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Abstract

A mathematical model was developed and used to study the effect of various energy conservation meas-
ures to arrive at a set of design features for an energy efficient greenhouse. The Simulation results indicated
that under cold climatic conditions of northern India, a gothic arch shaped greenhouse required 2.6% and
4.2% less heating as compared to gable and quonset shapes. An east–west oriented gothic arch greenhouse
required 2% less heating as compared to a north–south oriented one. North wall insulation of an east west
oriented gothic arch greenhouse saved 30% in heating costs. The use of night curtains reduced the night
time heating requirement by 70.8% and daily requirement by 60.6%. By replacing the single cover on the
southern side with air inflated double wall glazing, the heating requirement was reduced by 23%. The
combination of the design features for an energy efficient greenhouse suitable for cold climatic conditions
was found to reduce the greenhouse heating needs by 80%. An internal rock bed thermal storage/retrieval
system met the remaining heating energy requirements of the energy-conserving greenhouse. 2002
Elsevier Science Ltd. All rights reserved.

1. Introduction

Greenhouse technology has been used for about two centuries in various parts of the world,
but it has been popularized in Indian agriculture only recently. During the past decade, there has
been a considerable increase in the greenhouse area in India due to an increased emphasis on
horticulture and consequent increase of financial support. Besides, greenhouse technology has a
special scope in areas where farming is not possible due to harsh agro-climatic conditions. Green-
houses permit the extension of the crop-growing season in the cold climatic conditions of north-
ern India.
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Nomenclature

A Area, m2;
Cp Specific heat at constant pressure, J/kgK;
Dk Coefficient of condensation, kg/m2 s;
HW Enthalpy of water vapor at 0°C, J/kg;
h Convection heat transfer coefficient, W/m2K;
k Thermal conductivity of a material, W/m2K;
L Length, m;
M Rate of moisture transfer, kg/s;
Mbal Moisture balance of a greenhouse, kg/hr;
P Total atmospheric pressure, kPa;
PC Volumetric heat capacity of material, MJ/m3K;
Pw Partial water vapor pressure, kPa;
q Heat flux, W/m2;
Rp Plant resistance to water vapor diffusion per unit leaf area, sm�1/m2;
T Temperature, K;
TH Thickness m;
TI Temperature of greenhouse air, K;
TO Temperature of outside air, K;
TP Plant canopy temperature, K;
t Time, s;
V Volume, m3;
VR Ventilation rate, m3/s;
V Air velocity in rockbed, m/s;
W Humidity ratio, kg/kg of dry air;
WI Humidity ratio of the greenhouse air, kg/kg of dry air;
WO Humidity ratio of the outside air, kg/kg dry air;
WP Humidity ratio of saturated air at plant temperature kg/kg of dry air

Greek

ε Emissivity for thermal radiation;
ρ Mass density, kg/m3;
τ Transmissivity for thermal radiation

Subscript

a Air;
amb Ambient;
b Rockbed;
c Night curtain;
co Condensation;
f Greenhouse floor;
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h Heater;
h Convection;
in Inside;
ins Insulation;
ou Outside;
p Plants;
rok Rockbed;
s Structural cover surface;
T Transpiration.

Greenhouses suitable for cold climatic regions must be energy efficient and enable the use of
renewable resources to meet the environmental control requirements. The availability of fossil
fuels in these regions is severely constrained. An effort has been made to study the effect of
various greenhouse design parameters on the conservation of energy for environmental control
using a mathematical model of a greenhouse thermal environment [1].

Various options to reduce heat losses from greenhouses in order to make them energy efficient
have been studied all over the world.

