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Abstract: In arid regions, drastic seasonal variations in the climatic parameters are common; thus,
a high potential of geothermal effects for heating/cooling applications is expected. However, such
applications are very limited in these regions due to the lack of information about underground
temperature profiles of the surface and shallow zones. Therefore, this study aims to (i) measure the
underground temperature profile for one year to determine the optimum depth for burying EAHE
pipes; (ii) examine the possibility of water vapour condensation occurring in the buried EAHE pipes,
if the air let into the pipes was humid; and (iii) quantify the maximum cooling/heating capacity, if an
EAHE was implemented. The results show that a 3-m depth is optimal to bury EAHE pipes, where
the ground temperature is 32 ◦C in the summer and 29 ◦C in the winter. These temperatures would
provide a maximum cooling/heating capacity of 1000/890 MJ day−1 for each 1 m3 of humid air
exhausted from a greenhouse. If the EAHE were to operate in a closed loop with a greenhouse, the
condensation of water vapour in the EAHE pipes would be impossible during the cooling process.
The results of this study are useful for designers using geothermal effects for indoor space cooling
and heating in arid regions.

Keywords: arid climate; geothermal energy; underground temperature; greenhouse; heat exchanger

1. Introduction

The use of greenhouses in arid areas, such as in the Arabian Peninsula, faces serious
obstacles due to the extremely harsh environment; daytime overheating caused by intensive
solar irradiance and night-time unfavourable undercooling are common weather conditions
in desert areas [1]. By solving greenhouse operational problems (cooling in summer days
and heating in winter nights), farmers can grow protected crops throughout the year.

Evaporative cooling (wet pad–fan systems) and fuel burners are commonly used for
cooling and heating greenhouse air, whereby cold humid air (in summer) and warm air
(in winter) are exhausted from the greenhouse and lost to the surrounding (useless air)
during ventilation processes. Moreover, heating and evaporative cooling systems are an
additional burden of energy and water consumption in greenhouses [2]. To overcome
these difficulties, a semi-closed greenhouse has been suggested, where the inside green-
house air is circulated in a closed loop and its cooling or heating are obtained by using
sustainable energy resources. Looking for low-cost, energy- and water-saving techniques
for heating/cooling inside greenhouse air is an essential priority for sustainable agriculture

Atmosphere 2022, 13, 105. https://doi.org/10.3390/atmos13010105 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos13010105
https://doi.org/10.3390/atmos13010105
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-5083-106X
https://orcid.org/0000-0002-9285-5959
https://orcid.org/0000-0002-5003-567X
https://doi.org/10.3390/atmos13010105
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13010105?type=check_update&version=2


Atmosphere 2022, 13, 105 2 of 15

and the development of the rural areas in arid regions [3]. Therefore, a semi-closed green-
house coupled with an earth–air heat exchanger (EAHE) was suggested in the Kingdom
of Saudi Arabia (KSA). The EAHE is expected to be an effective way for heating/cooling
greenhouses in the deserts characterised by hot arid climates. This is because the extracted
low-grade geothermal energy (fluid temperature < 100 ◦C) as a sustainable energy resource
is applicable for different purposes, such as desalination; drying technology; heating and
cooling load production, using single-effect lithium bromide absorption chillers; agriculture
greenhouses; and domestic use [4]. On the other hand, high-grade geothermal energy is
applicable for power generation based on the Rankin cycle concept [5,6].

Even though the KSA is considered one of the most geothermally active countries in
the Middle East [7], there is a lack of studies that address the issues of geothermal energy
potential and its applications in the KSA [8]. Very few studies can be found that discuss
the geothermal activity in the KSA from a geological science point of view [7,8]. Moreover,
the geothermal energy potential, as well as the underground temperature profile in the
shallow zone (0~8 m), has never been measured or evaluated in the KSA desert. Specifically,
accurate information about the vertical distribution of soil temperature and geothermal
energy potential in the shallow zone are still missing relatively to the KSA desert.

