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Abstract: A thermodynamic analysis of a half-effect absorption cooling system powered by a low-
enthalpy geothermal source was carried out. This paper presents modeling of the half-effect
absorption cooling system operating with an ammonia/lithium nitrate mixture and based on the
first and second laws of thermodynamics, using as energy inputs real data from two geothermal
wells located at Las Tres Virgenes volcanic complex, Baja California Sur, México. Plots of coefficients
of performance and exergy efficiency against condenser, evaporator, and generator temperatures
are presented for the half-effect cooling system. The results showed that the system was able to
operate at generation temperatures between 56 and 70 °C, which were supplied by the geothermal
wells in order to produce cooling at temperatures as low as —-16 °C, achieving coefficients of
performance between 0.10 and 0.36, while the exergy efficiency varied from 0.15 to 0.40 depending
on the system operating temperatures.

Keywords: half-effect absorption system; geothermal source; low enthalpy; thermodynamic
analysis

1. Introduction

Conventional vapor-compression cooling systems require large amounts of electrical energy to
operate: This promotes energy consumption based on fossil fuels [1]. In recent years, research and
technology development have been focused on efficient energy use as well as renewable energy
sources to mitigate environmental problems (such as global warming or air, water, and soil pollution)
and other related energy issues [2]. Among renewable energies, geothermal energy is considered to
be an abundant and constant source of thermal energy, unlike thermal solar energy [3]. Geothermal
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resources of a high temperature are generally being utilized for electricity production, and the
installed capacity is continuously growing [4]. However, despite the vast potential of low-to-medium
temperature geothermal resources, they are not being used because there are technical limitations to
electricity generation (by low-temperature heat), low energy conversion efficiency, and high
investment and production costs [5,6]. However, there is considerable potential for geothermal
energy at a low-to-medium temperature (<150 °C): According to Stefansson [7], there is a potential
for 1410 EJ/year. Air conditioning absorption systems are some of the most interesting devices, since
they use low-to-medium temperature heat sources [8]. Air conditioning absorption systems operate
with environmentally clean working fluids and require lower electricity consumption than
conventional systems, so CO:2 emissions are very low [9]. Absorption systems can be used for large-
scale applications, their cost is lower with respect to other thermally driven systems, they consume a
negligible amount of electrical energy, and they have few mechanical parts [10]: This is an
environmentally friendly method in order to produce air conditioning. However, a combination of
renewable thermal energy and an absorption chiller mainly depends on the coupling temperature
[11]. A single-effect absorption cooling system consists of a generator (G), an absorber (A), a
condenser (C), an evaporator (E), and a heat exchanger (SHE), as can be seen in Figure 1. Heat is
supplied to the generator to separate part of the refrigerant from the working mixture. The refrigerant
goes to the condenser and then to the evaporator through the expansion valve. The refrigerant is
evaporated, producing a cooling effect, and then goes to the absorber, where it is absorbed by the
solution coming from the generator. The diluted solution is pumped to the generator, starting the
cycle again.

P
Pu |-
PL |
Refrigerant
T Strong selution
= Weak solution
| | 1
T
Te Ta=Tc Ta

Figure 1. Pressure-Temperature diagram for a single-effect absorption cooling system.

Compared to the single-effect cycle, the half-effect cycle has two solution circuits, one of them at
high pressure and the other one at low pressure, as can be seen in Figure 2 [12]. The heat is supplied
to both generators (Grr and Grr) at the same temperature. The refrigerant fluid produced by the first
solution circuit (in Grr) is absorbed in the second solution circuit (in Axr). Meanwhile, the refrigerant
fluid vapor produced in the high-pressure generator (Grr) is condensed, expanded, and evaporated
to produce a cooling effect. The refrigerant fluid leaving the evaporator goes to the low-pressure
absorber (Arr), where it is absorbed by the solution coming from Grr. The new strong solution is
pumped to G, starting the cycle again. The half-effect cycle, despite having relatively low values of
the coefficient of performance (COP) compared to the simple effect cycle [12,13], has the peculiarity that
it can operate at extreme operating conditions, such as high condensing temperatures and low
generation temperatures.
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Figure 2. Pressure-Temperature diagram for a half-effect absorption cooling system.

