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Abstract: Earth-to-air heat exchangers (EAHE) can reduce the energy consumption required for heating and cooling of 
buildings.  The composition and the thermal characteristics of the soil influence the heat exchange capacity, and the soil 
moisture can furthermore affect thermal performance of EAHE.  The aim of this study was to compare the thermal 
performance of EAHE in dry and artificially wetted soil.  Tests were carried out in the Basra Province (Iraq), in a semi-desert 
area.  Two experimental EAHE were built in a poultry barn and tested from June 2013 to September 2013.  The pipe 
exchangers were buried at 2 m deep.  One heat exchanger operated in dry soil (DE), while the other one operated in artificially 
wetted soil (WE).  In the WE system, a drip tubing placed 10 cm above the air pipe wetted the soil around the exchanger.  Air 
temperatures at the inlet and at the outlet of both the exchangers as well as soil temperature at 2 m deep were continuously 
monitored.  The experimental results confirmed that wetting the soil around EAHE improves the general heat exchange 
efficiency.  The coefficient of cooling performance (COP) of the earth-to-air heat exchangers system was evaluated on the 
basis of the ratio between the heat removed from the air or added to the air and the energy input.   During the day, with an 
average COP of 6.41, the WE system cooled the air more than the DE system, which reported a value of 5.07.  On average, in 
the hottest hours of the day, the outlet temperature of the WE was 37.35°C while in the DE it was 38.91°C.  Moreover, during 
the nighttime, the WE system warmed the air more than the DE system. 
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1  Introduction  

The global warming, that is now a reality, can have 
repercussions on social and environmental systems.  Detrimental 
effects are remarked especially during heat waves on livestock 
health, welfare and productivity[1].  In Iraq the climate is 
characterized by a long, dry and very hot summer season.  Since 
many years studies on the effects of climate on livestock 
production were carried out with specific reference to Iraqi 
conditions[2].  Heat stress due to high temperatures is one of the 
biggest problems that broilers breeders have to face, And 
performance drops in poultry production due to the high 
temperatures in Iraq has been reported[3].  Heat stress in broilers 
and laying hens not only adversely affects physiological response 
and production[4], but also inhibits immune function[5,6].  Sensible 
heat flow in poultry under stressful conditions has been studied in 
order to find suitable rearing solutions[7]. 

The animal breeding in hot climates can be carried out only by 
adopting specific interventions of environmental control.  
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Appropriate actions to protect animals from heat stress, including 
specific cooling systems, have been studied and suggested in 
literature[8-10].  The evaporative cooling ventilation air to reduce 
heat-stress of broilers is widely adopted in southern Iraq.  In 
alternative to commercial cellulose panels, some waste materials 
commonly used to prepare evaporative pads can reduce costs and 
provide good performances as tested in researches around the 
world[11].  The installation of evaporative pads should be clearly 
defined in order to guarantee good cooling performance[12].  
However, during the hottest months of summer (June-September), 
the evaporative cooling system alone is not able to create the 
minimum acceptable conditions for the poultry production 
especially in areas where relative humidity is high.  In such 
conditions, other cooling systems have to be coupled with 
evaporative cooling[13]. 

The success of indoor thermal comfort for animal husbandry 
has increased the interest of air conditioning solutions based on 
renewable energy sources.  The earth-to-air heat exchanger 
(EAHE) is a geothermal system able to reduce the energy 
consumption required for heating and cooling the buildings[14].  
Furthermore, the cheapness and low carbon dioxide emissions 
represent other important advantages of this technology[15,16]. 

