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Abstract: Solar and geothermal energies are considered cleaner and more useful energy sources that
can be used to avoid the negative environmental impacts caused by burning fossil fuels. Several works
have reported air-conditioning systems that use solar energy coupled to geothermal renewable energy
as a thermal source. In this study, an Absorption Air-Conditioning System (AACS) used sodium
hydroxide-water (NaOH-H2O) instead of lithium bromide-water to reduce the cost. Low enthalpy
geothermal heat was derived from two shallow wells, 50 and 55 m deep. These wells are of
interest due to the thermal recovery (temperature vs. time) of 56.2 ◦C that was possible at the
maximum depth, which can be used for the first stage of the process. These wells were coupled with
solar energy as a geothermal energy application for direct uses such as air-conditioning systems.
We studied the performance of an absorption cooling system operating with a NaOH-H2O mixture
and using a parabolic trough plant coupled with a low enthalpy geothermal heat system as a hybrid
heat source, as an alternative process that can help reduce operating costs and carbon dioxide
emissions. The numerical heat transfer results showed the maximum convective heat transfer
coefficient, as function of fluid velocity, and maximum temperature for a depth higher than 40 m.
The results showed that the highest temperatures occur at low fluid velocities of less than or equal
to 5.0 m/s. Under these conditions, reaching temperatures between 51.0 and 56.2 ◦C in the well
was possible, which is required of the geothermal energy for the solar energy process. A water
stream was used as the working fluid in the parabolic trough collector field. During the evaluation
stage, the average experimental storage tank temperature achieved by the parabolic trough plant was
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93.8 ◦C on October 23 and 92.9 ◦C on October 25, 2017. The numerical simulation used to evaluate the
performance of the absorption cycle used a generator temperature of 90 ◦C, a condenser and absorber
temperature at 35 ◦C, and an evaporator temperature of 10 ◦C. The Coefficient of Performance was
calculated as 0.71 under design conditions.

Keywords: NaOH-H2O; air-conditioning absorption; parabolic trough collector; shallow geothermal
source; energy recovery; COP

1. Introduction

The population, per capita energy consumption, and the growing economy are causing an increase
in energy demands. Fossil fuels are the main contributor to global warming; awareness of this problem
has been heightened, invigorating research to determine how to replace of fossil fuels by renewable and
environmentally friendly energy sources [1]. The energy demand in most industrialized countries was
associated with air-conditioning [2] and during warm weather periods, air-conditioning has caused
peaks in electricity consumption. This situation is due to improved living conditions and demands for
occupant comfort [3,4]. The air-conditioning absorption system eliminates the need for a compressor
by replacing it with a generator and an absorber; therefore, electric power is not required to pressurize
the refrigerant, as is the case for a conventional system [5]. Electric power is necessary for the auxiliary
devices. However, the main energy supply required by the cycle as a heat input for the operation
can be provided by renewable energy such as solar, geothermal, or a hybrid system combining these
two energies.

Solar heat can contribute significantly to the global energy demands for air-conditioning [6–9].
In concentrating collectors, solar radiation is converted into thermal energy. According to the geometry,
these systems are classified as either line-focus concentrators (parabolic-trough collectors (PTC)
and linear Fresnel collectors) or point-focus concentrators (parabolic dishes and central receiver
systems) [10]. PTC applications can be divided into two main groups. In the first, temperatures are
attained in the range of 300 to 400 ◦C. The most advanced systems are concentrated solar power
plants [11]. The second group supplies thermal energy between 85 and 250 ◦C for applications
that requires these temperatures. The typical total length rank aperture widths are 1 to 3, and 2 to
10 m as total lengths [12]. Reddy and Ravi [13] described a solar parabolic trough collector field for
power generation based on geometric parameters. According to the authors’ results, the optimum
configuration for the Indian conditions requires six meters of aperture with a 65◦ rim angle. Rosado and
Escalante [14] reported the performance of a parabolic trough collector using water as working fluid;
they found that the maximum efficiency of the collector was 5.43% with a low flow rate of 0.022 kg/s.
Venegas et al. [15] evaluated a solar PTC with a length of 4.88, rim angle of 45◦ m, and aperture area
of 5.8 m2. The optical efficiency was close to 60%, the temperature range was 70–110 ◦C, and the
maximum efficiency was 60%. Mazloumi et al. [16] simulated a solar single effect absorption cooling
system and lithium bromide-water (LiBr-H2O) as the working fluid in Ahwaz, Iran. The collector area
was 57.6 m2, and the coefficient of performance (COP) of the absorption cycle in the month of July
was between 0.6 and 0.8, with the generator temperature ranging from 70 to 95 ◦C. Ghaddar et al. [17]
analyzed a solar lithium bromide absorption system to be used in a small residential application in
Beirut. A simulation program for modelling and performance evaluation showed that, for 3.52 kW,
the capacity of the water storage tank ranged from 1000 to 1500 L and a minimal collector area of
23.3 m2 was needed. Baniyounes et al. [18] reported using a solar-assisted air-conditioning system
for Rockhampton, Emerald and Gladstone, Central Queensland subtropical climate. The cooling load
profile was obtained using TRNSYS ® software. The analysis results determined that installing a hot
water storage tank of 1.8 m3 with 50 m2 of solar collectors achieved savings of 80% compared with the
primary energy. Mujahid et al. [19] theoretically analysed the use of an evaporative cooling system
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in five cities in Saudi Arabia. According to the authors’ results, the COP varied from 0.275 to 0.476
for different locations. Florides et al. [20] reported a model to simulate a single effect absorption solar
cooling system modelled with the TRNSYS program for the weather parameters in Nicosia, Cyprus.
They concluded that a 0.6 m3 hot water storage tank and a 15 m2 compound parabolic collector tilted
30◦ from horizontal was the optimised system. Syed et al. [21] analysed a LiBr-H2O single effect 35 kW
absorption system with nominal cooling capacity for use during the summer of 2003 in Madrid, in a
typical house. Twenty flat-plate collector modules were used to delivered hot water with a total area of
50 m2; the measured daily average, maximum instantaneous, and period average COP were 0.42, 0.60,
and 0.34, respectively. Li and Sumathy [22] evaluated a solar powered absorption air-conditioning
system with a partitioned hot water storage tank. The system used 38 m2 of solar flat-plate collectors
in parallel array to drive an absorption chiller that used LiBr-H2O, with a cooling capacity of 4.7 kW.
The results showed a total solar cooling COP of around 0.07. Zhai et al. [23] designed and installed
a mini-type solar absorption cooling system in Shanghai Jiao Tong University. The system mainly
included a 96 m2 solar collector array connected in series, an absorption chiller with a cooling capacity
of 8 kW, and a hot water storage tank with a capacity of 3 m3. The COP varied from 0.25 to 0.38.

