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Abstract-The global rise in food demand requires urgent attention
in the aspect of crop production. The microclimate of a
greenhouse is a critical issue in agricultural practice, due to the
variations of the external climatic conditions and their negative
effect on crop production. In this work, a dynamic model of the
internal air temperature of a Chinese solar greenhouse was
designed in Matlab/Simulink environment. The dynamic model
was designed with the use of energy balance equations. The
weather data consisting of solar radiation, relative humidity,
ambient temperature, and Photosynthetically Active Radiation
(PAR) were acquired from meteorological stations. The results of
the simulations show that the temperature of the internal air
varies with weather conditions, location, number of covers, and
the structure of the solar greenhouse.

Keywords-Chinese solar greenhouse; dynamic model; relative
humidity; temperature; agricultural practices; external climatic
conditions

1. INTRODUCTION

A greenhouse is defined as a covered structure that provides
plants with an optimally controlled environment for adjustment
of climate growth conditions, in order toreduce production cost
and increase crop yield. Global food production systems
depend on the proper utilization of greenhouses. Many
greenhouse types are successfully used for plant protection
worldwide. Some may be better than others for particular
applications, but no greenhouse type is considered the best [1].
Control of the micro-climate of the greenhouse is essential in
order to encourage crop production considering the unstable
nature of temperature, relative humidity, CO, concentration,
and solar radiation [2-8]. The possibilities offered by
greenhouse climate computers have solved the problems
relating to the regulation and respect of climate instructions
required by protected cultivation. The greenhouse climate
computer will have to be integrated as a tool for the dynamic
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management of production, able to choose the most appropriate
climate route, meet objectives and production orders while
minimizing inputs. Computers have become quite popular in
greenhouse management, even in countries where
environmental conditions do not inhibit the development of
plants. In developed countries, computers find a lot of
application in irrigation, boilers and climate control, where they
are used to regulate humidity, CO,, and artificial lighting. The
computers are used to determine climate set points and to
monitor alarm functions. The literature on control theory and
application of classical dynamic systems in the entire field of
greenhouse control and modeling is sufficient [9].

The microclimate parameters inside a greenhouse are air
temperature, soil temperature in addition to the soil sub-layer,
relative humidity, and CO, concentration. They can be
predicted experimentally or by simulation [10]. The evolution
of the greenhouse model is fast and conducted by the control of
the energy phenomena involved inside. In the literature, the
modeling of the thermal energy balance can be static [11] or
dynamic. Various dynamic models of greenhouses have been
developed [12, 13]. To overcome the less optimal climate
conditions and to fulfil the specific environmental needs of
various crops, energy saving greenhouse designs vary in
structural shape, size, glazing materials, and in the type of
equipment required to achieve the desired environmental
conditions.

In the current research, the simplified dynamic model of the
energy balance for a Chinese solar greenhouse is developed
under the Matlab-Simulink environment.

II.  MATERIALS AND METHODS

A. Description

Since the focus of the design method is to model the
internal temperature of the greenhouse, the set of design
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elements and the selected functions and techniques are
incorporated in the greenhouse climate model. In this model,
heating is provided by the solar radiation and the heat storage
system which influence the internal temperature and the
temperature of the heating pipes. Cooling and CO, are provided
by natural ventilation. A typical greenhouse consists of soil,
cover, crop, and internal air. In this research, the crop is
neglected. The actual experimental greenhouse is located in
Shenyang, Liaoning, China. The new energy saving solar
greenhouse assembled with rock wool color plate uses a
double-layer semi-circular arc steel structure. The inner layer is
covered with a transparent material of 0.1mm thick polyolefin
(PO) film and the insulation cover on the outer layer is made up
of rock wool color plate. In the low temperature season, the
insulation covers on the outer layer are slid down, thus
retaining heat and reducing heat loss effectively [14].

B. The Dynamic Model of the Chinese Solar Greenhouse

Simplified models of the Chinese greenhouse have been
developed in [15-17]. The main objective of a climate control
system is to maintain the temperature inside the greenhouse
within a suitable range [18]. The layout for the Chinese
greenhouse in Figure 1 shows the external and the internal
parameters, where all the modelled elements have been
schematized. The grey boxes indicate the calculated
temperatures (state variables) while the white boxes represent
the independent variables linked to the model with an external
file (csv format) or are directly calculated.

Cover

Growing Light
HEATING

Solar Radiation
Heat Storage Syste

CARBON DIOXIDE
INJECTION

/ \ Legend
VENTILATION Carbon dioxide Air
Heat Supply
Heat and Vapour Removal
Carbon-dioxide Supply
Fig. 1. Layout of a typical Chinese solar greenhouse.