Many authors found that due to its high thermal inertia, the soil 
can be used as a heat sink in summer time and as a heat source in 
wintertime[17-19].  The temperature of the soil remains constant 
over a depth of 4 m[20,21].  Meanwhile, this depth can vary in 
relation to the geographical location and latitude, and can change 
annually as result of climatic changes (temperature, relative 
humidity and rainfall rate) as documented in many researches[22-24].  
Several works have explained the relations between the heat 
exchange capacity and the composition, the moisture and the 
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thermal characteristics of the soil[25-28].  All these factors directly 
or indirectly affect the performance of cooling or heating of EAHE 
together with the characteristics of the pipes[29-31].  In particular, in 
more recent studies, researchers[32,33] have found that the system 
provides better thermal performance by increasing the pipe length, 
burying the pipe at a depth up to 3 m, enlarging the surface of the 
pipe, reducing the pipe diameter and the air flow rate inside the 
tube. 

Underground cooling system can be effective in southern Iraq, 
which is considered a semi-desert region.  In such area, the air 
temperature is highly differs from the ground temperature as well 
as a great variation of temperatures between summer and winter, 
and in summer between day and night.  Therefore, in summer, 
when the external air has a higher temperature than the soil, the air 
can be cooled in the ground before being used for the ventilation in 
the poultry barn.  On the other hand, in wintertime, the air can be 
heated since outside air has a lower temperature than the ground.  
Same condition occurs in the day and night during the summertime, 
provide cooling during the day and heating during the night. 

It is important to remark that if the soil around the pipe is 
wetted, the number of contact points between the soil and the outer 
surface of the pipe is increased[34].  As a result, the thermal 
conductivity coefficient increases as well[35].  The aim of this 
work is to demonstrate the effect of thermal conductivity on the 
performance of EAHE systems by comparing the performance 

during the summer period in dry soil and in artificially wetted soil 
around the pipe.   

2  Materials and methods 

An experimental system was installed in southern Iraq that 
considered as a desert or semi-arid area.  A poultry house was 
chosen for the test, in a farm located in Al Zubair, Basra Province 
(30°19ʹ0ʺN, 47°42ʹ0ʺE). 

Trials started at the beginning of June 2013 and finished at the 
end of September 2013. 

The EAHE systems tested in the present study consisted of two 
parallel pipelines made up of PVC tubes buried at 2 m deep.  The 
scheme of Figure 1 shows the main characteristics of the pipes and 
gives information on the experimental plan. 

The length of each pipe was 37 m while the diameter was   
20 cm.  The distance between the two pipelines was 5 m.  In the 
area where the tests were carried out, the water table was deeper 
than 2 m throughout the year.  Therefore, the portion of soil where 
the pipes where placed was not affected by the ground water during 
the whole experimental period.  Because of the high air humidity 
at the inlet, the pipes were positioned with a slope of 1% in order to 
collect the condensing water formed inside the system.  Figures 2, 
3 and 4 show some phases of experimental plant in the poultry 
farm. 

 
Figure 1  Scheme of the EAHE: DE (above) and WE (below) 

 

 
Figure 2  Preparation of the slope for the pipes 

 
Figure 3  Installation and testing of the moisturizing network 
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Figure 4  Installation of the data recording devices 

 

The soil around one pipeline was wetted by a drip tubing 
placed 10 cm above it.  Therefore, one EAHE operated in dry soil 
(DE) and the other one operated in artificially wetted soil (WE).  
The wetting system was equipped with a plastic, uninsulated 1 m3 

water tank, which is able to contain the amount of water necessary 
for wetting the ground for a period of 6 d, working for 20 min 
every 48 h at 6:00 a.m.  The water tank was buried at 2 m deep in 
order to maintain the water temperature similar to earth 
temperature.  In each EAHE system, a 125 W axial extractor fan 
pulled the external air through the pipe inside the poultry barn 
running continuously.  Each fan generated an air flow at the rate 
of 1670 m3/h. 

As shown in the diagram of Figure 5, probes and data logger 
system were based on Arduino platform.  With “First Arduino”, 
two analog thermometers (Atlas Scientific mod.  ENV-TMP) 
were placed inside each pipeline to measure the air temperature at a 
distance of 12.5 m (Ta1, Ta3) and 24.5 m (Ta0, Ta2) from the pipe 
inlet. 