It is well known that the earth strongly absorbs solar energy during the daytime
and stores a considerable amount of thermal energy at a particular depth. This is mainly
attributable to the high solar irradiance intensity and large heat capacity of the soil. Accord-
ing to the diurnal variation in solar irradiance and ambient air temperature, the maximum
temperature oscillation occurs at the Earth’s surface, and it varies with the depth inside
the Earth. Many researchers have measured the temperature distribution with depth and
found that the oscillation of temperature below the ground attenuated with depth and
became constant at a particular depth. For example, at a 0.18-m depth, the daily average soil
temperature was 17.84 ◦C in the winter and 32.87 ◦C in the summer in New Delhi, India [9].
Moreover, the annual average temperatures of soil were measured at a 4-m depth and
under different conditions of the ground surface in New Delhi, India. It was 29 ◦C when
the ground surface was exposed to solar radiation, 19 ◦C when the ground surface was
wetted, and 17 ◦C when the ground surface was wetted and shaded [9]. Different values of
the annual average temperature of different soils in different places worldwide have been
measured at different depths and reported in the literature, e.g., 23.45 ◦C at a 4-m depth in
Las Vegas, USA [10]; 27–28 ◦C at a 2.5-m depth under warm humid weather conditions
in Mexico City [11]; 18.7 ◦C at a 2-m depth and 20 ◦C at a 4-m depth in Brazil [12]; 25 ◦C
at a 2-m depth in Bhopal, India [13]; 11.5 ◦C in winter and 17.5 ◦C in summer at a 2-m
depth in Tianjin, China [14]; and 17.6 ◦C at a 3.6-m depth in Shouguang City, China [15].
In a typical arid climate (the desert in the south part of Algeria), the underground tem-
perature was measured, in the hottest month in summer, to be 30 ◦C at a 2-m depth and
27 ◦C at a 5-m depth [16]. These temperatures are usually defined as ground undisturbed
temperatures (GUTs). The GUT at a certain depth in the ground is nearly constant during
the day and night and throughout the year. This depends on the groundwater level, the
physical/chemical properties of soil and the ground surface conditions (mainly solar radia-
tion flux and ambient air temperature). For greenhouse applications, the GUTs reported in
the literature are reasonable for heating and cooling greenhouses; further, they can be used
for indoor space heating and cooling (e.g., residential buildings, poultry houses, livestock
houses, etc.) [17]. However, the cost of digging to the optimum depth for availing free
geothermal energy should be considered; this depends on the type and nature of the soil.
Besides the sustainability and low-cost and/or free geothermal energy for heating/cooling
greenhouses, it can also be recognized that the thermal load levelling of the underground
temperature at a depth from 2.5 m to 4 m is very low and is required for plants’ healthy
growth, irrespective of any climatic condition [17,18]. To use the geothermal energy po-
tential for cooling/heating greenhouses in a closed loop, Polyvinyl Chloride (PVC) or
High-density Polyethylene (HDPE) pipes are an optimum choice due to their low cost, low
heat capacity and physical/chemical properties when they are buried at an optimum depth



Atmosphere 2022, 13, 105 3 of 15

in the ground. In greenhouse applications, buried pipes are to carry the exhausted humid
air from the greenhouse; then, the air flowing through the pipes is either heated or cooled
according to the requirement. This depends on the temperature difference between the
inside greenhouse air and the inside surface temperature of the buried PVC or HDPE pipes.
The mass flow rate, which depends on the cross-sectional area of the pipe and air velocity,
can be optimized for a given greenhouse volume. This arrangement is generally referred to
as the closed-loop earth–air heat exchanger (CL-EAHE). Such an arrangement has been
implemented and evaluated for heating/cooling greenhouses by many researchers [17–23];
however, a survey of the literature revealed that there is a lack of and unclear information
about CL-EAHEs operated in gravel–sand soil and arid climates (such as in the KSA). More-
over, because the buried pipes of CL-EAHEs carry humid greenhouse air, water vapour
condensation inside the pipes is possible during the cooling process. This possibility needs
to be examined for greenhouse applications. Another arrangement, called open-loop earth–
air heat exchanger (OL-EAHE), is out of the scope of the present study. This is because, in
the OL-EAHE, the preconditioned greenhouse air is usually discharged to the surrounding
area outside the greenhouse (i.e., energy and water vapor losses) during the heating and
cooling processes of inside greenhouse air. Accordingly, the main objectives of this study
are (i) to experimentally measure the temperature profile at different depths inside the
ground at the King Saud University campus (as a desert in an arid climate) to determine
the optimum depth for burying EAHE pipes; (ii) to examine the possibility of condensation
inside the buried pipes; and (iii) to evaluate the maximum heating and cooling potential of
the geothermal energy in the KSA for possible use in greenhouses and other domestic and
residential building applications.

