology of greenhouse dynamic simulation to
assess crop thermal well-being and energy needs [17]. Soil surface
conditions also affect greenhouse temperatures, in order to study the
thermal effect of soil surface mulch, Francisco et al established a
greenhouse energy model that takes into account soil layers covered in
polypropylene [18]. Serageldin et al investigated the thermal perfor-
mance of an Earth-Air Heat Exchanger used for heating and cooling
purposes under Egyptian weather conditions [19].

Uneven temperature distribution may lead to the uneven growth
status of crops at different locations, resulting in difficulty in greenhouse
production management. For more accurate management of greenhouse
planting environment, Computational Fluid Dynamics (CFD) [20] was
used to analyze the spatial heterogeneity of greenhouse temperature
distribution under the influence of various factors [21]. Saberian et al
developed a CFD model of an empty greenhouse with considering the
influence of dynamic solar radiation on the internal temperature of the
greenhouse to predict the dynamic greenhouse temperature distribu-
tion, and evaluated the effect of ventilation on heat dissipation of
greenhouse in summer [22].

Crops may affect greenhouse temperature spatial distribution non-
uniformly. This brings difficulty in understanding the microclimate in a
greenhouse and temperature sensor deployment, monitoring, and con-
trol. The objective of the study was to comprehensively analyze green-
house temperature distribution mechanism with considering effects of
crop transpiration and optical effects under dynamic solar radiation, and
provide information for greenhouse temperature sensor deployment and
temperature management. A CFD model of greenhouse temperature
distribution was established in this work with and without considering
crop effects.

2. Methods

A mathematical model of energy conversion in a greenhouse based
on the law of energy balance was developed, and the temperature dis-
tribution data of agricultural solar greenhouse was measured by sensors.
Finally, the temperature distribution of the greenhouse affected by crop
transpiration and optical effects was analyzed through the ANSYS-
Fluent software.

2.1. Greenhouse energy conversion model

The microclimate of a greenhouse is a dynamic nonlinear system
with strong coupling of multiple factors [23]. The dynamic solar radi-
ation shines on crop leaves and soil surface through the translucent
greenhouse film. Soil and crops convert energy through transpiration
and evaporation. Detailed energy conversion process of a greenhouse is
illustrated in Fig. 1.

In order to consider the effect of evapotranspiration on greenhouse
energy, the latent heat energy from soil evaporation and crop transpi-
ration, and the absorption effect of radiation by the wet air in the
greenhouse, were included in the air energy model.

aTair aTair

02 Tair
PairCpa=g~ F PairCpattia—y = = ka

EM R + Ser +Sa (@)

Here pg;r is the air density, ¢4 is the air specific heat capacity, Ty is
the air temperature, u;, is the air flow rate, kg is the air thermal con-
ductivity, kg is the air thermal conductivity, and x; is the three-
dimensional location component. The sources term S, in Eq. (1) is the
energy input per unit volume of soil evaporation and crop transpiration
source term, which is calculated as Eq. (2).

A(Hcro) + AsHm[
Su = (’V4’) @
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Here A, and A; are the surface areas of crop transpiration and soil
evaporation, respectively. Hrop and Hyo; are the latent heat flux densities
of crop transpiration and soil evaporation input, respectively, which can
be calculated through the Shuttleworth-Wallace dual-source model
[24].

AR + ((parcpaD — AFR)) [ (14 +1¢

: %)
Aty /(e + 7)) )

Herop = 2 Wergp = Ce

AR + ((purcpD = ArS(R =R)) ) /(e +1%) )
Aty(l+(n/(m+r)))

Hioit = A Wioir = Cs )]

Here Ay, is the latent heat of vaporization of water, Wyqp and Wy, are
evapotranspiration of crops and soil, respectively. C. and C; are aero-
dynamic resistance coefficients of crop canopy and soil surface,
respectively. R’ and R, are the available energy leaving from the canopy
and soil surface, respectively. r¢ is aerodynamic resistance between
mean canopy flow and reference height, r¢ is canopy boundary resis-
tance, r; is aerodynamic resistance between soil surface and mean
canopy flow, r¢ is canopy stomatal resistance, r; is soil surface evapo-
ration resistance, A is the slope of the vapor pressure temperature curve,
and D is the saturated vapor pressure.