In the literature, there have been many reports about theoretical and experimental works on
single- and double-effect absorption systems: However, the literature about absorption half-effect
systems is scarce. Cozzolino [14] described a residential micro-Combined Cooling, Heating and
Power (CCHP) system, including a low-temperature Proton Exchange Membrane Fuel Cell (PEMFC)
power unit and a half-effect lithium bromide absorption chiller. The author carried out numerical
simulations in order to demonstrate the energetic feasibility and performance of this configuration.
According to the author’s results, the highest exergy utilization factor (ExUF) value was obtained for
the minimum evaporator temperature (4 °C), minimum condenser temperature (27 °C), and 67 °C in
both generators (high- and low-temperature) of the absorption chiller. Maryami and Dehghan [13]
carried out a comparative theoretical analysis of five configurations of LiBr/water absorption
refrigeration systems, included the half-effect configuration. Based on the authors’ results, when the
evaporator temperature was 4 °C with condenser temperatures of 33 °C and 39 °C, the half-effect
system could be operated at lower generator temperatures, around 57 °C and 67 °C, respectively. The
COP values calculated were approximately 0.40 and 0.42, respectively. This was a significant result
because it meant that it was possible to use a heat source at a low thermal level that could be obtained
from low-cost solar collectors or waste heat in order to produce air conditioning. Dominguez-Inzunza
et al. [12] analyzed, through mathematical simulations, the performance of five different
configurations of absorption cooling systems operating with ammonia/lithium nitrate. The authors
concluded that the half-effect system might reach evaporator temperatures around 0 °C at generator
temperatures as low as 50 °C, with a COP value around 0.3. Gebreslassie et al. [15] carried out an
exergy analysis for single-, double-, triple-, and half-effect water/lithium bromide absorption cycles.
According to the results, the highest exergy destruction rates in the cycle occurred on the two
absorbers, followed by the two generators. As the heat source temperature increased, the
concentration differences between incoming and leaving solutions in the generators and absorbers
increased, which was accompanied by higher exergy destruction rates. Gomri [16] carried out a
comparative study between single-effect and half-effect absorption cycles with an identical cold
output and water/LiBr as a working mixture. The author demonstrated that the calculated COP of
the half-effect system was approximately half of the COP of the single-effect system, but the exergy
efficiency of the latter was slightly lower. The results of the thermodynamic analysis showed that,
when the evaporation temperature was maintained at 4 °C, condenser and absorber temperatures
varied from 28 °C to 38 °C; generator temperature varied from 40 °C to 80 °C; the maximum COP
values for half-effect cooling systems were from 0.408 to 0.435; and the maximum exergy efficiency
was from 14.7% to 22.6%. Besides, the author concluded that for generator temperatures higher than
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78 °C, a single-effect system must be used, but on the other hand, when generator temperatures are
less than 78 °C, it is recommended to use a half-effect system. Arivazhagan et al. [17] described a 1-
kW cooling capacity half-effect absorption prototype, which used hydro chlorofluorocarbon (HFC)-
based working fluids (R134a as refrigerant and N,N-dimethylacetamide (DMAC) as absorbent).
According to the experimental performance evaluation, the evaporator temperature was as low as 7
°C, with generator temperatures from 55 to 75 °C. The optimum generator temperature was in the
range of 65-70 °C, for which the coefficient of performance was 0.36.

According to the literature review, half-effect absorption systems show great potential in using
low-temperature heat sources. In the present paper, thermodynamic and numerical heat transfer
analyses are presented in order to demonstrate the feasibility of a half-effect absorption system driven
by a low-enthalpy geothermal source. Two cases were analyzed: The first of them was used as an
extreme case due to its low thermal level (<65 °C), and the second was considered a medium-
temperature level heat source (>70 °C).

2. Proposed System

This paper proposes a half-effect absorption system powered by a geothermal resource for air
conditioning and refrigeration applications, as shown in Figure 3. The proposed system uses NHs-
LiNOs as a working mixture and a low-enthalpy geothermal energy source to heat water up to 55 °C.
In this case, a U-tube heat exchanger was used for the heat transfer process. Finally, this heated
working fluid was used as a thermal energy source for the absorption refrigeration system.

Geothermal
source

= = = Hot water supply

........ Hot water outlet

Figure 3. Schematic diagram of the interconnection between the geothermal resource and the half-
effect cycle.

3. Methodology

3.1. Geothermal Source Modeling

In La Reforma caldera located at Las Tres Virgenes volcanic complex, Baja California Sur, México
(Figure 4), two shallow wells have been drilled in the last two years. The geothermal field Las Tres
Virgenes is located in this volcanic area. Currently, in this place, there is continuing geothermal
exploration to evaluate and estimate geothermal potential for the generation of electrical energy and
the feasibility of direct uses.
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Figure 4. Location of shallow wells drilled (W1 and W2) in La Reforma caldera. The symbology
corresponds as follows: Pink-filled circles for La Reforma and El Aguajito calderas, yellow-filled
triangles for La Virgen, El Azufre, and El Viejo volcanoes, and the purple star for a thermal spring
called Agua-Agria.

For the present study, W1 (Figures 4 and 5) was used as a low-enthalpy geothermal energy
source for heating water up to 55 °C in a U-tube heat exchanger (HE). This well had a depth of 50 m,
with purely conductive thermal behavior (Figure 5).
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Figure 5. Temperature profile of well W1 (the maximum temperature was 43.5 °C to a depth of 48.0
m), including a lithology profile (right side).

