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Abstract- In this study exergy and exergoeconomic analyses of a refrigeration system with two
evaporators and an internal heat exchanger were performed. The analysis of the whole system included
various thermodynamics parameters such as sustainability index, exergetic improvement potential, ratio
of the thermodynamic losses(ener getic and exergetic losses) to the capital cost, relative irreversibility for
each component of the system. Furthermore, the efficiencies for each component were analyzed using two
different approaches, one was the net rational efficiency basis and another one was the product/fuel
basis. The whole system efficiency on the net rational basis was determined to be 7.24% and on the
product/fuel basis it was obtained to be 43.92%. The system has a huge capacity for improvement. The
greatest Irreversibility occursin the compressor with a value of 0.29 kW and the efficiency valuesfor the
compressor using both the approaches were found to be 16.9% and 21.57%, respectively.
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I. INTRODUCTION

Refrigeration engineering has a lot of applications in various types of machinery and plant construction and
many other areas. The commonly used refrigerating machine is the compression refrigerating machine, which is
based on the compression cycle of the refrigerant. The energy analysis is a basic method for any system and
process investigation. Exergy analysis, which is based on second law of thermodynamics, provides more in
depth knowledge of irreversibility’s in the system. It is also a powerful tool in designing, optimization, and
performance evaluation of energy systems while it helps in determining the maximum performance of the
systems and key points of exergy destruction. Exergy analysis is very important for each system to get the
information about the actual losses in the system and also for optimization of the system. For these reasons, the
modern approach to a process analysis uses the exergy analysis, which provides a more realistic view of the
process. Identifying the main sites of exergy destruction gives the direction for potential improvements. An
important objective of exergy analysis for systems that consume power such as refrigeration is finding the
minimum power required for a certain desired result[1]. There have been several studies on the exergy analysis
of refrigeration and heat pump systems[2-7].

Dincer’ reported the relationship between energy and exergy, exergy and the environment, energy and
sustainable development, and energy policy making details. In case of large systems component wise, exergy
analysis is performed. Potential improvement in the system can be obtained after calculating exergy destruction
for each component. There have been several studies on the exergy analysis of refrigeration and heat pump
systems. Torres-Reyes et al.[8] studied a solar assisted heat pump experimentally, and optimized the system
using exergy analysis. Bayrakci and Ozgur[9] conducted the exergy analysis of a vapor compression
refrigeration system with an internal heat exchanger. In their study a comparison of energetic and exergetic
performance of a vapor compression refrigeration system using pure hydrocarbon (HC) refrigerants was
performed. The engineering equation solver software was used for the analysis purpose. Kabul et al.[10]
studied the energy and exergy analysis for vapor compression system with refrigerant R600a at specified
operating conditions. Energy and exergy fluxes were obtained, and irreversibility rates were calculated for each
component of the system. It was observed that the compressor had the highest irreversibility rate, and the heat
exchanger had the lowest rate. Also from their result, it was found that condenser and evaporator temperatures
had strong effects on energetic and exergetic performances of the system such as coefficient of performance,
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efficiency ratio, exergetic efficiency, and irreversibility rate. Chandrasekhran[11] also performed exergy
analysis of a vapor compression refrigeration system using two different refrigerants (R12 and R134a)and
concluded that COP increased when the evaporator temperature increased for both refrigerants. COP of R134a
was slightly higher at lower temperature while COP of R12 was higher at high evaporator temperature.
Variation of exergetic efficiency of both refrigerants was found to be similar to that of COP. Stegou-Sagia and
Paignigiannis[12] performed exergy analysis to describe irreversibilities in one stage refrigerating process for
vapor compression cycle with refrigerant mixtures R-404A, R-410A, R-410B and R-507. Emphasis was given
to parameters influencing the losses in the cycle. Also detailed information on the variation of cycle’s exergy
efficiency with evaporating and condensing temperatures was reported. Alexis[13] applied exergy analysis
method to a steam-ejector refrigeration system. It was concluded that a better quality of the ejector had more
effect on the system performance compared to the quality of other components, because the ejector at first and
the condenser at second had the greater exergy loss of the system. The methodology of the EXCEM method was
developed carlier by Rosen[14]. EXCEM approach was applied to ground source heat pumps by Ozgener et
al.[15] Similarly, Hepbasli[16] made exergy and exergoeconomic analyses of household refrigerators based on
the measured values at varying reference state temperatures.

