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Abstract: This paper addresses the use of a geothermal heat-sink to remove the heat released in
domestic-sized single and double-effect water-LiBr absorption chillers operating in hot climates.
This study is the continuation of a previous work, which demonstrated the operational constraints of
these absorption chillers working in hot Algerian climate-zones. After localizing the non-operation
zones for both systems, the thermo-physical properties of the soil at several depths are investigated
for the implementation of the underground heat-exchanger. This heat-exchanger is connected to the
condenser and the absorber of both systems, to supply cooling water at inlet temperatures of 33 °C in
hot climate conditions, with ambient temperatures varying from 38 °C to 42 °C. The results show a
steady operation for both absorption chillers in climate conditions which had not previously allowed
the two systems to operate in water or air-cooled modes. A maximum coefficient of performance of
0.76 and 1.25 is obtained for single- and double-effect absorption cycles, respectively, with chilled
water at 7 °C. The underground-tube length required is between 4.5 and 18 m, depending on the
absorption-cycle configuration and the temperature of the chilled water.

Keywords: water-LiBr absorption chiller; geothermal heat-sink; underground heat-exchanger

1. Introduction

The increasing energy consumption of the residential sector in Algeria, with a total
energy consumption of 17.6 MTep in 2019, is considered the main priority for the Ministry
of Energy. It represents a 3% increase, compared to the year 2018 [1]. The energetic
transition to renewables is essential to ensure a clean, less expensive, and uninterrupted
energy production, especially in remote areas. The need for air conditioning is significantly
increasing, especially in summer, when energy demand reaches its peak. The use of
solar thermal energy to drive absorption chillers is an attractive way to save energy in
air conditioning systems. However, certain serious operational constraints of absorption
chillers limit their use in hot climate zones where the condenser and the absorber need to
operate at high temperatures.

Several investigations reported the impact of the ambient temperature on the perfor-
mance of absorption cooling cycles. Ketfi et al. [2] analyzed the performance of single-
and double-effect water-LiBr absorption chillers in the conditions of five different climate
zones in Algeria. The results showed a significant drop in the coefficient of performance
(COP) and the cooling capacity when operating in hot climates. Neither of the chillers
could operate in the Sahara’s hot climate, because of the limited solubility range of the
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aqueous solution of water-LiBr. Agrouaz et al. [3] investigated the feasibility of a 10-kW
solar-absorption refrigeration system in the climatic conditions of six Moroccan cities. The
coefficient of performance and solar fraction were calculated for each climate zone. The
best performance was obtained in the Errachidia climatic zone, with an annual COP of
0.33 and a solar fraction of 30%. Merabti et al. [4] presented a study of a solar-evaporative
cooling system operating by means of desiccation. The study was performed in the climate
conditions of Tipaza, Algeria. The results showed that the system could control moisture
and provide acceptable conditions of comfort, rendering it suitable for humid environ-
ments such as those of coastal cities in Algeria. A theoretical study of different solar cooling
systems, namely, solar-absorption, solar-adsorption, photovoltaic and photovoltaic thermal
systems was carried out in different climate conditions, and was presented by Mortadi
et al. [5]. The solar-thermal performances of all systems were calculated to determine
the most favorable system. The solar coefficient of performance (SCOP), levelized cost of
cooling (LCOC), discounted payback period (DPP) and Life Cycle Climate Performance
(LCCP) were simulated, using the EnergyPlus simulation tool. The results showed better
performances when using the photovoltaic thermal-cooling system. Lu et al. [6] reported
an experimental study carried out on a multi-energy absorption system for combined
cooling and heating (ASCCH). The system was designed to operate in both cold-winter
and hot-summer areas. The ASCCH was powered by solar energy, biomass, and natural
gas. The coefficient of performance, heating, and cooling powers, along with the system
pressure variation were calculated and presented. The coefficient of performance of the
system was 0.88 at a summer ambient temperature of 32 °C. The authors also analyzed
the economic and environmental impact of the system, using renewable energy sources to
power it. They concluded that the annual operating cost for a typical household could be
reduced by up to 46.8%, and, compared with conventional systems, CO, emissions could
be mitigated by approximately 44%. Camara et al. [7] developed a mathematical model to
simulate the thermal performance of a double-acting solar collector (DASC) for daytime
solar heating and nocturnal radiative cooling, coupled with a single-effect water-LiBr
absorption—cooling system for use in hot regions. The absorption chiller developed a
COP of 0.87, with a whole-system performance of 0.64 for Bamako climate conditions. An
advanced absorption—cooling cycle driven by a multi-generation renewable heat source
destined for remote areas was simulated by Kumar et al. [8]. An analysis was carried out to
establish how system-component temperatures, combined with the ambient temperature,
affected the performance of the system. The authors highlighted the negative impact of
ambient temperature on the system performances, namely, in the coefficient of performance
and the cooling power. Ghodbane et al. [9] presented a simulation study on the feasibility
of an air conditioning system powered by parabolic trough solar collectors. Water was
used as refrigerant in the ejector air-conditioning-cycle. The system was modelled to in-
sure air conditioning in an 18-kW control room in Gassi-Touil in southern Algeria. The
optical, thermal and exergy efficiency of the solar collector, the main ejector parameters,
the coefficient of performance of the ejector air-conditioning subsystem, and the solar
performance coefficient were accurately determined in different operating conditions. The
main results showed a very important limitation of the cooling system in the hot climates
of the Sahara Desert.