1.1. Orientation

Brun and Ville-o-de [2] conducted studies on the effect of orientation on greenhouse environ-
ment under Mediterranean conditions. They found that the north–south orientation contributed to
the homogeneity of microclimatic conditions in the greenhouse and that east–west orientation, on
the other hand, was not favourable for early growth. Yield and income were greater from plants
grown in north–south oriented greenhouses. This orientation also allowed better utilization of the
soil and helped to support the greenhouse against the prevailing northwest winds. Chandra [3]
observed that an east–west oriented free standing gothic arch shaped greenhouse required about
20% less heating as compared to a greenhouse of the same size oriented north–south at the
latitudes of 49.25° N. Harnett et al. [4] compared various greenhouse types and orientations and
concluded that there was a consistent advantage in terms of light transmission and crop yield
from orienting a multi span structure east west as compared to north south. Chandra et al., [5]
stated that, for a greenhouse with length to width ratio of more than one, the orientation of the
greenhouse could affect the amount of solar energy available in this enclosed space. Facchini et
al. [6] conducted experiments on solar greenhouses with low energy consumption and concluded
that in north Italy greenhouses should have the longest side facing south. Thus, it can be inferred
that for a greenhouse with length to width ratio greater than one, east–west orientation can reduce
energy consumption. Kurata et al. [7] studied the effect of greenhouse orientation, number of
spans, time of year and latitude on the direct solar radiation transmissivity into greenhouses, using
a mathematical model, and found that at low latitudes, the effects of the above factors are less
significant than at high latitudes. However, spatial irregularities of irradiance with east–west ori-
ented greenhouses could be a problem at all latitudes.

The above studies establish the advantage of a specific orientation as suited to the purpose and
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location of the study conducted. Hence, this supports the need for the study of the effect of
orientation on the energy efficiency of a greenhouse as suited to the specific location that we are
concerned with, i.e., the north Indian cold climatic region.

1.2. Greenhouse shape

Facchini et al. [6] conducted experiments on solar (heated) greenhouses with low energy con-
sumption and concluded that greenhouse shape was an important factor in maximizing the use
of solar energy. Zamir et al. [8] concluded that a greenhouse that followed the shape of the
surrounding area, such as a sloping greenhouse, could save upto 15% of heat requirements as
compared to regular multispan structures under the same climatic condition. Kurata et al. [9]
showed that optimum tunnels had non-symmetric cross-sections with steep south surfaces and
direct light transmissivity in cold seasons could be improved by approximately 10% over semi-
circular cross-sections. Malquori et al. [10] found that an asymmetrical roof with a shallow pitch
performed better than a standard roof. Again, the need for a model to compare the various options
available on one platform is reiterated by the variety of results of the above researchers.

1.3. North wall insulation

Chandra [3] observed that the transparent north side in an east–west oriented greenhouse con-
tributed very little to greenhouse solar gain during winters (almost 3% in December). Hartz et
al. [11] found that a prototype greenhouse (5.5×9.0 m) with a reflective wall (Plywood painted
with a highly reflective white coating capable of reflecting 93% of incident radiation) with a
conventional greenhouse, required 14% less energy for heating between October and March.
Tiwari and Dhiman [12] developed a mathematical model for a greenhouse thermal environment
and found that the system performance was improved when the north wall was opaque. Nilsson
[13] showed that for asymmetric greenhouses, a non-transparent, high reflecting north wall was
more profitable than a transparent wall, whereas there was no difference for symmetric green-
houses.

1.4. Double wall glazing

Landgren [14] observed a heat saving of 35–40% for a double cladded greenhouse, Mielsch
[15] summarized that 38% energy saving could be achieved with double-glazing, whereas Gon-
zales and Hanan [16] found that, under standard conditions at night, a double rather than single
cover reduced gas consumption by 40% and Christensen [17] concluded that energy consumption
per plant in houses with double-glazing was 25% lower than in a single glazed greenhouse with
thermal screens.