2. Methodology
2.1. Study Area

The experiment was conducted at the Agricultural Research and Experiment Sta-
tion, Agriculture Engineering Department, King Saud University (Riyadh, Saudi Arabia;
46′′43′ E longitude and 24′′38′ N latitude). The soil at the site of the experiment, as well
as that of most of arid regions such as the Arabian Peninsula, is composed of gravelly
sand and dries up to a 5-m depth or more. Therefore, mechanical digging was used to
prepare a hole with a surface area of about 1 m2 and a depth of 3.5 m. In order to protect
the cables of temperature sensors in the soil, these cables were collected to pass through
a 5-cm diameter PVC pipe, installed vertically and fixed at the bottom of the hole with a
concert block (Figure 1).
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2.2. Measuring Underground Temperature Profiles

To determine the optimum depth at which the CL-EAHE pipes should be buried, the
temperature profile of underground soil was measured at different depths. The optimum
location for burying pipes is where the soil temperature became constant, unaffected by
the diurnal and seasonal variations in the climatic parameters (GUT). The experiment was
conducted during the period from 1 November 2020 to 31 October 2021, to measure the
temperatures at the depths of 0.1, 0.5, 0.9, 1.3, 1.7, 2.1, 2.5 and 3 m, in addition to ambient
air temperature. Digging up to only a 3.5-m depth was considered because more digging
is quite hard and expensive due to the hard nature of soil in the desert of the KSA (i.e.,
mixture of gravelly sand and rocks). Moreover, the annual variation in soil temperature,
Tg (Tg,max–Tg,min) at the 3-m depth was expected to be low. Eight small holes were made
vertically in the pipe wall (Figure 1) at the levels of measurement (3, 2.5, 2.1, 1.7, 1.3, 0.9, 0.5
and 0.1 m below the ground surface). These holes were to create a path for the allocation of
the cables of the temperature sensors and to protect the cables to reach the data logger above
the ground via the pipe in a safe (Figure 1). The sensors were inserted into the soil 0.8 m
apart from the vertical pipe. The backfilling of the ground hole was performed in steps.
The first filling was up to a 3-m depth; then, the temperature sensor was fixed carefully on
the soil surface; after that, the second backfilling was made at the level of a 2.5-m depth;
then, the temperature sensor was inserted, etc. Thermocouple sensors (wzp-035 Pt100/k;
Shenzhen More-Suns Electronics Co., Ltd., Shenzhen, China) were used to measure the
underground temperature at the specified locations. The thermocouple had a precision
of ±0.1 ◦C and a temperature range of 0~85 ◦C. Measurements were taken every 5 min,
averaged at every 15 min and recorded in a COMBILOG-1022 data logger (32 channels;
Theoder Friedrichs & Co., Schenefeld, Germany).

Due to difficulties and to the high cost of digging, the vertical variation in Tg at
different depths and at any time was calculated using the Kasuda formula [24]. Assuming
homogeneous soil with a constant thermal diffusivity (αs), the monthly averaged soil
temperature (Tg) at any depth (z) and month number (t) can be estimated by using the
following formula:

Tg(z, t) = Tm − Tamp × Exp

[
−z

√(
π

12αs

)]
× cos

{
2π

12

[
t− to −

z
2

√
12

παs

]}
(1)

where Tg (z,t) is the soil temperature at depth z and month number t; Tm is the annual
mean soil surface temperature (◦C); Tamp is the amplitude of the soil surface temperature
[(max − min)/2] in (◦C); z is the depth below the ground surface (m); αs is the ground soil
thermal diffusivity (m2/month); t is time (the month number that the ground temperature
is calculated for); to is the time shift (month of the year of the lowest ground surface
temperature). For the desert of the KSA, the value of αs was estimated as 2.736 (m2/month)
and thermal conductivity of soil as 2.2–2.8 (W m−1 ◦C−1) [7,8]. From 1 November 2020 to
31 October 2021, the values of Tm and Tamp were estimated (from measurements) to be
30 and 12 ◦C, respectively. Moreover, in January, the lowest ground surface temperatures
were recorded; then, to, in Equation (1), is equal to one.