For an estimation of the natural geothermal gradient, the bottom-hole temperature (BHT) versus
time measurements to different depths was registered after a borehole drilling operation [18,19], and
the Horner-plot method (Equation (1)) was used to estimate the static formation temperature (SFT)
to a 50-m depth. This method suggests a linear relationship between BHT measurements and the
dimensionless Horner time that corresponds to the logarithmic function of the following equation:
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BHT (At) = Ty — by [In (*5)], 1)

where At and fc are the shut-in times after the cessation of drilling mud circulation (in hours) and the
circulation time of the drilling fluid (in hours). The slope (bam) and intercept (Tum) values can be
estimated by a linear regression computation, and the Tum value corresponds to the SFT.

3.2. Variation in Ground Temperature and Heat Transfer Process

The variation in ground temperature is caused by seasonal fluctuations of air temperature on
the surface that can reach depths of around 20 m [20,21]. Equation (2) is used to describe the transient
heat transfer in a semi-infinite solid, where T is temperature (°C), ¢ is time (s), a is the thermal
diffusivity (m?/s), and Z is depth (m):

aT _ « 92T
at az%

2)

The shallow thermal perturbation behaves like a sinusoidal wave with time, and, for solving
Equation (2), a sinusoidal temperature mathematical model is used [21,22]:

T(Zt) = Ty + A sin[Z (¢ — to) - 72| + 2, €)

where T(Z,t) is the ground temperature at time f (h) and depth Z (m); Tw is average surface
temperature (°C); A: is the amplitude of the ground annual surface temperature wave (obtained from
Equation (4)); to is the time lag needed (day of the year) for the ground surface temperature to reach
the T value; and 9T /0Z is the geothermal gradient of 0.43 °C/m, which was calculated between the
average of T =25 °C (Z=0) and SFT = 46.6 °C to Z =50 m depth. Equations (4) and (5) was used to
estimate the A: value:

A, = Ajexp™7%, 4)

T

Y = | ©)

aP

where y is the inverse of the damping depth, and P is the period of the oscillation (365 days) in hours.

For the numerical heat transfer analysis between well W1 and the U-tube heat exchanger, the
convective heat transfer process was evaluated, so for an estimation of the maximum water
temperature to the heat exchanger outlet, the following empirical relationship for pipe and tube flow
was used [21,23]:

O = hmdl (TW—

T+ Ty

) = mCp(T, — Ty), (6)

where / is the convective heat transfer coefficient (W/m2 °C), d is the tube diameter (m), L is the total
length of the well (m), Tw is the wall temperature along the depth of the tube, m is the mass flow
(kg/s), Cp is the fluid heat capacity (J/kg °C), and T: and T2 are the inlet and outlet system
temperatures. In this study, T2 corresponds to Twma or the heating temperature of water at depth. The
turbulent flow in the inner part of U-tube was calculated using the empirical relation by Dittus and
Boelter [23,24]:

Nug = 0.023 Red® Pr™, (7)

where Res and Pr correspond to Reynolds and Prandtl numbers, respectively, and the exponent # is
equal to 0.4 for heating and 0.3 for cooling [24]. The thermal properties of water for temperatures
between 20 and 100 °C were calculated from the following polynomial regression equations [21]:

k = 0.5576 + 0.0021T — 0.0296 x 107*T? + 6.1869 x 1078T3, (8)
1 =0.0018 — 5.8052x107°T + 1.1457x107°T? — 1.2204x1078T3 + 5.1839x10711T*, 9)

p = 999.8556 + 0.0366T — 0.0064T2 + 0.00002T?3, (10)
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Cp = 42259949 — 5.2960T + 0.2410T2 — 0.0055T°% + 6.2127 x 10754 — 2.6538x10~7T*. (11)

3.3. Simulation of Half-Effect Absorption Cooling System

For the analysis of the performance of the half-effect cycle, mathematical models were developed
based on the first law of thermodynamics and the thermodynamic properties of the working mixture.
The physical and thermodynamic properties of NH3-LiNOs were obtained from Hernandez-
Magallanes et al. [25]. Meanwhile, the properties of pure NHs were provided by Tillner-Roth [26] and
Infante Ferreira [27]. The assumptions for the modeling of the thermodynamic cycle were the
following:

I.  The system operates in thermodynamic equilibrium;

II. The analysis is made under steady-state conditions;

III. The solution is in a saturated state when leaving generators and absorbers;

IV. The refrigerant is in a saturated state when leaving the condenser and evaporator;

V. Heat losses and pressure drops in the tubing and the components are considered negligible;
VI. Flow through the valves is isenthalpic.

