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ABSTRACT 
 

The aim of this study is to investigate the coefficient of performance (COP) of earth tube heat exchanger 
(ETHE) on sandy soil on desert arid climate. The study is also intended to help gain insight into any other 
factors that could possibly affect the performance of earth-tube ventilation systems in sandy soil hot arid 
locations. Sensitivity analysis was also carried out to characterize the system response through the variations of 
its output parameters following modifications imposed  on the input parameters of the system.  In the ETHE air 
was withdrawn from the exit of the greenhouse then pushed  through the pipes under the ground to enter again 
from the other side to the greenhouse. During this process there is heat exchange between air and walls of the 
pipe so as to reduce the temperature of the air during the summer or raise it during the winter. The ETHE system 
was able to attained an average COP of 6.32 and peak of 6.89 during the heating tests despite occasional heat 
losses to the surrounding soil. It has achieved a maximum COP of  5.5 in August during the cooling tests with a 
mean of 1.75. During the sensitivity analysis, a difference of approximately 3 in COP value was found by 
varying the specific volume from 0.6 m3/kg to 0.95 m3/kg. This signifies the importance of incorporating the 
effect of condensation when calculating COP of the ETHE -greenhouse closed systems.  
 
Key words: coefficient of performance; earth tube; heat exchanger; sensitivity analysis; greenhouse. 
 
Abbreviations: COP_ Coefficient Of Performance, ETHE_ Earth Tube Heat Exchanger 
 
Introduction 
 

Maintaining a comfortable temperature for plants inside a greenhouse requires a significant amount of 
energy. Separate heating and cooling systems are often used to maintain the desired  air temperature inside the 
greenhouse, and the energy required to operate these systems commonly comes from electricity, fossil fuels, or 
biomass. The other option is to consider using renewable energy resources such as the sun’s energy  absorbed by 
the earth. In contrast to many other sources of heating and cooling  energy which need to be transported over 
long distances, earth energy is available on-site, and in massive quantities.(NRCan, 2002) 

 Since the soil transports heat slowly and has a high heat storage capacity, its temperature changes slowly 
depending on the depth of the measurement.  As a consequence of this low thermal conductivity, the soil can 
transfer some heat from the cooling season to the heating season . Heat absorbed by the earth during the summer 
effectively is used in the winter (NRCan, 2002, Alghannam, 2010).  

The attainment of the optimum plant growth temperature whilst minimizing energy consumption in 
greenhouses is a key aim for most greenhouse mangers and is a particular challenge in desert climates. The 
desert climate can be classified as hot and arid and such conditions exist in a number of areas throughout the 
world. One such area is Al-Hassa, Saudi Arabia, with a climate of long summer begins in April and lasts until 
November, and the temperature rise up to 45 ºC in July and August, while in the winter it falls to about 15.5 ºC 
in January with an average annual temperature of 26.5 ºC. (Alghannam, 2011). In general, comfortable 
temperature and relative humidity for greenhouse crops is between 22 and 27 ºC and  70-85% respectively 
(Albright (1991), Nilwik (1980), Bakker and Van Uffelen, 1988). Such conditions are often achieved through 
the use of various air-conditioning  systems in desert climates; hence there is a significant use of energy in the 
conventional air conditioning systems. Methods of reducing this energy demand would thus have clear 
economic and environmental benefits. For these reasons it would be beneficial to investigate earth–air heat 
exchangers as auxiliary cooling and heating devices together with air-conditioning. Cooling the outdoor air 
through buried pipes by means of an earth tube heat exchanger (ETHE) has been known for many years to have 
potential for increasing a greenhouse’s comfort whilst decreasing its energy demand. There are many reported 
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experimental and analytical studies on ETHE; however the use of ETHE systems for greenhouse has not been 
investigated in the case of desert. Alajmi et al. (2006). Some essential results that are useful for the design of 
ETHE system were obtain by several researchers for hot arid and subtropical climates are presented as follow; 
Ghosal et al. (2004) found that the temperature of greenhouse air using ETHE are  6–7 ◦C on average more in 
winter and 3–4 ◦C less in summer when compared to a greenhouse without ETHE in New Delhi, India . Ghosal 
and Tiwari (2006) found that increasing pipe length, decreasing pipe diameter, decreasing mass flow rate of 
flowing air inside buried pipe, and increasing depth of ground up to 4 m are the parameters controlling 
greenhouse air temperature using the EAHE. Bansal et al. (2010) investigated the performance analysis of 
ETHE for summer cooling in Jaipur, India using 23.42 m long and 2–5 m/s flow rate for steel and PVC pipes 
achieved cooling in the range of 8.0–12.7◦C. They showed performance of system is not significantly affected 
by the material of buried pipe instead it is greatly affected by the velocity of air fluid. They observed COP 
variation 1.9–2.9 for increasing the velocity 2–5 m/s. Chel and Tiwari (2010 )realized space heating and cooling 
with an ETHE integrated stand alone photovoltaic system in New Delhi, India.(Ozgener, 2011) 

