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Abstract

In the present study, an absorption refrigeration system, which is alternative to the ordinary
mechanical refrigeration system, is designed. For this purpose, an experiment using geothermal energy in
the Hot Spring in Sivas is set up in the lab conditions, and a thermodynamic analysis of the Absorption
Refrigeration System (ARS) operating on water±lithium bromide is performed. The change in the
coe�cient of performance of the ARS has been graphically investigated with the various parameters and
the results are tabulated. These results show that geothermal energy in the Hot Spring in Sivas cannot
be used e�ciently in electricity generation. However, taking into account the need of storing at 4±108C,
this geothermal resource can be used especially for refrigeration, and it will provide a considerable
economical gain. # 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Absorption Refrigeration Systems (ARSs) become economically attractive when there is a
source of inexpensive heat energy at a temperature of 50±2008C. Some examples of inexpensive
heat energy sources include geothermal energy, solar energy and waste heat from cogeneration
or process steam plants, that is, heat energy that otherwise would be wasted.
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ARSs involve the absorption of a refrigerant by a transport medium. The most widely used
ARS is the ammonia±water system, where ammonia (NH3) serves as the refrigerant and water
(H2O) as the transport medium. Other ARSs include water±lithium chloride and water±lithium
bromide systems, where water serves as the refrigerant.
In the present study, the lithium±bromide system, which uses geothermal energy, was

designed in lab conditions with the aim of refrigeration. As shown in Fig. 1, the ARS looks
very much like the vapour compression system, except that the compressor has been replaced
by a complex absorption mechanism consisting of an absorber, a pump, a generator, a heat
exchanger and a valve. Once the pressure of the H2O is raised by the components in the
absorption mechanism, it is cooled and condensed in the condenser by rejecting heat to the
surroundings, throttled to the evaporator pressure and receives heat from the refrigerated space
as it ¯ows through the evaporator.
The water vapour leaves the evaporator and enters the absorber, where it chemically reacts

with the lithium bromide to form H2O�LiBr. This is an exothermic reaction, thus heat is
released during this process. The amount of H2O that can be dissolved in LiBr is inversely

Nomenclature

COP coe�cient of performance
ARS absorption refrigeration system
f circulation ratio
h speci®c enthalpy (kJ/kg)
m mass ¯ow rate (kg/s)
P pressure (Pa)
T temperature (K)
X mass concentration (kg LiBr/kg Solution)
Z e�ectiveness
Q heat ¯ow (kW)
D di�erence
W Work

Subscripts
ab absorber
co condenser
ev evaporator
ge generator
o state of surroundings
f weak solution
z rich solution
w work
k loss
p pump
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proportional to the temperature. Therefore, it is necessary to cool the absorber to maintain its
temperature as low as possible, hence, to maximise the amount of H2O dissolved in the LiBr.
The liquid H2O + LiBr solution, which is rich in H2O, is then pumped to the generator. Heat
is transferred to the solution from a suitable source to vaporise some of the solution. The high
pressure pure H2O vapour then continues its journey through the rest of the cycle. The hot
H2O + LiBr solution, which is weak in H2O, then passes through a heat exchanger, where it
transfers some heat to the rich solution leaving the pump and is throttled to the absorber
pressure (Fig. 1).
Compared with vapour compression systems, ARSs have one major advantage: a liquid is

compressed instead of a vapour. The steady ¯ow work is proportional to the speci®c volume,
and thus, the work input for the ARS is very small and often neglected in the cycle analysis.
The operation of this system is based on heat transfer from an external source. Therefore,
ARSs are often classi®ed as heat driven systems [1]. These systems are not without
disadvantages. They are bulky, complex and, of course, expensive. However, they are
economically competitive when there is an available source of energy that would otherwise be
wasted. They are generally used in industrial applications.

Fig. 1. Schematic diagram for the cycle.
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Geothermal energy, which has high potential, is attractive for the refrigeration system as the
low temperature heat energy source. Since the mechanical compression systems require a large
amount of electrical energy, the ARS, using geothermal energy, is one of the strongest
alternatives. The cooling e�ect can be obtained with di�erent chemical, physical and electrical
processes in the ARS. The steady state closed loop cycle or open loop cycle can be used for
this system.