 
Figure 5  Hardware flow of data of the recording system  

(First Arduino and Mega Arduino) 
 

All the other probes were mounted on “Mega Arduino” data 
logger. Two digital thermo-hygrometers (Honeywell HumidIconTM: 
HIH-6130/6131 Series) were placed at the pipe outlet of WE and 
DE (Td0, Td1) and one outside the system, in proximity of the 
pipes inlet, at 2 m above the ground (Td2).  In addition, three 

analog thermometers (Tg0, Tg1, Tg2) were installed to measure the 
soil temperature at different distance from the pipe (0.25 m, 0.50 m, 
1.00 m), one analog thermometers to measure the temperature of 
the undisturbed ground (Tg3), and another analog thermometers to 
measure the temperature of the water in the tank (Tw4).  All 
measurements were collected every 15 min for all the four months 
of trials on a data-logger Adafruit (mod. Data Logging Shield for 
Arduino). 

An anemometer (Multifunction DO 9847, AP472 S2) was used 
to check the air velocity in different points.  The measures were 
repeated four times during the four months of trials. 

In the area where the experiment was carried out, energy 
outage was relatively frequent.  For this reason, the data logging 
system was equipped with a power unit consisting two solar panels 
and two batteries to enable continuous data recording.  Meanwhile, 
since the air fans were powered by the electrical grid, a monitoring 
system was deployed to assess the power supply itself and to detect 
the periods of fans inactivity.  Data collected during these periods 
(power outages) were excluded from the analysis.   

Since the air was warmer than the soil during the day and 
colder during the night, two separated periods were considered to 
better evaluate the thermal performance of EAHE.  The first 
period was the hottest part of the day (from 12:00 a.m. to 4:00 p.m.) 
while the second period was the coldest part of the day (from 2:00 
a.m. to 6:00 a.m.). 

Table 1 reports the abbreviations used in the present work. 
 

Table 1  Abbreviations used in this paper 
Ta (Tgr_NOR) Undisturbed soil temperature 

To (T_ext)  External air temperature 

Ti (Tout_WE or Tout_DE) Air temperature at WE or DE outlet 

ΔT WE Difference between inlet and outlet temperatures, 
WE 

ΔT DE  Difference between inlet and outlet temperatures, 
DE 

ΔT (Ta-To) Difference between undisturbed soil and open-air 
temperature 

ε WE % Cooling efficiency of WE 

ε DE % Cooling efficiency of DE 
 

To evaluate the performance of the two systems, the cooling 
efficiency and coefficient of performance were calculated.  The 
thermal efficiency of EAHE (ε), which expresses the effectiveness 
of the system in exchanging heat with the ground, is described by 
the following equation: 

100Ti Toε
Ti Ta

−
=

−
 

Abbreviations used in tables and figures of the present work 
are the following:  

The coefficient of cooling performance of the earth-to-air heat 
exchangers system was evaluated by using the following 
equation[36]: 

out

in

QCOP
W

=  

where, COP is the coefficient of cooling performance of WE or DE; 
Ǫout is the heat removed from the air or added to the air, expressed 
in Watt (W); Win is the energy input, that is the amount of electrical 
energy consumed by the fan in Watt (W). 

The amount of heat transferred, removed or added, to the air is 
expressed by the equation of heat exchange[37]: 
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Qout = mCp∆T 
where, m is the mass flow rate of the air, kg/s; Cp is the specific 
heat at constant pressure, kJ/kg·ºC; ∆T is the difference between air 
temperature at the entrance and at the exit of the system: 

∆T = (Ti – To). 
Air velocity inside the tubes was represented by calculating the 

average values of readings taken at the outlet of pipes at the 
beginning and during the experiment.  The surface of the air exit 
point was divided into nine portions, collected measures in each 
part and calculating the average value of the air velocity.  The 
measures were repeated four times during the four months of trials. 