Geothermal energy sources could be used in four main applications: (i) heating
applications [10-12], (ii) power generation [11,13,14], (iii) driving a geothermal heat pump
for space air conditioning [10,15-18], and (iv) direct air refreshment (Canadian well) [19].
Lebbihiat et al. [20] reviewed the historical development, current utilization, practices, and
opportunities regarding geothermal energy in Algeria. Benzaamaa et al. [21] presented an
experimental and numerical analysis of an underground heat exchanger destined for air
pre-conditioning of a building in the climate conditions of Oran (northern Algeria). The
experimental implementation results were compared with those simulated under TRNSYS
and FLUENT software. The results showed that the energy efficiency of the combined
geothermal system was more significant in the arid zones (southern Algeria) and in the
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semi-arid zones. Hebbal et al. [22] presented an experimental investigation for geothermal
cooling in an underground building in Ghardaia, a city 600 km south of Algiers. The
results were then compared with those obtained from an aboveground building. The
energy savings for air conditioning purposes, especially in summertime, were considerable.
Bassoud et al. [23] presented a study on the thermal behavior of a naturally ventilated
old building built with adobe, with a compacted urban tissue known as Ksar. A thermal-
comfort study was carried out, using the adaptive model ASHRAE-55 for populations
of hot and arid regions in southern Algeria. The authors found that the basic natural
materials used there in buildings were excellent thermal insulators for the severe ambient
temperatures of the area.

Most of the studies presented above were devoted to the conversion of geothermal en-
ergy for heating and power applications [24-26]; however, few, if any, studies investigated
the use of a geothermal heat-sink for dissipating the heat released in absorption-cooling
systems. In this paper, a feasibility study is presented, using a geothermal heat-sink
for the condenser and the absorber of low-capacity water-LiBr single- and double-effect
absorption-cooling cycles operating in hot climates. In a previous study [2], the authors con-
cluded that these absorption cycles were not able to operate in the conditions present in the
hot climate zones in the Algerian Sahara. They recommended the use of an underground
heat-exchanger to dissipate the heat released by the condenser and the absorber.

2. System Modelling

A schematic diagram of the absorption chillers and their external circuits is shown in
Figure 1. Two domestic-sized water-LiBr single and double-effect absorption chillers were
considered. Heat released by the absorber and the condenser of the chillers is dissipated
into the soil via an underground heat-exchanger.