In our study, energy, exergy and exergoeconomic analysis of refrigeration system have been performed
with an internal heat exchanger and dual evaporators. The refrigeration system with an internal heat exchanger
is considered in the analysis, having the capability to control and maintain the temperature precisely in each
section. An evaporation pressure controller is used to get the two different temperatures inside the freezer and
cooler chamber. As mentioned above, there are many studies performed on the exergy analysis of refrigeration
systems and very few studies on the exergoeconomic analysis of refrigeration systems. The system considered
in this analysis is different (having an internal heat exchanger, dual evaporators and evaporation pressure
controller), and no studies have been reported in the open literature(to the best of the authors’ knowledge) on the
exergy and exergoeconomic analysis (EXCEM method) of such system. Therefore this study will provide an
insight into these types of systems for possible improvements.

II. DESCRIPTION OF THE SYSTEM

The refrigeration system analyzed was a fully functional compression refrigerating machine with a
freezer and cooler chamber kept at two different temperatures. Evaporation pressure controller is used to keep
the two chambers at different temperatures. Two evaporators are mainly used, one evaporator is located in a
freezer chamber, equipped with defrosting heating, which acts as a cooling load for the system. The cooling
load capacity is 150 W. A second evaporator is integrated into a normal refrigeration chamber, and one calls it
cooling chamber or cooler. Also the system has an internal heat exchanger through which the refrigerant super
cooling can be achieved before it goes to the expansion valve and rotameter. The compressor takes in cold
refrigerant vapor from the low pressure area after evaporation in the two chambers. After it has been received
inside the compressor, the vapor is compressed almost isentropically. This enhances the temperature of the
vapor to the final compression temperature. The superheated refrigerant vapor then goes to the condenser, where
it condenses isobarically and cools down. Forced convection is used in the condenser to give off the resulting
heat more effectively to the environment.

After condensation, the refrigerant goes to the receiver. From here, it goes to the rotameter either through
an internal heat exchanger. Valves are fitted. The option of connecting the heat exchanger depends on the
position of the corresponding valves. From the rotameter, the refrigerant flows first through the filter dryer.
There are two solenoid valves, which control the flow to both the expansion valves. A diverter valve acts as a
controller whether one or the other coil or both, are active at any given time by routing the refrigerant
accordingly. The fraction of the two partial flows depends upon the opening of the subsequent thermostatic
expansion valves. In the expansion valves the refrigerant expands and returns to a lower pressure level shown in
Fig. 1(a, b) as points 5 and 6. Fig. 1 b represents the logarithmic pressure verses enthalpy diagram for the
considered system. The pressure level in the standard evaporator 2 can also be adjusted using an evaporation
pressure controller. After the expansion valves, the refrigerant flows through evaporators and absorbs heat
energy in the two evaporators, which reduce the temperature in the two chambers. The refrigerant is slightly
superheated when it exits the evaporators. After the refrigerant have passed through both the evaporators, the
two refrigerant flows join together again. The refrigerant vapor is then fed back to the compressor via the
internal heat exchanger at point 10. The temperature at twelve(12 ) different points are measured with the help
of thermocouples, as shown in Fig. la. Similarly the pressures are monitored before and after the expansion
valves in both lines, and also before entry to the compressor and after exit from the compressor through pressure
sensor. The power consumed by the compressor is measured through the power meter, which works in the range
of 0-1000 W.
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Fig. 1. a) System Circuit Diagra; b) Logarithmic Pressure(P) vs. enthalpy(h) diagram for the system considered.

