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Abstract

The potential of using the stored thermal energy of ground for space heating has been investigated with the help of two buried pipe systems,
i.e., ground air collector and earth air heat exchanger, integrated with the greenhouse located in the premises of Indian Institute of Technology,
Delhi, India. The total length of the buried pipes in both the arrangements was kept same for making a comparative study. A complete
numerical model has been developed to predict and compare their thermal performance for choosing a suitable heating method in the
composite climate of India. Experiments were conducted extensively during winter period from November 2002 to March 2003, but the model
was validated against the clear and sunny days. Performance of these two arrangements was compared in terms of thermal load leveling and
total heating potential. Temperatures of greenhouse air with ground air collector were observed to be 2-3 8C higher than those with earth air
heat exchanger. The temperature fluctuations of greenhouse air were also less when operated with ground air collector as compared to earth air
heat exchanger. Predicted and computed values of greenhouse air temperatures in both the systems exhibited fair agreement. Finally ground
air collector was chosen as a suitable option for heating of greenhouse in the above climate.
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1. Introduction

Heating of greenhouse is one of the most energy
consuming activities during winter periods. Lack of heating
has adverse effects on the yield, cultivation time, quality and
quantity of the products in the greenhouse [1]. But studies on
greenhouse heating strategies have shown that the cost of
heating even exceeds 30% of the overall operational cost of
the greenhouse [2]. Due to high relative cost of energy, only
a small number of greenhouse owners can afford to the use
of auxiliary heating systems. The use of low-cost and

alternative heating system is therefore of primary impor-
tance for a greenhouse to provide optimum indoor
conditions during winter months.

Efforts to decrease energy consumption have directed the
researchers to use alternative energy sources for heating of
greenhouse. Several types of passive solar systems and
techniques have been proposed and used [3-5] for the
substitution of conventional fuels with solar energy as a low-
cost technology as solar energy is the ideal source of energy
for space heating, particularly in northern hemisphere where
it is sufficiently available. Also, it is practically inexhaus-
tible and its use does not result in pollution. Efforts to
harness solar energy have been accelerated during the last
decade as world demand for energy grows [6]. In all the heat
collection systems, the basic strategy is to reduce the heat
losses and, at the same time, to store the surplus energy for
use during the energy shortage period. Continuous research
in this area and several successful demonstration projects
has resulted in rapid advancements and commercialization
of these technologies with satisfactory results.
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Nomenclature

A area (m2)
Ca specific heat of air (J/kg 8C)
Fn fraction of solar radiation falling on north wall,

decimal
FR heat removal factor for earth air heat exchanger

(EAHE) from underground earth's surface
F0

R heat removal factor for ground air collector from
underground earth

hi heat transfer coefficient from greenhouse cover to
inside greenhouse air, (2.8 + 3.0v) [14], (W/
m28C)

h0 heat transfer coefficient from greenhouse cover to
ambient, (5.7 + 3.8v) [15], (W/m2 8C)

kg convective heat transfer coefficient from under-
ground earth's surface to flowing air inside the
buried pipes (W/m2 8C)

hgo heat transfer coefficient from floor to larger depth
of ground (W/m2 8C)

hna heat transfer coefficient from north brick wall to
ambient (W/m2 8C)

hnr heat transfer coefficient from surface of north wall
to greenhouse air (W/m2 8C)

hgr heat transfer coefficient from floor to greenhouse
air (W/m2 8C)

/ solar radiation falling on inclined surface or
greenhouse cover (W/m2)

IK solar radiation falling on horizontal surface (W/
m2)

K thermal conductivity (W/m 8C)
Kg thermal conductivity of ground (W/m 8C)
L thickness (m)
L0 total length of buried pipes (EAHE/GAC) (m)
ma mass flow rate of air entering into the buried pipes