Geothermal energy obtained from fluids stored in hydrothermal or conventional systems has been
maturing technologically as renewable energy. Currently, 51 countries in the world generate electricity
from this natural resource and 71 countries use geothermal energy for both electricity generation and
for direct uses (mainly heat pumps) [24,25]. Given the geothermal resources available in the world,
geothermal energy has grown exponentially in terms of installed capacity and generation of electric
power. The reports in the literature indicate a production of 6830 MW in 1995 and 12,730 MW in 2015,
which represents only 0.5% of the energy consumption in the world, with an output of 73,689 GWh.
This is an increase of 186% in the last 10 years. The main challenges facing the geothermal industry
include reducing the risks involved in drilling wells, which allows for an increase in the extraction of
geothermal fluid, and an increase in the generation of electric energy [24,25]. World reports of the use
of these resources indicate that the installed capacity will increase to slightly more than 21,000 MW
by 2020, with an electric power generation equivalent to 85,000 GWh [24,25]. Examples have been
provided in previous works. Rosiet and Batlles [26] reported the replacement of a cooling tower by
a shallow geothermal system for use in a solar-assisted air-conditioning system. According to the
results, the system used 31% less energy compared to the cooling tower during the cooling period
and 116 m3 of water were saved during the summer. Buonomano et al. [27] designed, simulated,
and optimized a micro-Organic Rankine Cycle a single stage absorption chiller that used LiBr-H2O and
a solar field of flat-plate evacuated solar collectors. The results showed that it was possible to produce
cooling energy, electricity, and heat with this system. Calise et al. [28] simulated a solar-geothermal
polygeneration system. The plant was built to supply electrical, cooling energy, heat, and fresh water
to a small community, based on an ORC integrated with a multi-effect distillation unit and driven by
parabolic trough collectors. The results included exergetic, energetic, economic, and exergoeconomic
performance data. Ahmadi and Chavoshi [29] analysed thermodynamic, environmental, and economic
conditions of a flat plate collectors, using water-copper oxide nanofluid as the absorbing fluid, coupled
to a solar-geothermal system driven by a combined heating, cooling, and power (CCHP) cycle.
According to the results of the multi-objective optimisation outcomes, R1234ze was the best fluid;
moreover, R423A presented the minimum total product cost rate and R134a was the best fluid for
exergetic efficiency.

With respect to geothermal energy, Mexico currently ranks fourth in the world in electricity
production from hydrothermal systems (after the U.S. with 3450 MW, the Philippines with 1870 MW,
and Indonesia with 1340 MW). Mexico has an installed capacity of 982.3 MW and a production
of 6000 GWh, representing only 2.0% of the country’s electricity consumption. The production is
distributed across five geothermal fields (Figure 1), four operated by Comisión Federal de Electricidad
(CFE) (Federal Electricity Commission) [24,30]: Cerro Prieto, Baja California (570 MW); Los Azufres,
Michoacán (247.9 MW); Los Humeros, Puebla (118.9 MW); and Las Tres Vírgenes, Baja California
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Sur (10 MW). Grupo Dragón operates the fifth geothermal field called Domo San Pedro in Nayarit
(35.5 MW) [24,30].
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Figure 1. Geothermal fields in Mexico: Cerro Prieto (CP); Los Azufres (LA); Los Humeros (LH), Las Tres
Virgenes (LTV) and, Domo San Pedro (DSP). The Acoculco Caldera (CA) and Cerritos Colorados (CC)
are geothermal fields under exploration. The red circles correspond to heat flow measurement data
reported in the literature. The orange and blue circles and the green triangles represent low, medium,
and high enthalpy geothermal areas, respectively.