2.3. Possibility of Condensation in the Buried CL-EAHE Pipes

In the summer months, the inner surface temperature of the buried EAHE pipes is
expected to be much lower than the temperature of the humid air exhausted from the
greenhouse. This makes the geothermal effect for cooling inside greenhouse air possible.
In summer, when humid air flowing through the buried pipes may cool to its dew-point
temperature (Tdp) through contact with the inner surface of the pipe, which is cooler than
the air, water vapour condenses on the pipe surface. In this case, design considerations
should be taken into account to collect the condensed water from the buried EAHE pipes.
This may increase the EAHE’s cost; therefore, an accurate calculation for Tdp is important for
the appropriate design of a low-cost CL-EAHE. To examine the possibility of condensation,
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an experiment was conducted to measure the dry-bulb temperature (Td) and relative
humidity (RH) of the ventilated humid air at the greenhouse outlet (exactly before the
exhaust fans). A crop-free greenhouse with a floor area of 165 m2 was used; it was covered
with a double-layered polycarbonate sheet of an 8.15-mm thickness. The greenhouse was
mechanically ventilated using two exhaust fans, each with an airflow rate of 350 m3 min−1,
operated in summer (July 2021) and in winter (December 2020) to obtain data for two
extreme weather conditions, in Riyadh, KSA. Td and RH were measured using a DMA033
Thermo-hygrometer (LSI-Lastem, Milano, Italy). The parameters were measured every
1 min, averaged at every 15 min and recorded in a data logger (CR23X Micro logger,
Campbell Scientific, Inc., Oldenburg, Germany). The well-known approximate formulation
used to calculate the dew-point temperature (Tdp) is based on Magnus’ formula [25], for
which the measured Td (in ◦C) and RH (%) are required; then, the saturated water vapour
pressure (Ps in Pascal) corresponding to Td is given, by [25], as follows:

Ps = 610.78× Exp
(

17.2694× Td
(Td + 238.3)

)
(2)

The actual water vapour pressure (Pa, in Pascal) is given by the following:

Pa = Ps × RH(%)/100 (3)

S = ln(Pa/610.78) (4)

Tdp = S× 238.3/(17.294− S) (5a)

Another simple approximation is used to calculate Tdp (◦C) for RH > 50% and ±1 ◦C
error [26], in the following form:

Tdp = Td −
(

100− RH
5

)
(5b)

These approximations are commonly used to calculate Tdp; however, in arid cli-
mates (where Td is very high and RH is very low), the validity of these approximations
((Equation (5a,b)) needs to be examined specifically for the arid climate.

For greater accuracy, the saturation water vapour pressure (Ps) has been modified and
Equation (5a) enhanced, becoming known as an Arden Buck equation [27], by which the
modified saturation water vapour pressure (Psm, in Pascal) corresponding to a dry bulb
temperature of air (Td, in ◦C) is given by the following:

Psm = a× Exp
{(

b− Td
D

)(
Td

c + D

)}
(6)

Tdp =
c× ln

(
RH
100 ×

Psm
a

)
b− ln

(
RH
100 ×

Psm
a

) (7)

The constants in Equations (6) and (7) were provided with a maximum error of
≤0.05% and Td from 0 up to 50 ◦C as follows: a = 611.21 Pa, b = 17.368, c = 238.88 ◦C and
D = 234.5 ◦C [27].

2.4. Geothermal Cooling/Heating Capacity

In an EAHE, the PVC or HDPE pipes are buried permanently under the ground at a
specified location, where the ground temperature (Tg) is annually stable and nearly constant;
therefore, the thermal conditions can be characterized as steady state and equilibrium.
Moreover, the thickness of an EAHE pipe is very modest (e.g., 4.25 mm) compared to the
pipe surface area or the pipe diameter (203.2 mm). Hence, for simplicity, we assumed that
the thermal resistance of the pipe material was negligible, and the inner surface temperature
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of the pipe (Ts) was almost uniform and constant along the axial direction of pipe and
equal, in most cases, to the ground temperature (Tg) at the pipe location. The cooling and

heating capacity of an EAHE (
.

Qc/h) is defined as follows:

.
Qc/h =

.
maCp (Tout − Tin) (8)

where
.

ma is the mass flow rate of air exhausted from the greenhouse (ventilation rate at Tex)
and flowing through the EAHE pipes (kg s−1); Cp is the specific heat capacity of air (J kg−1

◦C−1); and Tin and Tout are the temperatures of the inlet and outlet air (◦C) for the EAHE
pipes. Tin is assumed to be the temperature of air exhausted from the greenhouse (Tin = Tex
in ◦C) and it can be obtained directly from measurements. For a very long pipe, Tout is
assumed to be equal to the inner surface temperature of the EAHE pipes (i.e., Tout = Ts = Tg).
In this case, Equation (8) represents the maximum cooling/heating capacity that can be
provided by an EAHE (Qc/h,max). In a similar manner, the cooling/heating potential (Qc/h),
in Joules, over a specified period is defined, by [17,18], as follows:

Qc/h = ∑
time

.
maCp(Tout − Tin)∆t (9)

where ∆t is the time interval (s). In fact, the outlet air temperature of EAHE pipes (Tout)
is lower than the ground temperature (Tg) or the inner surface temperature of the pipes
(Ts); this depends on the effectiveness of the EAHE. Therefore, an expression for Tout in
terms of underground temperature (Tg) and inlet temperature of air (Tin) is given, by [13],
as follows:

Tout = Tg

{
1− exp

(
−

Ash f
.

maCp

)}
+ Tinexp

(
−

Ash f
.

maCp

)
(10)

where As is the inner surface area of a single pipe in the EAHE;
.

ma and Cp are the mass
flow rate and specific heat of air flowing in a single pipe (kg s−1 and J kg−1 ◦C−1); and
hf is the convective heat transfer coefficient between the inner surface of the pipe and the
flowing air (W m−2 ◦C−1). hf is a critical parameter in the EAHE design; in such a case, it is
reasonable to assume that the air flow in the EAHE pipes is fully developed. To adapt an
appropriate correlation to calculate hf, Bisoniya [13] examined eight Nusselt number (Nu)
correlations and recommended the following correlation for turbulent flows in a pipe with
a smooth internal surface [13]:

Nu =
f /8(Re − 1000)Pr

1 + 12.7
√
( f /8)

(
P2/3

r − 1
) (11)

The friction coefficient f for turbulent flow is given by the following:

f = (1.82 logRe − 1.64)−2,
(

2300 ≤ Re < 5× 106
)

and
(

0.5 < Pr < 106
)

(12)

where the Reynolds number (Re = dvρ/µ) and Prandtl number (Pr = µCp/k) are calculated
for the air flowing through a pipe; d is the inner diameter of the pipe; v is the air velocity in
the pipe; ρ is the air density; µ is the air viscosity; and k is the thermal conductivity of air.
The unit of each parameter was adjusted to give dimensionless numbers (Nu, Re and Pr).

By determining the value of hf, Equation (10) can be used as a design tool to optimize
the number of pipes and the length and diameter of each pipe for the EAHE design.

3. Results and Discussion
3.1. Underground Soil Temperature

It is well known that the ground temperature is affected by the cyclic variation in
climatic parameters such as solar radiation, ambient air temperature, wind speed, hu-
midity, rainfall and snow, if any, etc. The interaction between the climatic parameters
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and the ground is mainly at the ground surface; then, the cyclic variation in the ground
temperature (Tg) decreases as the ground depth increases. At a certain depth, according
to the chemical/physical properties of soil, Tg becomes nearly constant, unaffected by
the diurnal and seasonal variations in the climatic parameters, and it is defined as the
ground undisturbed temperature (GUT). The GUT is an essential parameter in designing
an EAHE system. It is quite difficult to theoretically calculate the GUT correctly, because it
depends on the soil parameters and the climatic conditions affecting the ground surface.
Therefore, an experiment was conducted (Section 2) for measuring Tg at different ground
depths during different seasons to determine the depth at which Tg became nearly constant
throughout the year (GUT). To illustrate the daily cyclic variation in ambient air and soil
temperatures during the period of the experiment (from 1 November 2020 to 31 October
2021), four days were selected to represent the extreme weather conditions, two days in
cold winter (29–30 December) and two days in hot summer (30–31 July). The measured
parameters (i.e., Tam and Tg at different depths) are depicted in Figure 2 (for winter days)
and in Figure 3 (for summer days). In winter, the ground temperature (Tg) increased as
the ground depth increased (Figure 2) and the opposite observation was noted in summer
(Figure 3). In Figures 2 and 3, the cyclic variation in Tg is significant at a 0.1-m depth as
affected by the diurnal variation in the climatic parameters (mainly the solar irradiance and
Tam) in summer and winter. At a depth from ≥0.5 m up to 3 m, Tg became nearly constant
in summer and in winter and was not affected by the diurnal variation in the climatic
parameters. At a 3-m depth, Tg was about 29 ◦C in winter (Figure 2) and about 32 ◦C in
summer (Figure 3) and a difference of 3 ◦C in the Tg value is acceptable between the hot
summer and cold winter seasons. For more clarification and to find the optimum depth for
burying the EAHE pipes, the vertical variation in the monthly average soil temperature
(Tg) at different depths for the experimental site (Riyadh, KSA) is plotted in Figure 4 and
the annual variation in temperatures of ambient air (Tam) and soil (Tg) at the 0.5-m and
3-m depths is plotted in Figure 5. As illustrated in Figures 4 and 5, at the 3-m depth, the
maximum annual variation (max – min) in Tg was about 5 ◦C. The lowest value of Tg was
around 27 ◦C in February and March and the highest value of Tg was around 32 ◦C in
September and October. This annual variation in Tg (29–32 ◦C) is adequate for heating and
cooling purposes and can be considered as the GUT and the depth of 3 m is adequate for
burying the EAHE pipes. The annual variation in Tg is considerable at the 0.5-m depth;
more stability of Tg was observed at the 3-m ground depth (Figure 5). According to Figure 5,
the heating effect of a supposed EAHE in winter is expected to be relatively higher than
its cooling effect in summer; this depends on the temperature difference between Tam and
GUT (Tg at the 3-m depth).
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As farther digging in the desert of arid regions is quite difficult and expensive, we
used Equation (1) to predict the monthly average values of Tg at different depths. To
calculate the values of Tm and Tamp in Equation (1), the measured Tg at the 0.1-m depth
was considered as the soil surface temperature. The predicted results for 12 months and
depths of >3 m are plotted in Figure 6. As illustrated in Figure 6, at a depth (z) greater than
13 m, Tg becomes constant at 30 ◦C throughout the year. As the arid climatic condition is
almost similar every year in the deserts of KSA, the GUT can be considered constant at
30 ◦C throughout the year at a depth greater than 13 m.
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3.2. Possibility of Condensation in the EAHE Pipes