Sq in Eq. (1) is the energy absorbed by the wet air as a unit volume
source term in the air energy equation, and the integration operation is
performed over the control volume for the radiation intensity.

S0 = dur /4 L (7, 3)Qd0 ©)
0

Here I, is the radiation intensity in the air, ag; is the air absorption
coefficient of heat radiation, (2 is the radiation stereo angle. In order to
consider the air absorption of radiation, the discrete coordinate (DO)
radiation model [15] was used in this work. The model covers the entire
optical thickness and can be coupled with the energy equation to
calculate the energy distribution of the discrete radiation field. The
model is described by the radiation intensity transfer model as Eq. (6).

0Lir(7,5)75)

ox;
20Ty o [Ty
= agn, +-—= L, (7,5 )®(5-75 )dQ (6)
T 4r J,

Here r and s are the location vector and direction vector, respec-
tively. ng;r is the refractive index of the participating medium, o is the
Stephan-Boltzmann constant (5.67 x 108 Wm 2 K’4), os is the light
scattering coefficient of air medium, and @ is the phase function. The
relationship between radiation intensity and irradiance Rpq at the
boundary is described as Eq. (7).

Rbd = /4 Iair(?y T)Qdﬂ (7)
0
At the boundary of the greenhouse film, Ry,q is the amount of ra-
diation from by the sun and the outside environment through the
greenhouse film.

Riotar = Colly (Rair + Ruy) ®)

Here Cp is the sunny coefficient, 7y is the transmittance of the
greenhouse film. Rg;r and Ry are direct and diffuse radiation from the
sun and the outside of the greenhouse, and can be calculated according
to the ASHRAE (American Society of Heating, Refrigerating and Air-
Conditioning Engineers) model [25]. The ASHRAE model needs the
input information of latitude, longitude, time zone, and the geographic
direction. Model details are listed in Appendix A. The radiation
boundary of soil and crop canopy may be calculated as follows.

Ry = (1 - a.sm'l)R.m +n2 ESOHO-T.:H'[ (9)

air
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Fig. 2. Actual conditions inside the greenhouse.

Rcrop = (1 — Qerop — r]cr‘a{))RSL' +n2 gcrop6T4 (10)

air crop

Here ag; and agp are the heat radiation absorption rate of soil
surface and crop leaves, respectively. &5, and éecrqp are the radiation
emission rate of soil surface and crop leaves, respectively. #crop is the
light transmission rate of crop leaves. Ry and R;. are the solar radiation
reaching soil surface and crop surface, respectively. The convective heat
transfer at the boundary of the film is shown in Eq. (11).

aTuir
on

Here hyy qir is the convective heat transfer coefficients of the film and
air. Ty is the outside temperature.

In the crop area, the liquid water is converted into water vapor of air
through transpiration, and the sensible heat of leaves is converted into
latent heat of water vapor. The crop area was considered as a porous
medium material in this study as done in [15]. The equilibrium thermal
model of crops is shown in Eq. (12).

kair = hnut,air(Tnut - Tair) (1 1)

9 I T,
5 (7ePeabca + (1 = ¥)popEep ) + 3 (tic(PoyEea + D)) = kerop X 2 (12)
kcrop = yckca + (1 - }/c)kcp (13)

Here y. is the porosity of the crop area, p., and pp are the air density
and plant branch density, respectively. E., and E, are the total energy of
air and solid media, respectively. u; is the air velocity of the crop area,
kcrop is the effective thermal conductivity of the crop media. k, and kp
are the thermal conductivity of air and plant media, respectively. On the
interface between crops and air, the canopy leaves carry out convective
heat dissipation, absorb solar radiation, and produce thermal radiation.
At the contact surface with the soil, Trop = Tsoi

aTcrup
rop on

Some solar radiation is absorbed by exposed soil surface. Then soil
convective heat exchanges with air and releases thermal radiation to the
air domain, and loses some energy through evaporation.

