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Abstract

A simplified analytical model is developed to study the year round effectiveness of a recirculation type earth air heat exchanger coupled
with a greenhouse located in IIT Delhi, India. The performance of the system was evaluated in terms of thermal load leveling and coefficient
of performance. Calculations were done for typical winter and summer day in year 2002. Temperatures of greenhouse air were found to be
on an average 6-7 °C more in winter and 3^1 °C less in summer than the same greenhouse when operating without earth air heat exchanger.
Predicted and measured values of greenhouse air temperatures exhibited fair agreement.
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1. Introduction

Relatively stable temperature of ground at the depth of
about 1 m [1] has directed the researchers towards the use of
ground as a heat source and for heat storage as well as dis-
sipation for passive heating and cooling applications [2,3].
For the climate of Delhi, this temperature remains in the
range of 22-28 °C [4], which is normally higher in winter
and lower in summer than the temperatures of ambient air.
During summer and even clear days of winter, high solar
radiation increases the temperatures of both ambient air as
well as enclosed air of greenhouse. Temperatures exceeding
45 °C in summer and dropping down to 6 °C in winter are
common inside the greenhouse for the climatic condition
of Delhi [5]. A large variation of temperatures between day
and night hours both in summer and winter produces the
adverse effects on the quality and quantity for cultivation of
crop in the greenhouse. To overcome this kind of problem,
it is of primary importance to utilize the nearly constant
and stored thermal energy of earth by developing an appro-
priate system that can provide a low cost and alternative
source of energy for heating and cooling of buildings as
well as greenhouse. The effect of the withdrawal of heat

or pumping in of the heat on the earth's temperature at the
above depth becomes insignificant due to the large ther-
mal capacity of earth. Therefore coupling of building or
greenhouse with the earth through buried pipes is the right
approach for thermal heating and cooling purposes, as it
is not affected by short-term climatic factors. Also ground
behaves as one of the important constituents for building
as well as greenhouse. Moreover, earth may be viewed as
an easily accessible heat source or heat sink for year round
use. During winter period, heat is retrieved from the ground
to greenhouse and during summer excess heat is trans-
ferred from greenhouse to the ground, resulting in reducing
the heating as well as cooling loads, which are most en-
ergy consuming sectors among the agricultural activities in
greenhouse.

The earth air heat exchanger system under the study con-
sists of pipes buried in the ground together with the cir-
culation system which forces air through pipes and finally
mixes it with the indoor air of the greenhouse. Air passing
through the buried pipes can be sucked either from ambi-
ent air (single pass system) or from the space to be condi-
tioned (recirculation system). However, the present investi-
gation is concerned with a recirculation type earth air heat
exchanger.

Various simplified and detailed models have been pro-
posed to describe the thermal performance of earth air heat
exchanger [6-14]. However, for a large number of applica-
tions, it is necessary to know the energy potential of system
under real climatic conditions as well as the impact of main
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fraction of solar radiation falling on plants
(dimensionless)
heat removal factor for earth air heat
exchanger (EAHE) from underground
earth's surface
convective heat transfer coefficient from
underground earth's surface to flowing air
inside the buried pipes (=2.8 + 3.0v)
(W/m2 °C) [28]
convective heat transfer coefficient from floor
to greenhouse air (W/m2 °C)
convective heat transfer coefficient from
north brick wall to greenhouse air
(W/m2 °C)
convective heat transfer coefficient from
greenhouse cover to inside greenhouse
air (=2.8 + 3.0v) (W/m2 °C)
heat transfer coefficient from north brick
wall to ambient (W/m2 °C)
convective heat transfer coefficient from
greenhouse cover to ambient (=5.7 + 3.8v)
(W/m2 °C) [29]
heat transfer coefficient from floor to larger
depth of ground (W/m2 °C)
solar radiation falling on greenhouse
cover (W/m2)
thermal conductivity of brick used in
north wall (W/m °C)
thermal conductivity of ground (W/m°C)
total lengths of buried pipes for EAHE (m)
thickness of brick north wall (m)
thickness of ground (m)
mass flow rate of air entering into
the buried pipes (kg/s)
total mass of air in greenhouse enclosure (kg)
number of air changes per hour
heating and cooling potential offered by EAHE
for greenhouse air (MJ)
useful thermal energy obtained from EAHE
for greenhouse air (W)
reflectivity (dimensionless) (decimal)
radius of buried pipe in EAHE (m)
time (s)
time interval (h)
temperature (°C)
delivery temperature (°C)
temperature of inlet fluid (air) or temperature
at suction point (°C)
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suction temperature (°C)
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are spread (°C)
overall heat transfer coefficient for
greenhouse cover (W/m2 °C)
overall heat loss from greenhouse (W/°C)
velocity of air (m/s)
volume of greenhouse (m3)

