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Abstract

In the present paper, an attempt has been made to develop a computer model based on transient analysis
of the greenhouse. The model predicts room air temperature, storage water temperature and the thermal
energy storage effect of a water mass in a low cost, passive greenhouse. Analytical expressions, based on an
energy balance for each component, have been derived in terms of climatic as well as design parameters.
Numerical computations have been done on typical days for the months from December 1999 to June 2000
at New Delhi. It has been observed that (i) there is a significant thermal energy storage effect of the water
mass on room temperature and (ii) TLL, which is found to decrease with an increase in the mass of storage
water, varies with month of year. An experimental validation of the developed model has also been
demonstrated. The predicted room and water temperature show fair agreement with experimental values.
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1. Introduction

The greenhouse environment is represented by a group of average values of climatic pa-
rameters, such as radiation, temperature, humidity and CO2 concentration, which affect plant
growth. The environment, thus described and controlled, is referred to as the greenhouse
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Nomenclature

A
C
fðtÞ
FTðtÞ

h
H
IðtÞ
K
M
N
t
T
U
V
X

Greek
a
T

area (m2)
specific heat (J/kg °C)
time dependent function as defined in Eq. (10)
fraction of solar intensity falling on tank to total intensity coming inside
convective and radiative heat transfer coefficient (W/m2 °C)
penalty factor due to heat loss
solar intensity (W/m2)
thermal conductivity (W/m °C)
mass (kg)
number of air changes (per day)
time (s)
temperature (°C)
overall heat transfer coefficient (W/m2 °C)
volume of greenhouse (m3)
variable distance inside ground (m)

letters
absorptivity
effective transmittivity

Subscripts

a
c
d
d
g
r
T
Ti
w
x = 0
oo

ambient air
canopy cover of greenhouse
section number on canopy cover (i = 1 ; 2 ; . . . ; 8)
door
greenhouse floor
room
storage tank
section number on tank (i = 1 ; 2 ; . . . ; 6)
water
at ground level
inside the ground

microclimate [1]. Several researchers have conducted studies on the microclimate of a greenhouse
[2-4]. Efforts have been made to predict the greenhouse thermal environment under both steady
and transient conditions [5-8]. In a passive greenhouse, an optimal microclimate can be achieved
by using high specific heat energy storage materials, which absorb excess solar energy in the
daytime and deliver it at night [9]. One such material is water. Studies to predict the effect of
water as an energy storage material on the enclosed air temperature have been conducted by
various authors [10-12], and a significant rise in the enclosed air temperature of 5-7 °C was
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reported. Efforts have also been made to predict the effect of other storage materials, such as
rock bed [13], buried pipes [14], phase change materials [15] and north wall [16]. In the present
study, the greenhouse thermal environment has been predicted and validated experimentally
for eight months. The energy storage effect of water mass on thermal load leveling is also ob-
served.

In this paper, analytical expressions for the water and room air temperature have been derived
in terms of the design and climatic parameters of an experimental greenhouse. A computer model,
based on transient analysis, has been developed incorporating the effect of water as an energy
storage material. An experimental validation of the developed model is performed on various
typical days of months. On the basis of the numerical computations, it is inferred that there is fair
agreement between the predicted and observed values of water temperature (Tw) and room air
temperature (Tr). Thermal load leveling (TLL) is significantly reduced with an increase in water
mass as the energy storage material.

2. Working principle

A schematic diagram of the experimental setup and various physical phenomena taking place
inside the greenhouse during sunshine and off sunshine hours are described in Fig. 1. During
sunshine hours, the total solar radiation received by the canopy cover is partly reflected, partly
absorbed and partly transmitted inside the greenhouse. A fraction of the inside radiation of the
greenhouse is absorbed by the blackened surface of the storage water tank. This is utilized in
raising the temperature of the water (Fig. 1(a)). The floor of the greenhouse receives radiation
through the canopy and by reflection from the tank. The floor, in the form of thermal energy,
absorbs a fraction of this. This absorbed thermal energy is conducted and convected into the
ground and room air, respectively. During off sunshine hours, when the room air temperature
drops, a process of convective and radiative heat exchange takes place among the storage tank,
floor and room air. This heat exchange is in the form of long wave radiation, which is trapped
inside the transparent canopy cover and, consequently, heats the room air and prevents the
sudden fall in temperature (Fig. 1(b)). A radiative heat exchange always occurs between the
greenhouse components.