The proposed CL-EAHE was applied in a greenhouse for cooling/heating purposes in
the summer and winter seasons. In the cooling/heating processes, humid air is exhausted
from the greenhouse (at Tex and RHex); it flows in the buried pipes, then the condensation
of water vapour in the pipes is possible during cooling. The occurrence of condensation
requires extra design consideration to collect the condensed water from the pipes. The
most accurate correlation (Equation (7)) was used to calculate the dew-point temperature
(Tdp) of the exhausted air (having Tex and RHex) for the four previously selected days (hot
and dry in summer and humid and cold in winter). No heating or cooling was applied to
the greenhouse to represent the actual practical situations. Figures 7 and 8 illustrate the
diurnal variation in the measured Tex and RHex for the exhausted air from the greenhouse,
the measured GUT (Tg at the 3-m depth) and the calculated Tdp (using Equation (7)). A
considerable difference could be observed between Tex and Tdp in summer (Figure 8) and in
winter (Figure 7). For winter heating (Figure 7), Tex increased, as affected by the warm inner
surface of the EAHE pipes; if the upper limit of Tex was to reach the GUT, then the gap
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between the Tex and Tdp of the air would increase and the condensation of water vapour
would be impossible. For summer cooling (Figure 8), if Tex was to decrease to its lower
limit GUT (i.e., Tg at the 3-m depth), there would still be a large difference between Tex
and Tdp (Figure 8); therefore, condensation would never take place or would be impossible.
Moreover, a large number of combinations for Tex and RHex was used to calculate Tdp using
Equation (7) and the resulting values of Tdp do not exceed 20 ◦C; in each combination, a
large difference between Tex and Tdp remained. Accordingly, condensation in CL-EAHE
pipes would be impossible throughout the year for the pipes buried at a 3-m depth in the
Riyadh area, KSA.
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Similarly, Tdp was calculated using Equation (5a,b) to check the validity of these
approximations to be used to calculate Tdp for an arid climate. The percentage error, ER
(%), was calculated in each case as ER (%) = abs{(Taccurate-Tapproximate)/Taccurate} × 100.
The values of ER (%) were calculated for a wide range of Td and RH and are plotted in
Figure 9a,b for Equation (5a) and in Figure 10 for Equation (5b). Based on Figure 9a,b,
Equation (5a) can be used to calculate Tdp with an error less than 1% for RH > 40% and
Td < 30 ◦C. However, Equation (5b) can be used only for RH > 60% with an error of about
3–4%; for low RH values (as in the arid climate), such an approximation (Equation (5b))
cannot be used. Accordingly, for arid climatic conditions (as in the Arabian Peninsula
region), such approximations (Equation (5a,b)) are not recommended and Equation (7) is
the appropriate correlation to determine Tdp correctly.

Atmosphere 2022, 13, 105 12 of 16 
 

 

approximations (Equation (5a,b)) are not recommended and Equation (7) is the appropri-
ate correlation to determine Tdp correctly. 

 
Figure 9. Percentage error, ER (%), in the approximated value of Tdp (estimated by using Equation 
(5a)) as affected by (a) relative humidity (RH) and (b) dry bulb temperature (Td). 

