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Abstract: In the present work the ground temperature has been validated for climatic condition of Sriperumbudur near 
Chennai, India to evaluate thermal conductivity and diffusivity of the soil. For the evaluated thermal conductivity of the 
soil, an EAHE has been designed for a given dimension of room with optimized values of number of air changes, length 
of pipe, radius of pipe and depth at which heat exchanger to be installed below the surface of the earth. It has been 
observed that there is a decrease of 5 – 6 0C in the outlet air temperature in summer for a number of 5 air changes with 
0.10 m and 21 m optimized diameter and length of pipe respectively. 
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INTRODUCTION 

 The ground temperature below earth surface is nearly 
constant after a certain depth depending upon the soil 
properties and climatic condition. This property is being 
applied to cool or heat the ambient air since a very long time. 
This concept has been used to cool or heat the room air to 
reduce the load for cooling or heating by conventional 
methods. Sodha et al. [1] found variance in ground 
temperature using Fourier coefficient calculations and 
predicted that the variance decreases rapidly with depth and 
temperature approaches to a constant value after 0.4 m depth. 
Recently, Onder Ozgener et al. [2] gave a practical approach 
to predict the soil temperature from daily air temperature 
data for earth air heat exchanger (EAHE) applications 
assuming one dimensional heat flow and constant thermal 
conductivity and thermal diffusivity of soil. The concept of 
indirect coupling to heat the room air has been presented by 
Bowen et al. [3]. Since then, several studies covering 
theoretical modelling, experimental studies, for different 
ground cover, for different climatic conditions and for 
different places around the globe have been conducted [4-8]. 
Bojic et al. [9] gave thermal modeling for two pipes of 
different materials dividing the pipes and soil in elemental 
volume. Jens Pfafferott [10] calculated the energy efficiency 
of EAHE and found that thermal efficiency depends on 
instantaneous changes in temperature. Ghoshal et al. [11] 
found that for greenhouse heating, the ground air collector 
was a suitable option compared to EAHE for their studied 
system and climatic condition. Nayak and Tiwari [12, 13] 
studied the photovoltaic integrated greenhouse coupled with 
the EAHE and estimated the energy matrices of the system 
for Indian climates. The evaporative cooling can enhance the 
performance of EAHE as suggested by Bansal et al. [14].  
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Arif Hepbasli [15] presented the low exergy model to 
evaluate a greenhouse coupled with EAHE and inferred that 
the higher reference temperature decreases the exergy 
efficiency of the whole system. Clara Peretti et al. [16] and 
Bisnoyia et al. [17] gave an extensive literature review 
covering design, characteristics of EAHE, modelling adopted 
by several researchers etc. When the earth air heat exchanger 
was integrated by solar chimney which utilizes both the 
geothermal energy as well as the solar energy, the energy 
savings were greater compared to uncoupled system [18]. 
Chlela et al. [19] concluded that a balanced ventilation 
system coupled with EAHE significantly reduces a 
building’s heat demand and hence its CO2 emissions. Clara 
Peretti et al. [16] discussed the effect of soil cover, climate 
and soil composition on the performance of the EAHE and 
concluded that the bare surface improves the performance of 
the EAHE for heating whereas the wet surface is better for 
cooling purpose. It has also been concluded that higher water 
content and closely packed soil near the pipes of EAHE 
improves the performance of the EAHE. Rodriguez and Diaz 
[20] studied the mine galleries converted into EAHE and 
discussed the importance of such systems from a technical, 
economical and environmental point of view. Stephane 
Thiers and Bruno Peuportier [21] analyzed the performance 
of a passive building coupled with EAHE in France. They 
have concluded that the passive concept efficiently enhances 
the environmental performance of the dwellings in the 
French context. Mishra et al. [22] experimentally 
investigated the performance of the hybrid EAHE and 
concluded that energy consumption was reduced by 18% 
when the conditioned air from EAHE was utilized for 
condenser cooling compared to the energy consumption 
when ambient air was used for condenser cooling. 

EARTH AIR HEAT EXCHANGER 

 An EAHE exploits the constant ground temperature few 
meters below the earth surface for cooling or heating the air 
inside the pipe buried below the earth surface. The diameter, 
length of pipe and depth of heat exchanger below ground, 
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dampness of the earth, humidity of inlet air and its velocity 
play a vital role in determining the heat exchange between 
air and the surrounding soil. The air flowing inside the pipe 
gets/rejects heat from/to the inner surface of pipe by forced 
convection and heated/cooled depending upon ground 
temperature and air temperature of flowing air inside the 
pipe. 