kc = acmpR.xc + hcmp-air (Tair - Tcmp) - ecr17p0T4 Hcmp (14)

crop

dy

Here ks, is soil thermal conductivity.

In order to consider the influence of the flow state of greenhouse air
on temperature distribution, the Navier-Stokes equations can be used
and the buoyancy effect is introduced as a source or sink of momentum
in the momentum equation. The Boussinesq approximation was used
with air density [20]. And the standard k-¢ two-equation turbulence

4
— kyoir = yoitRys 4 Myoit_air(Tair — Tsoit) — Es0it0T 4y — Hyoit (15)

oil —
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model [26] was applied in this study. The turbulence model is shown in
Appendix B. The velocity equations of the air are listed according to the
law of momentum conservation as follows:

[ iy OPuir

Pairgy F Particg == =5 =+ Sh (16)

Sby = prefg(l - ﬂair (Tair - Tref) ) 4

Here Spy, in Eq. (16) is the buoyancy effect due to the thermal
expansion of air, pg; is the air pressure, pr.fis the reference density, g is
the coefficient of thermal expansion of air, and Ty is the reference
temperature.

2.2. Experimental measurement

In order to verify the performance of the CFD model, experiments
were conducted from a greenhouse (with 8 m span, 3.3 m ridge height,
1.8 m vent height, 60 m length) on September 27, 2021 with sunny sky.
It is a south-north oriented single plastic (polyethylene film) greenhouse
arc-shaped top structure (Fig. 2) locating in Zhugiao Town, Pudong New
Area, Shanghai, 121.78 E, 31.09 N. During measurement, cucumbers
with vines of 1.5 m in height were growing in the greenhouse. It was
with natural ventilation on the east and west sides, and the cucumbers
were planted east-west.

In order to monitor the temperature inside the greenhouse, sensors
from Shandong Renke Measurement and Control Technology Company
were ordered. Air temperature sensors (COS-04-X USB type) were
employed, which can record 80,000 temperature data. The measure-
ment range of the air temperature sensors is —20 °C~ +60 °C, the
measurement accuracy is & 0.3 °C (25 °C), and the resolution is 0.1 °C.
The soil temperature sensors (RS-WS-NO1-TR-1 type) were set to
monitor the temperature of crop-covered soil and exposed soil, respec-
tively. A crop leaf temperature sensor (PR-3001-YM-*-NO1 type) was set
to measure temperature of crops canopy. Both soil temperature sensor
and leaf temperature sensor are with a measurement range of —40 °C~
+80 °C, measurement accuracy of + 0.5 °C (25 °C) and resolution of 0.1
°C. They are connected to the data logger (RS-REC-USBNO1-1 type) for
data storage through RS485 as shown in Fig. 3. The T1-T10 temperature

Fig. 3. A picture of sensor and device deployment. A-air temperature sensor, B-
temperature logger, C-leaf temperature sensor, and D-soil temperature sensor.
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® Air temperature sensor
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Fig. 4. Deployment of temperature sensors in the middle radial section of the greenhouse.

250 7500

Fig. 5. The left side of the figure shows the physical model, and the right side shows the meshing.

Table 1
Material thermal properties.