Heat Source:
(Natural gas, Solar...) i Absorption Chlller
.............. 1
CpP ’==2 Generator
@ — Space
=——_  Absorber Cooling
— and
&— Condenser
CP e
Evaporator == CP
_____ Chilled Water For Space
Air Conditioning

CP : Circulation Pump
—— Hot Water Circuit
= Cooling Water Circuit
—— Chilled Water Circuit

Geothermal Heat Sink

Figure 1. Schematic of the geothermally cooled single/double-effect water—LiBr absorption systems.

2.1. Absorption-Chiller Modelling

The modelling of the two absorption chillers and their thermal-performance parame-
ters are presented, using the cycle configurations shown in Figure 2.
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Figure 2. Water—LiBr absorption cycles: (a) single-effect, (b) double-effect.

The basic mathematical model used for single- and double-effect water—LiBr absorp-
tion cycles is developed, based on the following assumptions: (i) steady state operation; (ii)
pumping and throttling processes are isentropic; (iii) streams leaving the condenser and
the evaporator are at saturation state; (iv) water—LiBr solution leaving the generator is at
saturation state; and (v) temperature gradient between internal and external streams is set
at 3 °C in all cycle components.

Mass- and Energy-Balances

Mass- and energy-conservation equations in the components of the single- and double-
effect absorption cycles are expressed by the set of equations presented below [2], where
the specific heat and enthalpy of the water-LiBr fluid mixture were calculated using the
model reported by Patek [27].

Total mass conservation is given by [2]:

2 (miXi) =) (hoXo)

where m; and m,, are, respectively, the inlet and outlet mass-flow-rates [kg/s] and X is the
LiBr solution concentration in weight [kgy gy /kgso1]-
The molar mass of the water—LiBr solution is written as [27]:

)

Mo = WriprMLipr + (1 — Wiipr ) Mm20 2)
With My,0 and Mg, respectively, the water and LiBr molar mass [kg/mol], and
wriipr the LiBr molar concentration [mol/L], which is given by

XLiBr
MLip:
(1-Xyipr)
M0

®)

WLiBr = 3 —
1D

MLig:
The energy balance equation in the heat and mass exchangers of the absorption cycles

is expressed as follows [2]:
(moho)) +Q =0

Y _((mihy) — 4)
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where h; and h,, are, respectively, the inlet and outlet enthalpies [k]/kg], and Q is the heat
duty [W].
The coefficient of performance is given by

COP = L ®)
Qg +Wp

where Q, and Qg are the cooling capacity and heat supplied in the generator [kW], respec-
tively. Wy, is the pump work, which was neglected.

2.2. Underground Heat-Exchanger Modelling

The underground heat-exchanger is used to dissipate heat, which is released in the
condenser and the absorber of absorption-cooling cycles, into the ground. The following
assumptions were considered for the mathematical model:

Soil temperature is considered constant around the tube.

Thin wall is considered for the heat exchanger tube.

Wall-tube temperature is maintained constant at soil temperature.
Fluid temperature undergoes a variation only in the axial direction.
Ground properties are constant.

A

Figure 3 shows a simplified 2D heat flow inside a pipe surrounded by a constant soil
temperature, Tg, and a constant mass-flow-rate, m.

Heat Transfert Fluid

Figure 3. Underground pipe section.

The analytical solution to this problem is easily determined by applying the heat
balance equation between the heat transfer fluid and the ground. The exit temperature of
the pipe is then expressed as follows [28]:

(7e)
To=Tg— (Tg—Ti) e ™Cp (6)

Tg is the ground temperature in [ °C], T; and T, are the inlet and outlet temperatures,
respectively, in [ °C], m in [kg/s] and Cp in [J/kg-K] are the mass-flow-rate and the heat
capacity of the heat transfer fluid, respectively.