The production of geothermal energy is achieved from steam production and hot water.
This technology has two options: (1) exploiting the energy source by using a shallow borehole heat
exchanger and (2) heat pumps [25]. Jen-Hiu et al. [31] reported the effect of using geothermal water at
90–100 ◦C from a hot spring for an air-conditioning system. The results showed a 26% decrease in the
total electrical consumption; 54% of the reduction was caused by the electrical energy consumed by
the air-conditioning heating system, and the air host was reduced by 66.5%. Abtullah and Oguz [32]
analysed 3660 different designs using an artificial neural network (ANN) to optimise geothermal
energy in order to assist an absorption refrigeration system using NH3-H2O as the working fluid.
According to the results, the optimum design obtained a COP of 0.5722. Pingye et al. [33] presented a
geothermal system for heating and cooling services in mines based on the observed data. Compared
with traditional systems, performance increased 30% by avoiding the cooling tower, and the parallel
running of cooling and heating services had an improved energy efficiency of 20%. Farabi-Asl [34]
performed a cooling test with a ground source heat pump at Kaita University campus for three rooms
with a total area of 100 m2. The field test results showed that water pumping and injection could
increase the COP by around 7% during the cooling operation.

In Mexico, the direct uses of geothermal energy are practically null; it has been reported in
20 places, being limited mainly to balneology for recreational purposes and therapeutic treatments [30].
The use of geothermal heat pumps, which is the main direct use of geothermal energy in the world,
is under development. The installed capacity and the annual use of energy for the different applications
of direct use are 0.460 MW for heating systems or air conditioning for buildings, 0.004 MW for
greenhouse heating, 0.007 MW for the drying of agricultural products, and 155,347 MW for balneology.
The total for the country is 155,818 MW [30,35]. Sites with geothermal potential of low, medium,
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and high enthalpy (temperature) have been identified and the CFE has established exploration
programs for the evaluation of these sites (e.g., Acoculco, Puebla; Bahía Concepción, B.C.; Pathé,
Hidalgo; Las Derrumbadas, Puebla; Tulechek, B.C.; Laguna Salada, B.C.; La Reforma and El Aguajito
caldera volcano, B.C.S.) [36,37]. This scenario represents a great opportunity for the development of
new strategies that will allow the direct use of geothermal energy in Mexico.

This paper proposes a parabolic trough collector coupled to a low enthalpy geothermal well as a
hybrid thermal source for an Absorption Air-Conditioning System (AACS). This system uses sodium
hydroxide-water (NaOH-H2O) to reduce the cost three-fold compared with the use of LiBr-H2O [38–40].
The use of solar energy as a thermal source reduces electric power consumption; PTCs are an option
for the AACS thermal demand [8]. Low enthalpy geothermal heat was obtained from two shallow
wells with depths of 50 and 55 m. These wells are attractive and interesting because of the thermal
recovery (temperature vs. time) provided at the maximum depth (62 ◦C), which can be used during the
first stage of the process as a geothermal energy application, coupled with solar energy, for direct uses
such as air-conditioning systems. This work studied the performance of an absorption cooling system
using a NaOH-H2O mixture and a parabolic trough plant coupled to a low enthalpy geothermal heat
system as a hybrid heat source, as an alternative system for the reduction of operating costs and carbon
dioxide (CO2) emissions. The aim was the installation analysis of an absorption air-conditioning
system coupled to solar and geothermal sources far from the electrical grid.

2. Description of the System

This paper proposes the use of a parabolic trough collector field that uses geothermal
energy to supply thermal energy to an air-conditioning absorption system, as shown in Figure 2.
The air-conditioning requirements of Santa Rosalía are being covered by means of conventional
systems, so this study proposes the use of an absorption air-conditioning system due to the proximity
of a geothermal energy source. The maximum registered temperature in October 2017 was 35.5 ◦C.
The proposed system uses a low enthalpy geothermal energy source to heat the working fluid (water)
up to 50 ◦C as shown in Figure 2. In this case, a U-tube heat exchanger was used for the transfer
heat process. After that, the fluid was introduced into a parabolic trough collector field to raise its
temperature over 90 ◦C. Finally, this heated working fluid was used as a thermal energy source for the
absorption air-conditioning system.
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The system temperature level diagram (Figure 3) shows that the geothermal energy source raises
the working fluid temperature from the ambient temperature (z) to a well temperature (TWell) of around
63 ◦C, the water is introduced into a parabolic trough collector (PTC) field, raising its temperature
to over 90 ◦C, and this temperature level is sufficient to supply thermal energy into the absorption
air conditioning system (AACS) at 90 ◦C (TGE). The numerical simulation applied the following
temperatures: 90 ◦C for the generator, 35 ◦C for the condenser and absorber (with natural convection
dissipation), and 10 ◦C for the evaporator. This study aimed to bring air-conditioning services to
any space with requirements lower than or equal to 7.05 kW (thermal load) for Santa Rosalia in Baja
California Sur, Mexico.
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2.1. Absorption Air-Conditioning System (AACS)