Material Density (kg m?) Specific Heat (J kg’1 K'Y Thermal Conductivity (W m 'K Dynamic Viscosity (kg m s Thermal Expansion Coefficient(K1)
Air 1.225 1006.43 2.42 x 102 1.789 x 10°® 3.43 x 10

Crop 800 3000 20 - -

Polyethylene 920 2300 0.34 - -

Soil 2200 2500 1.5 - -

sensors were placed at a cross section of the greenhouse. All the sensors
were deployed at four layers in the vertical direction. The sensor
deployment details of the temperature sensors are shown in Fig. 4. The
temperature sensors measured continuously throughout the day and the
data recording time interval was set as 2 minutes.

Table 2
Optical properties of materials.
Material/ Absorption Emissivity ~ Absorptivity =~ Transmissivity
Location coefficient (m™1)
Air 0.20 - - -
film - 0.92 0.10 0.80
crop leaves - 0.85 0.02 0.50

Soil - 0.89 0.50 -

2.3. Numerical simulation settings

In order to analyze the greenhouse temperature field more accu-
rately, the experimental greenhouse was modeled and numerically
calculated in 1:1 ratio. The geometric model of the greenhouse was
established by the ANSYS Design Model module. The automatic meshing
method in ANSYS Meshing was used to divide the computational
domain grids. The grid element size was set as 0.18 m. There were
247,587 nodes with 865,647 units. The average mesh quality is 0.85222,
which is greater than the minimum mesh quality requirement of 0.7. The
average mesh skewness is 0.20486, which is well below 0.9 and satisfies
requirement. Geometric modeling and meshing are shown in Fig. 5.

The numerical solution was performed using the computational fluid
dynamics software ANSYS Fluent 2021R1 in this study. The finite vol-
ume method was used to solve the computational domain. In this study,
in order to consider the flow condition of greenhouse air, the standard k-
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Fig. 6. External air temperature.
32 —e— STI
—& ST2

30

28

Temperature (°C)

Time (h)

Fig.7. Temperature changes over the day in bare soil and soil under plant cover
measured with ST1 and ST2, respectively.

Table 3
Boundary conditions.

Location

Boundary Conditions

South side film, roof
film

East side film, west
side film

North side film

Crop leaves

Covered soil

Exposed soil

Heat transfer coefficient: 4 W/m? K. External convection
temperature was obtained from meteorological temperature
(Fig. 6). Radiation: ‘Use beam direction from solar load
model settings’ and ‘Use irradiation from solar load model
settings’ were selected in the menu bar of Fluent software
Imposed external weather temperature, Radiation: Solar
load model setting

Imposed external weather temperature

Coupled wall

Imposed temperature: 28 °C, Internal Emissivity: 0.9
Mixed: Heat transfer coefficient: 1.5 W/m? K. External
convection temperature: 30 °C

¢ turbulence model was employed as done in [27]. To consider the ab-
sorption of solar radiation by air, the DO radiation model and solar
irradiation model were used. The model material thermal properties
were set as constants in Table 1 according to relevant works [15,16].
The greenhouse film and crop leaves were treated as semi-
transparent boundary, and the soil was treated as opaque boundary.
The surface absorptivity and transmissivity of radiation were set as
Table 2. Optical properties of different materials were set as constants
within a reasonable range according to the references [16,28,29].

Energy Conversion and Management 254 (2022) 115277

Setting the radiation boundary of the greenhouse film needs to
consider the influence of environmental radiation. 25 °C was set as the
environmental base temperature in the early morning according to
experimental data, and the solar radiation factor was adjusted to make
simulations match measured temperature time series, which was
determined as 0.2 in this work. The latent heat of crop transpiration is
2260 kJ/kg. The temperature boundary conditions and initial conditions
of the greenhouse were set according to the experimental temperature
measurement. The greenhouse film convection boundary was set as the
outdoor air temperature, which is shown in the Fig. 6. The temperature
of the exposed soil surface denoted as ST1 and the soil temperature
covered by crops denoted as ST2 were shown in Fig. 7. Details of the
boundary settings were shown in Table 3.