(kg/s)
Ma total mass of air in greenhouse enclosure (kg)
N number of air changes per hour
Qh heating potential offered by EAHE/GAC for

greenhouse air (J)
<2U useful thermal energy obtained from EAHE/GAC

for greenhouse air (W)
r reflectivity from greenhouse cover, decimal
rg reflectivity from greenhouse floor, decimal
rn reflectivity from north wall, decimal
r1 radius of buried pipe in EAHE/GAC (m)
t time (s)
Dt time interval (h)
T temperature (8C)
Td delivery temperature (8C)
Tg temperature of ground under GAC (8C)
T0 temperature of ground in which pipes are spread

in EAHE (8C)
7g temperature of inlet fluid (air) or temperature at

suction point (8C) for EAHE
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suction temperature (8C)
overall heat transfer coefficient for greenhouse
cover (W/m2 8C)
overall heat loss coefficient from bottom of GAC
(W/m2 8C)
overall heat transfer coefficient from greenhouse
air to floor (W/m2 8C)
overall heat loss coefficient from top of GAC (W/
m28C)
overall heat loss from greenhouse (W/8C)
velocity of air (m/s)
volume of greenhouse (m3)

Greek letters
absorptivity
transmissivity
infinity (at larger depth)

Subscript
ambient
ground air collector
east wall of greenhouse
floor of greenhouse
different walls and roofs of greenhouse
north wall
greenhouse room
south wall
north roof
south roof
west wall

The greenhouses that utilize solar energy for heat purposes
are equipped with heat collection systems integrated into the
cell of the greenhouse. The important heat storage mediums
are namely water, latent heat materials, rock bed, buried
pipes etc. Out of these storage mediums, buried pipes systems
have gained increasing acceptance for better and easy
exploitation of thermal energy from the ground [7].

In buried pipe systems, the nearly constant and stored
thermal energy of earth at a certain depth is usually extracted
with the help of an arrangement called earth air heat exchanger
(EAHE). The stored thermal energy and thereby the earth's
surface and subsurface temperatures at any given location, are
determined by the balance between the solar energy absorbed
at the surface and heat losses by the outgoing long-wave
radiations and convective heat exchange with ambient air mass
[8]. Similarly, the temporary storage of solar energy as thermal
energy in the subsurface ground during sunshine hours is
generally utilized in off-sunshine hours with the help of an
arrangement called ground air collector (GAC). Both GAC
and EAHE use buried pipes for collection and transfer of
thermal energy from the ground.

An earth air heat exchanger system herein is defined [9]
as the study of heat transfer between soil, tubes and air
flowing through the tube when the tubes are placed below the
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ground surface at a certain depth where temperature of soil
remains nearly constant throughout the year. As air travels
the length of the tube, it gets heated in the winter period and
cooled during the summer period resulting in the space
conditioning due to its entry into the enclosed space. Earth
air heat exchanger system has the potential of being used
throughout the year. The ground air collector is however a
solar flat-plate collector where solar energy is stored in the
buried pipes in the subsurface regions of the ground during
sunshine hours. The air passing through the pipes gets heated
during off-sunshine hours by the stored thermal energy
causing the thermal heating of an enclosure during winter
period [10] when entered into it.

Hence, considering the importance of GAC and EAHE as
a simple, inexpensive and alternative source of energy, both
the systems have been used in IIT, model greenhouse, New
Delhi, India during the same winter period with a view to
study and compare their thermal performance for heating of
the greenhouse. Their thermal performance has been
compared in terms of thermal load leveling and total
heating potential obtained in a winter day in order to choose
the suitable and more efficient option for heating of
greenhouse in composite climate of India.

2. Experimental set-up and observations

The GAC and EAHE under study were used in the
greenhouse located in the premises of IIT, Delhi, India. The
climate of the place is composite i.e., it remains hot dry for five
months, warm and humid for three months, moderate for one
month and cold for three months. The absolute minimum
temperature of ambient air during winter period is close to
4 8C, while mean minimum is close to 9 8C. The greenhouse
combined with both GAC and EAHE was of even span type of
greenhouse with floor area 6 m x 4 m and was oriented from
east to west direction. Its northern side was made up of a
0.275 m thick brick wall for thermal storage and reduction of
heat losses from the greenhouse. The central height and the
heights of north and south walls were 3 m and 2 m,
respectively. GAC and EAHE were respectively installed
outside in the south and west side of the greenhouse. Total
length and diameter of buried pipes used both in GAC and
EAHE were 39 m and 0.06 m, respectively.