III. ANALYSIS

Mathematical formulation is used for the vapor compression refrigeration cycle with dual evaporators and
an internal heat exchanger for the exergy and Exergoeconomic analyses. The system mainly consists of eight
components: evaporator 1, evaporator 2, compressor, internal heat exchanger condenser, receiver, expansion
valvel and expansion valve 2. External energy (electrical power) is supplied to the compressor and heat is added
to the system in the evaporator as a cooling load, whereas in the condenser the heat rejection takes place from
the system. All the components have different exergy losses in various components of the system. The reference
state temperature and pressure are denoted by Temperature Ty and Pressure Py; respectively. The exergy and
exergoeconmic analyses of the refrigerators have been performed based on the experimental data.

A. Energy and exergy analyses

Energy and exergy rate balance equations for a component or a system can be written by the following
equations given by Rosen and Dincer [17].

E -E_ =L (1)

n out en

Ex, —Ex, =L 2

out ex
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whereas E; | is energy rate input, E_, energy rate output, and L, is the energy losses rate. EX;, is exergy rate

input and EXOUt is the exergy rate output, while L@( denotes the exergy destruction rate.

The cost balance equation can be written as follows

Kin + ngn - Kout = Kac (3)

where K is capital cost and the subscripts in, out, gen denotes input, output and generation respectively.
The exergy rate at any point is given by the following relation:

Ex=nmy (4)
with specific exergy(y ) given by the following relation:
l//=(h—h0)—T0(S—SO) ®)

Exergy destructions and exergy efficiency relations obtained from exergy balances equation for each
of the refrigerator components shown in Fig. 1a can be obtained as follows:

1) Evaporator 1

The mass flow rate balance equation and the fraction of mass flow rate through an “evaporator 1”are
given by the following relation.

m=m =m =m,,, msszreezer:Lilpl (6)
) h7 - h5
whereas the  Qevap can be found through the temperature difference between the freezer chamber and
reference state temperature multiplied by coefficient of heat transfer k, and is given by the following
relationship.
Qevapl = k(TO _Tfreezer) = r:ne,'vapl(r-17 - hs) 7
The exergy destruction rate through the “evaporator 1”” can be written as follows:
' =i —w.)—E ®)
Exdestruction,evapl - rna/apl (WS l//7) Exheat,e\/apl
whereas Exh et evapl A0 be written by the following relation
. . Ty = Taan
Exheat,e\/apl = Qevapl(-l-wapJ (9)
evapl

while the Qevap] value can be calculated by Equation (7) and | is the temperature inside the freezer

Tevap
chamber, which is also measured through a thermocouple inside the chamber.

The exergy efficiency for the “evaporator 1” (Ee,apl) is given by the following relation:
_ EXheat,evapl
Ex, — EX,

2) Evaporator 2:The mass flow rate balance equation through the “evaporator 2 can be written as follows:

(10)

gevap 1

rh6 = rns = ri«'cooler (11)

whereas the mass flow rate in the evaporator can be found by the following relation:

Qevap 2

M = Moz =| 1 " (12)

and Qa/apz can be given by the following relationship:

: . 13
Qevapz = k(TO _Tcooler) = ma/apz (hS - hé) (1)
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whereas k is the heat transfer coefficient.