1.5. Thermal screens

Night curtains or thermal screens are drawn below or over the greenhouse cover during night
time to reduce the thermal radiation loss to the night sky. Various researchers viz., Chandra and
Albright [18] have analytically determined the effect of night curtains on the heating requirement



781M.J. Gupta, P. Chandra / Energy 27 (2002) 777–794

of a greenhouse and predicted that around 70% saving could be achieved by use of night curtains.
Coulon and Wacquant [19] observed that in a greenhouse with a permeable thermal screen (isotex
60) and with an aluminized thermal screen total consumption of fuel oil was 16.72 litres/m2 and
12.64 litres/m2, respectively, as compared with 22.14 litres/m2 for the control greenhouse with
no thermal screen, Fuller et al. [20] reported a saving of 30% in energy in a greenhouse fitted
with a commercially available molded polyester screen into which aluminum had been crushed.
Meyer [21] compared the energy savings of 12 screen materials in a single glazed greenhouse
with reference to an unscreened house. The greatest savings of (more than 50% at night) were
obtained using a double layer of the non-woven polyester material, floratex 80, aluminum-backed
air cap (bubble film) and a double layer of black polyester film. Jolliet et al. [22] have reported
35 and 47% reduction in the night time thermal transmittance through the roof by the use of
thermal screens of ethylene, chrome coated, and 52% reductions if used simultaneously. Arinze
et al. [23] found that with thermal screen heating requirements could be reduced by as much as
60 to 80%. Newell [24] found that new plastics and fabrics resulted in energy savings in the
range of 20 to 40% whereas new materials for thermal screens (from Ludwig Svensson
International) gave energy reduction from 45 to 75%. Short et al. [25] have reported, based on
experimental results that the night time heat loss from a double acrylic greenhouse could be
reduced by 60–70% with a polystyrene pellet shading system. Abak et al. [26] reported that the
minimum night temperatures inside (1) a double skinned greenhouse, (2) a double skinned green-
house with an aluminized polyester (LS-17) screening and (3) a single skinned greenhouse with
PE screening were 2.5, 3.4 and 3.4 °C higher, respectively, than that in an unscreened single
skinned control greenhouse. Pirard et al. [27] have reported that just drawing any screen during
the night resulted in energy saving of at least 20%.

1.6. Mathematical models

Earlier efforts for model development of greenhouse thermal environment were mainly to deter-
mine heater and fan sizes [28–30]. They were generally simple steady state heat balances, often
neglecting components of the thermal environment that supposedly contributed little error.
Another category of models concentrated on studying effect of variations like structure, location,
orientation, heating and cooling alternatives etc. [3,31–32]. These were also steady state models.
Steady state models, although adequate for the above applications, are not accurate in their predic-
tions, as they do not account for heat storage. Hence came the need for time-dependent predictions
and, consequently, time dependent or periodic models, which are useful for environmental control
of greenhouses and simulation of plant growth [33–42]. The experiences of these researchers
positively support the need for energy conservation practices in the greenhouses for the cold
climatic conditions of India. However, the set of options, best suited for the location, would have
to be studied with the help of a simulation model initially to reduce the expenses on costly
and time consuming experimental study. The proposed design features for the greenhouse will
subsequently need field-testing.
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2. Methodology

2.1. The mathematical model

As evident from review, a number of possibilities has been found to exist in order to make a
greenhouse energy efficient. However, it is not possible at present to assert if a certain combination
of options would be better than other combinations in a given set of situations. Hence, there is
a need for a mathematical model to synthesize the available information on greenhouse thermal
behavior, energy conservation practices and renewable energy resources. The model could be
used to arrive at an optimum solution for a given set of operating conditions. With the objective
of studying a general case of greenhouse thermal environment, a time dependent analysis of the
greenhouse thermal environment developed by Chandra et al. [39] was modified by Gupta [1]
and used to study the effects of various shapes, orientation, and energy conservation measures
on the energy balance of a simulated greenhouse.