The working of GAC is based on the principle of solar
flat-plate collector. It basically contains four components:

(i) glazing for providing the greenhouse effect;
(ii) sand (or concrete) bed as an absorber for absorption of

solar radiation;
(iii) tubes (or passages) for conducting or directing the heat

transfer fluid from inlet to outlet end;
(iv) blower for air circulation.

The GAC arrangement consisted of PVC pipes and sand
bed of 0.20 m depths in an area of 6m x 2m. The PVC pipe

was spread in the sand bed of 0.10 m thick in serpentine
manner [11]. The length and spacing of serpentine pipes
were 3.5 m and 0.20 m, respectively, with 11 numbers of
turns. The top of the sand bed was colored black and covered
with the UV polyethylene film (Fig. 1a). A positive displ-
acement of air-type blower (twin lobe compressor) of 0.5 hp
capacity and 100 kg/h mass flow rate was fitted with the
suction end of the GAC. The suction and delivery ends of
GAC were positioned in the south side and center of the
inside greenhouse, respectively, as shown in Fig. 1b.

EAHE also consisted of PVC pipes buried under bare
surface at the depth of 1 m in the outside and west side of the
experimental greenhouse. The length and spacing of
serpentine pipes were 4.8 m and 0.5 m, respectively, with
eight numbers of turns. The blower was attached alternately
in the suction end of both GAC and EAHE during
experimentations. The suction and delivery ends of EAHE
were placed in the southwest and northwest corners of the
greenhouse for uniform mixing of air. The isometric view of
experimental greenhouse with EAHE is shown in Fig. 1c.

Experiments were conducted continuously for four days
in a week in clear and sunny days from November 2002 to
March 2003 in the following manner:

(i) without any heating arrangement (first day);
(ii) with GAC (second day);

(iii) without any heating arrangement (third day);
(iv) with EAHE (fourth day).

However, the experimental validations were done for t-
ypical dates (clear sunny days) of observations i.e., on 19
January 2003 for greenhouse with GAC and on 21 January
2003 with EAHE, since January is the coldest month for
Delhi. Hourly observations of solar radiation and tempera-
tures of air for ambient condition, greenhouse enclosure,
suction end and delivery end were measured during the
experimentation with the help of calibrated solarimeter and
mercury thermometer, respectively.

3. Thermal analysis

The energy balance equations for various components of
greenhouse combined with earth to air heat exchanger and
ground air collector can be written on the basis of following
assumptions:

(i) analysis is based on quasi steady-state conditions;
(ii) there is no radiative heat exchange between the walls

and roofs of greenhouse, due to negligible temperature
differences;

(iii) flow of air is uniform along the length of buried pipes;
(iv) heat flow is one dimensional;
(v) storage capacity of the walls and roofs of greenhouse is

negligible;
(vi) there is no radiative heat exchange between the sides of

the buried pipe.
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Fig. 1. (a) Working principle and constructional details of ground air collector; (b) isometric view of even span greenhouse integrated with GAC arrangement;
(c) isometric view of even span greenhouse integrated with EAHE arrangement.

Energy balance equations for north wall, floor and room At l a r g e r d e p t h s , t h e temperature of ground is assumed

air of greenhouse are as follows: to be e q u a l to ambient air temperature, T1 = Ta, then Eq.
(2) becomes

(a) North wall

o - TrÞAn þ hna(T\y=0 - TaÞAn (1)

(b) Floor

agð1 - rgÞð1 - FnÞð1 -

= hgI(T\x=0 - TrÞAg - hgoo(T\x=0 - (2)

= hgI(T\x=0-Tr)Ag þ hgoo(T\x=0-Ta)Ag (3)

(c) Greenhouse air

hm(T\y=0 - TrÞAn þ hgr(T\x=0 - TrÞAg þ Qu

= XAiUiðTr - TaÞ þ 0:33NVðTr - TaÞ

(4)
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The term i.e., Qu in Eq. (4) is the useful thermal energy
obtained from earth air heat exchanger or ground air coll-
ector arrangement.