The exergy destruction rate for the “evaporator 2” is given by the following relationship,

Exdestruction,evapz = mevapz (l//6 - W8) - Exheat,evapz (14)
with EXheat,e\,apz is given as follows:
. Ty = Taan: 15
EXheat,evapz = Qevapl T = ( )
evap2

where T is the temperature inside the freezer chamber.

freezer

The exergy efficiency (Eg,,,) is given by the following relation:

= Bt 2 (16)
Ex, — EX,

gevap 2

3) Compressor: The mass flow rate balance equation for the compressor can be written as follows:

m =m, =m a7
and the work performed by the compressor can be written as in terms of enthalpy,
Y _ 18
Wconp_m(hl_hlo) (18)

where hl is the refrigerant enthalpy after the real compression process. This enthalpy can be obtained from
isentropic enthalpy as follows:

h = hs—hy +h, (19)

77comp

The mechanical and electrical combined efficiency for the compressor can be written as follows:

n | Do
comp,mech,elect — N
Worp dlect (20)
The exergy destruction rate in the compressor is given by
@1

EXdestruction,comp = m(l/jlo - l/jl) +chomp,elect
The heat supplied to the environment is neglected. While the mechanical and electrical losses can be calculated
from

W (22)

Exdst,cornp,mech,elect = comp,elect (1 - ncomp,mech,e{ect)

whereas the  7Jcomp,mech.eect can be found by using Equation (20).

The internal Irreversibility due to fluid friction can be calculated using

Exdest,corm,int = Edest,corrp - Exdest,con‘p,mech,dect (23)
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Now the exergy efficiency of compressor (£,,,,) can be written as follows:

comp
Eqomp = E).(l — EXx — m(l/jl Vi) (24)
Wcomp Lelect Wcomp Jelect

4) Condenser:

The mass flow rate balance equation for the condenser is as follows:
m =, =m (25)

The heat lost rate in the condenser can be found by the relation;

(26)

The exergy destruction rate fogﬂ?@dcozncg&gg‘ c_arrl1 %% found by the following relationship,

: . : To 27)

Exdw,cond =m (l//] - l/jz) - Qcond (1 - T )
and the exergy efficiency relation is given by cond

_BEx_wy (28)
gcond - EX -
Y

5) Receiver: The mass flow rate balance equation for the receiver is given as follows:
m =m =m, (29)

With exergy destruction rate

Exdest,rec =My, -¥;) 30)
and the exergy efficiency
rec E'X2 (31)

6) Internal heat exchanger: The mass flow rate balance equation for the internal heat exchanger is given as

follows:
m =m =m, =m =m, (32)
The heat loss by between points 3 and 4 is equal to the heat gain between points 9 and 10 , and is given as
follows;
QH.E:rht(h3_h4):rht(th_h)) (33)
The exergy destruction rate for the heat exchanger is given by
Exdw,H.E =M ((¥; —¥,) - Wy —¥,)) (34)
with exergy efficiency
— Exlo_EX9 — m(Wm_l//(;) (35)

Eye = ¢ : .
EX3 - EX4 m (Ws - W4)
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7) Expansion valve 1:The mass flow rate through the expansion valve 1 is given by M, as follows:

M, = My = r? " J (36)
. 7 s

whereas Qe,\,apl can be found through Equation (7).

The exergy destruction rate for expansion valve 1 can be found by
: s . 37)
Exdest,expanl - (ml//4 - rnSl/IS)

and exergy efficiency is given as follows:

e =BX_ My (38)
expanl — g - .
Ex, my,
8) Expansion valve 2: The mass flow rate balance for expansion valve2 is given by the following

relationship:

o . , Q
m, =m, =m,, with My = . wap; (39)
and Q is given by equation (13) above; ’ ¥
evap?2

The exergy destruction rate is given as follows:

EXdest,expanZ = mW4 - rnél//() (40)
and the exergy efficiency by the following relationship:
e =B _My @1)
expan2 EX .