In addition, isentropic efficiencies of 0.8 and 0.7 were considered for the pumps and the solution
heat exchangers, respectively, [28] and the heat supplied to both generators was at the same
temperature, Tc_Hp = Tc_ir. Steady-state mass and energy balances for the components of the half-
effect cycle were established as follows:

Low-Pressure Generator (Gtrr)

Th3 = Th4 + Tf’l17, (12)

M3Xs = MyX, + my; Xy, (13)

Q¢ 1p = MyHy + 147 Hy7 — T3 Hs, (14)
Low-Pressure Absorber (Arp)

My = Mg + My, (15)

Xy = MeXe + My6X16, (16)

Q.A,LP = tgHg + MygHig — M Hy, 17)
High-Pressure Generator (Grr)

Mg = Myg + My3, (18)

MeXg = MyoX19 + My3X13, (19)

Q.G,HP = myoHqo + My3H 3 — ThoHy, (20)
High-Pressure Absorber (Anr)

my; = My, + My, (21)

m;X; = My X1 +mMy7X7, (22)

QA_HP = My, Hyy + My, Hy7 — M5 H, (23)

Condenser (C)
QC = my3(Hyz — Hya), (24)
Evaporator (E)
QE = mys(Hy — Hys), (25)
Efficiency of the Solution Heat Exchanger at Low Pressure (SHELr)
Hs—H
NSHE_LP = —Hz— Hz’ (26)
Efficiency of the Solution Heat Exchanger at High Pressure (SHE#r)
_ Ho—Hg
MSHE_HP = [ —4 (27)
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Pump Work at Low Pressure (W)

WLP =my(H; — Hy), (28)
Pump Work at High Pressure (W)
WHP = m;(Hg — H7), (29)
Medium Pressure System (Pwu)
Coefficient of Performance (COP)
CoP= Qe (31)

Qc_Lp+Qc_HP+WLp+Whp’

Exergy Efficiency (nex)

_ ()
" Qe (1= 1) # Qo (1 1) W+
Irreversibility (1)
i = Exsupply - Exusefula (33)
1= [0as (1 =55) + Qo (1 =550) ] = (00 (155 e

4. Results and Discussion
4.1. Simulation of the Geothermal Source

4.1.1. Analysis of Ground Temperature Variation

From the Santa Rosalia meteorological station, we obtained the daily surface air temperature data for
the year 2017 to calculate the parameters from Equation (3). The ground temperature variation from
depth Z =0 to Z =100 m was calculated considering the daily temperature means to be T =28.35 °C
and Ao= 8.31 °C. The parameter y (m-1) was estimated using the thermophysical properties of the
rocks from W1 (Table 1), the period P = 8760 h (365 days), and to= 1728 h (this value corresponded to
the 72nd day of the year). Substituting all of these into Equation (3), the thermal ground variation
from La Reforma caldera was estimated by the following equation:

2m
8760

T(Z,t) = 28.35 + 8.31exp % sin (t —1728) — yZ| + 0.43 ° C/m, (35)

Figure 6 shows the thermal profile of the ground temperature for depths between 0 and 100 m
for each month of the year. We found that the seasonal thermal effect reached depths between 15 and
18 m, and that the simulated temperature for Z =50 m (depth of drilled W1) corresponded to T =48.6
°Cand Z=100 m to T =68.6 °C.

Table 1. Thermophysical properties of the drilled cores from W1 [29].

Rock Density (kg/m3) Heat Capacity (J/kg-°C) Thermal Conductivity (W/m-°C)
Pumice (0-12 m) 2360 885 1.768
Ash (12-43 m) 2180 920 1.535

Basalt (43-50 m) 2700 880 2.200
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Figure 6. Thermal profile of the ground temperature variation for 100 m of depth for each month of
the year 2017 (from La Reforma caldera).

4.1.2. Analysis of Heat Transfer on a U-Tube Heat Exchanger

Case 1

The first case corresponded to the numerical heat transfer between W1 and the U-tube heat
exchanger for an estimation of the maximum water heating temperature in the heat exchanger. The
initial parameters used for this analysis were d = 0.0254 m [29], L = 100 m [29], and fluid velocity v =
1 m/s (to the inlet and outlet of the heat exchanger). The thermal properties of water corresponding
to k, p, p, and Cp were calculated using Equations (8)—(11). Under these conditions, 12 heat transfer
models were simulated in the U-tube heat exchanger (the thermal ground profile obtained for each
month corresponded to Tw), and for all models, the values of T were located between 88 and 100
m of depth with temperatures from 65.0 °C to 67.6 °C (Figure 7). If we assumed that the U-tube could
be isolated from a depth of 91 m to the surface (only in the ascending section of the fluid) and assumed
that the heat losses were negligible, the heat load Q (kW) from the system achieved a value of 2.029
kW (Figure 7). From these results, it was clear that it was possible to use the well W1 as alow-enthalpy
geothermal energy source coupled to a half-effect absorption system for air conditioning and
refrigeration applications.
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Figure 7. Temperatures simulated along the U-tube heat exchanger in well W1.