Greek letters
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absorptivity (dimensionless)
transmissivity (dimensionless)
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a
e
f
i
n
nr
r
s
sr
ww
0 0

ambient
south wall of greenhouse
floor of greenhouse
different walls and roofs of greenhouse
north wall
north roof
greenhouse room
south wall
south roof
west wall
infinity (at larger depth)

design parameters on the thermal behavior of earth air heat
exchanger. A complete assessment of heating and cooling
potential of a single earth air heat exchanger as well as mul-
tiple parallel pipes has been presented in detail [15-23]. But
due emphasis towards the impact of different ground covers
in the efficacy of earth air heat exchanger has not been taken
into consideration, as soil surface cover is the significant
controllable factor for the improvement in the performance
of earth air heat exchanger [24]. Thus the main objective of
this study is to investigate the heating and cooling poten-
tial of earth air heat exchanger buried under bare soil for
real climatic conditions at IIT Delhi. Moreover, the thermal
capacity of such system has been simulated and compared
with the potential of the same system, buried under glazed
surface (greenhouse covered earth) soil with an aim to im-
prove and to study its performance by using different soil
surface conditions.

Hence considering the importance of earth air heat ex-
changer in greenhouse system and the effects of different
ground covers in its effectiveness for energy conservation
purposes, an attempt is made to develop a mathematical
model along with its experimental validation for round the
year evaluation of thermal performance of earth air heat ex-
changer laid down into the ground at the depth of 1 m in bare
surface condition. The performance of the system has been
analyzed in terms of thermal load leveling and coefficient
of performance.
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2. Experimental set-up and observation

The earth air heat exchanger under evaluation is used
in the greenhouse located in IIT Delhi (latitude 28°38'N,
longitude 77° 17'E and altitude 216 m from mean sea level).
The climate of the place is the representative of a composite
tropical climate with three distinct seasons i.e., the hot dry
period (March-June), warm humid period (June-September)
and the winter period (November-February). The absolute
minimum and mean minimum temperatures of ambient air
are close to 4 and 9°C in the winter period, respectively.
Similarly, the absolute maximum and mean maximum val-
ues for ambient air during summer period are around 45
and 39 °C, respectively. Taking into account of the above
climatic conditions, an earth air heat exchanger system was
constructed and was combined with greenhouse for thermal
heating during winter and cooling in summer. The green-
house used for the experimental purpose is an even span
type of greenhouse with floor area 6 m x 4 m and its ori-
entation is from east to west direction. Its northern side is
made up of a 0.275 m thick brick wall whose internal side
is painted black for increasing solar absorptance. There are
provisions of two exhaust fans in east side and two natural
ventilators, one in the south roof and another in north roof
of the greenhouse. Movable insulation of plastic netted cloth
is used during the nighttime in the winter period for reduc-
ing heat losses from greenhouse to the ambient. The central
height and the heights of north and south wall are 3 and
2 m, respectively.