In most of the commercial greenhouses, traditional cooling and heating systems are may be sufficient due to 
the availability. However, more efficient, environmentally safe, and more durable systems are needed to replace 
the current systems. Additionally, energy has become more expensive, and will continue to be so, to a level that 
optimal use of resources has become a major concern today (Sigrimis and Rerras, 1996).  

The aim of this study is to investigate the coefficient of performance (COP) of ETHE on sandy soil on 
desert arid climate. The study is also intended to help gain insight into any other factors that could possibly 
affect the performance of earth-tube ventilation systems in hot arid climates.  

 
Soil Temperature: 

 
The most essential parameter affecting design and performance of systems Since ETHE  systems  is the soil 

temperature. Soil temperatures vary with soil type, depth, moisture content, time of year, and geographic 
Location. Typical mean annual ground temperatures one meter deep for the location under study  in Hofuf, 
Saudi Arabia  are given in Fig1. (Alghannam, 2011)  

Many parameters have an influence on performance of the ETHE.  Soil characteristics, tubing factors, and 
air characteristic  affect the design and performance of a system. Soil characteristics include soil type, moisture 
content, and water table elevation. Temperature levels for various soil types indicate the less favorable 
performance of sandy soils. However, If sandy soils must be used, the number of lines, line lengths, and/or 
depth should be increased by 10 to 20% to compensate this effect. Heat transfer capability is directly 
proportional to moisture content increases in the soil. (Goetsch et al., 1985) 

Even though earth-tube ventilation systems appear to have good potentials, local soil conditions and other 
site-specific factors could affect their performance. For instance they are likely to perform poorly in hot, humid 
areas, because the ground does not remain sufficiently cool at a reasonable depth during the summer months  
(Darkwa et al., 2011). 
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Fig. 1: The mean annual ground and ambient  temperatures for the location under study  in Hofuf, Saudi Arabia  
            (Alghannam, 2011). 
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Greenhouse cooling & Heating using ETHE in Saudi Arabia: 
 
Although ETHE have been in use for years in developed countries and the performance of the components 

is well documented, the utilization of EAHEs in residential and agricultural buildings is new in Saudi Arabia, 
The first experimental installation was realized in agricultural buildings was in 2007 with a total floor area of 
300 m2.  A research have been conducted using ETHE for cooling a greenhouse during summer season, it was 
obtained that ETHE have a 20% more higher initial cost. This is due to the extra expense and effort to bury heat 
exchangers in the earth. Furthermore, System was able to reduce the temperature in the summer season by a 
magnitude of 10.73 ºC from 79.4ºC to 68.6 ºC, therefore, the ETHE cannot be used as separate cooling systems 
in the summer  however it can be used an assisting system. Nevertheless, it can be used as a cooling systems 
during the fall and spring season for the same region( Alghannam et al., 2011).  In another study conducted by  
Alghannam,(2011) the system was able to raise the temperature in the winter season by 12.5 ºC  from -1,1ºC to 
11.4 ºC, therefore, It could be used as a standalone in a mild winter and as a auxiliary to the heating systems 
during a bitter winter.  

 
Coefficient of performance: 

 
Air conditioning systems and geothermal energy systems use COP ratings. This rating only hold for one 

temperature condition and cannot be directly used to calculate annual performance in an application. 
(NRCan,2004). The COP is a measure of ETHE efficiency. It is determined by dividing the energy output of the 
ETHE by the electrical energy needed to run the blower fan, at a specific temperature. The higher the COP, the 
more efficient the ETHE. (NRCan,(2004), Sharan G. (2008)) 

 For the simple cases of sensible heating or cooling of air, the COP may be useful for characterizing these 
interactions. Darkwa et al. 2011 found that  the ETHE was able to provide 62% of the heating load in March and 
also attained a COP of 3.2 despite the occasional heat losses to the surrounding soil.  The system provided 86% 
of ventilation cooling load and achieved a maximum COP of 3.53 in July. Since  heat exchanger has a good 
peak performance with a limited seasonal capacity, it is a convenient  technique in combination with other 
energy saving systems. Therefore, only moderate climates having  large temperature difference between summer 
and winter is suitable for ETHE.  (Janssens et al., 2005) 