3. Experimental setup and methodology

A modified IARI model greenhouse (quonset type), having the length 5.03 m, width 4.13 m and
central height 2.42 m, has been considered for experimental purposes (Fig. 2(a)). A metallic water
tank of diameter 0.55 m and height 0.90 m (Fig. 2(b)), painted black, was placed at the center of
the greenhouse. The storage tank was filled with water. Two calibrated copper tungsten ther-
mocouples were fixed at the center of the tank on its southern and northern faces. The schematic
view of the greenhouse and experimental setup is shown in Fig. 3(a) and (b). The average tem-
perature indicated by these thermocouples gives an average temperature of the water in the tank.
The inside room air temperature was measured with a calibrated mercury bulb thermometer
hanging from the roof at its center. Hourly data for water temperature, room air temperature and
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Fig. 1. A cross-sectional view of experimental greenhouse (a) during sunshine hours, (b) during off sunshine hours.

ambient temperature were observed. Experiments were conducted during December 1999 to July
2000. Hourly data were recorded once a week for each month. Computations were performed for
a typical day of each month.

Similarly, solar intensity data were recorded outside (total and diffuse) and inside (total) the
greenhouse on a horizontal surface. The solar intensity was measured with a calibrated solarimeter.
The total solar radiation incident on the surface of the storage tank was also measured hourly.
Various design and operating parameters of the experimental greenhouse are given in Table 1.

4. Thermal analysis

In order to write energy balance equations for the different components of the greenhouse, as
shown in Fig. 1, the following assumptions have been made:
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(a)

0.55M

(b)

Fig. 2. A schematic diagram and distribution of sections on (a) experimental greenhouse (modified IARI model),
(b) storage water tank.

1. Absorptivity and heat capacity of the enclosed air is neglected ðÞMaCadTr=dt « 0.
2. Heat flow is one dimensional in a quasi-steady state condition.
3. Thermal energy storage capacity of the roof, wall and tank material is neglected.
4. Radiative heat exchange between the greenhouse roof and wall is neglected due to its small

value.
5. Controlled environment greenhouse is east-west oriented.

The energy balance equations of the components of the greenhouse system can be written as
follows:
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Fig. 3. Schematic view of (a) the experimental greenhouse, (b) the experimental setup.

(a) Storage water tank:

8 drw

i=\
wðTw - TrÞAT

FTðtÞ is the solar fraction for the storage tank described in detail in Section 5.

(b) Floor:

(1)

ag[l - ðtÞAci = Ug(Tg\x=0 - TaÞAg þ he(Te\x=0 - TrÞA (2)
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Table 1

Design and operating parameters of the experimental greenhouse

Symbols Values

Ag 20.97
Ac 50.00
Ad 1.26
Cw 4190
hg 5.7
h0 3.99
K 5.7
ag 0.3
V 36.0
N 0.0
Ug 1.0
Uc 3.56
^ 0.85
H T 0.55
ðUAÞc 200.83
ðUAÞT 10.94
Ac7,Ac8 7.14
Ac1,Ac6 4.03
Ac2, Ac5 4.62
Ac3, Ac4 9.05
A T 2.03
Mw 206.0
aT 0.8
^x(i-4) 0.39
AT5, AT6 0.22

(c) Enclosed air [9]:

hwðTw - TrÞAT þ /!g(rg |x=0 - TrÞAg = UcðTr - TaÞAc þ UdðTr - TaÞAd þ 0:33NVðTr - TaÞ ð3Þ

With the help of Eq. (2), by eliminating the term rg|x=0 in Eq. (3), an expression for room air
temperature (Tr) can be written as follows:

þðUAÞcTa þ hwATTw

By substituting the expression for Tr from Eq. (4) into Eq. (1) and simplifying, it takes the from of
a first order differential equation as follows:

dt
where
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HgHT*g[{\ - F T (0]T£4-( ;MCZ + aT T£/ c . (^ c .FT(O + {UA)TT,

f(t) i 1 i — 1 ð7Þ
M C

Assuming an average solar intensity IðtÞ, an average ambient temperature ðTaÞ and constant
a0 for a 0-t time interval of 3600 s with Tw ðat t = 0Þ = Tw0, Eq. (5) can be solved for Tw as fol-
lows:

^ i - e - a ' 0 + rwOe-^ (8)

After knowing the numerical value of the water temperature (Tw) and ambient air temperature
(Ta), one can evaluate the room air temperature (Tr) from Eq. (4). Now, the fluctuations of room
air temperature (Tr) play an important role for survival of the plants. Hence, there is a need to
define the TLL for the greenhouse [17] as,

Thermal load leveling (TLL) ð T r m a x ~ Timm\ (9)
^ T r max þ T r min Þ

TLL is an important index for optimizing heating and cooling in a greenhouse [17].

5. Determination of solar fraction FTðtÞ for storage tank

In order to determine the solar fraction FTðtÞ for the storage tank used in Eq. (1), the total
hourly solar radiation falling on the storage tank and the total hourly radiation available inside
the greenhouse were computed as follows.

5.1. Determination of hourly solar radiation available inside the greenhouse

The hourly variation of solar intensity observed inside (total) and outside (diffuse and total) the
greenhouse on a horizontal surface is displayed in Fig. 4. The ratio of the inside to outside solar
radiation gives the effective transmittivity (S) of the canopy cover. In order to obtain a value of the
solar radiation falling on a quonset shape canopy cover, the cover was divided into eight sections,
assuming the same area as that of the canopy cover. The area and angle of inclination of each
section were calculated with the help of the schematic diagram of the experimental greenhouse
shown in Fig. 2(a). The values of the solar intensity (diffuse and total) recorded on a horizontal
surface outside the greenhouse were converted for each tilted section of the canopy cover with the
help of the Liu-Jordan formula [18]. These values were multiplied by their respective areas and the
effective transmittivity of the canopy cover to obtain the solar radiation transmitted inside
through each section, and by adding them the total value of solar radiation transmitted inside
through the canopy cover was computed. Fig. 5 shows the hourly variations in solar radiation
transmitted through the individual sections of the canopy cover and its total. It is shown in the
figure that the south sections transmit radiation throughout the day, and the maximum radiation
is transmitted through the third section followed by the second and fourth. The east surface
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-solar radiation (inside)

-diffuse(outside)
-solar radiation (outside)
- Ta

0 6 12 18

Time of the day (hours)

Fig. 4. Variation of solar intensity outside (total and diffuse) and inside (total) on a horizontal surface and ambient air
temperature (Ta) with time of day.

0 6 12 18
Time of the day (hours)

Fig. 5. Hourly distribution of solar radiation transmitted inside by canopy cover sections and its total.

transmits maximum radiation in the morning, while the west surface transmits maximum radi-
ation in the afternoon. The north sections receive small, mainly diffuse, radiation throughout the
day. This is the predicted trend.

5.2. Determination of hourly solar radiation falling on storage water tank

The solar radiation falling on the outer surface of the tank was observed hourly. For this
purpose, the tank's exposed area was divided into six sections, four on the periphery and one on
each of the top and bottom. The area of each section was calculated with the help of the schematic
diagram shown in Fig. 2(b). The hourly solar radiation observed on each section was multiplied
by its respective area to get the solar radiation falling on each fragment. The total solar radiation
falling on the tank is the sum of the solar radiations on all six sections of the tank. Fig. 6 shows
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Fig. 6. Hourly distribution of solar radiations falling on the sections of storage tank and its total.

the hourly variation in the solar radiation received by each section of the tank and its total. It can
be concluded from the figure that the radiation received by the top is maximum throughout the
day. The east section gets maximum radiation in the morning, while the west section gets max-
imum radiation in the afternoon. The south surface receives radiation throughout the day, having
a maximum at the mid day hours.

Now, the solar fraction for the storage tank FTðtÞ is defined as the fraction of the total solar
radiation falling on the storage tank (Fig. 6) to the total hourly radiation available inside the
greenhouse (Fig. 5).

0.1 December
January
February
March

12 18
Time of the day (hours)

(a)

6 12 18

Time of the day (hours)

(b)

Fig. 7. Variation of solar fraction FTðtÞ of storage tank on typical days of months of experimentation.
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Fig. 8. Flow diagram of the computer program.