The absorption heat pump type I produces a cooling effect by removing and transferring air
heat inside the space to the refrigerant. The absorption air-conditioning system employs a generator,
a condenser, and an evaporator and absorber. The cycle requires a refrigerant fluid and an absorbent
solution. In the generator, by adding an amount of heat (QGE), (1) a portion of the refrigerant fluid
is vaporised at high temperature and high pressure (PCO). (2) The steam of refrigerant is condensed
through natural convection to remove heat (QCO) at ambient temperature. (3) The refrigerant fluid
leaves the condenser and arrives at the evaporator through the expansion valve. (4) The refrigerant
liquid arrives at the evaporator for evaporation at low temperature and pressure (PEV), transferring
heat from the cooled space (QEV). (5–6) The steam of the refrigerant travels to the absorber. (7–8)In this
component, the steam of the refrigerant is absorbed into a concentrated absorbent solution coming
from the generator. A portion of heat is delivered (QAB) when the absorption process is completed.
QAB is extracted through a cooling fluid (water, air, or other fluid) into the absorber. Figure 4 shows
the cycle in a pressure-temperature diagram.
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2.2. Parabolic trough Collectors

The PTC is a suitable solar concentrator device that transforms solar radiation into thermal energy
by using a linear focus receiver. A heat transfer fluid flows along the receiver pipe, located in the
collector focal line, and absorbs the concentrated solar energy, thus increasing its enthalpy. To ensure
the localization of sun, this type of concentrator requires the one-axis solar tracking rays to fall parallel
to its axis. Figure 5 shows the general scheme of the parabolic trough collector. The collector test was
completed using ANSI/ASHRAE 93:2003 standard to obtain thermal efficiency. The parameters are
listed in Table 1.
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Table 1. Parameters of parabolic trough collector.

Parameter Symbol Value

Length L 4.88 m
Width w 1.05 m

Aperture area Aa 5.124 m2

Rim angle β 90 degrees
Exterior diameter D 0.0254 m

Inner diameter d 0.019 m
Recommended flow rate

.
ms 0.1 l/s

Focal length Lf 0.26 m
PTC thermal removal factor (∆T/Gb) FR 0.569–2.049 dimensionless
Overal collector heat loss coefficient UL 32.193 W/m2 K

Number of PTC No. 9 (units)

2.3. Shallow Geothermal Wells

2.3.1. Study Area

La Reforma caldera is located inside the Las Tres Vírgenes volcanic complex (Figure 6) in the
northern part of the state of Baja California Sur, 30 km from Santa Rosalía in the Mulegé municipality.
This area has a population of 800 people who can benefit from the low and medium enthalpy for direct
uses as heat pumps for air-conditioning systems. In this volcanic area, we are currently performing
geophysical, geochemical, and thermal exploration studies to evaluate the geothermal potential for
direct uses and power energy generation. Detailed information about the geological, geochemical,
seismic, and geophysical aspects of this area have been previously described by some authors such as
Garduño-Monroy [41], Verma [42], Romo [43], and Antayhua-Vera [44].
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Figure 6. Shows the location of the wells (W1 and W2, the circles inside the box) in La Reforma
caldera from Las Tres Vírgenes volcanic complex. The triangles correspond to the volcanoes La Virgen,
El Azufre, and El Viejo. The circles show the La Reforma and El Aguajito calderas. The star shows the
location of the thermal spring called Agua Agria.

2.3.2. Drilling Wells and Log Temperatures

In 2017, two wells were drilled in the La Reforma caldera. The principal goal of this geothermal
stage of exploration was to evaluate the potential geothermal energy, mainly for application in
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direct and industrial uses, heat pumps for district heating (air-conditioning systems), and water
desalinization. The wells were drilled using 2800 HS (HT) drilling equipment with a drilling capacity
of 70 m and recovery of cores. To measure the log temperature in the wells, a QL40 probe was used.
This temperature measurement tool is designed for temperature profiling in geothermal projects and
other high temperature applications and is compatible with the Mount Sopris Matrix geophysical
logging system. This probe can register up to 170 ◦C, a sampling rate of two samples per second was
used, and has 500 m of geophysical cable; it can register the temperature profile along this depth.

The first well has a maximum depth of 50 m and purely conductive thermal behavior.
The temperature profile shows a bottom-hole temperature (BHT) of 43.5 ◦C at 48.0 m depth (Figure 7a).
The thermal recovery (temperature vs. time) was 49.4 to 64.0 ◦C in 4 h (Figure 8a).