The pressure-based solver and the SIMPLEC solver algorithm were
used to accelerate convergence. The second-order upwind format
discrete method was used with default pressure, density, momentum,
and k-¢ sub-relaxation factors. The iteration number of the calculation
process was set as 1000. The results were saved and presented by the
CFD-POST post-processing software. In order to investigate the effect of
crops on greenhouse temperature distribution, comparative simulations
were conducted with and without considering crops in this study. A set
of steady-state simulations were both carried out in a two-hour time
step, and the numerical simulation results at the cross section of 9: 00,
11: 00, 13: 00, and 15: 00 were obtained. Computer CPU unit is Intel
Xeon CPU E5-1620. Computer main frequency is 3.50 GHz with 4 cores
and 8 threads. RAM of the computer is 64 GB. In this study, double
precision and 8 threads were applied for high-speed calculation.

3. Results and discussion

In this section, the simulated data were compared with measured
data to verify the CFD model’s performance on greenhouse temperature
simulation. And the differences in comparison of simulation results with
and without considering the effects of crops was shown. The influence of
crop transpiration and optical effects on the spatial distribution of
greenhouse temperature was discussed.

3.1. Verification of the developed model

The measured temperature data of 9:00, 11:00, 13:00 and 15:00 for
the sensor layout in Fig. 4 is shown in Fig. 8, and the simulated tem-
perature distribution is shown in Fig. 9.

The average deviation between simulated temperature (at location of
temperature sensors) and measured temperature (T1-T10 temperature
sensors) at 9:00, 11:00, 13:00, and 15:00 was 4.62 %, 5.09 %, 7.69 %,
and 5.38 % respectively. The simulated temperature and measured
temperature of the crop canopy are shown in Fig. 10, with 4.75 %
average deviation. It can be seen that the temperature deviations at
different times are within a reasonable range, which proved the effec-
tiveness of the CFD numerical simulations.

The temperature of crop leaves increased rapidly with the duration
of solar radiation. When the temperature reached about 40 °C, the
temperature does not continuously rise, which might be explained by
the transpiration of crops taking away a lot of energy. It also can be seen
that both simulation and measurement of greenhouse temperature
change with time and space. The greenhouse temperature is distributed
regionally and hierarchically with obvious differences. The high-
temperature region in the greenhouse changes with the solar radiation
direction.

To show the regularity of temperature distribution vertically, the
temperature data of temperature sensors of T1, T3, and T6 under dy-
namic solar radiation are shown in Fig. 11. It can be seen that the
temperature gradually rises about 12 °C-18 °C from 7:00 to 11:00. The
temperature goes down between 11:00 and 13:00 (temperature sam-
pling interval is 2 h as stated in the experiments section). The temper-
ature drops gradually from top to bottom, and the temperature
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Fig. 8. Measured temperature distribution in the middle cross section of greenhouse with considering the effects of crops from 9:00-15:00.

9:00 Temperature 11:00 Temperature
44.0 44.0
42.6 42.6
41.2 412
39.8 39.8
38.5 38.5
37:1 37.1
35:7 357
34.3 343
32.9 32.9
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28.8 28.8
274 274
26.0 26.0
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44.0 p 15.‘?9 (;Femperature
42.6 42.6
412 412
39.8 39.8
385 38.5
37.1 37.1

35,7

€]

343 343
329 329
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Fig. 9. Simulated temperature distribution in the middle cross section of greenhouse with considering the effects of crops from 9:00-15:00.

difference at different heights is the largest during the midday hours, but
there is little temperature difference between morning and evening.

