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ABSTRACT. Selection of cooling systems based upon the traditional definition of the
coefficient of performance (COP) may create misleading results because it does not
consider all factors affecting the selection. A multi-attribute decision analysis is
necessary to differentiate between various air conditioning cooling systems for arid
zones. The Kingdom of Saudi Arabia is chosen to be the case study and seven main
criteria, which include twenty subcriteria are selected.

To carry out such analysis, an Interactive Fuzzy Decision Analysis Computer
Package (IFDA) is used. This package utilizes verbal rating, weights for each
attribute and subattribute as Input. [FDA is based on Fuzzy Set theory. The results
show that the Li Br absorption dual system is the best air conditioning cooling system
to be used in Saudi Arabia and the ammonia water absorption system is the second
best.

1. Introduction

The traditional definition of the coefficient of performance (COP) of a refrigera-
tion cycle is the ratio of the heat absorbed (from the space to be cooled) to the
necessary compressor work. Selection of a cooling system based upon this
definition may create misleading results because it does not identify the heat input
base. For example, for an internal combustion engine driven vapor compression
system (ICEDVC), the COP is about 0.8 (Whitlow 1966), while for the cooling
system, which is electrically driven, the COP is about 2.5. If the heat input base is
considered on the same bases, the two COP values should be approximately the
same. On the other hand, if the running cost is considered, a refrigerating machine
driven by an ICEDVC will be lower in cost than electrically driven machine. This
means that the running cost of the electric driven refrigerating machine is generally

401




402 A.F. Abdul-Fath and H. Sofrata

higher. However, the electrically driven system is more reliable than other systems.
Finally, the capital cost must also be accounted for in the selection process, because
it has a considerable weight regarding a system’s selection. In addition, the COP
definition does not consider other important factors which may affect the system
selection. Therefore, the use of a multi-attribute decision analysis scheme is
necessary to differentiate between various air conditioning cooling systems.

The systems evaluated here are: the electric motor driven vapor compression
(EMDVC), the internal combustion engines driven compression (ICEDVC), NH;
absorption system (NH3A), Li Br absorption simple system (Li Br AS), and Li Br
absorption dual system (Li Br AD) (see Sofrata et al. 1979, 1980, Sofrata and
Abdul-Fattah 1981, 1982). This analysis will consider not only the COP but also
factors; such as condenser cooling, cooling tower, maintenance, running cost,
spare parts, design, installation, and other factors which cannot be measured easily
in terms of energy or money.

The multi-attribute fuzzy set decision theory which is well defined and
developed (see for example Bass and Kwakernaak 1977, Bellman and Giertz 1973,
Capocelli and De luca 1973, Chang 1972, Graines 1976 a,b, Kenarangui et al. 1980,
Watson et al. 1979 and Zadeh 1965, 1972, 1976) is found to be the most suitable for
the air conditioning cooling systems selection in Saudi Arabia. This is because, with
the help of this theory, one can verbally rate each alternative with respect to each
criterion alone, independent of all other alternatives. In the references list some
importante works are given.

2. The Selected Cooling and Refrigerating Systems

In this section, the selected cooling and refrigerating systems will be very
briefly reviewed not only to aquaint the reader, but also to define the main
components of these systems.

2.1. Vapor Compression Cooling System

A schematic of a vapor compression cooling system is shown in Figure 1. Such
refrigeration system is the heart of any air conditioning system. The system cools
the return air and supply it to the space to be air conditioned.

In such system the condenser may be cooled using cooling water, which is
provided from a cooling tower. In the Kingdom of Saudi Arabia, cooling towers
may not be considered as a desirable solution because of water shortage in the
country. Another alternative for cooling the condenser is air cooling. Air cooled
condensers are widely used, but this will decrease the coefficient of performance
and creates some accoustics problems.

In the evaporator, the refrigerant will evaporate, and the return air may be
cooled directly by flowing over the evaporator. A cooling medium, brine, may also
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be used, where the air handling units are introduced to bring the space air to the
cooled medium. The compressor sucks the evaporated refrigerant (1) and
compresses it to the condenser pressure (2). The compressor may be driven by
using different prime-movers such as internal combustion engines or electric
motors.
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Fig. 1. Vapor compresion cooling system.

The condensed refrigerant is throttled through the expansion valve (3), where
the pressure and the temperature will be reduced and the cooling effect is carried.
out in the evaporator (4).