Case 2

The second case was a thermal analysis of well W-LV5 from Las Tres Virgenes geothermal field
(an inoperative well): The Comision Federal de Electricidad (CFE) uses it only as a monitoring well.
W-LV5 had a depth of 1800 m, and the static formation temperature at different depths has been
reported by Verma et al. [30]. Figure 8 shows the temperature profile of W-LV5, which had purely
conductive thermal behavior. The maximum temperature reported was 219.3 °C to a depth of 1800
m.

For the numerical heat transfer between W-LV5 and the U-tube heat exchanger for the estimation
of the maximum water heating temperature in the heat exchanger, we considered the diameter of the
U-tube to be 0.0254 m, the total length to be 1850 m, and fluid velocity to be v =7 m/s. The thermal
properties of water (k, p, u, and Cp) for interval temperatures between 20 °C and 300 °C were
calculated using the polynomial regression in Equations (36)—(38) (these equations were obtained
from thermodynamics data values of water to high temperatures). A geothermal gradient of 156.7
°C/km was estimated from the SFTs of W-LV5 as showed in Figure 8. The heat transfer model result
in the U-tube heat exchanger is shown in Figure 9, where T at the exit was 72.8 °C. Theoretically,
with this result, it was also possible to use well W-LV5 as a low-enthalpy source coupled to the half-
effect absorption systems to produce cooling:

k = 0.5561 + 0.0024T — 1.2930 x 1075T2 + 8.7655 X 107°T3 + 1.0073 x 1071°T* —

2.5537 x 1071375, (36)

#=10.0017 — 4.4804 x 1075T + 5.5960 x 1077T2 — 3.4932 x 107°T> + 1.0418 x 107117 — 37)
1.1794 x 1071475,

p = 1002.2885 — 0.1898T — 0.0024T?* — 6.8357 x 107'T?3, (38)

Cp = 4165.2926 + 7.4586T — 0.2692T% 4 0.0032T3 — 1.4370 x 107°T* + (39)

2.2723 x 107875,
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Figure 8. Temperature profile from static formation temperatures of well W-LV5 from Las Tres
Virgenes geothermal field (reported by Verma et al. [30]).
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Figure 9. Temperature simulated along the U-tube heat exchanger in well W-LV5. Tout corresponds to
the temperature of water to the heat exchanger outlet, v to fluid velocity, and m to mass flow.

4.2. Simulation of Half-Effect Absorption Cooling System

4.2.1. Analysis of COP of the Half-Effect Cycle

The simulation of the half-effect cycle was performed considering the temperatures of both
geothermal wells described previously.

Table 2 shows the operating ranges of the main variables involved in the thermodynamic
analysis.
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Table 2. Operation range of selected variables for the half-effect cycle.

Variable Range
Condensation temperature, (Tc) 25 to 40 °C
Evaporation temperature, (Tk) -16 to 10 °C
Generation temperature, (Tc) 56 to 70 °C
Pressure factor, (PF) 0.4t00.8

The present section shows a sensitivity analysis of the operation of the half-effect cycle for the
different operating conditions. In Figures 10-13, the COP of the system is shown as a function of the
evaporation temperature (Tt) and the pressure factor (PF) for different condensing temperatures (Tc),
keeping fixed the thermal source or generation temperature (Tc).

o ©
& 8

0.30
0.25
0.20
0.15
0.10

COP [dimensionless]

Tel°Cl

©0.10-0.15 ©0.15-0.20 ©0.20-0.25 10.25-0.30 @0.30-0.35 1@0.35-0.40

Figure 10. Coefficient of performance (COP) of the half-effect cycle against PF and Tk for different
Tc. Analyzed case: Tc =70 °C.

0.40
0.35
0.30
0.25
0.20
0.15
0.10

COP [dimensionless]

Te[°Cl

@0.10-0.15 @0.15-0.20 ©@0.20-0.25 110.25-0.30 @0.30-0.35 @0.35-0.40

Figure 11. COP of the half-effect cycle against PF and Tk for different Tc. Analyzed case: Tc = 65 °C.
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Figure 12. COP of the half-effect cycle against PF and T« for different Tc. Analyzed case: Tc = 60 °C.
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Figure 13. COP of the half-effect cycle against PF and Tk for different Tc. Analyzed case: Tc =56 °C.

Figures 10-13 show the variation of the COP as a function of the condensation temperature (Tc),
the pressure factor (PF), and the evaporation temperature (T) of the half-effect cycle for different
values of the generation temperature (Tc). In all the figures, it can be seen that the COP was directly
proportional to the evaporation temperature and inversely proportional to the condensation
temperature. Besides, for a fixed condensing temperature, better COPs were obtained for high
pressure factors (PF): However, at high PF values, low evaporation temperatures could not be
achieved. Therefore, depending on the particular application of the system (cooling or air
conditioning) the PF value was set. The PF defined the mean pressure of the cycle, and this factor was
fixed through the concentration of the working mixture.