4 4
9) Whole system exergy destruction, COP and exergy efficiency: The total exergy destruction rate can be
obtained by adding all the exergy destruction rate by each component listed above and is given as follows;

Exdest,total = Exdest,evapl + Exdest,evapz + Exdest,oomp + Exdest,cond + Exdest,rec + Exdw,expanl + Exdest,expanl (42)

The relative irreversibility(which determines the percentage of the exergy destruction contributed by each term )
for each component can be calculated using the following relationship;

| 43
Relative irreversibility(Rl):—,Edev' (43)

lest total

The COP for the system can be calculated by the following relation:

COP = _Qtotal Qcool.er + Qo (44)
Wcomp,elect Woomp,elect

and the exergy efficiency on the net rational efficiency basis can be written as follows:

_ EXoap + EXaap _ (Ex, = Bx) + (Ex, — EX,)
sem W, W,

comp,elec comp, elect

£ (45)
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On the product/fuel basis for the whole system

E == (46)
B. Exergoeconomic analysis

An instructive parameter is the ratio R of thermodynamic loss L to capital cost K is useful in the
exergoeconomic analysis of any energy system. The value of R generally depends on whether it is based on the
ratio of energy loss rate to capital cost, in that case it is denoted Ren or the ratio of exergy loss rate to the
cost, in which case it is denoted by B, reported by Rosen and Dincer[17]. These two terms are given by
the following equations;

: L
- e (47
Ra K.
) Lex
K *

C. Sustainability assessment

Sustainability assessment requires the resources to be used effectively, and it is performed with
sustainability index (SI) method, which is related to exergy efficiency. Exergy methods are essential in
improving efficiency that allows society to maximize the benefits it derives from its resources while minimizing
the negative impacts, such as environmental damage as reported by Rosen et al.[18]. Thus, the S method based
on exergy efficiency is a useful tool to obtain sustainability assessment by the following relationship.

1
9=— (49)
l-¢

D. Exergetic improvement potential

The maximum improvement in the exergy efficiency for a process or system is obviously achieved when
the exergy loss or irreversibility rate (EXIn - EXOUt )is reduced. Consequently, as suggested by Van Gool.[19],
it is useful to employ the concept of an exergetic “improvement potential” when analyzing different processes or
sectors of the economy. This improvement potential rate, denoted by | Pis given by the following relationship:

IP = (1-£)* (Ex;, — EXoy) (50)

E. Uncertainty analysis

In these experimental results, there may be some inaccuracies in measuring the primary data. It needs a
description of such inaccuracies. It is known that an appropriate idea for expressing inaccuracies is an
“uncertainty” and the actual value should be provided by an “uncertainty analysis”. It is well known that errors
and uncertainties in any experiments can arise from instrument selection, instrument condition, instrument
calibration, environmental conditions, observation and reading and test planning. Uncertainty analysis is needed
to prove the accuracy of the experiments. In the present study, the temperatures, pressure, velocity, flow rates
and electrical powers are measured with appropriate instruments as explained in the system Description Section.

The total uncertainty of any measured parameter may be calculated as given by Holman [20] as
follows:

U, = [Uzsensor + U’pac + Uzcalibration]2 (51)

where Uy is the total uncertainty in any measured parameter, U is the uncertainty in the sensor reading,

sensor
Up,c is the uncertainty associated with the data acquisition system and Uy, ai0n 1 the uncertainty in the

calibration procedure.
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The uncertainty arising in calculating any result (R) due to several independent variables uncertainties
(Xp5 X5 5 Xgpeurennnenn X,)is given by Coleman and Steele Steele[21], and can be expressed as follows:

]

In our study, the primary measured parameters are temperature, pressure, flow rate and electrical
power, which are used for further calculation of the exergy, and exergoeconomic analysis of the system. These
uncertainties for the measured and calculated values must be taken into account in experimental studies to make
it more meaningful.

IV RESULTS AND DISCUSSION

The following assumptions were made during the analysis and calculation to get the final results for the system
performance.

» Steady-state operation in all components of the system with negligible potential and kinetic energy
effects.

Pressure losses through the piping system have been neglected.

Heat gains and heat losses from or to the system are not considered.

Heat gains and heat losses from or to the internal heat exchanger have been neglected.

The power consumption for the condenser and both the evaporators have been not considered in the
analysis.

