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Abstract
The main purpose of this study is to improve the energy efficiency of a refrigerated facility by means of exergetic analysis. In order to achieve this goal,
we have evaluated the input exergy flows of the whole system to deduce the
exergetic yields, which are compared to the degree of irreversibility in order
to have a qualitative measurement of energy losses. The concept of exergy is
the part of energy that is virtually converted into work. The exergetic analysis
was performed on a refrigeration unit ZR22K3E Copeland Scroll. The results of this analysis are consistent with the condition, that the exergetic
performance, which is: 36.57% and it is approximately equal to the degree
of irreversibility which is 37.50%. This approach provides a comprehensive,
standard and rigorous framework for the analysis of energy systems, and
thus for the understanding and systemic management of the energy challenge.
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1. Introduction
Nowadays, cold production has a significant impact on the environment. It
represents 8% of global greenhouse gas emissions, 80% are due to energy consumption by refrigeration on facilities and 20% are released by refrigerants into
the atmosphere [1]. In the context of pressure on energy resources, energy reduction is a crucial issue, mainly on the current problems related to the rational
use of energy and environmental conservation. The cold and heat production
has constrained thermodynamic (minimization of irreversibility by limiting the
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pinches to the exchangers, load losses, overheating), etc. [2] [3] [4] [5] [6]. Radcenco and Canivet show that the exergetic measure the availability that may be
extracted from a reservoir or energy flux and it indicates that spontaneous
processes tend to consume this exergy. Joule effect, Foucault current, viscosity,
turbulence, heat transfer and friction deteriorate the energy but unlike energy,
exergy is not preserved during natural transformation. The idea of dissipation of
exergy is directly related to idea of creation of entropy and irreversibility. The
exergy is the part of the energy that is virtually convertible into work. This is a
consequence of the second principle of thermodynamics. The first to introduce
this concept is G. Gouy, who, in the late nineteenth century, defined the concept
of exergy. Numerous studies give useful information for practitioners about the
exergy efficiency of different types of systems, I quote here: [7] [8]. Professor V.
Radcenko, former Doyen of the Faculty of Mechanics, at the Polytechnic’s University of Bucharest, who was also my thesis’ supervisor, has published numerous books on the exergy, in which I will quote only: [2] [3]. In one of the chapters of my Ph.D. thesis, which is entitled “Contribution to the Study of the Optimization of Air Conditioning Systems” [9], an exergetic analysis of the air conditioning facility was treated. We applied this exergetic analysis to a small power
plant in the case of, the ZR22K3E Copeland Scroll (Figure 1), in order to improve energy efficiency, by determining energy balance and exergy balance in
order to obtain an exergetic yield that will be compared to the degree of reversibility of the plant, thus allowing a qualitative measure of energy losses that degrade efficiency installation. The energy as well as the different quantities involved in determining the energy balance are obtained in the logP-h. Figure 2
diagram is presented in Table 1. The exegetic balance of the installation shall be
carried out after the completion of the energy balance which consists of determining and summing all the energy involved, namely:
• the work of compressor Winst ;
• heat losed to the condenser qcD ;
• cold thermal production qo ;
• heat absorbed qsc to the overheating [4] [5] [10].
To establish the exergetic balance sheet, one calculates all losses which appear
during the transformations, namely:
• the losses due to the compression process π irC ;
• the losses due to the relaxation process π irD ;

• the losses due to the condensation process π irCd ;
• the losses due to the spray process π irEv ;

• the losses due to the overheating process π irSc [10] [11] [12] [13].
The recognition of these losses can only be validated, if the degree of reversi-

bility reached ηrev and the report of COPinst to COPc of the Carnot cycle of
the installation is equal to the performance achieved by the energetic carried out.
These losses due to the process of each part of the installation can be analyzed in
detail to improve the overall performance of the whole installation. Finally, it
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should be noted that in most of the works and documents relating to the exegetic
analyzes of energy facilities that have been published so far do not have an experimental approach. It is with a purely pedagogical and didactic purpose that we
have prepared a study on a practical case of a simple and usual installation.

2. Materials and Method
2.1. Material
The refrigeration system which is the subject of the exergetic analysis (Figure 1),
is a designated refrigeration unit: ZR22K3E Copeland Scroll composed of a
compressor, a condenser and an evaporator having a vaporization temperature
of T0 = 268 K and ambient temperature Ta = 305 K.