From Figure 10, it can be seen that the coefficients of performance varied from 0.10 to 0.36 at Tc
=70 °C. It can be observed that for condenser temperatures of 25, 30, and 35 °C, the half-effect cycle
could work for refrigeration and freezing since it could achieve evaporation temperatures as low as
-16 °C with coefficients of performance between 0.25 and 0.36. However, at Tc = 40 °C (only at PF
values of 0.5 and 0.6), the system was still capable of being used for refrigeration, but at higher PF
values the system could only be used for food conservation or air conditioning.

Figure 11 shows COP variations from 0.10 to 0.36 at a generation temperature of 65 °C.
Evaporation temperatures of =16, =16, -12, and —4 °C could be reached at condensation temperatures
of 25, 30, 35, and 40 °C, respectively, for low values of PF. As the condenser temperature increased,
the cycle significantly reduced its ability to operate as a cooling system. Thus, from this plot, itis clear
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that the system reduced its capability of producing cooling with increments in the condensation
temperature. This happened because at higher condensation temperatures, the pressure of the system
increased, raising the boiling point of the mixture and thus reducing the amount of the refrigerant
produced. Nevertheless, it is important to mention that even at high condensation temperatures, the
system could still be used for food conservation or air conditioning.

In Figure 12, it can be seen that the coefficients of performance were very similar to reported in
Figure 11. However, due to the generation temperature being lower (Tc = 60 °C), it was more difficult
to achieve lower evaporation temperatures with this system. For example, at a condensation
temperature of 35 °C, evaporation temperatures of -10, -4, 0, and 4 °C were obtained for PFs of 0.5,
0.6, 0.7, and 0.8, respectively. These evaporation temperatures were slightly lower than those
reported in Figure 10. For a PF of 0.5 and 0.6, the system could operate for refrigeration, while for PF
values of 0.7 and 0.8 the system could operate only for air conditioning.

Finally, Figure 13 shows the variation of the coefficients of performance as a function of the
condensation and evaporation temperatures at a generation temperature of 56 °C. As was expected,
further reducing the thermal source reduced the operating conditions of the half-effect cycle. This
was mainly due to the crystallization range of the working mixture, which restricted the operation of
the thermodynamic cycle [31]. For these conditions, it was no longer possible to operate the
thermodynamic cycle at condensation temperatures above 35 °C.

4.2.2. Analysis of nex of the Half-Effect Cycle

Figures 14 and 15 show the analysis of the exergy efficiency for the operating conditions
established in Table 2.

Te=70°C

0.45
0.40
0.35
0.30
0.25
0.20
0.15

Nex [dimensionless]

©0.15-0.20 ©0.20-0.25 0.25-0.30 10.30-0.35 =0.35-0.40 @0.40-0.45

Figure 14. Exergy efficiency (nex) against Tt and PF for different Tc. Analyzed case: Tc =70 °C.

Figure 14 shows the exergy efficiency as a function of the evaporator and condenser
temperatures at a generation temperature of 70 °C. From the exergy efficiency (Equation (32)), it can
be seen that the nex values were directly proportional to the cooling effect and also that they increased
at lower evaporation temperatures. This happened because at lower evaporator temperatures, the
difference between To and Tt increased, thus increasing exergy efficiency. For these conditions, the
exergy efficiencies varied from 0.15 to 0.40.
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Figure 15. Exergy efficiency (nex) against Tt and PF for different Tc. Analyzed case: Tc =65 °C.

Figure 15 shows the exergy efficiency again as a function of the condenser and evaporation
temperature, but now at a generation temperature of 65 °C. In this figure, a similar trend for exergy
efficiency is observed, as shown in Figure 14. Comparing both figures, it can be seen that the exergy
values were slightly higher in Figure 15 at a generation temperature of 65 °C than those reported in
Figure 14 at 70 °C. This was expected, since it is known that at higher temperature differences, higher
irreversibilities occur in the system, causing a decrease in exergy efficiency. In addition, in both
figures, it can be seen that the cycle operating range decreased at higher values of Tc and PF in a way
similar to what is shown in Figures 10-13, for the reasons explained in those figures.

4.3. Study Cases: Geothermal Wells 1 and LV5

The results obtained from the modeling of half-effect cooling systems operating with heat
supplied from two real geothermal wells is presented in this section. According to Figure 7,
theoretically, well W1 has the capability of transferring heat (<65 °C) to secondary fluid (water),
which would be used to supply energy to the generator of the half-effect cooling system. Tables 3 and
4 present the results of the modeling for refrigeration (Tz = -6 °C) and air conditioning (Tt = 10 °C),
respectively.