Since the experiment lasted four months during summer 2013, 
the use of data collected in the entire experimental period appeared 
to be the most logical choice.  However, the power of main 
statistical tests was too high, resulting all differences being 
significant due to the large amount of data (9087 records for each 
indicator).  Hence, to reduce the size of the data set and minimize 
information loss, eight days (June 2, 4, 12 and 19, July 7 and 17, 
August 4 and 8) were selected in order to create a model of the 
average day, which is a real day representative of the whole 
experimental period.  The average day was calculated considering 
the sum of squared differences between the mean external 
temperature among all the days at every time of the day and the 
external temperature measured at the same time.  At last, the 
average day had the lowest sum of squared differences.   

Two different data sets were built.  One included the data 
measured during the whole day while the other included only those 
collected during the four hottest hours of the day (from 12:00 to 
16:00).  Data were analyzed using R[38].  A mixed model for 
longitudinal data with an autoregressive covariance structure was 
built for each response variable in order to assess the effect of type 
of EAHE.  The outlet air temperature and COP measured both 
during the whole day and during the hottest four hours of the day 
were investigated, and the heat transfer efficiency was analyzed 
just for the hottest four hours of the day.  All statistical models 
included the fixed effects of type of EAHE (DE or WE), time   
(15 min interval) and type of EAHE per time interaction.  
Appropriate variance–covariance structure was selected based on 
Akaike’s information criterion.  The day was treated as the 
repeated subject and the random effect of time was included in the 
models.  When the interaction of type of EAHE per time was 
found to be significant (p<0.05) in the mixed model, post-hoc 
pairwise comparisons were performed for every time of the day 
using the Tukey’s method.  The differences were considered 
significant when p<0.05.  Least square means and standard errors 
of the mean are reported. 

3  Results 

During the period from June to September the maximum 
temperature reached by the external air was 52.30°C while the 
minimum was 18.10°C.  The maximum soil temperature was 
32.47°C while the minimum was 28.54°C.  The air velocity in the 
pipes was 2.9 m/s on average. 

During the whole day (Table 2), the outlet air temperature was 
significantly affected by the type of EAHE (p = 0.017), time (p < 
0.001) and by the interaction of type of EAHE per time (p = 0.012).  
The outlet air temperature was lower in WE (35.08°C) than in DE 
(35.78°C).  The values of relative humidity of WE (18.51%) and 
DE (17.2%) showed significant differences with the relative 

humidity of external air (14.55%).   
The differences in outlet air temperature between WE and DE 

were found to be significant during the central part of the night 
(from 01:00 to 04:30) and throughout the day (from 07:15 to 21:30), 
while no differences were detected during late evening after sunset 
(from 21:45 to 00:45) and early morning before sunrise (from 
04:45 to 07:00).  In particular, during the hottest period of the day 
(Table 3) from 12:00 to 16:00, the COP was found to be 
significantly affected by the type of EAHE (p<0.001) and the time 
(p<0.001).  In this part of the day, the coefficient of cooling 
performance was higher in WE (6.41) that in DE (5.07).   

 

Table 2  Effects of type of EAHE (ET) on outlet air temperature 
and coefficient of performance (COP), recorded during the 

whole day (24 hours).  SEM = Standard Errors of the Mean 

  
  

EAHE type (ET)  P values 

DE WE SEM ET time ET X time

Outlet air temperature/°C 35.78 35.08 0.14 0.017 <0.001 0.012 

COP 1.48 1.48 0.29 <0.001 <0.001 NS 
 

 

Table 3  Effects of type of EAHE (ET) on outlet air 
temperature, coefficient of performance (COP) and heat 

transfer efficiency, recorded during the hottest hours of the day 
(12:00 - 16:00).  SEM = Standard Errors of the Mean 

  EAHE type (ET)  P values 

  DE WE SEM ET time ET X time

Outlet air temperature/°C 38.91 37.35 0.09 <0.001 <0.001 NS 

COP 5.07 6.41 0.08 <0.001 <0.001 NS 

Heat transfer efficiency/% 39.95 50.62 0.46 <0.001 <0.001 NS 
 

Moreover, in the hottest period of the day, the average air 
temperatures at the different lengths of the pipe 12.5 m and 24.5 m 
were 41.27°C and 39.44°C for WE while 41.35°C and 40.52°C for 
DE (Table 4). 