The freezer chamber is maintained at a temperature of -9.1 °C and the cooler chamber is maintained at
4.4°C.

The system was analyzed at a reference state temperature of 25 °C, pressure (P) is 101kPa, enthalpy (h)
is 424.3 kikg'K'' and entropy is equal to 1.9 kJkg™.

Total mass flow rate is equal to 0.00132 kgs™.

The coefficient of heat transfer for the both the evaporators were taken to be equal with a value of
3.65WK'. This value is based on the experimental results and is used to calculate the mass flow rate in
the two evaporators.

The total uncertainty in the flow rate was assumed to be * 1.45%.

The average uncertainty associated with the measurement of electrical power was assumed to be +

0.7% .

The properties of the refrigerant R-134, the values for temperature, pressure, enthalpy, entropy, and mass
flow rates are given in Table 1. The thermodynamic properties of the refrigerants studied were found using the
cycle pad software package. Also the specific exergy, exergy rate, and energy rate values at every state point are
shown in Table 1 according to the circuit diagram shown in Fig. la. exergy destruction, exergetic fuel and
product, two different exergy efficiencies values are presented in Table 2, using the relation for each component
and the overall system. The whole system exergy efficiency on net rational basis and product/fuel basis are
given by Equations (45) and (46), respectively. Similarly, the exergy efficiency for evaporator 1, evaporator 2,

the compressor, the internal heat exchanger, the condenser, the receiver, expansion
TABLE 1
Energetic and exergetic values for the system at different state points

VV VYV VY VVVYVY

\ 24

State | Component Temperature, T | Pressure, P | Specific Specific M ass flow Specific Exergy | Energy
point | withinlet and (°C) (bar) enthalpy, entropy, rate. M exer gy rate -
-1 1y -1 ) R rate E
outlet values h (kJkg™) S(kJkg~K™) (KgsY 1l// (kdkg | Ex (kW)
) (kw)

1 T1, Outlet 96.5 14.81 474.71 1.86 0.00132 62.33 0.082 0.62
Compressor

2 T2, Outlet 28.83 14.81 239.6 1.12 0.00132 47.74 0.063 0.31
Condenser

3 T3, Outlet 28.31 14.81 239.41 1.12 0.00132 47.55 0.062 0.31
Refrigeration
Receiver
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4 T4, Outlet Heat | 27.3 14.81 237.96 1.12 0.00132 46.1 0.060 0.31
Exchanger
5 TS, Outlet -14.7 1.67 237.96 1.15 0.00085 37.16 0.031 0.20
Expansion
Valve 1
6 T6, Outlet -1.51 2.79 237.96 1.14 0.00047 40.14 0.018 0.11
Expansion
Valve 2
7 T7, Outlet -12.71 1.67 391 1.74 0.00085 14.38 0.012 0.33
Evaporator 1
8 T8, Outlet 2.94 2.79 401.4 1.74 0.00047 24.78 0.011 0.188
Evaporator 2
9 T9, Inlet Heat -12.5 2 392.2 1.73 0.00132 18.56 0.024 0.51
Exchanger
10 T10, Inlet -2.27 2 398.9 1.73 0.00132 18.93 .025 0.52
Compressor
valvel and expansion valve 2 are calculated using the respective relations given above in the analysis
section. The relative irriversibility, COP value for the system, sustainability assessment values, improvement
potential rate values are for each component and the whole system are calculated using Equations (43), (44),
(49) and (50),
TABLE 2
Exergy efficiencies, exergy destruction , sustainability index, improvement potential and EXCEM parameters for the each component of the
system
Component = = = £ &, RI FUSD) L., R, R, S IP
(kW) | (kw) | (kW) | (@) | (%) |0 (kw) | (109 | (109 (-10)
KWUS | (kWUS$ (kW)
-1 1
)
Evaporator 1 0.002 0.031 .029 93.54 89.47 0.52 66.6 0.13 19.5 0.3 14.28 1.4
Evaporator 2 0.0014 0.018 | 0.0166 92.22 81 0.36 533 0.078 14.6 0.26 12.85 1.09
Compressor 0.29 0.38 0.082 16.9 76.29 239.8 0.1 4.17 12.09 1.26 22744
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Condenser .0159 .082 .0661 80.06 76.82 4.18 39.9 0.31 77.6 2.04 5 0.31
Receiver .001 .063 .062 98.41 98.41 0.26 13.3 0 0 0.75 50 0.2
Internal Heat .001 .002 .001 50 50 0.26 13.3 0 0 0.75 2 5
Exchanger
Expansion .029 .06 .031 51.66 51.66 7.31 26.6 0 0 10.9 2.04 142.1
valve 1
Expansion .042 .06 018 30 30 11.05 26.6 0 0 15.7 1.42 294
valve 2
Overall System | 0.38 0.696 0.305 43.92 7.24 100 479.4 0.618 12.8 7.92 1.75 2131.04