The model is based on the following assumptions:

e The outdoor weather conditions (white boxes in Figure 1)
are not influenced by the greenhouse indoor climate.

e Each span in the multi span glasshouse has the same layout
with respect to the configuration of the heating pipes, the
artificial lighting system, and its size.

e The greenhouse air is considered as a “perfectly stirred
tank”, which means that there are no temperature gradients
or water vapour concentration differences, therefore all the
model fluxes can be described per square meter.

e All modelled elements (state variables) are homogeneous:
they have a uniform temperature and an average thermal
capacity can be used.

When the transport of physical quantities like energy and
mass is considered, for these quantities the law of conservation

is valid for any volume. To establish a general rule, energy is
considered first [18]. If an amount of energy per unit of time
(qn, energy flux, Js™') enters a volume, then the amount of
energy in the volume @y (J) will increase. Of course if an
energy flux leaves a volume, Oy, will decrease. The relation in
which we compare the entering and leaving fluxes is called
balance. We can set up an energy balance or a mass balance
and for any volume. Not only the inflows and outflows of
energy contribute to the increase or decrease of the energy in
the volume, but also the energy production in the volume py
(Is™), if any. From these considerations the energy balance over
any volume can be set up in general terms as:

dQ
d_th = dinh — Yout,h + Pn (1)

The term on the left is the change of energy per unit of time
in the considered volume. It is determined by the terms on the
right hand side, which are respectively the influx, the outflows
and the production of energy per unit of time in the considered
volume. It is assumed that no work is done by or on the
medium in the volume, which in general is true for the
greenhouse situation [18]. The amount of energy in the volume
Oh (internal energy) is directly related to the temperature 7" (K)
of the volume through its thermal capacity Capy, (JK'I):

Qn = Cap,T (2)

In this way the time rate of change of the internal energy is
translated to a time rate of change of temperature that can be
implemented in the balance:

Caph dT/dt = Qin,n — Yout,n + Pn (3)
Cap, = pVC, (4)
pn=0 (5

Qin,h = Qshart (6)
Qouth = Qinfilt + Qcand,conv + Qlang (7)

where Oy, 1s the heat gained by solar radiation, Qpeqre, 1S the
heat gained by the heater, Q,., is the heat loss through
ventilation, Qcondcony 1S the heat loss through conduction and
convection, and Oy, is the heat loss due to the longwave
radiation. Solar radiation is the main heat source for a
greenhouse and can be calculated as:

Qshart = acTcSI (8)

where «, is the cover’s absorptivity, 7. is the cover’s
transmittance, S is the cover’s surface area, and [ is the total
solar radiation. Q;,; is the heat loss by infiltration:
(Tin—Tout)

Qinfilt = paCaR ”?26081” (9)
where p, is the density of the air, C, is the specific heat of the
air, R is the number of air changes per hour, T, is the indoor
air temperature (°C) and T, is the external temperature. The
heating pipe energy exchange belongs to the convective heat
transfer which follows the Newton’s law of cooling [19]:

4/3
Qheater = 1'95Ap (Tp - Tm) (10)
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where p, is the density of the air, C, is the specific heat of the
air, R is the number of air changes per hour, T, is the indoor
air temperature (°C), and T,,,; is the external temperature (°C).

Qvent = pCaQ(Tin - Tout) (1 1)
-5 c o0 - in~fou
0= (1-8)7cSo Ap—US(Tin—Tout) (12)

Ca(Tin—Tout)

where §is the evaporation coefficient (-), T, is the average
transmittance of the greenhouse cover of solar radlatlon ), S,
is the solar radiation flux outside the greenhouse (Wm™), Af is
the surface area of the greenhouse floor (m ), U is the overall
heat loss coefficient of the cover (Wm 2oC ™!, S is the surface
area of the greenhouse cover (m’), T, is the internal
temperature, T,,;is the external temperature, and C, is the
specific heat of the air at constant pressure (.kg'°C).

US(Tin - Tout) (13)

where U is the overall heat transfer coefficient through the
greenhouse walls and computed by:

Qcond,conv -

1 L. 1171
U= E+K_c+h_i] (14)
where h,, is the convective heat transfer coefficient of the
outside greenhouse cover, h; is the convective heat transfer of
the inside greenhouse cover, L. is the cover thickness, and K. is
the heat transfer coefficient of polyolefin cover. For h, and h;,
(15) and (16) apply:

ho=28+12V, (15)

1.
h; =1.52|T;, — Tout|1/3 +5.2 (SI:;L) ’ (16)

where Vj, is the wind velocity, L is the length of the
greenhouse, and S, is the vertical section of the greenhouse.
The long-wave thermal radiation from the greenhouse covering
to the sky follows the Stefan - Boltzman’s law:

= KA1 —=1)(Tin — Tay) (17)

7 -7}

Qlong

where K is the heat transfer coefficient of the cover, 4, is the
area of the cover, 7, is the transmittance of the cover, T, is the
internal temperature, and Ty, is the sky temperature.