 

Table 4  Temperatures (°C) measured at different lengths of 
the pipeline of the dry and artificially wetted EAHE during the 

hottest four hours of the day (12:00 AM to 16:00 PM) 

 Average SD Max Min 

T ext 46.03 2.14 52.30 40.30 

T_WE 12.5 41.27 1.92 45.60 36.71 

T_WE 24.5 39.44 1.35 42.69 36.02 

T out_WE 37.78 0.96 40.60 35.20 

T_DE 12.5 41.35 1.86 45.40 36.55 

T_DE 24.5 40.52 1.41 43.94 36.69 

T out_DE 39.18 1.15 42.70 36.30 

Note: T_WE 12.5: air temperature at a distance of 12.5 m from entrance, WE; 
T_WE 24.5: air temperature at a distance of 24.5 m from entrance, WE; T_DE 
12.5: air temperature at a distance of 12.5 m from entrance, DE; T_DE 24.5: air 
temperature at a distance of 24.5 m from entrance, DE. 

 

Because of the wide difference between the external 
temperature and the undisturbed soil temperature at 2 m deep, the 
possibility of cooling and heating was high for both the systems 
(WE and DE). 

Figure 6 shows the air temperature variation between night and 
day and the difference with the temperatures at the exit of wet and 
dry lines for the entire month of August 2013. 

Furthermore, figure 7 proves that WE has a greater capacity to 
cool or heat the air rather than the DE.  In the average day, the 
temperature difference between the two experimental lines shows 
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significant values.  The relative humidity of WE (18.51%) and DE 
(17.2%) also had significant differences, while the relative 
humidity of external air was 14.55  

Figure 8 reports the results in terms of performance coefficient 
of the EAHE systems during the average day, shown that the 
cooling COP during the hottest hours of the day of the WE (6.41) 
was greater than DE (5.07).    

 
Figure 6  Air temperatures at the outlets of the EAHE in relation 

with the outside temperature during August 2013 
 

 
Note: Tgr_NOR = undisturbed soil temperature at 2m, Tout_WE = outlet air 
temperature for wet pipe, Tou_DE = outlet air temperature for dry pipe, T_ext = 
external temperature at the experimental site  
Figure 7  Air temperatures at the outlets of the EAHE systems in 
relation with outside and ground temperature during the whole day 

 

 
Figure 8  Coefficient of performance of EAHE systems during the 

average day 
 

The effect of pipes length on the performance of the two 
different kinds of pipes is reported in Figure 9, which shows the air 
temperature in the dry and artificially wetted EAHE measured in 
different positions during the hottest period of the day.  It is clear 
that the first one-third of the pipe length is the most effective part 
in the air cooling.  The differences between the two systems were 
0.08°C, 1.08°C and 1.40°C at 12.5 m, 24.5 m and 37 m, respectively. 

 
Figure 9  Air temperature in the dry and artificially wetted EAHE 

measured at different length of the pipeline during the hottest 
period of the day (12:00 a.m. to 4:00 p.m.; period 1 June -15 

August 2013) 

4  Discussion  

The difference between the external temperature and the air 
temperature at the exit of wet and dry lines referred to the average 
day of summer (Figure 7) confirm the results of different 
researches[18,19,39].  The study states that wetting the soil 
surrounding the pipe leads to increase the heat dissipation by 
raising the thermal conductivity value of the soil.  Therefore the 
moisture effect of soil on the heat exchange can be considered as a 
significant parameter affecting thermal performance, confirming 
the results obtained in many researches[40,41,28]. 

The data of the hottest period of day demonstrates that WE are 
able to reduce the air temperature better than DE.  In fact the 
average ΔT was 1.56°C higher in WE than in DE, showed a higher 
efficiency. 