The second well has a maximum depth of 55 m and also has purely conductive thermal behavior.
The temperature profile shows a BHT of 44.1 ◦C at a 54.0 m depth (Figure 7b). The thermal recovery
was 46.4 to 64.3 ◦C in 4.5 h (Figure 8b). The end BHT registered from both wells was not the static
formation temperature (SFT), which is the geothermal temperature before being disturbed by the
drilling process.

DHT = ln
(

∆t + tc
∆t

)
(1)

The SFT predicts the trough limited number of BHT measurements, registered during and
after borehole drilling operations [45–47]. For this paper, the Horner-plot method in Equation (1)
was used to estimate SFT using the thermal recovery wells (Figure 8a,b). This method indicated a
linear BHT function with respect to the dimensionless Horner time (DHT), as shown in Equation (2),
where a linear regression computes the slope (bHM) and intercept (THM) values from Equation (1),
and an extrapolation of the straight line to infinite time allows the SFT (or intercept, THM) to be
determined [45,46]. The ∆t and tc values from Equation (2) correspond to the shut-in time (h) after
cessation of drilling mud circulation and circulation time (h) of the drilling fluid, respectively [45,46].
The SFT for three circulation times (3, 4, and 5 h) and ∆t (shut-in time) of 0.017 s were 67.2, 67.9,
and 68.4 ◦C respectively. Therefore, the value of 62 ◦C for estimating the thermal gradient was suitable,
since it is below the SFT.

BHT (∆t) = THM − bHM

[
ln
(

∆t + tc
∆t

)]
(2)
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Figure 7. Temperature profile of wells as a function of depth. (a) For the first well, the maximum
temperature was 43.5 ◦C at a depth of 48.0 m. (b) For the second well, the temperature was 44.1 ◦C at a
depth of 54.0 m.
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3. Methodology

3.1. Simulation of Single Stage Absorption Air-Conditioning System

For the analysis of the performance of the absorption cooling system, the mathematical model
considered the following assumptions: (1) the cycle is in thermodynamic equilibrium; (2) steady-state
conditions are assumed in the analysis; (3) the absorbent is not considered as evaporating in the
temperature range assumed, so a rectifier was unnecessary; (4) the working fluid is assumed saturated
when leaving the condenser and the evaporator and the solution is considered saturated when leaving
the generator and the absorber; (5) the model is considered negligible as the pressure drops and heat
is lost in the components and the tubing; (6) the flow through the valves is isenthalpic, and there is
no solution evaporation; and (7) temperatures at the exit of the principal components T1 = T8, T2, T5,
and T4 are considered, as well as the heat load in the evaporator QEV.

The physical and thermodynamic properties of NaOH-H2O were obtained from Alexey [48] and
Olsson et al. [49]. The TGE is considered close in value to the outlet temperature of the well (Figure 13).

Mass and energy balance are performed for each component referred to in Figure 2.

.
QGE =

.
m1h1 +

.
m7h7 −

.
m6h6 (3)

.
QCO =

.
m1(h2 − h1) (4)

.
QEV =

.
m1(h4 − h3) (5)

.
QAB =

.
m4h4 +

.
m8h8 −

.
m5h5 (6)

The ratio between the heat load the evaporator and heat load in the generator is called the
Coefficient of Performance (COP), plus the pump work. In this paper, COP is expressed as
percentage [50].

COP =
QEV

QGE + WP
(7)
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3.2. PTC Model

To determine the useful heat QU,N [W] for the array, the modification of factors such as UL, FR,
and ηo had to be considered. Thus, for an array of N exact collectors operated in series, the useful heat
was calculated as follows [51]:

QU,N =

∣∣∣∣∣FR

[
1− (1−K)N

K

][
GbAaη

′
o −

Aa

C
U′L(Ts − Ta)

]∣∣∣∣∣
+

(8)

where FR is the heat removal factor, C is the collector concentration ratio, η0 is the optical efficiency of
the collector, Aa [m2] is the aperture area of the collector, Gb [W/m2] is the direct solar irradiance in
the aperture plane, UL [W/m2 K] is the global heat loss coefficient assuming radiation and convection
from the surface of the receptor, Ts is the temperature of the fluid inside the tank, and Ta is ambient
temperature. The plus (+) sign in Equation (8) means that only positive values are considered and K is
defined by:

K =
AaFRU′L

.
mCp

(9)

where FR and UL’ are experimental factors obtained for a single collector. The modified terms ηo’ and
UL’ are derived from the combination of the solar collector and interconnections given by:

η′o =
ηo

1 +
(UA)pipe

.
mCp

(10)

U′L = UL

1− (UA)pipe
.

mCp
+

2(UA)pipe
ArULFR

1 +
(UA)pipe

.
mCp

 (11)

where (UA)pipe [W/K] is considered the heat loss from the pipes, Ar is the receiver pipe area, m is
the mass flow into the collectors, and Cp is the specific heat of the fluid that was used. The energy of
the storage tank was calculated considering the useful heat, thermal load, and thermal losses to the
environment. The equation that describes the system for a fully mixed storage tank is given by:

MsCps
dTs

dt
=
∣∣Qu,N

∣∣ + − ( .
mLCpL

)
(Ts − Tmu)− (UTA)s(Ts − Ta) (12)

where Ms (kg) is the mass and Cps (J/kg K) is specific heat of the working fluid in the storage tank,
Ts (K) is the temperature inside the storage tank, Tmu is the temperature of the fluid that arrives from
the desorber to the storage tank, and

∣∣Qu,N
∣∣ + is the useful heat due to the storage tank heat loss.