The earth air heat exchanger consists of PVC pipes of
39 m long and 0.06 m diameter. It is buried under the bare
surface at the depth of 1 and 0.2 m away from the west
side of the experimental greenhouse. The pipes were spread
under the ground in a serpentine manner. The length and
spacing of serpentine pipes were 4.8 and 0.5 m, respectively
with eight numbers of turns. A positive displacement of
air (twin lobe compressor) type blower of 0.5 hp capacity
and 100kg/h mass flow rate was fitted with the suction
end positioned in the southwest corner of the greenhouse.
The delivery end, positioned in the northwest corner of
the greenhouse was opposite and far away from the suc-
tion end. The openings of suction and delivery end inside
the greenhouse were covered with metal wire mesh to
prevent the entry of insects and foreign matters. Airtight
tarpaulin cloth was used to connect the buried pipes with
the blower. The isometric view of the experimental green-
house with integrated earth air heat exchanger is shown in
Fig. 1a. Ground temperatures were recorded with the help
of data logger connected in line with the two thermocou-
ples inserted at a depth of 1 m and located at a distance
of 0.5 m from the opposite sides of the earth air heat ex-
changer, i.e. one in the south side and another in the west
sides under the bare surface. Experiments were conducted
continuously for the whole day once in a week in clear
and sunny day through out the year 2002 in the following
manner:

Ground
surf;

Burried pipe
(dia=6 cm)"

winter
(inlet to burried pipe)"

(a) All Dimensions in cm

T ,T+dT

T(T(x)+dT(x)x)

Fig. 1. (a) Isometric view of even span greenhouse integrated with EAHE
arrangement; (b) energy exchange between ground and air in elementary
segment of buried pipe.

(i) Without earth air heat exchanger (first day),
(ii) With earth air heat exchanger (second day).

But experimental validations were done for typical clear
and sunny winter day (23 January 2002) and summer day
(18 May 2002), since January and May are, respectively, the
coldest and hottest months for Delhi. Hourly observations
of solar radiation and temperatures of air for the 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 can
be written on the basis of following assumptions:

(i) Analysis is based on quasi-steady state conditions,
(ii) There is no radiation exchange between the walls and

roofs of greenhouse due to negligible temperature dif-
ferences.

(iii) Flow of air is uniform along the length of buried pipes.
(iv) There is no radiative heat exchange between the sides

of the buried pipe.
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(v) The heat extraction does not disturb the temperature
distribution of the surrounding earth.

Energy balance equations for north wall, floor and room
air of greenhouse are as follows:

(i) North wall:

αn(1 - rn)Fn (y^ I

Ta)An (1)

(ii) Floor of greenhouse:

αf(1 - r f)(1 - FP)(1 - rn)(1 - Fn)

= hc,fr(Tf - Tr)Af + hoo(Tf - T

(iii) Greenhouse room air:

(1 -an)(l -rn)Fn

x ( l - F P ) ( l - r n ) ( l - F n )

+hc,nr(Tn - Tr)An + hc,fr(Tf - Tr)Af + QU

= 0.33NV(Tr - Ta) + (J2 AiC/i) (Tr - Ta)

+MaCadTr

Qu = FRmaCa(T0 - Tfi)

(2)

(3)

(4)

where FR = 1 - e-(2OTiA/maCa)L^

Now simplifying and rearranging Eq. (1), the new
equation becomes

hc,nr(Tn ~ Tr) =

where

- Un(Tr - Ta) (5)

= αn(1 - r n )F n (
hc,nr/(hc,nr + h n b ) a n d U n = ( h c , n r ) ( h

Similarly, simplifying and rearranging Eq. (2), the
equation becomes

hc,fr(Tf ~ Tr) =
Af

- Uf(Tr - (6)

where IeffF = αf (1 - r f)(1 - FP)(1 - rn)(1 -
Fn) (J2 Ailm) and F2 = ho^/{ho^ + hoo), Uf =
(hc,fr)(hoo)/(hc,fr + ^co) and ^ « Ta and Tfi = Tr.