The essential elements of the model are as follows:

2.1.1. Heat balance of the greenhouse air
The air exchanges heat with the solid structures, plants, and floor surfaces by convection. In

addition, infiltration–exfiltration and ventilation influence the energy budget of the greenhouse
air. At any instant of time, the heat balance of the greenhouse air is:

Qbal(t) � �
s

Ashs(TI(t)�Ts(t)) � 2Aphp(TI(t)�Tp(t)) � Afhf(TI(t)�Tf(t)) (1)

� raCpaVR(t)(TI(t)�TO(t))

Symbols are defined in the list of symbols given at the end. The terms on the RHS indicate
heat exchange with the structural cover, convective heat exchange with crop canopy, the third
term indicates convective heat exchange with the greenhouse floor and the contribution from
infiltration–exfiltration and ventilation, respectively. The quantity expressed by Qbal is the heating
or cooling requirement for the greenhouse in order to maintain its air temperature at the
desired level.

When using a night curtain, the above equation has an extra term for convective heat exchange
with the night curtain Ac2hc2(TI(t)�Tc2(t)) on the RHS.

When the above greenhouse has a rockbed attached to it, the heat balance equation is further
modified by incorporating qrok(t). The modified equation is as follows:

Qbal(t) � �
s

Ashs(TI(t)�Ts(t)) � 2Aphp(TI(t)�Tp(t)) � Afhf(TI(t)�Tf(t))

� Ac1
hc1

(TI(t)�Tc1
(t)) � 2Ac2

hc2
(TI(t)�Tc2

(t)) � raCpaVR(t)(TI(t)�TO(t))�qh(t) (2)

� qrok(t)

Eq. (2) is structured to determine the heat balance of the greenhouse air at a time t when the
terms on the RHS of the equation are known at that time.
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Temperatures of the structural cover, plants, and floor surface are unknowns in the above equ-
ation. Besides the thermal properties of the materials that constitute these surfaces, their tempera-
tures, at any instant of time, are also influenced by the environmental factors at their surfaces.

2.1.2. Moisture balance of the greenhouse air
The amount of moisture to be added or to be removed from the greenhouse air to maintain its

desired relative humidity was calculated as follows:

Mbal(t) � raVR(t)(WO(t)�WI(t)) � MT(t)s��
s

Mco(t)s��
�

M�(t)� (3)

A positive value of Mbal indicates that the excess moisture exists in the air and moisture must
be removed to maintain the proper humidity condition. The second and third terms represent the
moisture fluxes, due to transpiration from the plant canopy, and condensation on the structural
cover surface respectively.

2.1.3. Solution of the heat and moisture balances
To calculate the heat and moisture balances of the greenhouse air at any time, the temperatures

of various surfaces in contact with the air must be determined at that time by satisfying the initial
and boundary conditions and the energy conservation requirements for each component.

2.1.3.1. Initial conditions The temperature field in a time-dependent heat transfer problem at
any time depends, among other things, on the temperature field at a previous time, t-�t. Regions
of small thermal capacity respond quickly to time dependent conditions and those initial conditions
are quickly forgotten. For regions of high thermal capacity, the effect of boundary conditions
may be very slow, letting the residual effects of the initial conditions persist for a longer period.

2.1.3.2. Boundary conditions The effects of all environmental thermal forces can be con-
veniently separated into three categories:

1. Specified temperature condition
2. Normal flux condition
3. Convection condition

2.1.3.2.1. Specified temperature condition In greenhouse, there are usually no specified
boundary temperatures except at sufficient depth in the ground beneath the greenhouse. At a depth
in the ground where yearly environmental fluctuations do not penetrate and where thermal influ-
ence due to the greenhouse presence is not present, an isothermal boundary can be assumed.

2.1.3.2.2. Normal flux condition Transpiration from the plant canopy, condensation on green-
house cover surfaces and thermal radiation fluxes may be included in normal flux boundary con-
ditions. Absorbed solar radiation fluxes for opaque surfaces are also part of normal flux boundary
condition. Solar radiation absorbed by translucent materials is distributed through their thickness;
hence, it is more appropriate to consider it as internal heat generation by the material.
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2.1.3.2.2.1. Solar and thermal radiation exchange Solar radiation absorbed by a material at
any time was computed using a procedure developed by Froehlich et al. [36]. This procedure
computed the absorbed solar radiation fluxes for various structural covers, plant and floor surfaces
in the greenhouse using the total solar radiation fluxes incident on a horizontal surface on the
earth. The total absorbed hourly solar radiation, thus determined, were converted per unit surface
area, and represented by the exponential form of Fourier series. This permitted their estimation
at any time.