3.1. Energy balance equations for greenhouse combined
with earth air heat exchanger.

Qu = FRmaCa(T0 - TfiÞ (5)

where FR = 1 - e-(^nh^/m^)L^
Eliminating Tjy = 0 from Eq. (1) and after rearrangement,

-Un(Tr - TaÞ (6)

where IeffN = anð1 - rnÞFnð1 -

Similarly eliminating Tjx = 0 from Eq. (3) and after
rearrangement,

hgr(T\x=0 Tt) = F2 Tr - TaÞ (7)

where IeffF = agð1 - rgÞð1 - FnÞð1 - rÞ ðÞP Ailm), F2 =

7—n i *J o — TT—n v7—n i

Now substituting Eqs. (6) and (7) in Eq. (4) and
simplifying, Eq. (4) can be written in the following first
order differential equation.

(8)

and a =where B(t) F

FðtÞ = F1IeffN

ðUAÞeff = UnAn þ UgAg þ 0:33NV

a1 = UnAn þ UgAg þ 0:33NV þ

wwIwwtwwþAsrIsrt

= AeUe þ AwwUww þ AsrUsr þ AnrUnr þ AsUs

Ue = Uww = Usr=Um = Us = U

Tg — T w w — Tgj- — T^r = ^s = = ^

ðtransmissivity of greenhouse coverÞ

hna =

ri

r
/JO.

+ L
K

- l
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r
/z0

/ZCTfv-)

Kg

- 1
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hnr = hgr =

ðif velocity of air inside greenhouse is taken zeroÞ

Analytical solution of Eq. (8) can be written as:

_ ^ ( l - e - " M + : (9)

where, Tro is the greenhouse air temperature at t = 0 and BðtÞ
is the average of B(t) for the time interval 0 and t, and a is
constant during the time. From Eq. (9), the temperature of air
inside greenhouse, combined with earth air heat exchanger
can be determined for analysis.

3.2. Energy balance equations for greenhouse combined
with ground air collector.

The useful energy Qu from ground air collector can be
expressed as:

Qu = AcFR0fðtcacÞIh - ULðTr - TaÞg (10)

where UL is the total loss coefficient and collector is exposed
to the ambient condition from top and bottom sides. In case
of ground air collector, where the collector (tube buried in
sand bed type) below the ground surface, the UL = Ut + Ub

would be the sum of top and bottom loss and the useful
energy gain can be written as:

Qu = AcFR0fðtcacÞIh - UtðTr - Ta) - UbðTr - TgÞg (11)

Here, the term £/b(Tr—Tg) would be loss if Tr > Tg and gain if
Tr < Tg.

Putting the value of Qu from Eq. (11) in Eq. (4) and
simplifying in terms of first order differential equation, the
following equation will be obtained for greenhouse
combined with ground air collector.

AT,
B0ðtÞ = a0Tr

where

(12)

z = UnAn þ UgAg þ FR0AcUt þ

þFR0AcUbTg

+ 0:33NV

MaCa

«i =z þ FR0AcUb

Analytical solution of Eq. (12) can be written as:

j = (1 c ) I T e~ (13)

From Eq. (13), the temperature of air inside greenhouse,
combined with ground air collector can be determined for
comparison.
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Table 1
Input parameters used for computation

Parameters

Ae (m
2)

Af (m
2)

An (m
2)

As (m
2)

Anr (m
2)

Asr (m
2)

Aww (m2)
Ca (J/kg 8C)

FR

hgf (W/m2 8C)