Now substituting Eqs. (5) and (6) in Eq. (3) and sim-
plifying, Eq. (3) can be written in the following first-order
differential equation:

dTr

dt
aTr = B(t) (7)

where B(t) = (F(t) + (UA)effTa)/MaCa and a = a1/MaCa.

F(t) = IeffR + F1IeffN + F2IeffF + FRmaCaT0,

(UA)eff = UnAn + UfAf + 0.33NV+

a1 = UnAn + UfAf + 0.33NV

IeffR = (1 - αn)(1 - rn)Fn A iI iτ i + (1 - αf)(1 - rf)

x(l-FP)(l-rn)(l-Fn)

AiI i τ i 7 e e e ww ww ww

_l_4 I T J- A I T I \ " ATT-\

A TJ _1_ A TJ _1_ A TJ _1_ A TJ _l_ A TJ TJ

= U (overall heat loss coefficient of greenhouse cover),

= τ (transmissivity of greenhouse cover)

Analytical solution of Eq. (7) can be written as

L - Q~at) + Tr0 Q~at (8)
a

where Tr0 is the greenhouse room temperature at t = 0 and
B(t) the average of B(t) forthe time interval 0 and t, and a the
constant during the time. From Eq. (8), the temperature of air
inside greenhouse, combined with earth air heat exchanger
can be determined for analysis.

4. Computational procedure, results and discussion

The mathematical model has been solved with the help of
the computer program in MATLAB. Numerical calculations
were made corresponding to the hourly variations of solar
radiation and ambient air temperature for a typical winter
day (23 January 2002) and summer day (18 May 2002) of
Delhi. Solar radiation falling on different walls and roofs of
the greenhouse was calculated with the help of Liu and Jor-
dan formula [24] by using the beam and diffuse components
of solar radiation incident on the horizontal surface. The in-
put parameters used for experimental validation are given in
Table 1. Hourly variations of air temperature for greenhouse
enclosure, suction and delivery ends were measured dur-
ing the experimentation. Recorded temperatures of ground
from the two thermocouples positioned at the same depth of
earth air heat exchanger were used in determining the mean
monthly temperatures of ground for computing heating and
cooling potential offered by the system. At the same time,
the temperatures of ground under greenhouse covered sur-
face were also recorded from another thermocouple located
at the depth of 1 m by the same data logger in order to as-
sess the effectiveness of earth air heat exchanger both for
glazed as well as bare surface conditions. The closeness of
predicted and experimental values of greenhouse room air
temperature was studied with coefficient of correlation (rr)
and root mean square of percent deviation (er). The mass
flow rate of the circulating air was kept constant at 100 kg/h
during the study. The heat removal factor (FR) for earth air
heat exchanger has been determined to be 0.72 from the pro-
cedure given by Abdel-Khalik [25] for a flat-plate collector
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Table 1
Input parameters used for computation

Parameters

A e (m 2 )
M (m2)
An (m2)
As (m2)

Anr (m2)
Asr (m2)
Aww (m )
Ca (J/kg°C)

Fn
FP

FR
h (W/m2 °C)
h (W/m2 °C)
ho (W/m2 °C)
hnb (W/m2 °C)
hc,fr (W/m2 °C)

hc,nr (W/m2 °C)
KB (W/m2oC)
Kg (W/m2 °C)
L(m)
Lg (m)
ma (kg/s)
Ma (kg)

r1 (m)
U (W/m2 °C)
i> (m/s)
V(m3)

n
rn

Ctf

αn

T

Values

8.3
24.0
12.0
12.0
13.8
13.8
10.0

1012
0.09-0.15
0.3
0.72
2.8
2.8
5.7
1.9
2.8
2.8
0.84
0.52

39
1
0.02

72
1-550
0.03
1.8
0.5-1.5

60
0.2
0.2
0.4
0.6
0.5

with serpentine tube as well as 0.74 from the steady state en-
ergy mechanism as shown in Fig. 1b and as per Eq. (4). The
performance of earth air heat exchanger has been evaluated
in terms of thermal load leveling (TLL) [26] heating as well
as cooling potential [27] as per the following equations:

TLL =
T — T
^r,max ^r,

Qh/c =

(9)

(10)

where positive value is for heating and negative value is for
cooling potential.