THERMAL MODELING 

 Thermal modeling of the present study is divided into 
two part parts 
(i) evaluation of the temperature distribution below the 

ground surface and 
(ii) the expression for the air temperature at the outlet of 

the EAHE. 

Temperature Distribution for Semi-Infinite Surface 

 Heat conduction equation governs the temperature at any 
point in the given region with the help of set of initial and 
boundary condition. 
 The equation governing the temperature distribution T  
(x, t ) is given by, 
!
!"

!!!
!!!

= !"
!"

 (1) 

 If the boundary conditions, meteorological parameters 
etc. are assumed to be periodic then the temperature 
distribution below earth surface at depth x, will also be 
periodic and may be written as follows [23], 

𝑇 𝑥, 𝑡 = 𝑇! 𝑥 + 𝑅𝑒 𝑇!(𝑥)𝑒!"#$!
!!!  (2) 

 On substituting the value of T (x,t) into equation (1) and 
solving the real and imaginary part separately one can get the 
expression of temperature distribution as following 

𝑇 𝑥, 𝑡 =
𝐴𝑥 + 𝐵 +
𝑅𝑒 𝐶! exp −𝛽!𝑥 + 𝐷! exp 𝛽!𝑥 exp 𝑖𝑛𝜔𝑡!

!!!  (3) 
where, A, B, Cn, Dn are the constants and 𝛽! =

!!"#
!!

  (1 +
𝑖). 
 The constants can be determined by using the boundary 
condition. For the semi-infinite ground surface, as 
𝑥 → ∞,𝑇(𝑥, 𝑡) → 0 , therefore 𝐴 = 0  and  𝐷! = 0 . Then 
equation (3) reduces to, 

𝑇 𝑥, 𝑡 = 𝐵 + 𝑅𝑒 𝐶! exp −𝛽!𝑥 exp 𝑖𝑛𝜔𝑡!
!!!  (4) 

 Further the boundary condition at x=0, is as following 

ℎ! 𝑇!" − 𝑇!!! = −𝐾 !"
!" !!!

 (5) 

where 𝑇!" =
!
!!
𝐼(𝑡) + 𝑇! −

!∆!
!!

 is solair temperature at 
ground surface. 
 The hourly variation of solair temperature can be 
expressed in terms of Fourier coefficients for six harmonics 
as follows 

𝑇!" = 𝑇!"! + 𝑇!"#𝑒! !"#!!!!
!!!  (6) 

 From equations (4), (5) and (6) one can get, 

𝐵 = 𝑇!"!  𝑎𝑛𝑑  𝐶! =
ℎ!𝑇!"#𝑒!!!!

ℎ! + 𝐾𝛽!
 

 On substituting one can get 

𝑇 𝑥, 𝑡 = 𝑇!"! +
!!!!"#!!!!!

!!!!!!
𝑒!(!"#!!!)!

!!!  (7) 

 To calculate the average ground temperature for a 
particular month, the average solar intensity and ambient 
temperature have been taken as input parameters. 

Outlet Air Temperature of Earth Air Heat Exchanger 

 Following Goshal et al. [11], the assumption for thermal 
modeling has been listed as below: 
• “Analysis is based on quasi steady-state and heat flow 

is one dimensional [11]”; 
• “Flow of air is uniform along the length of buried 

pipes [11]”; 
• “There is no radiative heat exchange between the 

sides of the buried pipe [11]”. 
• Heat losses from room air to ambient is negligible. 
• Room heating/cooling is done under open loop 

condition. 
 Referring to Fig. (1), the energy balance for an elemental 
length ‘dx’ can be written as [24]: 

𝑚!𝐶!
!"(!)
!"

𝑑𝑥 = 2𝜋𝑟ℎ! 𝑇! − 𝑇(𝑥) 𝑑𝑥  (8) 

 On solving the above equation with boundary conditions 
at x=0, T(x) = Tfi and at x=L, T(x) = T0 one can get, 

𝑇!" = 𝑇! 1 − 𝑒!
!!"!!!
!!!! + 𝑇!"𝑒

!!!"!!!!!!!   (9) 

 The thermal energy gain by the air from the EAHE is 
given by, 

𝑄! = 𝑚!𝐶! 𝑇!" − 𝑇!"  