Values

8.3
24.0
12.0
12.0
13.8
13.8
10.0
1012
0.09-0.15
0.72
0.75
2.8

Parameters

k (W/m2 8C)
ho (W/m2 8C)
hna (W/m2 8C)
hgr (W/m2 8C)

hnr (W/m2 8C)
Kn (W/m 8C)
Kg (W/m 8C)
L0 (m)
Lg(m)
rha (kg/s)
Ma (kg)
N

Values

2.8
5.7
1.9
5.7
5.7
0.84
0.52
39
1
0.02
72
1-300

Parameters

n (m)

U (W/m2 8C)
Ub (W/m2 8C)
Ut (W/m2 8C)6
v (m/s)
V(m3)
rg

7*

ag

X

Values

0.03
20
1.8
18
6
0.5-1.5
60
0.2
0.2
0.4
0.6
0.5

4. Computational procedure, results and discussion

The energy balance equation derived for GAC and EAHE
have been solved with the help of a computer program based
on Matlab software. The design and operating parameters
given in Table 1 have been used as input parameters for the
mathematical model developed. The experimental valida-
tions were done for two clear sunny days i.e., on 19 January
2003 for GAC and 21 January 2003 for EAHE. The closeness
of predicted and experimental values has been presented
with coefficient of correlation (rr) and root mean square of
percent deviation (er). Solar radiation falling on different
walls and roofs of greenhouse was calculated with the help
of Liu and Jordan formula [12] by using the beam and
diffuse components of solar radiation incident on the
horizontal surface. The heat removal factors for GAC and
EAHE have been calculated by following the procedure
given by Abdel-Khalik for a flat-plate collector with
serpentine tubes. The mass flow rate of the circulating air
was kept constant with 100 kg/h for GAC as well as EAHE.
The performance of GAC and EAHE has been evaluated in
terms of thermal load leveling (TLL)[13] and heating
potential as per the following equations:

TLL =
T — T
1 r; max L r; min
1 r; max þ T r; min

(14)

Thermal load leveling gives an idea about the fluctuation
of temperatures inside the greenhouse. The less the
fluctuations, the better is the environment for plants inside
the greenhouse. In winter, TLL should have lower values by
incorporating heating method due to the increase of
(Tr,max + Tr,min) as well as decrease of (Tr,max - Tr,min) as
compared to TLL without heating arrangement for main-
taining the congenial environment of plant mass.

Similarly, the heating potential obtained from EAHE as
well as GAC is expressed by the following equation.

Qh = (15)

The temperatures of ground i.e., Tg and To were recorded
with the help of data logger through the thermocouples

located at the depth of 0.2 m under GAC and 1.0 m under
EAHE, respectively.

The hourly variations of temperatures for ambient air,
greenhouse air when operating with GAC for a typical
winter day (19 January 2003) and without GAC (18 January
2003) have been presented in Fig. 2. From the figure, it is
seen that the minimum as well as maximum temperatures for
ambient air, greenhouse air with GAC and without GAC
varied between 4-18 8C, 15-26 8C and 6-29 8C, respec-
tively, confirming the less fluctuations of temperature inside
the greenhouse as compared to ambient air and greenhouse
air without GAC. The diurnal variations of temperatures for
greenhouse air with GAC were observed to be 8-9 8C higher
from 6 p.m. to 9 a.m. than without GAC. But from 10 a.m. to
5 p.m., there occurred less difference in temperatures of
greenhouse air indicating the discontinuance of operating
GAC during daytime (sunshine hours). With the use of GAC,
the temperatures of greenhouse air were maintained in the
range of 16-23 8C for creating healthy environment of
plants during winter period. The predicted values of
temperatures for greenhouse air have been validated with
their experimental values for the above typical day (19
January 2003). The predicted and experimental tempera-
tures of air in the greenhouse showed fair agreement with
coefficient of correlation and root mean square of percent
deviation to be 0.96 and 7.22, respectively.