Thermal load leveling gives an idea about the fluctu-
ation of temperatures inside the greenhouse. In winter,
TLL should have lower values by incorporating heating
method due to the increase of (T r,m a x + Tr,min) as well as
decrease of ( r r m a x - r,min) as compared to TLL without
heating arrangement for maintaining the congenial envi-
ronment of plant mass. Likewise during summer, TLL
should have higher value by using cooling methods in
comparison to the TLL without cooling arrangement due
to reduction in (T r,m a x + Tr,min) for a given temperature
difference ( r r m a x - r , m i n ) . However, the numerical values

of TLL in summer period depend on the values of both

(Tr,max + Tr,min) and (Tr,max ~~ r,min).

The hourly variations of temperature for ambient air,
greenhouse air when operating with earth air heat exchanger
(EAHE) for typical winter day (23 January 2002) and
without (EAHE) (22 January 2002) have been presented in
Fig. 2a. From the figure, it is seen that the minimum as well
as maximum temperatures for ambient air, greenhouse air
with (EAHE) and without (EAHE) varied between 5-20,
13-24 and 6-29 °C, respectively, confirming the less fluc-
tuations of temperature inside the greenhouse as compared
to ambient air and greenhouse air without (EAHE). The
temperature of ground on the above day at the depth (1 m)
in which the EAHE system was installed was recorded to
be about 23 °C. By examining closely the daily temperature
profiles of greenhouse air, it was found that the delivery
temperatures of EAHE were 7-9 °C higher than the suc-
tion temperatures from 6 p.m. to 9 a.m. In between 9 a.m.
and 10 a.m. both delivery and suction temperatures became
almost same and from 10 a.m. to 5 p.m., the delivery tem-
peratures were 3-6 °C less than the suction temperatures.
As a result of which, the temperatures of greenhouse air
were maintained in the range of 13-24 °C for providing
healthy environment of plants' growth during winter period.
Also it was observed that the temperatures of greenhouse
air were around 6-7 °C higher than those of greenhouse air
without EAHE system for thermal heating during nighttime.
The predicted values of greenhouse air have been validated
with the experimental values for the above typical day (23
January 2002) and they showed fair agreement with (rr) as
0.98 and (er) as 6.93. After knowing the suction and deliv-
ery temperatures of EAHE as well as the mass flow rate of
the circulating air in the buried pipes, diurnal variation of
heating/cooling potentials offered by the system were also
calculated and are shown in Fig. 2b. The dashed line in the
figure represents zero heating/cooling potentials obtained
from EAHE. Further, the time periods above and below
that line indicate the heating as well as cooling potentials
during a winter day, respectively.

Similarly the hourly variations of temperature for ambient
air, greenhouse air with EAHE for a typical summer day (18
May 2002) and without EAHE (17 May 2002) have been
depicted in Fig. 3a. The heating/cooling potential obtained
from EAHE is also illustrated in Fig. 3b. From the figure, it
is seen that the minimum as well as maximum temperatures
of ambient air, greenhouse with EAHE and greenhouse with-
out EAHE fluctuated between 29^4, 24-41 and 27-49 °C,
respectively. The suction and delivery temperatures ranged
between 24-40 and 26-33 °C, respectively. The ground tem-
perature on the above day at the depth of 1 m under bare soil
was observed to be about 28 °C. From the hourly changes of
suction/delivery temperatures, it was found that both suction
as well as delivery temperatures remained equal at about
7 a.m. and 8 p.m. The delivery temperatures were around
4-5 °C less during 7 a.m.-8p.m. and 2-3 °C higher between
9 p.m. and 7 a.m. than suction temperatures resulting in drop
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Fig. 2. (a) Hourly variation of greenhouse room air temperature for typical winter day by EAHE; (b) hourly variation of heating potential by EAHE for
typical winter day.

of both minimum as well as maximum temperatures inside
greenhouse. However, overall temperatures of greenhouse
air were dropped by 3-4 °C than greenhouse without EAHE
during daytime for cooling in summer period. The analytical
and experimental values of air temperatures in greenhouse
exhibited good agreement with (rr) as 0.97 and (er) as 4.90.