In the night period, the environmental conditions are reversed 
and the outside temperature is lower than the ground temperature.  
Therefore, in both EAHE, the temperature at the outlets raises 
during the night hours.  However, the temperature increase for the 
wet line is greater than for the dry line. 

The cooling COP during the hottest hours of the day for WE is 
higher than for DE (6.41 and 5.07 respectively).  Analogous 
performances for the DE system were obtained in other 
researches[37].  In that case, during the cooling tests in very similar 
environmental conditions with high summer temperatures, the DE 
achieved a maximum COP of 5.5.   

During the day, the hot air entered the pipes increases the 
temperature of the soil around the line, which negatively affects the 
performance of the system with time.  In opposite, the colder air 
flowing into the pipes during the night and decreases the 
temperature of the ground around the line.  The difference 
between the COPs of the two systems during the whole day 
demonstrates that with the increased coefficient of thermal 
conductivity of the soil around the pipe, the WE system resists 
better to the variation of the ground temperature.   

The performance of the EAHE depends on several input 
parameters, among which the length of the pipes is one of the 
major factors.  The effect of the pipe length is demonstrated by 
the difference between the air inside the tube at given distances.  
In this research, the results are consistent with other studies[22,31], 
confirming that the biggest cooling effect is achieved in the first 
part of the pipe length.  Moreover, even at the exit point of the 
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pipe the WE still shows a significant cooling performance while the 
air temperature in the DE becomes steady at that point.   

5  Conclusions 

The relatively cold soil can reduce the electrical costs for 
cooling the air in a semi-desert area as the Basra Province (Iraq).  
Both DE and WE cooling systems can be considered as useful 
solutions to reduce heat stress of animals in poultry barns during 
the hottest periods, but the use of WE in livestock barns can give 
better results in reduction of temperature.  In the trials, during the 
hottest hours, the average cooling COP of WE was 1.70 points 
higher than the one of the DE, whereas the average ΔT was 0.76°C 
higher in WE than in DE.   

The soil wetting technique around EAHE can improve the heat 
exchange efficiency.  The length of pipe has a significant impact 
on the performance of EAHE systems, but with an artificial wetting 
this effect becomes more remarkable compared to the dry system.  
By adding a drip water tube, the WE system reduces the 
temperature of the incoming air more efficiently than the DE 
system, especially when the temperatures difference between the 
outside air and the soil is low.  However, an economic analysis 
would be useful to assess the real convenience to invest for the 
water drip system, also taking into account the scarce availability 
of water in desert or semi-desert areas. 

 
Acknowledgments 

The present study was carried out within a project funded by 
the Task Force Iraq of the Italian Ministry of Foreign Affairs and 
International Cooperation.   

Mr. Hadar Adnan Hassan of the Agriculture Directorate of the 
Province of Basra (Iraq) played a fundamental role in the data 
collection. 
 

[References] 
[1] Kuczynski T, Blanes-Vidal V, Li B M, Gates R S, Nääs I A, Moura D J, 

Berckmans D, Banhazi T M.  Impact of global climate change on the 
health, welfare and productivity of intensively housed livestock.  Int J 
Agric & Biol Eng, 2011; 4(2): 1–22.  

[2] Farhan S A, Rollinson D H L, Al-Rawi A R, Sørensen J B.  Studies on 
the effects of climate on livestock production in Iraq.  The relationship of 
climate to roughage and water intake of calves.  International Journal of 
Biometeorology, 1970; 14: 167–185. 

[3] Al-Hassani D H, Al-Jebouri M S.  The effect of heat stress on acclimated 
and non-acclimated laying hens.  2nd Egyptian- British Conference on 
Animal and Poultry Production.  Bangor, UK. 1986. 

[4] Donkoh A.  Ambient temperature: a factor affecting performance and 
physiological response of broiler chickens.  International Journal of 
Biometeorology, 1989; 33:259–265. 

[5] Mashaly M M, Hendricks G L, Kalama M A, Gehad A E, Abbas A O, 
Patterson P H.  Effect of heat stress on production parameters and 
immune responses of commercial laying hens.  Poultry Science, 2004; 83: 
889–894. 