Tyey = 0.0552(Tpy)*  (18)

dT
p m/dt Qshort + Qheater_Qvent
Qcond conv Qlong (19)
dTm/ Qshort+Qheater Quent— Qcond conv Qlong (20)
pVCp

QshorttQneater —Quent— Qcond conv=CQlon
Tm - f . + T
[24%")

1)

where V is the volume of the greenhouse (m’), p is the air
density (kg/m’) Cp is the specific heat capacity of the air
(J/Kg°C) and T;, is the initial value of the greenhouse
temperature (°C).

IIL

The dynamic knowledge model of the energy balance of the
new energy saving greenhouse described above is shown in
Figure 2. The simulation was performed using a weather
database that was acquired in the Shenyang Liaoning, China
during the period from April, 2016 to April, 2017 with a
sampling time equal to 10 minutes and was divided into 3-day
and 5-day intervals to enable faster simulation. This database
includes the measurements of solar radiation, outside
temperature, relative humidity, vapor pressure deficit, wind
velocity, dew point and Photo synthetically Active Radiation
(PAR). The signal generator in the Simulink was used to
import the external database into it, thus allowing the
calculation of the air temperature inside the greenhouse model.
The input parameters used are summarized in Table I The
subsystems generated in Simulink are shown in Figures 3-6.
These subsystems depict how the different blocks in the
Simulink environment were connected. The level of solar
radiation reaches the maximum of 756W/m” at noon.

THE DEVELOPED MODEL
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Fig. 2.

Dynamic model of the Chinese greenhouse in Simulink.
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TABLE L SIMULATION PARAMETERS Parts of the simulation results of internal and external
Symbol | Numerical value | Units Description temperatu're are shown in Flgure§ 7'9: The pO]l'ltS where a
K 0.028 Wm 2K " | Heat transfer coefficient of the cover decrease in internal temperatures is noticed coincide with the
Ac 1123.1 m’ Area of the greenhouse cover regions of lower external temperatures, confirming the validity
T - Kor°C Temperature of the simulation results.
Emissivity between the cover and the
€ 0.9 - M
sky
4 0.0000000567 - Stefan-Boltzmann constant =
p 1.2 Kg/m® Air density
Cp 1006 JKg'K! Specific heat of the air
[¢] - m’/s Air flow due to ventilation
4 3088.6 m’ Greenhouse volume ’7’
Ay 715 m’ Surface area of the greenhouse floor
T 0.87 - Transmittance of the cover i@
7 ) W2 Total solgr energy falling on 2 Q@ N
horizontal surface ‘
Ap 73.9 m’ Surface area of hot water pipes D: —
Aw 95.033 m’ Surface area of back and front walls _ ~
) W 2K Overall heat transfer coefficient N ¥ "
through the greenhouse walls ®
S 5 m’ Surface area of the greenhouse cover " —
.,.1 |Convective heat transfer coefficient of] Fig. 6. Heat loss due to longwave radiation (Qjong)-
h; Wm K .. 8
the inside greenhouse cover
Iy Wm2K! Convectlye heat transfer coefficient of] ’%‘
the inside greenhouse cover %
Le m Cover thickness 8 30 1
L m Greenhouse length D o e A
R 3 m’/s Number of air changes per hour %20 |
Sc m’ Vertical section of the greenhouse 8
o, 0.1 - Cover absorptivity of solar radiation = : .
210+ —External Temperature, |
(@D é - Internal Temperature
Cover Absorbivity 5 1 1 1
>, Q 0 0.5 1 1.5 2
over transmittance 1] E .
(e St k3 Time (seconds) %10°
Ac
P .- Fig. 7. Simulation results obtained during 28-30 April 2016. Temperatures
. . L were recorded every 10 minutes.
Fig. 3. Sub-system for the heat gained by solar radiation (Qgior)-
. “ i 0 : : ,
3 b4 + - D ‘D 30 —External Temperature
‘ e P S g - Internal Temperature
@ g 25 c--
o | [V U\ T----_
C>—‘—'—l Tt TN ) N Tl
a) --<]
J o
e 2151
Product S
- 5 . . . ‘ .
SonciTemtot o g— 0 0.5 1 1.5 2 25
Fig. 4. Sub-system for Qi 2 Time (seconds) x10°
- Fig. 8. Simulation results obtained during 1-3 May 2016. Temperatures
i f * ] were recorded every 10 minutes.
C oF - y ’g —External Temperature
:‘:,"': :“;:..' J % PY N IO = Internal Temperature
v [} L o | | "ttt/ I c-=--a___
P «H! = o | 0! N TN WA - -
= ] g 20
. o} -;J o . 8
= f i) = o 15
&= ' g 3
=} , -5 S10 ]
- =3 S 8- L 1 L 1
-} . =l g 0 0.5 1 1.5 2
o, . T - 2 Time (seconds) %10°
. I ) Fig. 9. Simulation results obtained during 4-6 May 2016. Temperatures
= were recorded every 10 minutes.
Fig. 5. Sub-system for Qcond.con-
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The variation of the external solar radiation and the external
temperature are displayed with the use of the signal generator
block in the Simulink environment, as shown in Figures 10-12,
which show the hourly variation of solar radiation in the
greenhouse and the temperature profile of its different
components. The greenhouse outside temperature varied from
6.8°C to 32.2°C, Solar radiation contributed significantly to
greenhouse outside temperature fluctuations.