Solar fraction is the ratio between the energy supplied by the solar system and the energy that
satisfies the load demand and is given by:

f =
Qu

QT
=

QT −Qaux

QT
(13)

Table 2 shows the main parameters considered in the PTC design.
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Table 2. Main parabolic trough collector (PTC) parameters.

Parameter Value

Country Mexico
City Cuernavaca

Latitude 18◦55′7′ ′

Longitude 99◦14′3′ ′

Required temperature 90 ◦C
Temperature outlet 80 ◦C

Daily required volume 2735 L
Required mass flow 455.8 kg/h

Design operation time 10:00–16:00 h
Storage tank volume 2500 L

UT of storage tank 1 W/m2 K
Cp,water 4196 J/kg K

3.3. Seasonal Variation in Ground Temperature

Ground sources heat exchangers (GSHEs) and ground source heat pumps (GSHPs) have been used
as a system for heating and cooling in buildings using shallow geothermal energy [26–29,33,34,52,53].
The design and evaluation of GSHEs require the study and analysis of the ground temperature
variation [54–58] and heat transfer models [59–62].

The shallow variations in ground temperature are caused by seasonal fluctuations in air
temperature near the surface. Jensen-Page et al. [54] mentioned that this thermal effect can reach depths
between 10 and 15 m, after which the temperature becomes constant for GSHEs up to 200 m depth.

The following equation describes one-dimensional transient heat transfer in semi-infinite solid:

∂T
∂t

= α
∂2T
∂Z2 (14)

where T is temperature (◦C), t is time (s), Z is depth (m), and α is the thermal diffusivity (m2/s).
The ground temperature variation behaves like a sinusoidal wave with time; therefore, for solving

Equation (14), a sinusoidal temperature model [56] was used:

T(z, t) = Tm + Az sin
[

2π
P
(t− t0)− γz

]
+

∂T
∂z

(15)

where T(z, t) is the ground temperature profile at time t (h), z is depth (m), Tm is mean surface
temperature (◦C), Az is the annual amplitude of the ground surface temperature obtained with
Equation (16), t0 is the number of days for the ground surface temperature to be equal to Tm, and ∂T

∂z
is the geothermal gradient of 0.73 ◦C/m, which was calculated between the average Tsurface equal to
25 ◦C and BHT equal to 64 ◦C.

Az = A0 exp−γz (16)

where γ is the inverse of the damping depth, defined as follows:

γ =

√
π

αP
(17)

where P is the period of the oscillation (365 days) expressed in hours.

3.4. Convective Heat Transfer (Water Heating in the Well)

In this paper, we considered a single U-tube type heat exchanger. This heat exchanger is configured
from ground-coupled heat pumps (GCHPs) that correspond to one of the subdivisions of the GSHEs or
GHPs [52,53] into a bore-hole. We evaluated the convective heat transfer and estimated the maximum
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water temperature to the outlet, to verify if it would be possible for a water of 55–60 ◦C to be coupled
to the PTC.

The theoretical estimation of the maximum temperature Tmax (for this study, these values represent
the bulk temperature) and the convective heat transfer coefficient h of water along the depth of the
well was performed using the empirical relationships for pipe and tube flow [63]. Therefore, the Tmax,
which represents the energy average or mixing cup conditions, was calculated as follows [63]:

q = hπdL
(

TW −
T1 + T2

2

)
=

.
mCP(T2 − T1) (18)

where h was calculated at 260.17 W/m2 ◦C for fluid velocity at 5 m/s, the maximum temperature Tmax

was 56.2 ◦C, and h was 125.47 W/m2 ◦C for a fluid velocity of 0.5 m/s with a Tmax of 62.9 ◦C. d (m),
L (m), and TW (◦C) of the first term represent the convective heat transfer coefficient, well diameter (pipe
or tube) and well depth (total length), and wall temperatures along the depth of the well, respectively.
.

m (kg/s), Cp, (J/kg ◦C), and T1 and T2 of the second term correspond to mass flow, heat capacity,
and inlet and outlet temperatures of the system, respectively. In this study, T2, corresponds to Tmax.
The laminar tube flow was calculated using the empirical relation proposed by Sieder and Tate [64]:

Nud = 1.86(RedPrd)
1
3

(
d
L

) 1
3
(

µ

µw

)0.14
(19)

where Red, Prd, µ (kg/m·s) and µw (kg/m·s) correspond to Reynold and Prandtl numbers
(dimensionless) and the fluid viscosity to T1 and Tw (evaluated for the tube wall temperature),
respectively. In this equation, the average convective heat transfer coefficient was determined by
the function of the differences between the average of the inlet and outlet temperatures. The fluid
properties were calculated by the mean bulk temperature of the fluid, except for µw, which was
assessed at the tube wall temperature [63]. The Reynold number and the additional parameters were
estimated using the following equations [63]:

Red =
ρCPd
µ

(20)

RedPrd
d
L
> 10 (21)

For the estimation of the convective heat transfer coefficient and mass flow, the following
equations were applied [63]:

h =
kNud

d
(22)

.
m = ρ

πd2

4
u (23)

where k (W/m·◦C) and u (m/s) correspond to the thermal conduction and the fluid velocity,
respectively. With the values obtained from Equations (18) to (23) and inserting these into Equation (18),
Tmax can be estimated.

The thermal properties of water at different temperatures (both at the inlet and the tube wall)
were estimated using the following polynomial regression equations. These equations were obtained
from the typical data values of water at different temperatures [63].

ρ = 999.8556 + 0.0366 T− 0.0064 T2 + 0.00002 T3 (24)

CP = 4225.9949− 5.2960T + 0.2410T2 − 0.0055T3 + 6.2127× 10−5T4 − 2.6538x10−7T5 (25)

µ = 0.0018− 5.8052× 10−5T + 1.1457× 10−6T2 − 1.2204× 10−8T3 + 5.1839× 10−11T4 (26)
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k = 0.5576 + 0.0021T− 0.0296× 10−4T2 + 6.1869× 10−8T3 (27)

4. Results

4.1. Solar-Geothermal System Evaluation

The outlet temperature from the shallow geothermal well (source) was considered according to
the analysis in Figure 13. At a depth of around 40 m, the outlet temperature was 56.2 ◦C. Figure 9 shows
the daily average soil solar radiation (Gb) recorded in Santa Rosalia and in Cuernavaca. The maximum
deviation between the Gb values in Santa Rosalía and Cuernavaca was 93 W/m2 on October we,
2017. Gb from Santa Rosalía and Cuernavaca were recorded by the Santa Rosalía and CIICAp-UAEM
meteorological stations, respectively. In Figure 9, the behavior of the storage tank temperature is also
shown; the maximum average temperature recorded was 93.8 ◦C. The inlet and outlet temperatures
of the storage tank increased as the Gb increased during sunny days, and decreased when the direct
irradiance also decreased. This thermal energy was conserved in the storage tank.
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Figure 9. Behavior of daily average solar radiation (Gb) and outlet, inlet and storage tank temperatures,
during 5 h, 23 October 2017.

Figure 10 shows the evaluation completed of the Gb recorded in Santa Rosalia and Cuernavaca on
25 October 2017. These databases were obtained from Santa Rosalía and CIICAp-UAEM meteorological
stations, respectively. In Santa Rosalia, the presence of clouds was observed during the day.
The behavior of the storage tank temperature is also shown. The maximum average temperature
recorded was 92.9 ◦C. This thermal energy was retained in the storage tank. The inlet and outlet
temperatures of the storage tank increased as the Gb increased over six hours, and decreased when the
direct irradiance also decreased.
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Figure 10. Gb behavior and outlet, inlet, and storage tank temperature, over six hours on
25 October 2017.

4.2. Ground Temperature Variation Results

The daily average surface air temperatures for 2017 were obtained from the Santa Rosalía
meteorological station (Figure 11). This database was used to calculate the parameters in Equation
(15). The amplitude of the daily temperature means was estimated as Tm = 28.35 ◦C, A0 = 8.31 ◦C.
Notably, a better approach would require the application of the energy balance equation [57]. The γ

(m−1) values were calculated using the thermal properties of the rocks from the second well (Figure 7a
and Table 3). The period P = 8760 h (365 days), for t0 was recorded on the 72nd day of the year as
t0 = 1728 h, and z was considered between depths of 0 and 55 m.

Substituting the parameters in Equation (15), the ground temperature variation from La Reforma
caldera where the wells are located is given by:

T(z, t) = 28.35 + 8.31 exp−γz sin
[

2π
8760

(t− 1728)− γz
]
+

∂T
∂z

(1)

Figure 12 shows the calculated results of the ground temperature variation for depths between 0
and 55 m for each month of the year (2017). The thermal effects reached depths of 15 m, after which
the temperature did not vary.

Table 3. Thermal properties of drilled rocks wells [65].

Rock Thermal Conductivity (W/m·◦C) Heat Capacity (J/kg·◦C) Density (kg/m3)

Pumice (0–12 m) 1.768 885 2360
Ash (12–43 m) 1.535 920 2180

Basalt (43–53 m) 2.200 880 2700
Rhyolite (53–55 m) 3.520 1074 2550
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4.3. Numerical Heat Transfer

The modeling of the temperature profile was performed in a U-tube heat exchanger at the wells
at the La Reforma caldera. Figure 13 shows the temperature profiles for every month of the year.