Thermal radiation exchange for the enclosure was analysed as discussed by sparrow and Cess
[43], assuming that each surface participating in the exchange is grey and isothermal.

2.1.3.2.2.2. Transpiration The diffusion of water vapor from a plant canopy to the surround-
ing air-water vapor mixture was modeled according to Nobel [44] as

MT � 2Aprp(WP�WI)/RP (4)

Assuming equal rate of transpiration from upper & lower sides of leaf, AP is multiplied by 2.
Heat flux due to transpiration was calculated as

qT � MT(HW � Cpw(TI � TP) /2) /2Ap (5)

2.1.3.2.2.3. Condensation The rate of condensation [45] is

Mco � AcoDK(Wa�Wco) (6)

The mass transfer coefficient Dk�h/C�pa where

C�pa � (1 � Wa)Cpa (7)

Heat flux due to condensation was calculated as follows:-

qco � Mco(HW � Cpw(TI � Tco) /2) /Aco (8)

2.1.3.2.2.4. Convection condition This boundary condition is represented as:

qh � hs(Ts�Tamb) (9)

2.1.4. Heat from rockbed
qrok � raCpaVAb(Tab,in�Tab,ou) (10)

The heat and moisture balances in Equations (1), (2) and (3) require the determination of the
temperatures of the different solid surfaces, e.g. the floor, leaf, plastic film etc. These temperatures
were evaluated using one-dimensional finite element analysis, along with the initial and boundary
conditions indicated above. A one-dimensional simplex element was used to model heat conduc-
tion in various solid objects in the greenhouse. The greenhouse floor was modeled as a series of
inter-connected one-dimensional elements of varying thickness. The discretization of the region
of interest is given in Fig. 1. Minimization of the functional for the heat transfer problem and a
finite difference scheme to solve the time dependent matrix equations obtained through the process
of minimization, were used to determine the temperature. The details of the finite element formu-
lation are given by Chandra, et al. [39].
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Fig. 1. Schematic diagram of greenhouse showing element number, i, and nodes, (i, j), used for the finite element
analysis.

2.2. The model greenhouse

A 12 m×200 m greenhouse situated at 28° 35� N latitude and 77° 12� E longitude was assumed
for the simulation. Commercial greenhouses, generally, have floor area of 1000 m2 to 50,000 m2.
The relative humidity of the greenhouse was assumed to be 80% and night and day temperatures
were 15 and 20 °C, respectively. The environmental conditions in a greenhouse are crop specific.
However, the selected values of temperature and relative humidity represent the conditions
required for many temperate crops. The simulations were conducted for an average sunny day in
December. The input parameters for the model included hourly data of 1) ambient air relative
humidity, 2) ambient air temperature, and 3) solar radiation incident on a horizontal surface out-
side the greenhouse. The behavior of the above greenhouse under the following conditions was
predicted:

1. Shapes: gable, quonset and gothic arch
2. Orientation: east–west and north–south
3. North side insulation
4. Use of thermal curtain during nights
5. Double glazing of transparent southern side
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3. Results and discussion

3.1. Effect of greenhouse shape

Three shapes of greenhouse viz., Quonset, Gable and Gothic Arch were considered for the
simulation: These shapes (Fig. 2) were chosen because they are common in commercial use. The
simulation could be easily extended to any other shape. Energy balances for the three shapes are
presented in Fig. 3. The gothic arch greenhouse required 2.6 and 4.2% less heating as compared
to gable and quonset shapes, respectively. The heating requirements per square metre floor
(MJ/m2) for the three shapes are 8.15 for gothic arch, 8.37 for gable, and 8.51 for quonset.