1.1. Geothermal resource

Turkey is the seventh country in the world with respect to geothermal resources. There are
140 geothermal ®elds whose temperature exceeds 408C in Turkey [2]. One of them is the Hot
Spring in Sivas where geothermal water is approximately at a temperature of 508C, and its
volume ¯ow rate, obtained without any loss, is 500 l/s.
Fig. 2 shows the existing hot water sources and water pipe network in the Hot Spring. As

shown in Fig. 2, 1±2: DMRET (Directorate of the Mineral Resource and Exploration of
Turkey) camp, 3: DMRET drilling well, 4±5: open pools, 6: big closed pool, 7±8: A and B
baths, 9: C bath and general WC, 10: D and E baths, 11: new hotel, 12: F and G baths, 13:
drilling well, 14: drilling well, and 15: station of measuring volume ¯ow rate (Fig. 2).
Three drilling processes have been performed so far. In 1976, the ®rst drilling was performed

by DMRET up to 240.70 m deep, and the hot water obtained in the depth of 158±209 m was
at 46.58C and 45 l/s volume ¯ow rate. The second drilling process was performed in 1984.
Although the hot water was seen at 178 m deep, the blow-out process was performed at 184 m,
wherein the hot water obtained was at 608C and 417 l/s. In 1986, the third drilling process was
performed, and the hot water obtained at 172 m deep was at 608C [3].

Fig. 2. A general view of the Hot Spring.
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1.2. Chemical properties of the geothermal water

The geothermal water in the Hot Spring is included in the `very hot water' category [3] and
in the group of bicarbonate water, which has a weak radioactivity [4]. Its electrical conductivity
and total hardness are 2000±3250 ms/cm and 62.5±94.5 mg/l CaCO3, respectively. Its pH values
are between 7.32 and 7.52. It contains much more dissolved substance than 1 g/l.

2. Thermodynamic analysis of the system

As shown in Fig. 1, the ARS essentially consists of an evaporator, generator, condenser and
absorber. The temperatures of the condenser, generator, evaporator and absorber are the basic
working temperatures. When the ARS is considered to operate on the ideal Carnot
refrigeration cycle, the thermodynamic relations used in the analysis of the system are as
follows:

DQ�W � DU �1�

DS � DQ
T
� Wk

T0
�2�

DU and DS are equal to zero, since the refrigeration system is the closed loop system. If the
pump work is neglected, the ®rst and second laws of thermodynamics give [5,6],

Qev �Qge �Qco �Qab � 0 �3�

Qev

Tev

� Qge

Tge

� Qco

Tco

� Qab

Tab

� Wk

T0
� 0 �4�

The ARS can be regarded as the combination of a mechanical vapour compression system and
a heat pump system. The entropy decrease in the condenser is equal to the entropy increase in
the evaporator for reversible processes [7]. Thus, the following equation is written

Qev

Tev

� Qco

Tco

�5�

Since the loss work is equal to zero for an ideal cycle, from Eqs. (4) and (5),

Qge

Tge

� Qab

Tab

�6�

2.1. COP of the reversible ARS

The thermodynamic e�ciency of the ARS is evaluated by means of the coe�cient of
performance (COP), which is [8],
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COP � Qev

Qge

�7�

The loss work is equal to zero for a reversible ideal cycle. Hence, if Eqs. (3) and (4) are
rearranged,

Qev

Qge

� Qco

Qge

� Qab

Qge

� 0 �8�

Qev

Qge

Tge

Tev

� Qco

Qge

Tge

Tco

� Qab

Qge

Tge

Tab

� 0 �9�

If Eqs. (5), (6), (8) and (9) are introduced into Eq. (7),

COP � Tev

ÿ
Tge ÿ Tab

�
Tge�Tco ÿ Tev� �10�

It can be seen from Eq. (10) that the COP of the system essentially depends on four working
temperatures, but it is not dependent on ambient conditions.

2.2. COP of the theoretical ARS

The relations between mass ¯ow rate and heat ¯ow rate can be written by means of the mass
¯ow rates and the enthalpy values in the di�erent points of the system. Thus, the following
equations are obtained:

Qev � m7�h11 ÿ h10� �11�

m7 � m8 � m9 � m10 � m11 � m12 �12�

m1 � m2 � m3 �13�

m4 � m5 � m6 �14�

m1 � m6 �m12 �15�

m3 � m4 �m7 �16�

Qco � m7�h7 ÿ h8� �17�

Qge � m7h7 �m4h4 ÿm3h3 �18�

Qab � m4h6 �m7h12 ÿm3h1 �19�
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The circulation ratio is de®ned as follows [9],

f � m1

m7
�20�

or

f � Xge

Xab

� Xz

�Xz ÿ Xf � �21�

Substituting Eqs. (11), (18) and (20) into Eq. (7) gives,

COP � �h11 ÿ h10�
h7 � f�h4 ÿ h3� ÿ h4

�22�

As seen from Eq. (22), the major parameters which a�ect the COP are the latent heat of
vaporisation and the circulation ratio. When (h11 ÿ h10) increases, the COP increases. When the
circulation ratio increases, the COP decreases.