2.2. Method
To calculate the exergy yield of the installation, it is first necessary to determine
the characteristic quantities of the refrigeration cycle allowing the realization of
the exergy balance which shows for each organ the loss that it generates.
• Determination of the dimension’s characteristics of the cold cycle R134a
The coefficient of performance (C.O.P.) of the Carnot cycle, limited by the
temperature Ta and T0, is determined by the following the relationship: [2] [3] [4]
COPc =

T0
Ta − T0

(1)

The cycle in (Figure 2) show that the compressor sucks from overheated to
state 1. These vapors are then compressed during process 1-2, performing a mechanical work that expresses itself through the relationship:
Winst= h2 − h1 [ kJ kg ]

(2)

These vapors are transferred to the process 2-4 condenser, where they release
the condensation heat expressed by the relationship:
qCD= h4 − h2 [ kJ kg ]

(3)

Figure 1. ZR22K3E Copeland scroll refrigerator group representation.
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Figure 2. Representation on the LogP-h diagram of the ZR22K3E cold cycle.

In state 4 in liquid form, they enter the regulator process 4-5 and undergo relaxation. The process in the regulator is isenthalpic. After relaxation in the regulator, the vapors are sucked into evaporator process 5-6, in which the vaporization of the liquid that produces the cold effect expressed by the relationship occurs:
q=
h6 − h5 [ kJ kg ]
0

(4)

The vapors are then overheated by the heat of overheating expressed by the
relationship:
qSC= h1 − h6 [ kJ kg ]

(5)

They will be sucked by compressor, process 6-1.
The Coefficient of Performance of the installation is determined by the relationship:

COPinst =

q0
Winst

(6)

The degree of irreversibility through the relationship:
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ηrev =

COPinst
[%]
COPc

(7)

The mechanical work of the Carnot cycle of the installation is calculated by
the relationship:

=
Wc
where:

∑ J =1π J
6

6
q0
=
Winst − ∑ π J
COPc
J =1

(8)

, is the sum of the exergetic losses due to the irreversibility of

the cold production system plant.
• Calculation of the losses due to the irreversibility of cycle R134a
During the process in the refrigeration system, a number of irreversibility
losses appear which can be calculated by the following relationships: [7] [8] [10]
- Loss of exergy during the relaxation process:

π irD =Ta ∆SirD =Ta ( S5 − S4 ) [ kJ kg ]

(9)

Then the weight of exergetic loss during the relaxation process will be:

π=
irD

π irD
Wc

× 100 ( % )

(10)

- Loss of exergy during compression process:

π irC =Ta ∆SirC =Ta ( S2 − S1 ) [ kJ kg ]

(11)

Then the weight of exergetic loss during the compression process will be:

π=
irC

π irC
Wc

× 100 ( % )

(12)

- Loss of exergy during the heat transfer process in the condenser:

π irCd = qCd − Ta ∆SCd [ kJ kg ]

(13)

Then the weight of exergetic loss during the condensation process will be:

π=
irCd

π irCd
Wc

× 100 ( % )

(14)

- Loss of exergy during overheating process:

π irSc =Ta ∆S Sc − qSc

(15)

Then the weight of exergetic loss during the overheating process will be:

π=
irSc

π irSc
Wc

× 100 ( % )

(16)

- Loss of exergy during the heat transfer process in the evaporator:

π irEv =Ta ∆S Ev − q0 [ kJ kg ]

(17)

Weighting of exergetic loss during the process of heat transfer to the evaporator:

π=
irEv
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Table 1. ZR22K3E group refrigeration cycle characteristic point status parameters.
Point

Pressure
[bar]

Température
[t˚C]

Specific Volume
[dm3]

Enthalpy
[kJ/kg]

Entropy
[kJ/(kg.K)]

1

2.43

12.00

89.67

410.26

1.7829

2

13.18

80.62

18.39

458.69

1.8104

3

13.18

50.00

15.10

423.38

1.7071

4

13.18

50.00

0.91

271.52

1.2367

5

2.43

−5.00

32.48

271.52

1.2672

6

2.43

2.00

85.65

401.59

1.7519

• Calculation of the exegetics’ performance
Exegetic’s performance highlights both qualitative and quantitative aspects of
the energies involved in the processes of the refrigerant installation. He expresses
himself through the relationship: [7] [10] [11]
6

η=
100 − ∑ π J
ex

(19)

J =1

Exergetic’s performance must be approximately equal to the degree of irreversibility:

ηrev = ηex

(20)

3. Results and Discussion
In order to establish the energy balance, it is assumed that the sum of energy
absorbed by the evaporator, the overheating energy and the energy absorbed by
the compressor is equal to the energy released to the condenser. The energy balance in (Figure 3) and in Table 2 shows that the compressor has required mi-

nimal mechanical work Winst = 48.04 [ kJ kg ] , to achieve refrigeration production q0 = 130.07 [ kJ kg ] , taking into account overheating energy qSC . Which
work corresponds, for a given coefficient of performance, C.O.Pinst = 7.6 to the
heat qCD = 186.78 [ kJ kg ] , evacuated by the condenser. It should be noted that,
at this stage, it is not sufficient to assess the performance and quality of the
process carried out by the installation, or to make an analysis, because the energy
balance only shows the quantitative aspect of energies involved [2] [7] [13].
In Figure 3 and Table 3, the drill balance expressed by the relationship:

Winst
= Wc − ∑ J =1 π J , takes into account both the qualitative and quantitative
aspects of the energies involved in the installation processes of refrigeration
production. Indeed, the degree of reversibility as shown in Table 2 is approx6
100 − ∑ J =1 π J , which
imately equal to the actual yield achieved unchanged η=
ex
means that the difference the amount of energy involved and the losses due to
irreversibilities is equivalent to the fraction of energy that differentiates it from
the ideal cycle of Carnot [7] [10] [11] [12].
Figure 3 explicitly highlights the energy-exergy balance, which highlights
energy losses in each part of the system and thus allows them to be identifified
6
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Figure 3. Energy-exergetic balance of the refrigeration unit ZR22K3E Copeland Scroll.
Table 2. Characteristic dimensions of the cooling cycle of the ZR22K3E installation.
C.O.PC
7.20

Winst

COPinst

[kJ/kg]
48.04

2.70

q0

qCD

qsc

Wc

ηrev

[kJ/kg]

[kJ/kg]

[kJ/kg]

[kJ/kg]

[%]

130.07

186.78

8.67

19.41

37.50

Table 3. Exergetic losses due to the internal and external irreversibilities of the ZR22K3E
installation.
π irD [%]

π irC [%]

π irCD [%]

π irSC [%]

π irEv [%]

ηex [%]

19.36

17.46

24.60

1.63

0.38

36.57

and analyzed for possible improvements. When the percentage of one of the
losses due to the irreversibilities increases, the coefficient of performance of the
installation COPinst = 2.7 is affected. This coefficient of performance moves
away from the reference one of the Carnot’s cycle and the exergy efficiency decreases [10] [11]. For very high loss percentages, the installation nevertheless
produces cold with much higher energy consumption.

4. Conclusion
The results of this analysis are in fact consistent with the condition, that the exergetic performance, which is: 36.57 [%] and it is approximately equal to the degree of irreversibility which is 37.50 [%]. This method can be used to point out
DOI: 10.4236/epe.2020.128030

496

Energy and Power Engineering

L. O. Ebale et al.

subassemblies that perform less well and then try to analyze the reason for the
lack of performance of each process. We have identified the following losses: the
loss in the compressor is 17.46 [%], the loss in the evaporator is 0.38 [%], the loss
in the overheating is 1.63 [%], the loss in the regulator is 19.36 [%], the loss in
the condenser is 24.60 [%]. The identification of losses helps to rationalize energy resources and also reduce the environmental impact of these resources into
the atmosphere. It should also be noted that the analysis was carried out on a
new installation. If the analysis is carried out on a facility that has already been
in operation for some time, on the one hand, the losses will be very high and on
the other hand the economic losses will become noticeable and significant due to
or interest in an exergetic analysis. This analysis shows that the losses are greater
in the old installation. The size of the data involved in the exergy requires a numeric treatment of all incoming flows from the whole refrigeration system.
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Nomenclature
Ta = 305: Temperature of the ambient environment [K];
T0 = 268: Evaporation temperature [K];
C.O.Pc: The Coefficient of Performance of the Carnot cycle;
Winst : Mechanical compression work [kJ/kg];

COPinst : Coefficient of Performance of the installation;
ηrev : The degree of irreversibility [%];
ηex : Exergetic performance [%];
q0: Refrigerating production [kJ/kg];
qcD : The amount of heat to be evacuated to the condenser [kJ/kg];
qsc: Heat absorbed to the overheat [kJ/kg];
Wc : The mechanical work of the Carnot cycle of the installation [kJ/kg];
6
∑ J =1π J : Sum of the exergetic losses due to the irreversibility of the refrigeration
installation [kJ/kg];

π irD : Loss of exergetic during the relaxation process [kJ/kg];
π irD : Weighting of exergetic loss during the relaxation process [%];
π irC : Loss of exergetic during compression process [kJ/kg];
π irC : Weighting of exergetic loss during compression process [%];
π irCd : Loss of exergetic of heat transfer process in condenser [kJ/kg];
π irCd : Weighting of exergetic loss during compression process [%];
π irSc : Loss of exergetic during overheating process [kJ/kg];
π irSc : Weighting of exergetic loss during overheating process [%];
π irEv : Loss of exergetic of the heat transfer process in the evaporator [kJ/kg];
π irEv : Weighting of exergy loss during the process of heat transfer to the evaporator [%].
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