 
Sensitivity Analysis: 

 
During recent years sensitivity analysis applications have multiplied and a numerous papers have been 

published on environmental journals, including Environmental Modeling & Software (e.g. Loualalen, 2008; 
Napelenoketal., 2008. Confalonieri et al., 2010). Sensitivity analysis is a mathematical instrument, first 
developed for optimization methods which aim to characterize a system response through the variations of its 
output parameters following modifications imposed  on the input parameters of the system. Sensitivity analysis 
is used for thermal design studies to understand the relationship and study the impact of input parameters on 
different simulation outputs. Such analysis is very difficult when the thermal model under consideration is 
complex or the number of parameter input is high. (Njomo and Daguenet, 2006) 

Sensitivity analysis is employed as formal method for the evaluation of data and the understanding of 
models (Tarantola and Saltelli, 2003). The factors used to characterize Input - output relationships assume 
values based on published Literature or on data from experiments. Uncertainty analysis investigates the effects 
of knowledge deficiency or potential errors of the inputs in the outputs. In combination with sensitivity analysis, 
it informs about the reliability of the outputs. It is therefore important to identify the   key  factors affecting the 
output. (Foscarini et al. 2010). 

Since COP is the output function of the thermal systems which depends on several parameters. For ETHE 
the input parameters depends on tubing factors such as soil type (heat transfer coefficients); material of buried 
pipe; pipe length; pipe diameter depth of the buried pipe, and  air characteristics such as mass flow rate; air 
density; difference of air temperatures.  

Nevertheless, the above parameters could produce a significant variation on the COP value, the tubing 
factors are measurable design parameters that can be fixed based on previous literature or studies. Whereas, the 
air characteristics are changing based on friction, humidity ratio, or ambient air temperatures. Therefore it is 
essential to calculate the COP for the ETHE based on the fluctuation of the air characteristics.  

      
Materials and Methods 

 
The connection of ETHE systems with the greenhouse can either be a closed system or open system. In this 

research, the performance of the closed system was studied for the purpose of recirculation of the same air to 
study the possibility of cooling with carbon dioxide enrichment.  
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Despite the vast development of numerical modeling software, the optimization of thermal systems cannot 
always be precisely investigated using mathematical or numerical optimization techniques, due to incomplete 
models, plant complexity, or generic difficulties in the mathematical treatment. Yet the mathematical modeling 
could be utilized to give an approximation or be used as an indicator for the design and optimization of the 
thermal systems. Therefore structural modifications are the fundamental method to improve the cost 
effectiveness, suitable design, measure of performance, and optimization of the system.  

 
Experimental Set –up: 

 
The main objective of the research was to study the possibility using air through underground pipes as Earth 

Tube Heat Exchangers (ETHE) in a closed system under the climate of the of Al-Hassa.  The ETHE was used to  
heat  the greenhouse during cold winter nights and cool it on hot summer days. Air was withdrawn from the exit 
of the greenhouse then pushed  through the pipes under the ground to enter again from the other side to the 
greenhouse. During this process there is heat exchange between air and walls of the pipe so as to reduce the 
temperature of the air during the summer or raise it during the winter.   

This research aimed to study the feasibility of using earth tube heat exchangers to cool and heat the 
greenhouse. This study was conducted at the research and training experimental station of King Faisal 
University located in Al-Hassa during the summer and winter seasons 2007. The heat exchanger consisted of 15 
parallel PVC pipes that were 21m long 15.2cm diameter at a depth of 3m under soil surface as in pictures 1, 2 
and 3. The air is exhausted from one end of the greenhouse through the pipes and circulated back to the 
greenhouse from the other end. The research was implemented using a Gothic arch shape unplanted greenhouse. 
The greenhouse was 29.2m long and 9.2m width, and Covered with one layer of 200 micron polyethylene.  

Before the design of piping system of the greenhouse, the soil  subsurface temperature of the site under 
concern  was measured and simulated. This study was conducted by Alghannam(2010) in the years 2003 and 
2004 at the depths (5 cm, 10 cm, 20 cm, 50 cm, 100 cm) and in another four consecutive months at a depth of 3 
m in the moths of June-July-August- September 2010 . 