For a desired outlet temperature, the length of the geothermal pipe can be calculated by

_—mCp Tg—To
L==p ln(Tg—Ti @

where h is the convective heat-transfer-coefficient of the flow in [W/m?2-K], S is the geother-
mal pipe section in [m?] and P its circumference in [m].
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2.3. Soil Temperature

The mean soil temperature is dependent on various parameters, namely, the ambient
air temperature, Tmean, the temperature amplitude, Tamp, the depth, D, the day number,
tyear, and the number of the coldest day in the year, tgy;¢ [29]:

7o\ 0.5 27 D (365)"
T = Trmean — Tamp [—D(%5> } cos{ 365 [tyear — tonift — 5 (7{) 1 } (8)

From the above equation, the mean soil temperature is affected directly by the climate
conditions and soil characteristics of the area (soil diffusivity «). The soil diffusivity o
[m?/s] is calculated by:

a=A/pCp )

where A is the thermal conductivity of the soil and pCp is its volumetric thermal capac-

ity [30].

2.4. Case Study

According to the results reported by Ketfi et al. [2], the two absorption-cooling cycles
investigated in the present work show severe limitations for operating in the hot climatic
zones of southern Algeria. To overcome these limitations, geothermal ground is used as a
heat-sink for dissipating the heat released by the absorption cycles at medium temperatures.
The classification used for the Algerian climate was that reported by the National Centre for
Integrated Building Studies and Research (CNERIB) and the National Office of Meteorology
(ONM) in 2011 [31], and is shown in Figure 4.

In this classification, eight zones, including two sub-zones, are proposed. These
include two littoral zones (A and B), two transit zones (C and D) and two Saharan zones (E
and F). The maximum reference temperature for each zone is summarized in Table 1.

Table 1. Maximum reference temperature for climate zones in Algeria [31].

Climate Zone Maximum Reference Temperature [°C]
Zone A 32.5
Zone B 33.5
Sub zones Bi_» 36.5
Zone C 35
Zone D 38
Zone E 42
Sub zone E1 36.5

Zone F 39.5
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Figure 4. Climate-zone classification according to CNERIB 2011 [31].

3. Results and Discussion

A performance analysis of the single- and double-effect absorption-cooling cycles
was carried out for the eight climate zones defined in the previous section, taking into
consideration the effect of maximum ambient temperatures. This meant that areas where
the two absorption cycles were less efficient or could not operate could be identified.
Subsequently, the nature of the soil of these areas was investigated and the depth from
which the soil temperature remained constant was determined. Afterwards, a parametric
study was performed to characterize the underground heat-exchanger used to dissipate the
heat released by the absorption cycles into the ground. The performance of the absorption-
cooling cycles coupled with an underground heat-exchanger is analyzed in the last part of
the study.

3.1. Performance Analysis of the Single- and Double-Effect Absorption Chillers in Algerian
Climate Zones

This parametric study differs from the previous one already reported by Ketfi et al. [2],
in that the temperature gradient in the external circuits of the absorber and the condenser
was reduced to 3 °C because of the addition of the underground heat-exchanger to remove
the heat released in the absorber and the condenser. The performance of the two domestic-
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sized absorption chillers was analyzed in the ambient conditions of the eight climate zones
in Algeria.

The coefficient of performance of the single-effect absorption cycle versus the heat-
source temperature is presented in Figure 5 at two temperatures of chilled water, namely,
Tew =7 °C and 12 °C. The variation of the COP is more pronounced at heat-source
temperatures ranging from 95 °C to 102 °C in the climate zones A and B, and from 100 °C
to 107 °C for the climate zones C and D. For climate zones E and F, the performance of
the single-effect absorption cycle is significantly lower, even at high temperatures of the
heat source. This is because of the high ambient temperature, in the order of 38 °C to
42 °C, which caused the water-LiBr solution to crystallize [32,33]. Raising the chilled-water
temperature to 12 °C improved the cycle performance in all the eight climate zones, and
allowed the absorption cycle to operate in the climate conditions of zone E.

o
=3

0.8 T T

PRI ]
ot Y *
0.7 . * *

T T

¢ zone A J

8
zone B so ettt %
~",,tv

ettt

T
¢
.
*®

i

o
-
-
R
. B x>
. Hxw
. Hxw
R
R
-
>t
bt
. e

= >

v zone B1 o? LN
* zone C + * a2

zone D
= zone E
* zone E1 * *
4 zone F . X A

>
.