 
Figure 10. Percentage error, ER (%), in the approximated value of Tdp (estimated by using Equation 
(5b)) as affected by relative humidity (RH). 

3.3. Maximum Cooling/Heating Capacity 
An EAHE’s geothermal energy potential, as well as its cooling/heating capacity, de-

pends mainly on the climatic parameters and the underground soil conditions. For EAHE 
pipes buried at a specified optimum depth, Tg equals the GUT. Under the steady-state 
thermal condition, the inner surface temperature of the pipe (Ts) is assumed to be uniform 
in the axial flow direction and by assuming the thermal resistance of the pipe material is 
negligible, the equality Ts = Tg = GUT can be assumed with insignificant error. If the pipe 
is long enough, the outlet air temperature (Tout) from the pipe can be assumed to be equal 
to Ts (Tout = Ts = Tg = GUT). In this case, the EAHE provides its maximum possible cool-
ing/heating capacity. Therefore, in Equation (8), Tin and Tout were taken as Tex (exit air from 
the greenhouse) and GUT, respectively; 𝑄 / ,  was estimated per cubic meter of air-
flow. For winter cooling, a considerable amount of heat is expected to be added to the 
flowing air at around midnight (Figure 11). In addition, at around noon, in winter, 

Figure 9. Percentage error, ER (%), in the approximated value of Tdp (estimated by using Equation (5a))
as affected by (a) relative humidity (RH) and (b) dry bulb temperature (Td).

Atmosphere 2022, 13, 105 12 of 16 
 

 

approximations (Equation (5a,b)) are not recommended and Equation (7) is the appropri-
ate correlation to determine Tdp correctly. 

 
Figure 9. Percentage error, ER (%), in the approximated value of Tdp (estimated by using Equation 
(5a)) as affected by (a) relative humidity (RH) and (b) dry bulb temperature (Td). 

 
Figure 10. Percentage error, ER (%), in the approximated value of Tdp (estimated by using Equation 
(5b)) as affected by relative humidity (RH). 

3.3. Maximum Cooling/Heating Capacity 
An EAHE’s geothermal energy potential, as well as its cooling/heating capacity, de-

pends mainly on the climatic parameters and the underground soil conditions. For EAHE 
pipes buried at a specified optimum depth, Tg equals the GUT. Under the steady-state 
thermal condition, the inner surface temperature of the pipe (Ts) is assumed to be uniform 
in the axial flow direction and by assuming the thermal resistance of the pipe material is 
negligible, the equality Ts = Tg = GUT can be assumed with insignificant error. If the pipe 
is long enough, the outlet air temperature (Tout) from the pipe can be assumed to be equal 
to Ts (Tout = Ts = Tg = GUT). In this case, the EAHE provides its maximum possible cool-
ing/heating capacity. Therefore, in Equation (8), Tin and Tout were taken as Tex (exit air from 
the greenhouse) and GUT, respectively; 𝑄 / ,  was estimated per cubic meter of air-
flow. For winter cooling, a considerable amount of heat is expected to be added to the 
flowing air at around midnight (Figure 11). In addition, at around noon, in winter, 

Figure 10. Percentage error, ER (%), in the approximated value of Tdp (estimated by using Equation (5b))
as affected by relative humidity (RH).



Atmosphere 2022, 13, 105 12 of 15

3.3. Maximum Cooling/Heating Capacity

An EAHE’s geothermal energy potential, as well as its cooling/heating capacity,
depends mainly on the climatic parameters and the underground soil conditions. For
EAHE pipes buried at a specified optimum depth, Tg equals the GUT. Under the steady-
state thermal condition, the inner surface temperature of the pipe (Ts) is assumed to be
uniform in the axial flow direction and by assuming the thermal resistance of the pipe
material is negligible, the equality Ts = Tg = GUT can be assumed with insignificant error.
If the pipe is long enough, the outlet air temperature (Tout) from the pipe can be assumed
to be equal to Ts (Tout = Ts = Tg = GUT). In this case, the EAHE provides its maximum
possible cooling/heating capacity. Therefore, in Equation (8), Tin and Tout were taken
as Tex (exit air from the greenhouse) and GUT, respectively;