Since the general goal in air-conditioning systems, is to make a change of state of air from one condition to 
another, understanding thermodynamic  and heat transfer interactions is essential to understand the energy 
changes in air conditioning processes.  

The coefficient of performance, COP, similar to other performance  parameters, is simply a ratio of the 
effect we want (a heat transfer) to the quantity that we must buy (work) in order to cause the desired effect. 
ASHRAE (1989) 
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Results and Discussion 
 
COP for cooling tests: 

 
COP tests for cooling were carried out 6 am to 6 pm during the month of August 2007. Table 1 illustrates 

the mean temperature of the tests that have been repeated for a whole week (seven replicates). The specific 
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volume was obtained from the psychrometric chart. The use of the specific volume for every test is significant to 
calculate the  actual COP. Unlike other heating and refrigeration systems (conventional refrigeration systems, 
heat pumps, gas heaters, etc.) that use the cooling fluid in closed tubes as a means to cool or heat environment 
through radiation, ETHE is a ventilation system where air that comes out of the ETHE is in direct contact with 
the environment (e.g. people, plants, animals). Moisture of the greenhouse soil or evapotranspiration from plants 
makes a continuous contribution to the moisture content of the air for which there will be variation of sensible to 
latent heat. On the other hand, moisture condensation that occur inside the earth tubes during the cooling tests 
contribute to the variation from latent to sensible heat. This ultimately entails a fluctuation in COP value.  This 
psychrometic characteristic is almost ignored in most analyses of COP or optimization of the ETHE systems. 
Some researchers consider the specific volume (density) as a fixed value for all the tests; therefore, it is essential 
to include the mutual fluctuation between sensible and latent heat in the analysis as indicated throughthe 
research of  Abrames (1986) and Goswami et al, (1990). To highlight  this point, sensitivity analysis was applied 
to evaluate the variation of the COP as a result of the manipulation of the specific volume.  Fig 2. illustrates the 
significant difference in COP as result of the change of the specific volume.  

 

 
 
Fig. 2: Sensitivity analysis: the variation in COP as result of the change of the specific volume.  

 
Fig 2. presents a peak difference in COP value of approximately 3 by varying the specific volume from 0.6 

m3/kg to 0.95 m3/kg. Therefore, evaporation and evapotranspiration in a cultivated greenhouse, and 
condensation inside the ETHE system have a big contribution to the moisture ratio causing the change of heat 
from sensible to latent and vise versa. This continuous process causes a misleading measure of the actual COP.  
This concept have investigated  by several researchers such as (Zhao  (2004)), however as far as my research is 
extended,  the effect of the condensation on COP measurement was not investigated.  

Table 1 illustrates all air characteristics involved in the calculation of COP. As presented in the table, for 
each test there is a specific volume and almost different volumetric rate. The variability of these two parameters 
along with the temperature difference represent  interrelated main air characteristics that have an apparent 
influence on COP in a closed greenhouse-ETHE system. 

  

 
 

Fig. 3: the actual COP for cooling during hot summer days. 
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The final cooling COP of ETHE during summer high ambient temperatures, where cooling is greatly 
needed, is depicted in Fig 3. During these periods the average value of COP attained by the system for the 
cooling tests was 1.75 and the value of COP in the hours of high energy exchange ranged from 0.38 to 5.5. 
Similar results were observed by Darkwa et al. 2011 in which they found that  the ETHE was able to provide a 
maximum COP of 3.53 in July during the ventilation cooling. Bansal et al. (2010)  also  observed COP variation 
1.9–2.9 for increasing the during summer cooling tests. 

 

 
 
Fig. 4: The inlet and outlet temperatures of ETHE during the cooling process throughout the day in the summer. 

 
Fig  4. presents a comparison between the inlet and outlet temperatures during the cooling process during 

the summer daytime. These tests were based on a closed system with a greenhouse.  What is apparent from the 
figure is that peak cooling exists when temperature at its highest values. The inlet temperature started at 27.9oC 
at 6:00 am then increased to reach a maximum of 65.4 oC then declined back to become 33.1 oC at 6:00 pm. The 
outlet temperature was 27.6 oC to 32.5 oC with an average temperature of 50 oC  and a peak 64.9 oC . The 
maximum difference between the inlet and outlet temperatures was 4.4 oC and the minimum was  0.3oC.     

 
COP for heating tests: 

 
COP tests for heating were carried out 6 pm to 6 am during the month of January 2008. Table 2 illustrate 

the mean temperature of the tests that have been repeated for a whole week (seven replicates).  
Since heating tests were conducted at night time in an empty , there was no evaporation happened . 