3 * * .
. .

o
o
-
*
>
L
o
o
T
-
>
L

o

o

o

o
T

*
L

A ¢ zone A

zone B
v zone B1
* zone C

. + ¢ zone D
.
*
N

o
w
T
.
L
o
w
T

Coefficient of performance [-]
o < o <
N S
T T
1 |
Coefficient of performance [-]
2
T
L

o
)
T

zone E
zone E1
zone F

o
T
*
L
o
T

. .

. )
(@) : (b) *
L . L . . . . . I L
85 90 95 100 105 110 85 90 95 100 105 110

Heat source temperature [°C] Heat source temperature [°C]

o
o

@
o
@
o

Figure 5. Coefficient of performance versus heat-source temperature for single-effect absorption cycle
at chilled-water temperatures of (a) 7 °C, and (b) 12 °C.

The cooling capacity of the single-effect absorption cycle for the eight climate zones
is presented in Figure 6, at a chilled water temperature of Tew = 7 °C and 12 °C. The
single-effect absorption-cooling cycle can develop a cooling capacity of 7 to 10-kW at a heat-
source temperature ranging from 95 °C to 100 °C in the conditions of climate zones A and
B. Moreover, for climate zones C and D, the cycle can develop a cooling capacity of 8 and
7-kW at heat-source temperatures of 105 °C and 110 °C, respectively. However, for climate
zones E and F, the single-effect absorption cycle could not deliver enough cooling capacity
at Tcw =7 °C, because of the high ambient temperatures in these zones. An improvement in
cooling capacity was noted on increasing the chilled-water temperature from 7 °C to 12 °C.
This measure allowed for normal operation in all climate zones except for climate zone E,
where the high ambient temperature increased the crystallization risk of the water-LiBr
solution [34-37].
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Figure 6. Cooling capacity versus heat-source temperature for single-effect absorption cycle at
chilled-water temperatures of (a) 7 °C, and (b) 12 °C.
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A second simulation was carried out in the eight climate zones of Algeria, using a domestic-
sized double-effect absorption- cooling cycle. The results are shown in Figures 7 and 8. The
coefficient-of-performance (COP) variation versus the heat-source temperature is presented
at chilled-water temperatures of 7 and 12 °C. It is noteworthy that the COP of the double-
effect absorption cycle showed the same trend as in the single-effect absorption cycle, and
could not operate in the climate conditions of zones E and F. This operational constraint in
climate zone F could be overcome by raising the chilled-water temperature to 12 °C. This is,
however, not feasible in the case of climate zone E, because of its high ambient temperatures.
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Figure 7. Coefficient of performance versus heat-source temperature for double-effect absorption
cycle at chilled-water temperatures of (a) 7 °C, and (b) 12 °C.
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Figure 8. Cooling capacity versus heat-source temperature for double-effect absorption cycle at
chilled-water temperatures of (a) 7 °C, and (b) 12 °C.

At heat-source temperatures ranging from 150 °C to 155 °C, it is also worthy of note
that the cooling capacity of the cycle is more significant than for single-effect absorption
cycles. There is a maximum value of around 20-kW in the two climate zones A and B, and
approximately 10 to 17-kW for the climate zones C and D. Increasing the chilled-water
temperature to 12 °C allowed the absorption cycle to supply the foreseen cooling capacity
in the climate conditions of zone F. However, the absorption-cooling cycle could not operate
in climate zone E, because of the hot climate conditions.

3.2. Underground-Temperature Profiles for Climate Zones D, E and F

As seen from the previous results, the two absorption-cooling cycles investigated
in this work could not operate properly in the weather conditions in climate zones D,
E and F. To overcome these operational limitations, the ground was used as a heat-sink.
An underground heat-exchanger was employed to dissipate into the ground the heat
released in the condenser and absorber of the absorption cycles. Table 2 summarizes
the data required for modelling the underground heat-exchanger in the three climate
zones involved.
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Table 2. Data from the three climate zones which was used for modelling the operation of the
underground heat-exchanger.