[6] Al-Ghamdi Z H.  Effects of commutative heat stress on immune 
responses in broiler chickens reared in closed system.  International 
Journal of Poultry Science, 2008; 7(10): 964–968.  

[7] Nascimiento S T, da Silva I J O, de Castro A C, Vieira F M C.  Mean 
surface temperature prediction models for broiler chickens – a study of 
sensible heat flow.  International Journal of Biometeorology, 2014; 58: 
195–201. 

[8] Nienaber J A, Hahn G L.  Livestock production system management 
responses to thermal challenges.  International Journal of Biometeorology, 
2007; 52: 149–157.  

[9] Barbari M, Conti L.  Use of different cooling systems by pregnant sows 
in experimental pen.  Biosystems Engineering, 2009; 103: 239–244.  

[10] Dağtekin M, Karacab C, Yıldızb Y.  Performance characteristics of a pad 
evaporative cooling system in a broiler house in a Mediterranean climate.  
Biosystems Engineering, 2009; 103: 100–104.  

[11] Ndukwu M C, Manuwa S I.  A techno-economic assessment for viability 
of some waste as cooling pads in evaporative cooling system.  Int J Agric 
& Biol Eng, 2015; 8(2): 151–158.  

[12] Hui X, Zhu Q, Ni J Q, Li B M, Shi Z X, Zhao S M, et al.  Effect of 
cooling pad installation on indoor airflow distribution in a 
tunnel-ventilated laying-hen house.  Int J Agric & Biol Eng, 2016; 9(4): 
169–177.. 

[13] Ahachad M, Belarbi R, Bouaziz N, Draoui A, Allard F.  Poultry housing 
in the Arab World: applying principles of thermal exchange to improve 
performance (A case study of Morocco).  Emirates Journal of Food and 
Agriculture, 2008; 20(1): 60–75.   

[14] Grosso M.  Il raffrescamento passivo degli edifici in zone a clima 
temperato.  In: Maggioli (ed).  Santarcangelo di Romagna, Italy, 2008. 
pp. 425–450. 

[15] Hamada Y, Saitoh H, Nakamura M, Kubota H, Ochifuji K.  Field 
performance of an energy pile system for space heating.  Energy and 
Buildings, 2007; 39: 517–524. 

[16] Shi L, Chew M Y L.  A review on sustainable design of renewable 
energy systems.  Renewable and Sustainable Energy Reviews, 2012; 
16(1): 192–207. 

[17] Bansal V, Misra R, Agrawal G, Mathur J.  Performance analysis of 
earth–pipe–air heat exchanger for winter heating.  Energy and Buildings, 
2009; 41: 1151–1154.  

[18] Ozgener L, Ozgener O.  An experimental study of the energetic 
performance of an underground air tunnel system for greenhouse cooling.  
Renewable Energy, 2010; 35: 2804–2811.  

[19] Amara S, Nordell B, Benyoucef B.  Using Fouggara for heating and 
cooling buildings in Sahara.  Energy Procedia, 2011; 6: 55–64.  

[20] Kumar R, Ramesh S, Kaushik S C.  Performance evaluation and energy 
conservation potential of earth–air–tunnel system coupled with 
non-air-conditioned building.  Building and Environment, 2003; 38: 
807–813.  

[21] Ozgener L.  A review on the experimental and analytical analysis of earth 
to air heat exchanger (EAE) systems in Turkey.  Renewable and 
Sustainable Energy Reviews, 2011; 15: 4483–4490.   

[22] Barbari M, Chiappini U.  Raffrescamento dell’aria di ventilazione 
mediante tubi interrati.  Genio Rurale, 1984; 12: 39–52. 

[23] Baruch G.  Cooled soil as a cooling source for buildings.  Solar Energy, 
2004; 81: 316–328.   