2.2. Electric Motor Driven Vapor Compression Cooling System (EMDVC):

Figure 2 shows a vapor compression refrigeration unit driven by an electric
motor. This represents an open type system, in which the compressor and the
electric motor are not in an enclosure. Hence, a seal must be used on the shaft
penetration through the compressor housing in order to prevent refrigerant high
pressure gas from leaking out or air from leaking if the suction pressure in the
crankcase is lower than atmospheric.

To avoid leakage at the seal; at one hand, and minimize the cost on the other
hand, the electric motor and the compressor are often enclosed in the same
housing. This type is known as hermatically sealed compressors.
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Fig. 2. Electric motor driven vapor compressing cooling system.

2.3 Internal Combustion Engine Driven Vapor Compression Cooling System

(ICEDVC):

The ICEDVC configuration shown in Figure 3 uses an internal combustion
engine to drive the compressor. Here, the system is also of the open type.
However; no solution for the seal is available.

The ICEDVC does need a cooling tower or an air cooled radiator for the

engine itself.
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Fig. 3. Internal combustion engine driven vapor compression cooling system.
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2.4 Ammonia Water Absorption Cooling System (NH3A)

The absorption system has proven to be one of the most suitable methods for
refrigeration and air conditioning in industry. Basically, an absorption system is not
very different in operation from the familiar compression system. A typical system
consists of a condenser, a throttling device, and an evaporator. Instead of using a
compressor in the vapor compression system, an absorber and a generator are used
to produce the socalled thermo-compression. The thermo-compression system is
based upon the chemical affinity of the absorbent and the refrigerant. This system
needs thermal energy as opposite to the mechanical energy required for the vapor
compression system. Thermal energy may be supplied from any heat source. Solar
and waste heat can be used, since the temperature levels are low enough to be
generated by such sources. Figure 4 shows a schematic of an ammonia (NH;) water
absorption cooling system (NH;A).
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Fig. 4. Ammonia (NH,) water absorption cooling system.




406 A.F. Abdul-Fath and H. Sofrata

2.5 Lithium Bromide Water Simple Absorption Cooling
System (Li Br SA)

In an Li Br SA system, water is the refrigerant and the Li Br salt is the
absorbent. This system is similar to the NH; A of Figure 4. However; because of
the very high evaporation temperature of Li Br, a rectifier is not any more needed.
Also, one heat exchanger is omitted from the system. However, the system
requires a wet cooling tower, which consumes a huge amount of water. Cooling
towers also require continuous maintenance by qualified technicians, who are not
always available.

2.6 Lithium Bromide Water Dual Absorption Cooling
System (Li Br DA)

The Li Br water dual cycle shown in Figures 5 and 6 is one of the solutions
recommended to overcome problems associated with cooling towers water
consumption. The dual cycle may be described by two sequential simple absorption
cycles: high temperature level cycle (HTLC) and the low temperature level cycle
(LTLC). The HTLC serves the LTLC in supplying its required generator heat and;
at the same time, cools its absorber and condenser. The dual cycle has the
advantage of avoiding the use of a wet cooling tower as well as of being powered by
low temperature heat sources.
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Fig. 5. Li Br-water dual cycle.
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Fig. 6. Air cooled low grade heat lithium bromide-water dual absorption cooling system.

3. Criteria and Sbucriteria for Air Conditioning Systems
in Saudi Arabia

Table 1 lists the proposed criteria and subcriteria which are recommended for
air conditioning systems in the Kingdom of Saudi Arabia. Those criteria are:
cooling water, capital cost, running cost, maintenance, spare parts, design and
installation, and technological availability and experience.

3.1 Cooling Water

The cooling water may be considered as one of the most important criteria
affecting the air conditioning and refrigeration system in arid zones in general, and
in Saudi Arabia in particular. Many people in Saudi Arabia, after so many years of
experience with cooling towers and systems, believe that using water in air
conditioning systems should be avoided as much as possible. This because of many
reasons like the scarcity of water in the Kingdom, water salinity, and its corrosion
effect. The rating of EMDVC, NH;A, and Li Br DA systems is very good as
indicated in Table 1. This is because the cooling towers are not needed for these
systems, while there is a need for cooling towers in the case of a Li Br SA system.

3.2 Capital Cost

To compare the capital cost of the five air conditioning systems in Saudi
Arabia, the following cost items are considered:
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(a) Cost of power which supplies the compressor work or the generator heat
to the vapor compression and absorption systems respectivdly.

(b) Cost of cooling systems, cooling water and cooling towers cost, and

(c) Cost of required connections and pumps between the system elements.

3.3 Running Cost

Cooling water consumption represents a major running cost factor. This may
not be the case in most parts of the world; however, in the Kingdom of Saudi
Arabia, the running cost of the cooling water may exceed that of the fuel.