Climate Zone

Maximum Reference

Temperature [°C]

GPS Coordinates of Drilling Site

Soil Temperature (in
Summer) at 2 m Depth [°C]

Zone D 38 N: 28°2.684
(In Amenas) E: 9°33.671'
Zone E 4 N: 31°53/45.7"
(Boukais/Bechar) E: 2°32/49.3"
Zone N: 29°7/48.2"
(Ouled 395 5. omaln0 o
Hamza /Bechar) ’ ’

Soil diffusivity used in Equation (8) was determined using data supplied by the drill
companies (borehole cuts) [30,38], and ground-temperature profiles were simulated at
several depths in zones D, E, and F. This data is shown in Figure 9.

Notably, the soil quality depends on the site location and depth [39]. Yearly and
seasonal soil-temperature profiles simulated at different depths are presented in Figures
10a, 11a and 12a for climate zones D, E, and F, respectively. The yearly soil-temperature
profiles show a sinusoidal trend throughout the year and then stabilize at more profound

depths [40].

City : In Amenas
Zone : (D)

City : Boukais, Bechar
Zone : (E)

City : Ouled Hamza, Bechar
Zonc : (F)

Localisation:
Lat : 09° 33.671'

Long : 28°2.684'

Localisation:

Lat:31°53'45.7" Long : 02° 32 49.3"

Localisation:
Lat:29° 07" 48.2"

Long: 01° 58' 59.9"

Alt= 551 m Alt=818 m Alt=344 m
Depth. [m] Depth. [m
O&Ofgm) o o P [m]
7.00 m
Fine Sand
Variegated Clay
with small I
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Figure 9. Borehole cuts for the three climate zones D, E and F [38].
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Figure 12. Soi- temperature profiles for several depths in climate zone F: (a) yearly, (b) seasonal.

Figures 10b, 11b and 12b illustrate the seasonal soil-temperature profiles for the three
climate zones D, E, and F, respectively. The stabilization temperature is around 23 °C, 21 °C
and 25 °C at depths of 10, 8.5 and 9.5 m for the climate zones D, E, and F, respectively.
Because of technical limitations, the depth of 2 m was selected for the present study, and
corresponds to soil temperatures of approximately 28 °C, 22 °C and 27 °C in climate zones
D, E, and F, respectively.

3.3. Parametric Study of the Underground Heat-Exchanger

A parametric study of the underground heat-exchanger is presented in this section.
Figure 13 shows the variation in the heat rejected to the ground versus the underground-
tube length. Tube diameters from 20 to 24 mm and from 30 to 34 mm were assessed, and
mass-flow-rates of the heat transfer fluid ranged from 1 to 2.5 kg/s. At these conditions, the
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heat-transfer-fluid velocity varied between 2.2 to 3.5 m/s, and corresponded to turbulent
flow. The soil temperature was set at 25 °C and the water-inlet temperature at 35 °C.
Noticeably, each curve reached a maximum of heat rejected into the ground at maximum
tube length. The effect of mass-flow-rate was more pronounced with longer tubes, and the
higher the mass-flow-rate, the higher the heat rejected. The effect of tube diameter was
less significant. Figure 14 shows the exit temperature of the heat transfer fluid leaving
the underground heat-exchanger versus the tube length at different mass-flow-rates. A
significant decrease in the exit temperature of the heat transfer fluid is observed, either
when the underground-tube length is extended or the mass-flow-rate is decreased.
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Figure 13. Heat rejected into the underground heat-exchanger versus tube length at different tube
diameters and mass-flow-rates of the heat transfer fluid.
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Figure 14. Temperature of the heat transfer fluid leaving the underground tube versus tube length at
different mass-flow-rates.
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0.82

3.4. Performance Analysis of the Absorption-Cooling Cycles Connected to a Geothermal Heat-Sink

Absorption-cooling cycles connected to a geothermal heat-sink were simulated for the
three climate zones in which the absorption cycle could not operate efficiently, or even not
operate at all, i.e., zones D, E, and F. The internal and external streams in the absorber and
condenser are considered to operate in counter-current flows; therefore, the temperature
gradient (AT) between these streams was set at 3 °C for both components.