3.2. Comparison of simulations with and without considering the effects
of crops

Simulations with and without considering the effects of crops are
shown in Figure are shown in Fig. 9 and Fig. 12, respectively. It can be
seen that higher air temperature distribution above the crops is more
uniform than that without considering the crop effects as shown in
Fig. 9, the temperature at the location of crop areas is lower than the
temperature at the corresponding location of the greenhouse without
considering the crop effects (Fig. 12). And the air temperature above the

middle road is higher than the temperature at the location of crop areas,
which leads to the formation of downward-curving isotherms above the
road when the crop effects are considered (Fig. 9). In the simulations
without considering the crop effects, the gradation of greenhouse tem-
peratures is more uniform compared with the temperature distribution
with considering the crop effects, although the temperature gradually
decreases from top to bottom. The air temperature without considering
the crop effects is generally lower than that in the greenhouse with
considering crops. And the air temperature without considering the crop
effects is higher than the temperature near the soil surface below the
crops when the crop effects are considered.

In the comparative simulation without considering the crops effects,
the high temperature area inside the greenhouse also appears right
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Fig. 10. Simulated temperature and measured temperature of crop canopy.
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Fig. 11. Temperature measurements at different altitudes throughout the day.
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under the greenhouse film, and its location changes with sunlight ra-
diation direction as shown in Fig. 12. The volume of the high temper-
ature area inside the greenhouse without considering the crop effects is
larger than that with considering the crop effects during the time of
11:00-13:00. The simulation results show that the temperature extreme
differences are 12.0 °C, 15.1 °C, 15.6 °C, and 10.7 °C in the greenhouse
with considering the crop effects, and are 8.0 °C, 13.4 °C, 12.2 °C, and
8.3 °C at 9:00, 11:00, 13:00 and 15:00 in the greenhouse without
considering the crop effects. It can be seen that the temperature differ-
ence between different locations at noon is higher than that in the
morning and in the afternoon, and the temperature difference in the
greenhouse with considering the crop effects is higher than that without
considering crops. The temperature of vertical distribution in other
times also shows that temperature value increases from bottom to top.
The high-temperature area moves from east to west during a daytime, as
shown in Figs. 9 and 12. In order to show the horizontal temperature
distribution of the greenhouse, the vertical view of greenhouse tem-
perature is shown in Appendix C.

In order to analyze the spatial distribution of the greenhouse

40— —— 1m height( with crop)
J—— 1m height( without crop)

—8— 3m height( with crop)

38— 3m height( without ct

Temperature (°C)
i

34

32

30 T T T T T T T T
2 4 6 8

Distance from west to east(m)

Fig. 13. Horizontal temperature distribution at the cross section of greenhouse
at 9:00.
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Fig. 12. Simulation of temperature distribution of greenhouse at the moment of 9:00-15:00 without considering the crop model.
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Fig. 14. Vertical temperature distribution at the cross section of greenhouse
at 9:00.

temperature (with considering crop and without considering crop), the
horizontal location with a height of 1 m and 3 m, and the vertical
location 2 m away from the east and west sides, were selected for
comparison in this work. As shown in Fig. 13, the temperature gradually
rises from west to east in the horizontal direction, and the temperature
of the greenhouse with considering the crop effects is about 1 °C lower (2
°C higher) than the greenhouse without considering the crop effects at 1
m (3 m) height. As shown in Fig. 14, the temperature gradually rises
from bottom to top in the vertical direction, it also can be seen that the
temperature below 1.5 m height without considering the crop effects is
2 °C-3 °C higher than that in the crop area of the greenhouse, and the air
temperature above 1.5 m height without considering the crop effects is
2 °C-3 °C lower than that in greenhouse with considering the crop
effects.

The height of the crop area is 1.5 m, and the 1.5 m-3.3 m height of the
greenhouse is the air area in this study. Solar radiation is the same for
the greenhouse with or without considering the crop effects. In the
empty greenhouse, most of solar energy is absorbed by soil, which has a
very strong heat storage capacity. However, in the greenhouse with
considering the crop effects, less solar radiation reaches the soil because
of crop canopy, and most of the solar energy is absorbed and reflected by
the crops, and the absorbed energy is re-emitted into the air region of the
greenhouse. Crops impede air and temperature circulation close to the
ground level. This makes crops affect temperature space distribution
nonuniformly and results in that the temperature of the crop area below
1.5 m was lower than that of the empty greenhouse, and the air area
above 1.5 m was higher than that of the empty greenhouse (Figs. 13 and
14).