𝑄! = 𝑚!𝐶! 𝑇! − 𝑇!" 1 − 𝑒!
!!"!!!
!!!!  (10) 

 If v is the velocity of air inside the EAHE and V is the 
volume of the room then, the number of air changes (N) per 
hour is given as 

𝑁 = !!!!×!"##
!

 (11) 

 The pressure difference and the power required to pump 
the air through the earth air heat exchanger is given by 

∆𝑃 = 𝐹 !!
!

!
!

!
,  where  𝐹 = 𝐹! + 𝛾

!
!

 (12) 

𝑃𝑜𝑤𝑒𝑟 = 𝑚!
∆!
!

  (13) 

 The RPM of the fan is expressed as, 

𝑁! =
!"×!
!×!

  (14) 

METHODOLOGY 

 To design the earth air heat exchanger following 
methodology has been adopted 
• The thermocouples for taking the temperature of the 

ground have been calibrated with the glass 
thermometer. 
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• The solar intensity and ambient temperature had been 
taken in the month of October for seven days. 

• Corresponding to above solar intensity and ambient 
temperature, the experimental observations for the 
ground temperature at different depths have been 
taken. 

• The above experimental observations have been 
validated with theoretically calculated ground 
temperature by taking different values of the thermal 
conductivity and the thermal diffusivity of the soil 
and thermal conductivity has been evaluated. 

• For the evaluated value of thermal conductivity, the 
monthly average temperatures for different depths 
have been calculated and the depth of the heat 
exchanger has been optimized. 

• For the evaluated thermal conductivity and optimized 
depth, the EAHE has been designed for a given 
number of air changes for different values of diameter 
and length of the pipe. 

• For room of length 4.5 m, breadth 4.5 m and height 
2.6 m, for desired number of air changes and power 
requirement the optimum design has been chosen. 
Parameters given in Table 1 have been used in the 
calculations. 

Table 1. Values of different parameters used in analysis. 
 
𝛼 = 0.3	
   𝑣 = 1.0  𝑚/𝑠	
  

𝜖 = 0.9	
   ℎ! = 𝐾!𝑁𝑢 𝑑𝑊/𝑚!K 

𝐾 = 0.540𝑊 𝑚𝐾   𝑁𝑢 = 0.023𝑅𝑒!.!𝑃𝑟!.! 

𝜌 = 2050   𝑘𝑔 𝑚! 𝑅𝑒 = 𝑣𝑑/𝜈 

𝑐 = 1840J/kg K 𝐾! = 0.026  𝑊 𝑚𝐾 

𝐶! = 1005  J/kg K	
   𝜐 = 15.68×10!!  𝑚!/𝑠 

ℎ! = 5.7 + 3.8  𝑣;   𝑊/𝑚!𝐾	
   𝑃𝑟 = 0.708 

RESULT AND DISCUSSION 

 Fig. (2) shows the hourly variation of solar intensity and 
ambient temperature for a typical day in the month of 
October at Sriperumbudur. From the figure one can observe 
that the maximum ambient temperature was obtained at 
around 3 pm. Corresponding to the above solar intensity and 
ambient temperature, the ground temperature at different  
 