Table 3. Performance summary of the modeling of well W1 coupled to a half-effect cooling system.
Case study: Refrigeration (Tt =—-6, PF =0.7).

Tc (°C) 25 30
Tc (°C) 56 64 64
Thermal Power (kW)
Cooling Capacity (Qr) 1.04 1.05 0.93
Condenser heat duty (Q.) 1.14 1.17 1.03
Low-pressure absorber heat output (Q4 1p) 1.78 1.71 1.89
Low-pressure generator heat input (Qg 1p) 1.89 1.85 1.99
High-pressure absorber heat output (Q4 yp) 1.45 1.49 1.33
High-pressure generator heat input (Qg p) 1.44 1.48 1.32
Mechanical Power (kW)
Solution pump 1 (Wp) 55x10%  3.3x107 1.1 x10-2
Solution pump 2 (Wyp) 8.9 x10+ 7.7 x10+ 9.2 x10*

Performance Indicator
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Coefficient of performance, COP (-) 0.31 0.31 0.28
Exergy efficiency, ngy, (-) 0.38 0.32 0.37
Irreversibility, / (kW) 0.44 0.51 0.47

Table 4. Performance summary of the modeling of well W1 coupled to a half-effect cooling system.
Case study: Air conditioning (Tt =10, PF =0.7).

Tc (°C) 25 30 35 40
Tc (°C) 56 64 56 64 56 64 64
Thermal Power (kW)
Cooling Capacity (Qg) 1.19 1.16 1.16 1.13 1.10 1.09 0.98
Condenser heat duty (Q.) 1.29 1.28 1.24 1.23 1.17 1.19 1.06
Low-pressure absorber heat () 1.58 1.64 1.62 1.72 1.68 1.83
output (@4 1p)
Low-pressure generator heat /) 1.71 1.75 1.74 1.81 1.79 1.92
input (Qg Lp)
High-pressure absorber heat ;.4 1.63 1.60 1.59 1.53 1.56 142
output (Qa xp)
High-pressure generator heat ., 1.61 1.58 1.58 151 1.54 1.40
input (Qg_np)
Mechanical Power (kW)
Solut i 31 3.0 13 9.7 5.0 28 12
olution pump 1 (W) x104  x10*  x10°  x104  x10%  x10®  x102
1.0 85 14 11 2.1 15 2.0

Solution pump 2 (Wyp) x103  x10* X103  x10°®  x10°  x10°®  x10°3

Performance Indicators

Coefficient of performance,

0.36 0.35 0.35 0.34 0.33 0.33 0.29

COP (-)
Exergy efficiency, ngx (-) 0.20 0.16 0.31 0.24 0.46 0.34 0.44
Irreversibility, I (Kw) 0.38 0.45 0.35 0.42 0.32 0.39 0.35

As can be seen from Table 3, the system was capable of operating for refrigeration at generation
temperatures of 56 and 64 °C with condenser temperatures of 25 and 30 °C. The system produced up
to 1.05 Kw of cooling at Tt = -6 °C, with a coefficient of performance around 0.3. On the other hand,
the system was capable of producing air conditioning at the same generation temperatures, but with
condenser temperatures of 25, 30, 35, and 40 °C. The highest value of the cooling capacity obtained
was 1.19 Kw, with a coefficient of performance of 0.36.

On the other hand, according to Figure 9, W-LV5 had the capability to transfer heat to a stream
of water at temperatures up to 70 °C, with a mass flow rate of 3.53 kg/s. Tables 5 and 6 summarize
the results of the modeling of the coupled system at the same temperatures from Tables 3 and 4 for
refrigeration and air conditioning, respectively.

Table 5. Performance summary of the modeling of well W-LV5 coupled to a half-effect cooling
system. Case study: Refrigeration (Tt = -6, PF = 0.7).

Tc (°C) 25 30 35
Tc (°C) 65 70 65 70 70
Thermal Power (kW)
Cooling capacity (Q) 22.00 21.80 19.80 20.40 1240
Condenser heat duty Qo) 2466 2470 2211 23.04 13.95
Low-pressure absorber 3599 3550 3928 3758 50.62
heat output (Q, Lp)

Low-pressure generator

. . 38.85 3858 41.67 4036 51.64
heat input (Qg Lp)




Appl. Sci. 2019, 9, 1220 17 of 20

High-pressure absorber

. 3148 31.61 28.62 2990 18.38
heat output (Qa yp)

High-pressure generator

. ; 31.20 31.35 2832 29.61 18.17
heat input (Qg up)

Mechanical Power (kW)
Solution pump 1 (Wyp) 007 006 020 013 072
Solution pump 2 (Wyp) 002 002 0.02 002 0.01

Performance Indicator
Coefficient of performance, COP (-) 031 031 028 029 0.18
Exergy efficiency, g, (-) 031 028 037 034 026
Irreversibility, [ (kW) 1092 11.77 1013 11.06 9.76

Table 6. Performance summary of the modeling of well W-LV5 coupled to a half-effect cooling
system. Case study: Air conditioning (Tt =10, PF =0.7).