Figures 15 and 16 show the variation of the coefficient of performance and cooling ca-
pacity versus the heat-source temperature for both the single and double-effect absorption-
cooling cycles operating in these three climate zones. Chilled-water temperatures were 7 °C
and 12 °C. The geometric and operational parameters of the underground heat-exchanger
were set in such a way as to supply cooling water to the absorber and condenser at 33 °C.
This value, which was recommended by several published investigations [2,41,42], meant
that the underground tube did not need to be excessively long.
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Figure 15. Coefficient of performance and cooling-capacity versus the heat-source temperature of the
single-effect absorption-cooling cycle, using a geothermal heat-sink in climate zones D, E, and F.

A significant improvement was obtained in the coefficient of performance of the single-
effect absorption cycle at chilled-water temperatures of 7 °C and 12 °C, regardless of the
climate zones. Maximum values of 0.76 and 0.79 were obtained at heat-source temperatures
of 94 °C and 90 °C, respectively, as shown in Figure 15. The cooling capacity of the
single-effect absorption cycle was approximately 85% of the nominal value at chilled-water
temperatures of 7 °C. By increasing the chilled-water temperature to 12 °C, the cooling
capacity was 7% higher than the nominal value.

As regards the double-effect absorption-cooling cycle (Figure 16), the maximum COP
values, at 7 °C and 12 °C of chilled water temperature, are 1.25 and 1.29 at heat-source tem-
peratures of 143 °C and 135 °C, respectively (Figure 16). The double-effect absorption cycle
was able to operate at full nominal-cooling-capacity at a 7 °C chilled-water temperature,
and 10% over its nominal-cooling-capacity at a chilled-water temperature of 12 °C.

In comparison with the results shown in Figures 5-8, where both absorption-cooling
cycles were unable to operate in the hot climate conditions of zones D, E and F, the use of
the ground as a heat-sink allowed both absorption cycles to operate with a coefficient of
performance and cooling-capacity near the nominal values. In addition, low temperatures
were required for the heat source.
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Figure 16. Coefficient of performance and cooling-capacity versus the heat-source temperature of the

double-effect absorption-cooling cycle, using a geothermal heat-sink in climate zones D, E, and F.

The variation of the underground-tube length versus the heat-source temperature for
the single-effect absorption-cooling cycle for climate zones D, E and F is represented in
Figure 17. Chilled-water temperatures were set at 7 °C and 12 °C. From this figure, it is
apparent that climate zone E, which presents the highest ambient temperatures, requires
approximately 50% the tube length required by zones D and F. This could be explained by
the soil temperature at 2 m of depth, which is 22 °C, while the temperatures corresponding
to zones D and F are 28 °C and 27 °C, respectively. The tube length was extended by
approximately 25% for a chilled-water temperature of 12 °C. This could be explained by

the higher amount of heat rejected from the absorber and condenser.
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Figure 17. Underground-tube length required for the single-effect absorption-cooling cycle in climate

conditions in zones D, E and F.

Figure 18 shows the underground-tube length versus the heat-source temperature
for the double-effect absorption-cooling cycle for climate zones D, E, and F. Chilled-water
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temperatures were again set at 7 °C and 12 °C. It is worthy of note that the length required
for the underground tube was approximately 35% more than that required for the single-
effect absorption-cooling cycle. This is mainly due to the higher amount of heat rejected in
the double-effect absorption cycle powered by high-temperature heat sources.

14 T T T T T T T 18
—t+—2zone D (Tew=7°C)

—*—zone E (Tcw=7°C)
12 | —©-zone F (Tew=7°C)
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126 128 130 132 134 136 138 140 142 144 146

Heat source temperature [°C]

Figure 18. Underground-tube length required for the double-effect absorption-cooling cycle in the
climate conditions in zones D, E and F.