depths has been recorded and shown in Fig. (3). It can be 
inferred from the figure that, as the depth increases the 
temperature decreases and approaches to a constant value. 
For 3 pm the ground temperatures at 0.3 m, 0.6 m, 0.9 m, 
and 1.2 m were 28.0 0C, 25.8 0C, 25.5 0C and 25.4 0C 
respectively. 
 The experimental validation of ground temperature at 0.3 
m depth is shown in Fig. (4). The theoretical results are 
closer to the experimental results within the experimental 
limits of errors. Theoretically, calculated ground temperature 
for wetted surface has also been given in this figure for 
comparison purpose and it has been noticed that, to decrease 
the ground temperature further, one can wet the ground 
surface. 
 Further, for the evaluated value of thermal conductivity 
of soil, the depth of the heat exchanger has been optimized 
on monthly basis. For optimizing the depth, the monthly 
average of solar intensity and ambient temperature provided 
by the Indian meteorological department have been taken as 
input parameters for calculating the ground temperature on 
annual basis. 
 For calculating the monthly average ground temperature 
the monthly average of solar intensity and ambient 
temperature as shown in Fig. (5) have been taken as input 
climatic parameters. The monthly average ground 
temperature has been shown in Fig. (6). From the figure it is 
clear that, on monthly basis, the ground temperature for bare 
surface was nearly constant and nearly equal to 29 0C for 
optimized depth of 4 m. For wetted surface, the ground 
temperature varied from 27-29 0C at 4m depth, varied from 
27-28 0C at 6 m depth and was nearly constant and equal to 
28 0C at 9 m depth. Fig. (7) depicts the variation of outlet air 
temperature of EAHE along the length of the EAHE for two 
different number of air changes namely N=5 and N=15; and 
0.1m pipe diameter. One can see from the figure that, for 
larger pipes the outlet air temperature approaches to constant 
ground temperature. For the average ambient temperature of 
34 0C in summers and 23 0C in winters, the outlet air 
temperatures of EAHE were 29.3 0C and 28.6 0C 
respectively. For both the seasons, the lengths of the EAHE 
corresponding to these outlet air temperatures were 21 m and 
25 m for a numbers of 5 and 15 air changes respectively. 
 The variation of outlet air temperature of EAHE for 0a 
number of 5 air changes and two different diameters (0.05 m 
and 0.10 m) of pipe in summer and winter has been shown in  
 

 
Fig. (1). Flow direction of air through an elemental length ‘dx’ inside earth air heat exchanger. 
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Fig. (2). Hourly variation of solar intensity and ambient temperature (08/10/2013). 

 
Fig. (3). Ground Temperature at different depth (Experimental) 
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Fig. (4). Ground Temperature for bare surface and wetted surface at different depth (Theoretical and Experimental). 

 
Fig. (5). Monthly variation of solar intensity and ambient temperature. 
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Fig. (6). Monthly ground temperature at different depth (Theoretical). 

 
Fig. (7). Variation of outlet air temperature with length for pipe diameter 0.10m and different number air changes (N=05, 15). 
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Fig. (8). One can see from the figure that, as the diameter of 
pipe increases, the optimized length for the desired outlet air 
temperature (29.3 0C for summer and 28.6 0C for winter) 
from the EAHE increases (length = 15 m for diameter = 0.05 m; 
length = 21 m for diameter = 0.10 m). It is due to the fact as 
the diameter of the pipe increases the volume of air to be 
cooled increases and hence the optimized length increases. 
 The useful thermal energy gain corresponding to 
calculated outlet temperature of EAHE has been plotted for 
0.1 m diameter pipe for a number of 5 and 15 air changes 
and shown in Fig. (9). As the length of the pipe increases the 
useful gain increases and approaches to a constant value. For 
0.05 m diameter and 5 number of air changes the useful 
energy gains were 0.45 kWh for winter and 0.38 kWh for 
summer; for 0.10 pipe diameter and 15 number of air 
changes the useful thermal energy gains were 1.4 kWh and 
1.2 kWh for winter and summer respectively. The useful 
thermal energy gain in winters is higher as compared to 
summer because the limiting outlet temperature in summer 
was 29.3 0C for 34 0C average ambient temperature and in 
winter the limiting outlet temperature was 28.6 0C for 23 0C 
average ambient temperature. 
 For the optimized depth of 4 m, the summarized result of 
the present analysis has been given in Table 2. The two 
appropriate designs have been given as follows: 
 Design I: For a number of 5 air changes and 0.10 m pipe 
diameter, the optimized length of pipe is 21 m. For air to be 
withdrawn from the pipe 0.09 kW power is required which 
can be achieved with a fan of diameter 0.3 m and RPM 66. 