3.4 Maintenance, Spare Parts, Design, Installation, Technological
Availability and Experience

In developing countries, these items are of vital importance and could be in
some situations the only selection criteria irrespective of the rank of other criteria.
Consequently, it is highly recommended to consider these factors precisely and for
each sector in the Kingdom as well. Indeed, in highly populated sectors like
Riyadh, Jeddah, or Dhahran, these criteria are not as complicated as in the case of
low-populated sectors.

4. Analysis

Since there are seven main criteria influencing the selection of air conditioning
systems in Saudi Arabia, it is necessary to use one of the multi-attribute decision
methods. Fuzzy sets theory is found to be most suitable for finding an optimal
system for air conditioning in the Kingdom of Saudi Arabia. Decision analysis
using fuzzy sets has three main steps:

1. Criteria weights
2. Rating
3. Ranking and preferability.

4.1 Criteria Weights

Since some of the criteria are more important than others, different weights
should be assigned to different criteria to illustrate the difference in the importance
of each criterion. To indicate the relative importance of differences between
criteria, verbal weights are used.

These weights may be represented by the membership function shown in
Figure 7, or by the fuzzy set, W; (Bass and Kwakernaak 1977):

WJ = [W], WJ (WJ)]’ j = 1,2,...,11
W, = very important = [(0.8,0.0), (0.875,0.5), (0.95,1.0),
(0.975,0.5), (1.0,0.0)]
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= [(0.6,0.0), (0.7,0.0), (0.8,1.0),
(0.9,0.5), (1.0,0.0]

= [(0.3,0.0), (0.4,0.5), (0.5,1.0),
(0.6,0.5), (0.7,0.0)]

= [(0.0,0.0), (0.1,0.5), (0.2,1),
(0.3,0.5), (0.4,00)]

very unimportant = [(0.0,0.0), (0.025,0.5), (0.05,1.0),

(0.125,0.5), (0.2,0.0)].

The weights for different criteria and subcriteria are shown in Table 1.

MEMBERSHIP p,,

4.2 Rating

Each alternative is rated verbally with respect to each criterion alone,
independent of all other alternatives. The rating may be represented by the
membership function shown in Figure 8 or by the fuzzy rating of an alternative R;;,
where R is given by:
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Fig. 7. Membership functions for different weights.
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Fig. 8. Membership functions for different ratings.

[rij, Rjj (rij)]: 1= 1,2, ...... ,m
] = Lé4,...... N
very good = [(0.8,0.0), (0.87,0.5), (0.95,1.0), (0.975,0.5), (1.0,0.0)]
good = [(0.6,0.0), (0.7,0.5), (0.8,1.0), (0.9.0.5), (1.0,0.0)]
fair = [(0.3,0.0), (0.4,0.5), (0.6,0.5), (0.5,1.0), (0.7,0.0)]
, = poor = [(0.0,0.0), (0.1,0.5), (0.2,1.0), (0.3,0.5), (0.4,0.0)]
, = very poor = [(0.0,0.0), (0.025,0.5), (0.05,1.0), (0.15,0.5), (0.25,0.0)]

The ratings for the criteria and subcriteria above are also shown in Table 1.
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4.3 Ranking and Preferability

To find out the ranking of each alternative as well as the preferability of the
best alternative. IFDA computer program (Sofrata and Abdul Fattah 1982) is used
in this analysis. The results are listed in Table 2, through Table 5, and are shown in
Figure 9 and Figure 10. Table 2, Table 3, and Table 4 list the final membership,
final rating, ranking of each criteria for the five alternatives of air conditioning
systems in Saudi Arabia, respectively. Table 5 lists the final membership, rating,
and ranking of each alternative. Finally, Figure 9 illustrates the final ranking
membership function for the five alternatives of air conditioning, while Figure 10
shows the degree of preferability of the Li Br DA compression sytem over the
other alternatives.
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Table 1. List of criteria and subcriteria recommended for air conditioning systems in Saudi Arabia with
weights and ratings for each system.