[24] Tittelein P, Achard G, Wurtz E.  Modelling earth-to-air heat exchanger 
behaviour with the convolutive response factors method.  Applied Energy, 
2009; 86: 1683–1691. 

[25] Sharan G, Jadhav R.  Performance of single pass earth-tube heat 
exchanger: an experimental study.  Indian Institute of Management 
Ahmedabad, Research and Publication Department, WP 2003-01-07.  
2003. 

[26] Ghosal M K, Tiwari G N.  Modeling and parametric studies for thermal 
performance of an earth to air heat exchanger integrated with a greenhouse.  
Energy Conversion and Management, 2006; 47: 1779–1798.   

[27] Givoni B.  Cooled soil as a cooling source for buildings.  Solar Energy, 
2007; 81: 316–328.   

[28] Mathur A, Srivastava A, Mathur J, Mathur S, Agarwal G D.  Transient 
effect of soil thermal diffusivity on performance of EATHE system.  
Energy Reports, 2015; 1: 17–21.   

[29] Baxter D O.  Energy exchange and related temperature of an earth-tube 
heat exchanger in the cooling mode.  Transactions of ASAE, 1994; 37(1): 
257–267. 

[30] Deglin D, Van Caenegem L, Dehon P.  Subsoil heat exchangers for the 
air conditioning of livestock buildings.  Journal of Agricultural 
Engineering Research, 1999; 73: 179–188. 

[31] Petek M, Dıkmen S, Oğan M M.  Performance analysis of a two stage 
pad cooling system in broiler houses.  Turkish Journal of Veterinary and 
Animal Sciences, 2012; 36(1): 21–26.   

[32] Florides G A, Christodoulides P, Pouloupatis P.  An analysis of heat flow 
through a borehole heat exchanger validated model.  Applied Energy, 
2012; 92: 523–533.   

[33] Soni S K, Pandey M, Bartaria V N.  Ground coupled heat exchangers: A 
review and applications.  Renewable and Sustainable Energy Reviews, 



May, 2018  Wasseem M, et al.  Cooling performance of earth-to-air heat exchangers applied to a poultry barn in semi-desert areas of south Iraq Vol. 11 No.3   53 

2015; 47: 83–92.   
[34] Wang K C P, Wang J M L, Sparrow M, Haginoya S, Zhou X J.  Variation 

of surface albedo and soil thermal parameters with soil moisture content at 
a semi-desert site on the western Tibetan Plateau.  Boundary-Layer 
Meteorology, 2005; 116: 117–129.   

[35] Monteith J L, Unsworth M H.  Principles of Environmental Physics.  
2nd ed.  Edward Arnold, London, 1990. 

[36] ASHRAE Handbook of Fundamentals.  American Society of Heating, 
Refrigeration, and Air Conditioning Engineers, Atlanta, GA.  1989. 

[37] Alghannam A R O.  Investigations of Performance of Earth Tube Heat 
Exchanger of Sandy Soil in Hot Arid Climate.  Journal of Applied 
Sciences Research, 2012; 8(6): 3044–3052. 

[38] R Core Team. R: A language and environment for statistical computing.  

R Foundation for Statistical Computing, Vienna, Austria.  2015.  
https://www.r-project.org/. Accessed on [2015-11-20]. 

[39] Xamána J, Hernández-Lópeza I, Alvarado-Juáreza R, Hernández-Péreza I, 
Álvareza G, Chávez Y.  Pseudo transient numerical study of an 
earth-to-air heat exchanger for different climates of México.   Energy 
and Buildings, 2015; 99: 273–283.   

[40] Bansal V, Misra R, Agarwal G, Mathur J.  Transient effect of soil thermal 
conductivity and duration of operation on performance of Earth Air Tunnel 
Heat Exchanger.  Applied Energy, 2013; 103: 1–11.   

[41] Ozgener O, Ozgener L, Tester J W.  A practical approach to predict soil 
temperature variations for geothermal (ground) heat exchangers 
applications.  International Journal of Heat and Mass Transfer, 2013; 62: 
473–480. 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