The monthly variations of thermal load leveling through-
out the year have been determined and shown in Fig. 4, to
know the efficacy and applicability of the system. From the
computed results, it was observed that the values of thermal
load leveling were lower in case of greenhouse with EAHE
than those without EAHE proving the effectiveness of the

system towards the decrease in daily swings of greenhouse
air temperatures.

The effect of glazed (greenhouse covered) surface on the
thermal performance of earth air heat exchanger has been
studied by analyzing the hourly variations of temperatures
for suction end, delivery end as well as greenhouse air for
the above typical day both in winter and summer and have
been shown in Fig. 5. From the figure, it is seen that the
delivery temperatures in case of glazed surface are 3-4 °C
more in winter and 2-3 °C more in summer as compared to
the delivery temperatures in earth air heat exchanger for bare
surface condition. This is due to the fact that the temperatures
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Tr=greenhouse room temperature
Ta=ambient temperature
Tr1 =room temperature without EAHE
Tr2=predicted room temperature

rr=0.97

10 12 14
Time of day in hour

Fig. 3. (a) Hourly variation of greenhouse room temperature for typical summer day by EAHE; (b) hourly variation of cooling potential by EAHE for
typical summer day.
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Fig. 4. Monthly variation of thermal load leveling during experimentation.
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Date: 23-01-2002
' Date: 18-05-2002
Ts and Ts1-suction inside greenhouse
Td and Td2=deli\ery due to bare surface
Td1 and Td3-deli\rary due to glazed surface

Ts for winter
Td for winter
Td1 for winter
Ts1 for summer
Td2 for summer
Td3 for suumer

-e- -e-'

11 13 15 17
Time of day in hour

21 23

Fig. 5. Effect of glazed surface on variation of suction and delivery temperature for typical winter and summer day.

Tr and tr3=experimental
- greenhouse temperature

Tr1 and Tr4=predicted values for bare surface
- Tr2 and Tr5-predicted values for glazed surface

Trfor winter
Tri for winter
Tr2 for winter
Tr3 for summer
Tr4 for summer
Tr5 for summer

11 13 15
Time of day in hour

19 23

Fig. 6. Effect of glazed surface on greenhouse room temperature for typical winter and summer day.

of ground at the depth of 1 m under glazed surface were
recorded to be 23 °C in winter and 32 °C in summer, which
are more than those for bare surface condition. Due to the
increase of delivery temperatures in case of glazed surface
both in winter as well as summer, the overall temperature of
air inside the greenhouse increases by 3-4 °C in winter and
1-2 °C in summer as shown in Fig. 6 in comparison to the
bare surface resulting in the improved effectiveness during
winter period and reduced effect of cooling in summer.

5. Conclusions

The main conclusions for the present study are as
follows:

(i) There occurs 6-7 °C rise of temperatures in winter
and 3-4 °C decrease of temperatures in summer due
to integrated earth air heat exchanger as compared
to greenhouse without operating the earth air heat
exchanger.

(ii) Earth air heat exchanger is more effective in winter
than summer.

(iii) Effect of earth air heat exchanger under glazed
(greenhouse covered) surface improves the heating
potential in winter and reduces the cooling potential
in greenhouse than the system under bare surface
condition.

(iv) For year round use, the performance of earth air heat
exchanger under bare surface is much satisfactory than
that under glazed surface
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(v) The predicted and experimental temperatures of green-
house air in the developed model exhibit fair agree-
ment.
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