Furthermore, in order to evaluate the greenhouse temperature
dispersion, the standard deviation was calculated according to Eq. (18).

(18)

Here ¢ is the standard deviation of greenhouse temperature. Ty is the

Table 4
The standard deviation of greenhouse temperature at the cross section.

Standard With considering the crop Without considering the crop
deviation effects effects

9:00 2.40 1.13

11:00 2.23 1.76

13:00 2.21 1.81

15:00 1.79 1.17
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average temperature at the interface. The standard deviation represents
the degree of dispersion of the temperature data. A lower standard de-
viation represents the temperature data are relatively more concen-
trated, which imply better uniformity. The calculated results at 9:00,
11:00, 13:00, and 15:00 are shown in Table 4.

From Table 4, it can be seen that the standard deviation of the
greenhouse temperature distribution without considering the crop ef-
fects was about 31.68 % lower than that with considering the crop ef-
fects. This implies that the uniformity of greenhouse temperature
changes when considering crop influence.

3.3. Discussion

The results of this study show the spatial distribution and uniformity
of greenhouse temperature are affected by crop evaporation and optical
effects. In the energy conversion process of crops and soil, most of the
short-wave radiation of the sun is changed into long-wave radiation that
cannot pass through the greenhouse film, which is consistent with [28].
And the latent and sensible heat of crops play an important role in
greenhouse microclimate energy flux distribution, which is similar to
the study in [30]. The greenhouse temperature distribution is the overall
effects of external meteorological factors and internal crop energy
conversion. It is thus not sufficient to directly attribute the distribution
of greenhouse temperature to the conduction of high and low temper-
ature regions in an empty greenhouse as done in literature [22].

The simulation results indicate that temperature has a large differ-
ence in the space distribution of the greenhouse. This information is
important for temperature sensor deployment and temperature inter-
pretation in a greenhouse especially for temperature monitoring and
control. Different crops have different environmental need for growth.
Enlightened by this work, more simulations can be performed for a
stereoscopic greenhouse. In this way, spatial temperature nonuniform
distribution of a stereoscopic greenhouse can be determined. This will
allow planting different varieties of crops at different levels of height to
make better use of natural temperature distribution nonuniformity and
reduce carbon emission.

Although the distribution of the greenhouse temperature with
considering the crops effects was analyzed in this study, greenhouse
ventilation with considering air flow resistance from crops, the distri-
bution of CO, (Carbon dioxide) concentration with considering crop
photosynthesis and respiration, and humidity distribution in a green-
house also can be studied in the future. In this study, the material pa-
rameters were set as a constant in this work, but the shape and size of the
greenhouse, variety of crop, moisture and color of soil, and many other
factors are not fixed. Therefore, different greenhouse environments may
be analyzed with considering different attributes. The instantaneous
strong ventilation is unpredictable, and its instantaneous impact on
greenhouse temperature was ignored in this work, which may also
produce certain errors. The solar spectral range was not considered in
this study. Because the energy conversion rate of solar spectrum in
different bands is different inside the greenhouse, this may be completed
in future research.