Tc (°C) 25 30 35 40 45
Tc (°C) 65 70 65 70 65 70 65 70 70
Thermal Power (kW)
Cooling capacity (Qr) 2440 24.05 23.70 2335 2290 2260 2095 2140 7.60
Condenser heat duty Qo) 2690 26.79 26.02 2592 25.01 2498 2275 2353 830

Low-pressure absorber
heat output (Qa 1p)
Low-pressure generator
heat input Qg 1p)
High-pressure absorber
heat output (Qa yp)
High-pressure generator
heat input Qg up)

33.19 3292 34.09 33.81 3519 3478 3799 3648 59.52

3597 3592 3672 36.66 37.63 3746 3999 38.87 58.80

3433 3429 33.67 33.64 3287 3292 3042 3153 11.35

34.03 34.01 3332 3332 3246 3254 2997 3110 11.17

Mechanical Power (kW)
Solution pump 1 (Wep) 001 001 002 0.02 006 005 021 013 158
Solution pump 2 (WHP) 0.02 0.02 0.02 0.02 0.03 0.03 0.04 0.03 0.02

Performance Indicator
Coefficient of performance, COP(-) 035 034 034 033 033 032 030 031 011
Exergy efficiency, ngy (-) 016 014 023 020 032 028 043 037 0.18
Irreversibility, [ (kW) 9.60 1047 897 985 833 921 764 855 7.64

From Table 5, it is possible to see that the half-effect cooling system was capable of operating at
generation temperatures of 65 and 70 °C at condenser temperatures of 25, 30, and 35 °C. For this case,
the cooling system was able to provide up to 22 kW of refrigeration at Tt = -6 °C with a coefficient of
performance of 0.31.

From Table 6, it can be observed that the system could provide up to 24.4 kW of cooling for air
conditioning (Tt = 10 °C), achieving a coefficient of performance of 0.35.

Comparing the results obtained from well W1 to well W-LV5, it was clear that the cooling
capacity obtained from the absorption cooling system was directly related to the power of each well.
Tables 4 and 5 show that even for a geothermal well with low power, it was still possible to produce
a cooling effect, and of course if the temperatures and power of the geothermal well were higher, as
in the case of well W-LV5, the cooling capacity increased considerably.

5. Conclusions

A thermodynamic analysis of a half-effect absorption cooling system powered by a low-enthalpy
geothermal source was carried out. For the modeling, real data of two geothermal wells located in
México were used. One of the geothermal wells (W1) was used as an extreme case due to its low
thermal temperature and power capacity, and the other (W-LV5) was used as the most realistic heat
source. The results showed that even for the extreme case, the half-effect absorption cooling system
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was able to operate, but obtained a low cooling effect. Meanwhile, by using the second geothermal
well (W-LV5), the cooling system was able to produce up to 22 kW of cooling capacity at an
evaporator temperature of —6 °C, and up to 24.4 kW of cooling capacity at an evaporator temperature
of 10 °C. In both cases, the coefficients of performance varied between 0.10 and 0.36, while the exergy
efficiency varied from 0.15 to 0.40 depending on the system operating temperatures.
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Nomenclature
1,2,3... Thermodynamic state points
A Absorber
BHT Bottom-hole temperature (°C)
C Condenser
Cr Heat capacity (J/kg °C)
copr Coefficient of performance (dimensionless)
d Diameter (m)
E Evaporator
Ex Exergy (kW)
G Generator
H Specific enthalpy (kJ/kg)
h Convective heat transfer coefficient (W/m? °C)
i Irreversibility (kW)
k Thermal conductivity (W/m-°C)
L Length (m)
m Mass flow rate (kg/s)
P Pressure (kPa)
P Period (h)
PF Pressure factor
0 Thermal capacity (kW)
SHE Solution heat exchanger
T Temperature (°C)
T* Absolute temperature (K)
t Time (s, h)
|74 Mechanical power (kW)
X Concentration of the solution (% weight/weight)
Z Depth (m)
Subscripts

0 Thermodynamic environment
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A
C
E
Ex
G
HP
LP
M
P
M
w

Absorber
Condenser
Evaporator
Exergy

Generator

High pressure
Low pressure
Medium pressure
Pump

Average temperature (°C)
Wall

Greek letters

VW = Q@ ¢ 3

Efficiency (-)

Specific volume (m3/kg)
Thermal diffusivity (m?/s)
Inverse of damping (1/m)
Viscosity (kg/m-s)
Density ( kg/m3)
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