.
Qc/h,max was estimated per

cubic meter of airflow. For winter cooling, a considerable amount of heat is expected
to be added to the flowing air at around midnight (Figure 11). In addition, at around
noon, in winter, operating the EAHE is not necessary and the transmitted solar radiation
into the greenhouse is enough for warming up the inside air. In summer, a considerable
amount of heat is expected to be removed from the flowing air at around noon; however, at
around midnight, it is not necessary to operate the EAHE (Figure 11). Under the presumed
ideal conditions and to estimate the maximum possible cooling/heating potential that the
ground (at a 3-m depth) can provide in the cold winter and hot summer in the Riyadh
region, the results are integrated in Figure 11. The expected maximum possible cooling and
heating potential are 890 and 1000 MJ m−3 day−1, respectively. These values are promising
to use EAHEs for different applications in the KSA and the Arabian Peninsula regions.
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4. Conclusions

This study is an attempt to provide critical information for EAHE designers and to
evaluate the geothermal energy potential for possible cooling/heating greenhouses and
indoor spaces in hot arid regions, for which two experiments were conducted. The main
conclusion is summarized below.

The daily cyclic variation in the climatic parameters affected the ground temperature
(Tg) up to a 0.5-m depth, after which Tg was constant daily; it increased with depth in
winter and decreased with depth in summer.

At a 3-m depth, the annual variation in Tg was minor and it can be considered as the
ground undisturbed temperature, GUT. The GUT value was 29 ◦C in winter and 32 ◦C in
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summer; these values are adequate for cooling/heating purposes in a climate in which
the ambient air temperature drops below 10 ◦C on winter nights and exceeds 47 ◦C on
summer days. For an EAHE operating under ideal conditions, the geothermal energy level
can provide a maximum cooling/heating potential of 890/1000 MJ per m3 of flowing air
per day.

In summer seasons, during the cooling process of greenhouse air in EAHE pipes
distributed at a 3-m depth, the condensation of water vapor in the pipes could never
take place.

In arid climates, approximate correlations (Equation (5a,b)) are not recommended to
calculate the dew-point temperature of air (Tdp). However, Equation (7) is the appropriate
correlation to determine Tdp correctly.

The geothermal energy potential is promising for cooling/heating applications in arid
regions such as the Arabian Peninsula for sustainable development and environmental
protection. Further research should be conducted to design, construct and operate an
EAHE connected to a greenhouse and evaluate the system performance under different
operating and climate conditions.
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Nomenclature

Symbol Description (unit)

As Inner surface area of EAHE pipe (m2)
Cp Specific heat of flowing air through EAHE pipes (J kg−1 ◦C−1)
d Inner diameter of the EAHE pipes (m)
ER Percentage error (%)
hf Convective heat transfer coefficient between inner surface of (W m−2 ◦C−1)

EAHE pipe and flowing air
k Thermal conductivity of flowing air (W m−1 ◦C−1)
L Length of one EAHE pipe (m)
.

ma Mass flow rate of flowing air through EAHE pipes (kg s−1)
Nu Nusselt number (Nu = dh/k )
Pa Actual water vapor pressure (Pa)
Pr Prandtl number

(
Pr = µCpa/k )

Ps Saturation water vapor pressure (Pa)
.

Qc/h Cooling/heating capacity (W)
Qc/h Cooling/heating potential (J)
Re Reynolds number (Re = dvρ/µ )
RH Relative humidity of air (%)
RHex Relative humidity of air exhausted from the greenhouse (%)
t Time (s; day; month)
Tamp Amplitude of the annual ground surface temperature (◦C)
Td Dry bulb temperature of air or ambient temperature (Tam = Td) (◦C)
Tdp dew point temperature of flowing air in the EAHE pipe (◦C)
Tex Temperature of air exhausted from the greenhouse (◦C)
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Tg Underground soil temperature (◦C)
Tin Inlet hot/cold air temperature to the EAHE pipes (◦C)
Tm Mean ground surface temperature, annual average (◦C)
Tout Outlet hot/cooled air temperature from the EAHE pipes (◦C)
Ts Outlet hot/cooled air temperature from the EAHE pipes (◦C)
v Velocity of flowing air through EAHE Pipe (m s−1)
z Depth below the soil surface (m)

Greek letter

αs Thermal diffusivity of soil (m2/day)
ρ Density of flowing air through EAHE pipe (kg m−3)
µ Dynamic viscosity of flowing air through EAHE pipe (kg m−1 s−1)
∆t Interval of time (s, h, day, etc.)

Abbreviations

CL-EAHE Closed-loop earth to air heat exchanger
EAHE Earth to air heat exchanger
KSA the Kingdom of Saudi Arabia
OL-EAHE Open loop earth to air heat exchanger
GUT Ground undisturbed temperature (◦C)
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