Similarly, the hourly variations of temperatures for ambient
air, greenhouse air with EAHE (21 January 2003) and without
EAHE (20 January 2003) have been shown in Fig. 3 for
comparing the thermal performance of both GAC and
EAHE. From the figure, it is observed that the temperatures
of air in the range of 14-22 8C were maintained in the
greenhouse when it was operated with EAHE. By examining
closely the daily temperature profiles of greenhouse air, it is
seen that the temperatures of greenhouse air with EAHE were
6-7 8C higher from 6 p.m. to 10 a.m. and 3-4 8C lower from
11 a.m. to 6 p.m. than greenhouse without EAHE proving the
better thermal performance of GAC as compared to EAHE
in winter period. The computed values of temperatures
for greenhouse air have also been validated with the
experimental values for the above typical day (21 January
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Date: 19-01-2003
Tr=greenhouse temp, with GAC
Tr1=predicted greenhouse temp.

with GAC
Tr2=greenhouse temp, without

GAC
Ta=ambient temp.

11 13 15 17 19 21 23
Time of day in hour

Fig. 2. Hourly variations of greenhouse air temperature for typical winter day by GAC.

2003) and they showed fair agreement with rr and er to be 0.98
and 6.64, respectively.

The variations of suction and delivery temperatures both
for GAC (19 January 2003) and EAHE (21 January 2003)
have been shown in Fig. 4. From the figure it is clearly seen
that the delivery temperatures from GAC arrangement were
3—4 8C higher than those from EAHE system confirming
more supply of stored thermal energy of ground to the
greenhouse by the former. After comparing the suction and
delivery temperatures, the hourly variations of temperatures
for greenhouse air in a typical winter day with the use of
GAC (19 January 2003) and EAHE (21 January 2003) have

been presented in Fig. 5 with a view to study their relative
thermal performance. From the figure it is seen that the
temperatures of greenhouse air with the use of GAC were
maintained 2-3 8C higher than EAHE system assuring the
use of the former as an alternative energy source in harsh
cold condition of composite climate.

After knowing the suction and delivery temperatures of
GAC and EAHE as well as mass flow rate, the diurnal
variations of total heating potential obtained from these
systems for typical days in the winter months were
calculated and have been shown in Fig. 6. From the results,
it is seen that the heating potentials obtained in each month
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Date: 21-01-03

Tr=greenhouse temp, with EAHE
Tr1 =predicted greenhouse temp.

with EAHE
Tr2=greenhouse temp, without

any heating arrangement
Ta=ambient temp,

rr=0.98
e=6.64

9 11 13 15

Time of day in hour

17 19 21 23

Fig. 3. Hourly variations of greenhouse air temperature for typical winter day by EAHE.
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Fig. 4. Hourly variations of suction and delivery temperatures with GAC and EAHE.
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Fig. 5. Hourly variations of greenhouse air temperature with and without GAC and EAHE.
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Fig. 6. Monthly variations of total heating potential for typical day by GAC
and EAHE during experimentations.

were higher in GAC as compared to EAHE. However, in
both the systems, the maximum heating potential was
obtained in the month of January followed by December,
February, November and March. Similarly, the values of
thermal load leveling achieved for typical days in each
month have been calculated and presented in Fig. 7 in order
to know the comparative efficacy of the both the systems
during the study. From the computed results, it is seen that
the values of TLL in each month for greenhouse with GAC
were lower than those with EAHE proving the former to be
more effective for reducing the daily swings of temperatures
of air in the greenhouse.
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Fig. 7. Monthly variations of thermal load leveling for typical day with
GAC/EAHE during experimentations.

5. Conclusions

The main conclusions for the present study are as follows:

(i) There occurs a 2-3 8C rise of temperatures for
greenhouse air during winter period due to the use
of ground air collector as compared to earth air heat
exchanger.

(ii) Ground air collector arrangement is more effective than
earth air heat exchanger with the same lengths of buried
pipe during winter period.

(iii) Relative fluctuations of temperatures for greenhouse air
are less in ground air collector arrangement than earth
air heat exchanger system,

(iv) The predicted and experimental temperatures of
greenhouse air in the models developed for ground
air collector and earth air heat exchanger, exhibit fair
agreement.
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