In view of this result, the effects of orientation and other energy conservation measures viz.,
double wall glazing, north-wall insulation, and movable night curtains on the energy balance,
were studied for the gothic arch greenhouse only.

Fig. 2. Different shapes of greenhouses used for analysis.



787M.J. Gupta, P. Chandra / Energy 27 (2002) 777–794

Fig. 3. Hourly energy balance for different shapes of greenhouses.

3.2. Effect of greenhouse orientation

Orientation of a greenhouse affects its thermal energy balance by altering the structure’ s ability
to admit solar energy. The results are presented in daily energy profiles in Fig. 4. It is evident
from the figure that an east–west oriented greenhouse requires less heating i.e. around 2% in
this case.

It was observed by Chandra [3] that an east–west oriented gothic arch greenhouse required
around 20% less heating as compared to a greenhouse of the same size oriented north–south at
high latitudes of 49.25° N. main reason for this difference appears to be the latitude of the location

Fig. 4. Hourly energy balances for different orientations.
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i.e. 28°35�N for which the study has been conducted. When the present analysis was used for a
hypothetical location at 50° N latitudes, the difference in the energy requirement of an east–west
oriented and north–south oriented greenhouse was noted to be 28%. The analysis has, therefore,
permitted to the assertion that, under north Indian conditions, an east–west oriented greenhouse
may require only about 2% less heating in comparison to a north–south oriented greenhouse.

3.3. Effect of north-wall insulation

In the Northern Hemisphere, the sun stays on the south side of the greenhouse, due to which
the transparent north side contributes little to the total solar heat gain of a greenhouse. However,
depending upon the fraction of the total surface area constituted by the surface, heat lost from it
may amount to almost half the total heat lost from the greenhouse. It is, therefore, suggested that
a greenhouse for colder regions should have an opaque and insulated north side, to reduce the
heating requirement.

Fig. 5 shows energy profiles of hourly heat balances for both transparent and north side insu-
lated greenhouses oriented east–west and north–south. The thermal and radiation properties of
the materials used are presented in Table 1. The results indicate that the north wall insulation in
a north–south oriented greenhouse results in a little reduction in the heating requirements (approx.
5%) whereas, the reduction is about 30% in an east–west oriented greenhouse. This difference in
the reduction for east–west and north–south oriented greenhouses is a direct consequence of the
area available for insulating. While north wall area in a north–south oriented greenhouse was
only 39.18 sq. m., the area available in an east–west oriented greenhouse was 1584.0 sq. m.

3.4. Effect of movable night curtain

Use of thermal screens at night considerably reduces the heat losses in greenhouses [31,46]
Since radiation losses depend on the radiation properties of those materials in the thermal infrared

Fig. 5. Hourly energy balance for a gothic arch greenhouse with and without night curtain.
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Table 1
Parameters used for simulation

Quantity Value Unit

Cpa 1004.0 J/kgK
Dk 0.008 Kg/m2s
hc 1.0(outside) W/m2K

10.0(inside) W/m2K
hf 17.0 W/m2K
hins 35.0(outside) W/m2K

8.08(inside) W/m2K
hp 13.0 W/m2K
hs 35.0(outside) W/m2K

8.08(inside) W/m2K
HW 2.502×106 J/kg
Kc 0.05 W/mK
Kf 0.42 W/mK
Kins 0.05 W/mK
Kp 1.00 W/mK
Ks 0.865(single wall) W/mK

0.44(double wall) W/mK
PCc 1.65×105 J/m3K
PCf 2.27×106 J/m3K
PCins 1.3×105 J/m3K
PCp 2.00×106 J/m3K
PCs 1.73×106 J/m3K