Alternatives
Criteria Weight Sub-Criteria Weight
EMDYC | ICDVC | NH;A | LiBrSA|LiBrDA
1. Cooling Vi
Water
1.1 Availability VI VP | VP | VG| VP | VG
1.2 Distance RUI | VG | P VG| VP | VG
1.3 Cost I P P VG| VP | VG
2. Capital MI
Cost
2.1 Power Plant VI P G P VG| VG
2.2 Cooling Systems VI VP | VP | P VP | G
2.3 Cooling Tower 1 VP | VP | VG| VP | VG
2.4 Connections MI VG | P G G P
3. Running MI
Cost
3.1 Power VI G G G VG| VG
3.2 Cooling Systems VI P P G P VG
3.3 Cooling Tower I VP | VP | G VP | VG
4. Maintenance VI
4.1 Conventional I VG | P G G G
4.2 Very skill VI VG | VP | P G G
4.3 Cost MI VG| VP | P E F
5. Spare Parts VI
5.1 Conventional I VG | P G G G
4.2 Very skill VI VG | VP | P G G
4.3 Cost MI VG| VP | P F E
6. Design & VI
Installation
6.1 Design simplicity RUI VG | F G G F
6.2 Installation
simplicity I VG | F G G G
6.3 Safety VI P G R VG| VG
7. Technological I
availability & 7.1 Conventional I G G G G G
experience 7.2 Non Conventional VI G G G G VP
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Table 2. The final membership function of each Criterion on for the Five alternatives of air conditioning
systems in Saudi Arabia.

Alternative
Criteria
EMDVC ICEDVC NH,A Li Br SA Li Br DA
Cooling water .00000E+00 | .00000E+00 | .10000E+01 | .00000E+00 | .10000E+01
Capital cost .00000E+00 | .00000E+00 | .12058E+00 |.19261E+00 | .10000E+01
Running cost .00000E+00 | .00000E+00 | .57146E+00 | .00000E+00 | .10000E+01
Maintenance .10000E+01 | .00000E+00 | .00000E+00 | .47239E+00 | .47239E+00
Spare Parts .19171E+00 | .10000E+00 | .28110E+00 | .28110E+00 | .28110E+00
Design & Installation .28535E+00 | .58460E+00 | .77062E+01 | .10000E+01 | .95002E+00
Technological availability .10000E+01 | .10000E+01 | .10000E+01 | .10000E+01 | .97551E+01
& experience

Table 3. The final rating of each criteria for the five alternatives of air

conditioning systems in Saudi

Arabia.
Alternative
Criteria
EMDVC ICEDVC NH,A Li Br SA Li Br DA
Cooling water .30632E+00 | .27213E+400 | .95238E+00 | .17387E+00 | .95238E+00
Capital cost 27213E+00 | .44177E+00 | .52200E+00 | .55424E+00 | .85925E+00
Running cost A47515E+00 | .4751SE+00 | .83333E+00 | .49823E+00 | .95238E+00
Maintenance .95238E+00 | .24660E+00 | .5S3804E+00 | .79946E+00 | .79946E+00
Spare Parts .61876E+00 | .89587E+00 | .06658E+00 | .66583E+00 | . 6658E+00
Design & Installation .65774E+00 | .75081E+00 | .55623E+00 | .89002E+00 | .87312E+00
Technological availability .83333E+00 | .83333E+00 | .83333E+00 | .83333E+00 | .51440E+00
& experience

Table 5. The final membership, rating, and ranking of the five alternatives of the air conditioning
systems in Saudi Arabia.

Alternatives Final Membership Final Rating Final Ranking
EMDVC .55126E+00 .66877E+00 4
ICEDVC .42622E+00 .61721E+00 5
NH;A .73958E+00 .74305E+00 2
Li Br SA .61611E+00 .69499E + 00 3
Li Br DA .10000E+01 .84103E 1
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Table 4. The final ranking of each criterion for the five alternatives of air conditioning systems in Saudi

Arabia.
Alternative
Criteria
EMDVC ICEDVC NH-A Li Br SA Li Br DA
Cooling water 2 3 1 4 1
Capital cost S 4 3 2 1
Running cost 4 4 2 3 1
Maintenance 1 4 3 2 2
Spare Parts 3 1 2 2 2
Design & Installation 4 3 5 1 2
Technological availability 1 1 1 1 2
& experience
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Fig. 9. Preferability of Li Br-water dual absorption system over the other alternatives.
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5. Conclusion

The results given in Table 5 show that the Li Br DA is the best air
conditioning cooling system to be used in the Kingdom of Saudi Arabia and the
NH3;A absorption system is the second best. In the market, the electric motor
driven vapor compressor cooling system (EMDVC) is the most popular system;
nowadays, in the Kingdom of Saudi Arabia. However; in the future, the Li Br
absorption dual system is expected to become more attractive than the EMDVC
system for of two reasons: First, the Li Br absorption dual system requires; at this
time, special skill for maintenance spare parts care, complex design and installation
care which is not the case for the EMDVC system. But, this situation is expected to
change in the future. The second reason is that air conditioning cooling systems
may be needed for use in some areas where there is no abundant electric power. In
this case, the Li Br absorption dual system will be the best.
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