Rejected heat versus the heat-source temperature is presented in Figure 19 for both
single and double-effect absorption-cooling cycles at chilled-water temperatures of 7 °C
and 12 °C. It is worthy of note that the higher the heat-source temperature, the greater the
amount of heat dissipated into the ground by the underground tube. Moreover, increasing
the chilled-water temperature to 12 °C increases the amount of heat dissipated into the
ground by 33% in the case of the single-effect absorption cycle, and by 30% in the case of
the double-effect absorption cycle.
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Figure 19. Heat dissipated into the ground versus the heat-source temperature for the single- and
double-effect absorption-cooling cycles.
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4. Conclusions

This paper investigated the use of a geothermal heat-sink to remove the heat released
in small-capacity single and double-effect water-LiBr absorption chillers in hot climates. A
case study of the Algerian Sahara region was considered. A classification of the Algerian
climate consisted of eight zones, of which three were Sahara Desert regions characterized
by severe ambient temperatures, namely zones D, E and F.

A performance analysis of the single- and double-effect absorption-cooling cycles was
carried out in the eight climate zones, taking into consideration the effect of maximum
ambient temperature. This meant that areas where the two absorption cycles were less
efficient or unable to operate could be identified. In a second step, the nature of the soil in
those areas was investigated, and the depth from which soil temperature remained constant
was determined. A parametric study was then performed, to characterize the underground
heat-exchanger used to dissipate heat released by the absorption cycles into the ground.
This heat-exchanger was designed to supply cooling water at an inlet temperature of 33 °C
in hot climate conditions, where ambient temperatures vary from 38 °C to 42 °C. In the
final part, the performance of the absorption-cooling cycles coupled with an underground
heat-exchanger was analyzed. The most significant results are summarized below:

1.  Both single- and double-effect absorption-cooling cycles were unable to operate
efficiently or even unable to operate at all in the climate conditions of the Saharan
zones D, Eand F.

2. When the single-effect absorption cycle was connected to a geothermal heat-sink in
zones D, E and F, maximum COP values of 0.76 and 0.79 were obtained at heat-source
temperatures of 94 °C and 90 °C, respectively. The cooling capacity was approximately
85% of the nominal value at a chilled-water temperature of 7 °C, and 7% over the
nominal value at a chilled-water temperature of 12 °C.

3. Asregards the double-effect absorption cycle, the maximum COP values were 1.25 and
1.29 at chilled-water temperatures of 7 °C and 12 °C and heat-source temperatures
of 143 °C and 135 °C, respectively. The double-effect absorption-cycle was able to
operate at full nominal-cooling-capacity at a 7 °C chilled-water temperature, and 10%
over its nominal cooling capacity at a chilled-water temperature of 12 °C.

4. The underground-tube length required in the heat-sink depended on the climate
zone for both the single- and double-effect absorption-cooling cycles. As regards the
single-effect absorption cycle, climate zone E, which presented the highest ambient
temperatures, required approximately 50% of the tube length needed by zones D and
E. This could be explained by the soil temperature at 2 m depth, which is 22 °C, while
the temperatures corresponding to zones D and F are 28 °C and 27 °C, respectively.
The tube length was approximately 25% longer when the chilled-water temperature
was set at 12 °C. This could be explained by the higher amount of heat dissipated
in the absorber and condenser. In the case of the double-effect absorption cycle, the
length required for the underground tube was approximately 35% more than that
required for the single-effect absorption cycle.
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Nomenclature
Cp Specific heat kJ/kg-K
D Diameter/Depth m
h Specific enthalpy/Convective heat transfer coefficient, kJ/kg—W/ m2.K
L Length m
M Molar mass mol
m Mass flow rate kg/s
P Circumference m
Q Heat duty \4
S Surface m?
T Temperature °C
t Time S
w Molar concentration mol/L
w Work ]
X Concentration of LiBr kerir/kgsol
Greek letters
o Diffusivity m?/s
P Density kg/m3
A Thermal conductivity W/m-K
Subscripts
LiBr Lithium Bromide
H,O Water
cor Coefficient of performance
W Chilled-water
e Evaporator
g Generator/Ground
i Inlet
o Outlet
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