J/m3K
THc 0.05 m
THins 0.05 m
THp 0.001 m
THs 0.0002(single wall) m

0.1(double wall) m
εc 0.1
εf 0.9
εins 0.8
εp 0.8
εs 0.25
εc 0.0
τf 0.0
τins 0.0
τp 0.0
τs 0.5 (Single wall)

0.25 (Double wall)
V 7836.0 m3

VR 2.18 m3/s
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Fig. 6. Hourly energy balance for a gothic arch greenhouse with and without double wall.

wavelength range, ideally zero transmittance and absorptance are desired. In the present analysis
it was assumed that during night time, 7.00 p.m.–8.00 a.m., a thermal screen of high thermal
reflectivity was used below the greenhouse cover on the transparent south side of the greenhouse.
The thermal screen/night curtain reduced the night time heating requirement significantly, as evi-
dent from the results in Fig. 6Fig. 7. The radiation and thermal properties of the night curtain
are presented in Table 1.

The night time heating requirements have been reduced by 70.8%. The reduction in daily

Fig. 7. Hourly energy balance for a gothic arch greenhouse with and without rockbed thermal storage.
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requirement is 60.6%. The results make it clear that the installation of a night curtain is highly
desirable from the point of view of energy conservation.

3.5. Effect of double walled glazing

The effect of replacing the single transparent glazing on the south side of an east-west oriented
greenhouse with air-inflated double-glazing was analyzed using the model. The results are
presented Fig. 7. The daily energy requirement could be reduced by about 23.4%, as compared
to gothic arch greenhouse with no energy conservation measures.

3.6. Effect of an internal rockbed on the heating requirements of a greenhouse

Since the objective of this study was to replace the use of conventional fuels with solar energy,
an analysis was carried out to study the effect of a 350 m3 capacity internal rockbed with graded
gravel of 5 cm equivalent diameter.

The night time temperature was maintained at 15° C and daytime temperature at 25° C. A
blower was assumed to circulate the greenhouse air through the rockbed and back. The results
are summarized in Fig. 8. All values below zero are assumed zero. The saving in heating energy
requirement was 100% as compared to north–south oriented normal greenhouse.

4. Conclusions

A time dependent mathematical model has been developed to simulate the thermal environment
of a greenhouse. The model was used to study the effects of different shapes, orientation and
various energy conservation measures viz., north wall insulation, double wall glazing and night
curtains, on the heating requirements of a 12 m×200 m greenhouse situated in Delhi under the
environmental conditions of a cold sunny day. The model predicted that

1. A gothic arch shaped greenhouse required 2.6% and 4.2% less heating as compared to gable
and quonset shapes, respectively.

2. An east–west oriented gothic arch greenhouse required 2% less heating as compared to a green-
house of the same size oriented north–south.

3. North wall insulation of a gothic arch greenhouse could reduce the structure’ s heating require-
ments in east–west orientation by 30% as compared to about 5% in north–south orientation.

4. The use of night curtain with high thermal reflectivity below the greenhouse cover reduced
the night time heating requirements by 70.8%. The daily heating requirement was reduced
by 60.6%.

5. The effect of replacing the single cover on the southern side with air inflated double wall
glazing was a reduction in the heating requirement of the gothic greenhouse by 23%.

6. A suitably sized internal rockbed thermal storage/retrieval system could completely meet the
heating energy requirements of an east–west oriented gothic arch greenhouse with all above
mentioned energy conservation measures.
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Thus, the ideal design of a greenhouse suitable for cold climatic conditions should include the
following features:

a. East–west orientation
b. Gothic arch shape
c. North–wall insulation
d. Use of a night curtain
e. Air inflated double wall glazing
f. An internal/external solar thermal storage system.

While the features a–e reduce the heating requirements of the greenhouse by 80%, the feature
‘ f’ has the capacity to meet the remaining heating requirement if the greenhouse location is
adequately sunny. It may be noted that while the direct effect of orientation for the north Indian
plains is small, the east–west orientation is essential to achieve the advantage due to north wall
insulation.
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