To solve Equations (18)–(27), which were programmed in Fortran, were used the following values:
well depth of 55 m, a U-tube diameter of 0.07 m, inlet water temperature of 35 ◦C, and a Tint velocity
of 10 m/s. The coefficient h, mass flow, the Reynold and Prandtl numbers, and the fluid viscosity were
evaluated at Tw (ground temperature variation between 0 to 55 m).

The heat transfer results showed a slight variation in the temperature profile z from 0 to 55 m,
where the Tmax was affected due to the ground temperature variations. The inlet water to the U-tube,
reached a temperature of 51.6 ◦C at the bottom-hole (z = 55 m). When ascending to the surface,
the water temperature reached 56.2 ◦C at 38 m. After this depth, the temperature decreased to 45 ◦C to
the outlet. This thermal result could possibly use the Tmax value of 56.2 ◦C (at z = 38 m) to be coupled
to the PTC.
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4.4. Single Stage Absorption Air-Conditioning System Evaluation

A mathematical simulation was performed to evaluate the performance of the absorption
cycle. An AACS was simulated in steady state conditions with TGE = 90 ◦C, TCO = TAB = 35 ◦C,
and TEV = 10 ◦C. Table 4 presents the simulation results for the AACS with a cooling capacity of
7.05 kW. The ambient temperature was calculated as 31.45 ◦C.

Figure 14 compares the COP as a function of the absorber temperature for the NaOH-H2O mixture.
The following conditions were kept constant: evaporator temperature at 10 ◦C, absorber and condenser
in the range of 30 to 45 ◦C, and the generator temperature in the range of 85 to 90 ◦C, according to the
experimental evaluation of the storage tank. This figure shows the COP as a function of the generator
temperature. As TGE decreases, the COP increases. The maximum COP value was calculated according
to TGE = 85 ◦C and TCO = TAB = 30 ◦C. COP behavior evaluated with TGE = 90 ◦C had the lowest
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values compared to the other conditions. However, the AACS performance is also dependent on the
collector temperature, and this temperature is directly related to the direct radiation Gb.

Table 4. Simulation results of the Absorption Air-Conditioning System (AACS).

Stream T (◦C)
.

m (g/s) hNaOH-H2O (kJ/kg) x (%) *

1 90.0 2.97 2659.56 0
2 35.0 2.97 146.65 0
3 10.0 2.97 146.65 0
4 10.0 2.97 2519.22 0
5 35.0 8.90 211.36 40.3
6 35.0 8.90 211.36 40.3
7 90.0 5.93 656.63 60.5
8 90.0 5.93 656.63 60.5

* The NaOH-H2O concentration (weight/weight).
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Figure 15 shows COP behavior as a function of TGE. In this plot, the condenser and absorber
temperature were kept constant at 35 ◦C. Evaporator temperatures fluctuated in the range from 10 to
25 ◦C; these temperatures allow the system to achieve the AACS design conditions. COP increased
when TEV increased. The maximum COP was calculated with TGE = 85 ◦C and TEV = 25 ◦C.
At TEV = 10 ◦C, the minimum COP values were calculated. This behavior is due to the aqueous
concentration, where the solution concentration strongly affects the thermophysical properties of the
working fluid.
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According to the results of the solar geothermal system evaluation, the storage tank can supply
thermal energy at 94 ◦C. COP behavior was analysed considering TGE within a range of 85 to 90 ◦C.

5. Conclusions

This paper proposes a hybrid solar-geothermal source for air-conditioning systems. This system
includes a parabolic trough solar collector field that uses a geothermal source to increase the working
fluid temperature. This thermal energy can be supplied to the AACS. The goal was to bring
air-conditioning to Santa Rosalia (Mulegé), Baja California Sur, Mexico.

The geothermal source, parabolic trough collector field, and absorption air-conditioning system
were analysed separately. The numerical heat transfer analysis of the U-tube heat exchanger showed
that water temperatures can be increased to 56.0 ◦C. After the heat is transferred from the geothermal
source, water is pumped to the solar field. The experimental evaluation was completed using a solar
field of nine parabolic trough collectors (46.1 m2). The inlet temperature of the PTC field was assumed
to be below 56 ◦C. The experimental evaluation of the parabolic trough collector was completed in
Cuernavaca on October 23 and October 25, 2017. This evaluation considered a six-hour time frame
from 10:00 a.m. to 4:00 p.m. According to the results, the maximum average temperature in the storage
tank on these two days was 93.8 and 92.9 ◦C, respectively. The numerical simulation assumed the
generator temperature ranged from 85 to 90 ◦C in the storage tank. The absorption air-conditioning
simulation used NaOH-H2O as a working mixture. The condenser and absorber temperature (TCO,
TAB) were considered to be 35 ◦C and the evaporator temperature (TEV) was 10 ◦C.

These conditions were used as the ambient temperatures affect the absorber and condenser;
therefore, the calculated COP of the system is lower than the design and close to 0.71. The evaporator
temperature was considered 10 ◦C to achieve temperatures adequate for comfort.
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