External Temperature and Solar Radiation Profile for 28 - 30 April, 2016

0
800
o 600
£ 400
< 200
0 : n . :
0 0.5 1 1.5 2
Time (seconds) %10°
Fig. 10.  (a) External temperature profile, (b) solar radiation profile for 28—

30 April, 2016.

External Temperature and Solar Radiation Profile for 1 - 3 May, 2016
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Fig. 11.  (a) External temperature profile, (b) solar radiation profile for 1-3
May, 2016.

External Temperature and Solar Radiation Profile for 4 - 6 May, 2016
30

OZOM
10

« 600
£ 400 “M
S 200
= 0
0 0.5 1 1.5 2
Time (seconds) %x10°
Fig. 12.  (a) External temperature profile, (b) solar radiation profile for 4-6
May, 2016.

Figures 10-12 show the hourly variation of solar radiation
in the greenhouse and the temperature profile of the different
greenhouse components. The greenhouse inside temperature
varied from 19 to 25°C, while the outdoor temperature
fluctuated between 6.8 and 32.2°C. Solar radiation contributed
significantly to greenhouse indoor temperature fluctuations,
whereas the average indoor daytime temperature was 22°C.
The nighttime greenhouse temperature was mostly stable
because an electric heater was turned on for heating purposes.
Indoor temperature, wall temperature, and soil temperature

during daytime mostly followed a similar trend of solar
radiation in the greenhouse because the electric heater was
turned off during daytime. Sometimes, mostly at noon, the
internal temperature fluctuated, which could be caused by the
operation of the natural ventilation system in the greenhouse.

IV. CONCLUSION

In this paper, a simplified dynamic model of an agricultural
greenhouse was developed in Simulink environment in order to
predict the dynamic pattern of its internal temperature. The
analysis results showed that the internal temperature varies
with season (summer, winter, spring or autumn), the external
climate parameters (solar radiation, photosynthetically active
radiation, wind speed, outside temperature, outside humidity),
the location of the greenhouse, the structure of the greenhouse,
the number of covers (double or simple) and the cover type.
Therefore, the simulation of the internal temperature can be
used in making decisions about the location, structure, number
of covers, and type of cover materials needed for the
construction of a particular greenhouse.

This study developed a steady state thermal model using
Matlab/Simulink for the simulation of the heating requirements
of the Chinese greenhouse. The model was developed by
considering most of the heat sources and sinks in greenhouses
including evapotranspiration, the heating contribution of
environmental control systems including supplemental lighting,
the CO, generator, and the air-circulation system, which were
mostly not considered in previous studies [17, 19]. On this
study, it was discovered that the Chinese solar greenhouse has
been proved as an energy-efficient horticultural facility for crop
production. So, its use could be an alternative option in order to
reduce the heating cost of greenhouse production. A simulation
model of the internal temperature in a Chinese greenhouse is
essential for feasibility studies regarding cold regions. The
innovative concept of this study is the introduction of the
Simulink block diagram in the modeling of the internal
temperature by varying some external factors such as solar
radiation and external temperature. The robustness of the
Simulink model allows the use of different solvers such as
ode4 (Runge-kutta), the step size and the simulation time can
also be varied, thereby improving computations. In comparison
with previous studies such as [20], only Matlab/Simulink was
used to model the internal temperature using the respective
equations. The results show the necessity of considering other
parameters in the design of greenhouses, especially when the
intensity of solar radiation is minimal. Then an alternate source
of energy such as geothermal energy will be needed.
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