ð10Þ

The hourly variation of the solar fraction FTðtÞ on the storage tank on typical days of the
months of experimentation is shown in Fig. 7. It is evident from the figure that the value of the
solar fraction is higher during the morning and evening hours, whereas it is lower and rather
steady during the midday hours.



2636 A. Gupta, G.N. Tiwari / Energy Conversion and Management 43 (2002) 2625-2640

40

30
O

3 20

I
|2 10

45

35

P
25

15

6 12 18

Time of the day (hours)

( a ) Date 8-12-99

6 12 18
Time of the day (hours)

( c ) Date 18-2-2000

24

24

25

O 20
O

j 1 5

10

50

40

O

10

6 12 18

Time of the day (hours)

(b)Date 10-1-2000

24

6 12 18

Time of the day (hours)

( d ) Date 15-3-2000

24

Fig. 9. (a)-(h) Hourly variation of water (Tw), room (Tr) (predicted and observed) and ambient (Ta) temperatures in the
experimental greenhouse.

6. Results and discussion

Eqs. (4)-(9) have been used to evaluate the water temperature, room air temperature and TLL
for given climate (Fig. 4), design parameters (Table 1) and FTðtÞ (Eq. (10)).
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Computations have been performed for typical days of various months during which the ex-
periments were conducted. For the computations, a computer program (software) has been de-
veloped in FORTRAN-77, the flow diagram of which is displayed in Fig. 8.
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The results obtained for each month for water temperature and room air temperature and the
corresponding experimental values have been shown in Fig. 9(a)-(h). From these figures, it is clear
that there is fair agreement between the predicted and experimental values for the water tem-
perature and room air temperature. However, there is a slight variation in the water temperature
for the month of January. It may be due to the fact that the water in the tank was filled just before
conducting the experiments, which causes stratification in the water temperature. Hence, there is a
slight variation between the predicted and experimental results of the water temperature. The
ambient air temperatures have also been shown in each figure for the sake of comparison with
respect to room air and water temperatures.

The TLL for various typical days of the months of experimentation have been shown in Fig. 10.
It is clear from this figure that the TLL is larger for the winter (December to March) and
vice-versa for the summer (April to July), as per expectations. It is important to note that the
value of ðTrmax — TrminÞ is similar for both cases, while the value of ðTrmax þ TrminÞ is lower in
winter than in summer. Hence, in general, the TLL is found higher in winter and lower in summer.
For best crop growth conditions, the TLL should be maximum for summer and minimum for
winter [19]. This may be achieved either by incorporating various cooling concepts, namely
evaporative cooling arrangements, or by increasing the heat capacity of the water mass and re-
ducing the heat losses, respectively.

The effect of water mass for the month of December (winter) and June (summer) on TLL has
been shown in Fig. 11 (a) and (b). Further, it is noted that the TLL decreases with an increase of
water mass in both conditions. This is in accordance with the requirements to avoid damage of the
crop during extremes of cold and hot climatic conditions. The value of TLL was predicted up to
an unrealistic figure of twelve thousands kilograms of water mass for studying its trend at higher
heat capacities.

T L L

8\D 10\J 24\F 15\M 26\A 15\M 17\J 10\J

Typical days of month

Fig. 10. Variation of TLL on typical days of months of experimentation.
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Fig. 11. Effect of mass of water on TLL of the greenhouse (a) on a typical winter day 8-12-1999, (b) on a typical
summer day 17-6-2000.

7. Conclusion

Based on the above observations, the following conclusions are drawn:

1. There is fair agreement between the predicted and experimental results of water temperature
and room air temperature in the greenhouse.

2. TLL is found to change on typical days of the months of experimentation. It is larger in winter
than in summer.

3. TLL is found to be reduced with increase in water mass.

On the basis of the study, it may be concluded that the model described is very simple and
comprehensive, yet very useful, to calculate various greenhouse parameters at any location, time,
size and orientation of the greenhouse.

Appendix A

Assumption for Eq. (1),

—Kg— x=oAg = c7g(Jg|x=o — and

Expressions for the different coefficients used in Eqs. (4), (5) and (7)

ðUAÞc = UcAc þ UdAd þ 0.33NV]

(A.1)

(A.2)

(A.3)
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