4. Conclusion

The study aims to analyze the temperature spatial distribution of a
solar greenhouse under the coupled effects of external meteorological
environment and internal crops. Based on the energy conversion
mechanism, a greenhouse multi-factor coupling energy balance model
considering crop transpiration and optical effects was established and
simulated. The results show that the highest temperature region below
the top of the greenhouse changes with the direction of solar radiation,
and the temperature first increases and then decreases with the dynamic
solar radiation from morning to afternoon. There is a temperature dif-
ference of 2 °C-3 °C at the same height level between the greenhouse
with considering and without considering the crop effects, and the
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Appendix A. ASHRAE solar radiation model

Rdir = Rd,,COSH (Al)
Rin = Rage™ /50" (A2
27(d —
K. = 0.174+0.0355in( 4100 (A3)
365
. (2r(d —275)
Ry = 1160475 —_— A4
0 + sm( 365 > (A4)
sinh = singsind + cospcosdcost (A5)
_ . . (2n(d +284)
5 =123.45 x sin (T) (A6)
t1=(12-1)x15 (A7)

Here Ry is the direct solar radiation in any plane, Ry, is the direct solar normal radiation reaching the ground in nature, 6 is the angle between the
direct solar radiation and the normal line of any wall, Ry is the direct solar radiation of the upper boundary of the atmosphere, h is the solar altitude
angle, K, is the atmospheric optical extinction coefficient, d is the cumulative day from January 1, ¢ is the geographical latitude, where the northern
latitude is positive, the southern latitude is negative, § is the angle of declination, 7 is the time angle, t is the local time.

R}y = KaYRu, (A8)

R — KR, (Lt 050)

dif ) (A9)

Ry is the diffuse solar radiation on the vertical part of the radiated surface, Ry is the diffuse solar radiation on the non-vertical surface, Kyq is the

constant ratio of the scattered radiation from the plane to the normal incident direct radiation (ASHRAE Handbook of Fundamentals), Y is the ratio of
the diffuse radiation on the vertical surface to the diffuse radiation from the sky on the horizontal surface, and 6y, is the ratio between the surface and
the horizontal surface and 6y, is the inclination angle between the surface and the horizontal.

Appendix B:. k-¢ turbulence model

d(pk)  Od(pku;) 0 U\ ok i
o TTag og|\F e ) ay ) T O rE ®1)
d(pe)  d(pew;)) 0 u\ o € £
T ox, . ) ox: % ebn) = Coep B2
ot + 0x; 0x; ot o, ) Ox; +G k (Gi+ CseGp) = Caup k (B2)

Here k is the turbulent kinetic energy, ¢ is the dissipation velocity, p is the density, u is the velocity, x; and x; are the directional length component.
The other variables are expressed as:

W= pC,‘? (B3)

10
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G = i 3
b ﬂg Pr, 0x,-

_ 1(op
- ‘;(ﬁl

Energy Conversion and Management 254 (2022) 115277

(B4)

(B5)

(B6)

Here y, is turbulent viscosity, Gy is turbulent kinetic energy generated by laminar velocity gradient, S is the average strain tensor, Gj is turbulent
kinetic energy generated by buoyancy, f is thermal expansion coefficient, P, is turbulent Prandt number of energies, and its default value is 0.85, g; is
gravity vector component. Other constants C;, = 1.44, Cy, = 1.92, C, = 0.09, o = 1.0, 6 = 1.3, where ok and o, are the Prandt number of turbulent

kinetic energy and turbulent dissipation rate respectively.

Appendix C:. The vertical view of greenhouse temperature comparison

It can be seen by the comparison of the top view (Figs. C1 and C2) that at 9:00 and 15:00, the temperature difference between the east and west
sides of the greenhouse is obvious, which is due to the change of solar radiation direction. In the morning and afternoon, the side that receives direct
sunlight is about 5 °C higher than the side that does not, and this difference is about 3 °C less without considering the crop effects. In the greenhouse
with considering crops, the air temperature above the uncovered soil reached 41 °C, and the temperature at the south side of the greenhouse is about
5 °C higher than that at the north side. The temperature without considering the crop effects is about 2 °C-3 °C higher than the temperature with
considering crop area.

Fig. C1. Illustration of temperature distribution on a horizontal plane at the height of 1 m in the greenhouse with considering crop.
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Fig. C2. Illustration of temperature distribution on a horizontal plane at the height of 1 m in the greenhouse without considering crop.
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