Therefore, there were not much fluctuation in the specific volume as were for the cooling tests.  
 
Table 2: Air characteristics involved in the calculation of COP during heating tests 

Time(hr) T-out (ºC) T-in (ºC) RH (%) ν (m3/kg) V (m3/s) Qout COP 
6.00 16.63 12.49 25.62 0.796 1.27 6642.01 5.62 
7.00 15.95 11.38 25.76 0.80 1.18 6779.418 5.72 
8.00 15.47 10.55 25.91 0.80 1.16 7189.46 6.06 
9.00 15.10 10.04 26.16 0.80 1.18 7477.51 6.31 
10.00 14.56 9.24 26.57 0.80 1.15 7711.75 6.50 
11.00 14.22 8.85 26.79 0.80 1.18 7971.82 6.72 
12.00 14.09 8.76 26.97 0.80 1.16 7760.21 6.54 
13.00 13.92 8.65 27.16 0.80 1.16 7685.94 6.48 
14.00 13.71 8.39 27.32 0.80 1.16 7777.99 6.56 
15.00 13.55 8.09 27.56 0.80 1.15 7911.74 6.67 
16.00 13.21 7.57 27.89 0.80 1.15 8165.41 6.89 
17.00 11.00 6.37 23.58 0.78 1.15 6847.92 5.78 

 
The inlet temperature started at 12.49oC (6 PM), falling to the lowest value 6.37oC at 5 am. Temperature of 

the air at the outlet started at 16.63 oC then declined to 11oC. Temperature of the air at the inlet was virtually 
changing 12.4oC to 6.37oC. ETHE was able to raise the greenhouse air temperature at 4.0 am  from 7.57oC to 
13.21oC or by 5.64oC. The table also shows the COP values. The mean hourly COP is 6.32. The greatest hourly 
values of COP in heating mode reported by Baxter ranged from 3.2 to 10.3. Mean hourly value of COP over the 
entire period of test ranged from 5.6 to 6.89. 

A summary is given in Table 2 showing the results of the heating test. 
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Fig. 5: The inlet and outlet temperatures of ETHE during the heating process throughout the night in the winter. 

 
Contrary to the cooling, the heating COP gave a better results  under low ambient temperatures. As depicted 

in Fig 4, values of COP were high with a difference of 1.28 between the highest and the lowest values.  
 

 
 

Fig. 6: The inlet and outlet temperatures of ETHE during the heating process throughout the day in the winter. 
 
The inlet and outlet temperatures during the heating process during the winter nights is shown in Fig 6 . 

These tests were based on a closed system with a greenhouse.  What is apparent from the figure is that the 
difference  between the inlet and outlet temperatures had been fairly constant  throughout the heating tests that is 
between 4.1 oC and 5.6 oC with a difference of 1.28 oC between the highest and lowest value.  It is obvious that 
ETHE has the potential to heat the greenhouse as a standalone system with a slight improvement to its 
components.   

 
Conclusion: 

 
The study has shown a fairly reasonable results that proved that earth tube ventilation systems have the 

potential to become effective energy saving technologies in greenhouses. The study has also given an insight 
into some of the additional measures that may be required to further research in the sensitivity analysis to 
improve the COP of the system. Hot arid climate and sandy soils are probably the most inefficient parameters 
for ETHE systems, however, there is an opportunity to further improve the system's performance by various 
measures. Reduce humidity levels of E-tube systems during summer periods. The specific findings were as 
follows: 

• The E-tube system was able to attained an average COP of 6.32 and peak of 6.89 during the heating tests 
despite occasional heat losses to the surrounding soil. 

• The system has achieved a maximum COP of  4.4 oC in August. 
• The mean COP of 1.75 in August was attributed to high level of latent heat exchanges in the air stream. 

Despite the possible changes in soil conditions, the results indicate that for most part of the year, the E-tube 
system could be used to pre-cool or heat the circulated air. The heating closed system can be used as a 
standalone to heat greenhouse without and further heating effect. As for the cooling process it can be used as a 
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supplementary to a cooling system in hot ard climate.  However there are still some important factors that need 
to be considered if effective operational and thermal performances are to be achieved. For instance heat transfer 
in wet, dry soils do provide a complex process because of the multi-phase nature of the soil mixture thus 
creating nonlinearity of the soil thermal properties.  Further studies of  the impact of these factors are therefore 
necessary. 
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