 Design II: For a number of 5 air changes and 0.05 m 
pipe diameter, the optimized length of pipe is 15 m. For air 
to be withdrawn from the pipe 0.14 kW power is required 
which can be achieved with a fan of diameter 0.3 m and 
RPM 66. 
 The environmental assessment is strongly associated with 
the calculation of cost of greenhouse gases (CO2 is one of the 
major contributors of greenhouse gases). In the present case 
the energy gain of the system is effective reduction in the use 
of conventional sources of energy, hence reduction in the 
emission of greenhouse gases. Considering the effect of 
inefficiencies and distribution of losses, the amount of CO2 
emitted per kWh production of electricity for Indian 
conditions is 2.04 kg [25]. The international carbon price is 
between 13 $/tCO2 and 16 $/tCO2 for the low and high 
pledge scenario [26]. Here cost calculation has been done for 
the average price i.e. 14.5 $/tCO2. “Enviroeconomic 
(environmental cost) analysis based on these CO2 emission 
and carbon price (or CO2 emission price) is made as follows: 
CCO2 = (cCO2 ) × (xCO2 ) 
where “CCO2 ” is the environmental cost (enviroeconomic) 
parameter which is based on the environmental analysis 
(CO2 emission price in a year) ($/year), “cCO2 ” is CO2 
emission price per tCO2 (14.5 $/tCO2), and “xCO2 ” is CO2 
emission releasing in a year (tCO2/year)” [27]. 
 For eight hours of operation in a day of EAHE, the net 
energy gain for Design I in summer is 2.32 kWh and for 
winter 2.88 kWh; for Design II, the net energy gain in 
summer is 3.20 kWh and for winter 3.84 kWh. To calculate 

 
Fig. (8). Variation of outlet air temperature with length for pipe diameters 0.05 m and 0.10m for different number air changes (N=05). 
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the reduction in the amount of CO2 emission in a year, it has 
been assumed that the system is in operation for 300 days in 
a year (excluding the days of winter seasons). 
 Reduction in CO2 emitted per year and corresponding 
environmental cost for Design I are 696 kg and 10.1 $ 
respectively; for Design II, these values are 960 kg and 13.9 
$ respectively for the dimensions of the room in the present 
study. The layout for the arrangements (series and parallel 
combination) of pipes for EAHE has been shown in Fig. 
(10). The pipes are connected in series to sum up to the total 
length equal to the optimized length for the chosen design. 

For higher number of air changes, the parallel combination 
of such series connected pipes can be used. 
 Fig. (11) shows the lay out for single room integrated 
with the EAHE. The air to be cooled can be fed to the EAHE 
from ceiling of the room and the cooled air can be fed from 
the bottom of the room. 
 In urban locations, the underground space of the building 
should be utilized for the EAHE system which will be 
coupled with the building. To meet the electricity 
requirement for the operation of the EAHE system, one can 

 
Fig. (9). Variation of useful energy with length for pipe diameter 0.10m and different number air changes (N=05, 15). 

Table 2. For a given number of air changes the optimized length, power required and RPM of fan. 
 

S. No. Volume of 
Room (m3) 

No. of Air 
Changes Per 

Hour 

Diameter of 
Pipe (m) 

Velocity in 
Pipe (m/s) 

Optimized 
Length (m) Power (kW) Velocity for Fan (m/s) 

(for Diameter = 0.3 m) 
RPM  

(for Diameter = 0.3m) 

1 52.65 5 0.05 37.3 15 0.14 1.1 65.9 

2 52.65 10 0.05 74.5 19 1.37 2.1 131.8 

3 52.65 15 0.05 111.8 21 8.06 3.1 197.7 

4 52.65 20 0.05 149.1 25 30.2 4.1 263.7 

5 52.65 25 0.05 186.3 25 57.1 5.2 329.6 

6 52.65 5 0.1 9.4 21 0.09 1.1 65.9 

7 52.65 10 0.1 18.6 25 1.05 2.1 131.8 

8 52.65 15 0.1 27.9 30 4.80 3.1 197.7 

9 52.65 20 0.1 37.3 35 15.20 4.1 263.7 

10 52.65 25 0.1 46.6 35 28.70 5.1 329.6 
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also integrate the roof of the building with the photovoltaic 
module (a renewable energy source). 

CONCLUSION 

 For Design I, the power required to operate the fan for 
desired number of air changes is 0.09 kW and the thermal 
energy gains in summer and winter are 0.38 kW and 0.45 
kW. Design I gives the net thermal energy gains of 0.29 kW 

and 0.36 kW in summer and winter respectively. For Design 
II, the power required for fan is 0.14 kW and the thermal 
energy gains in summer and winter are 0.40 kW and 0.48 
kW respectively; corresponding net thermal energy gains are 
0.26 kW and 0.34 kW. The environmental cost for Design I 
and Design II are 10.1 $ and 13.9 $. It can be concluded that 
the use of EAHE can potentially reduce the load of heating 
or cooling by conventional sources. 

 
Fig. (10). Plan view of EAHE tubes arrangement in series and parallel. 

 
Fig. (11). Lay out for single room connected with earth air heat exchanger. 
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