3. Experimental

An experiment which was built in lab conditions is shown in Fig. 3. It essentially consists of
an evaporator, a generator, a condenser and an absorber, the temperatures of which are the

Fig. 3. A general appearance of the experimental set.
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basic working temperatures (Fig. 3). Water is used as the refrigerant and lithium bromide as
the transport medium. The data used in the experimental study are calculated and shown in
Table 1. The relations in Ref. [8] are used for calculation of the thermodynamic properties of
water±lithium bromide (Table 1).

4. Results and discussion

The thermodynamic analysis of the ARS with LiBr/H2O is performed, and the heat
interaction in each component is analysed. The results obtained are preserved in the graphs
and tables.
Fig. 4 shows the change in the COP with the source temperature. The COP increases as the

generator temperature increases for the evaporator temperatures of 4, 6 and 88C. This is due to
the fact that the amount of vaporised refrigerant increases as the heat to the generator
increases, and then the circulation ratio decreases. The decrease causes an increase in the COP
because the circulation ratio and the COP value are inversely proportional.
Fig. 5 shows the change in the COP with the evaporator temperature for the di�erent

condenser temperatures. A considerable decrease in the circulation ratio has been seen at the
high evaporator and low condenser temperatures. It causes a rise in the COP.
Fig. 6 shows the change in the COP with the evaporator temperature. The absorber

temperature is a parameter, and the condenser and generator temperatures are constant. It is
observed that the COP tends to increase at the low absorber and high evaporator
temperatures. As mentioned earlier, the decrease in the circulation ratio causes this increase.
It can be seen in Fig. 7 that the COP increases at the low absorber and high generator

temperatures. The amount of vaporised refrigerant increases because the generator temperature
is high. Likewise, the mass concentration of the solution increases parallel to the increase in the

Table 1
Calculated thermodynamics properties of the working ¯uids pair

State T (8C) P (kPa) X (%) m (kg/s) H (kJ/kg)

1 30 2.6 44 0.65 62.5

2 30.5 5.8 44 0.65 62.6
3 35.3 5.8 44 0.65 76.3
4 42 5.8 48 0.50 91.1

5 38 5.8 48 0.50 85.1
6 37 2.7 48 0.50 85.1
7 60 5.8 0 0.15 2609.7

8 20 4.6 0 0.15 83.86
9 18 4.6 0 0.15 75.5
10 17 3.2 0 0.15 75.5
11 8 2.9 0 0.15 1579.3

12 14 2.9 0 0.15 1600.3
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generator temperature. Since the di�erence between the refrigerant and absorbent
concentration rises, the circulation ratio decreases. Therefore, the COP value increases.
It is observed in Fig. 8 that the COP is high at the low condenser and absorber

temperatures. Decreasing the amount of refrigerant and increasing the mass ¯ow rate of the air
to the condenser reduce the condenser temperature. The decrease in the amount of refrigerant
in the condenser causes the increase in the circulation ratio as well as the decrease in the COP
value. The increase in the mass ¯ow rate of the air causes a decrease in the condenser
temperature. As a result, an increase occurs in the COP (Figs. 4±8).

Fig. 4. The change in the COP with the generator temperature at the various evaporator temperatures.

Table 2
Results of the experimental study

COP
0.5654

f 4.33
mge (kg/s) 12.5
Z 0.80

Qge (kW) 387.41
Qco (kW) 378.87
Qev (kW) 225.57
Qab (kW) 241

Wp (kW) 0.01
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Fig. 5. The change in the COP with the evaporator temperature at the various condenser temperatures.

Fig. 6. The change in the COP with the evaporator temperature at the various absorber temperatures.
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Fig. 7. The change in the COP with the generator temperature at the various absorber temperatures.

Fig. 8. The change in the COP with the condenser temperature at the various absorber temperatures.
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5. Conclusions

The results obtained show that the mass ¯ow rate of 12.5 kg/s from the geothermal source at
608C is su�cient for about 225.57 kW cooling e�ect (see Table 2). When the mass
concentrations, of the strong and weak solutions in the generator and absorber are 44 and
48%, respectively, the maximum COP is obtained. The evaporator temperature drops to 2±38C
in the best conditions, which is provided by keeping the absorber temperature at 30±358C. For
this reason, this cooling method can be used only with the aim of storing fruits and vegetables
at 4±108C, as well as air conditioning. In addition, if the geothermal energy resource in the
Hot Spring in Sivas is used for refrigeration, it will provide a considerable economic gain.
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