respectively. All the values were calculated based on the reference state temperature and pressure values. The
greatest irreversibility rate (exergy destruction rate) occurs in the compressor, followed by the expansion valve
2, expansion valve 1, the condenser, evaporator 1, evaporator 2, the internal heat exchanger, and the receiver
with values of 0.29 kW, 0.042 kW, 0.029 kW, 0.0159 kW, 0.002 kW, 0.0014 kW, 0.001, 0.001 kW,
respectively as shown in the Table 2. The parentage contributed by the compressor in the whole system losses is
by the compressor with a value of 76.29%, as can be seen from the relative irreversibility value.

The compressor mechanical and electrical efficiency were calculated to be 27.8% with the help of Equation
(21), with an internal destruction of 0.038kW using Equation (21), and these values are based on the actual
experimental values taken from the system. The power consumption of the compressor is 0.359 kW. The
mechanical—electrical losses are due to imperfect electrical, mechanical and isentropic efficiencies, and therefore
it is important to pay special attention to the selection of these devices, since components of low performance
can considerably reduce the overall system performance. As the compressor power depends on the inlet and
outlet pressures, the improvement in heat exchanger can reduce the temperature difference and as a result the
power consumption by the compressor will be reduced, bringing the condensing and evaporating temperatures
closer together. The average uncertainties arisen from the measurement of temperatures were systematically
classified as follows; a) The average uncertainty arisen from the fabrication of thermocouples ; b) The average
uncertainty arisen from the connecting devices and settling of thermocouples; c) The average uncertainty arisen
from the interaction of thermocouples with the systems. However, total uncertainties for each temperature
measurement was calculated by using Equation (51), which is equal to £ 1.16%. The total uncertainty in the
pressure measurement was found to be 0.82%. The total uncertainty associated with any function may be found
by putting the values of the variables involved in calculating those functions in Equation (52) given above and
then find out the relevant terms. The uncertainties associated with the COP, the exergy efficiency and the ratio

of exergy loss to the capital cost for the whole the system was found to be 1.75% , 2.1%, and 2.3%, respectively.

The exergoeconomic analyses of the whole system and each component were performed using
Equations (47) and (48). The ratio of exergy loss rate to the capital cost and the ratio of exergy loss rate to the
capital cost values were found to be 12.8*10 and 7.92*10™, respectively. It is clear from the results presented
in Table 2 that the loss-to-capital-cost ratios based on energy for the components comprising the refrigerator and
for the whole system is different than those based on exergy. This observation is in a good agreement with
results obtained from the previous study for power plants by Rosen and Dincer[17] and for geothermal district
heating systems by Ozgener et al.[22]. The value of the ratio of exergy loss rate to capital cost can vary for
different technology, time, location, resource costs etc. For example, the values of " Rex"may be different for
different technologies. For any technology, it appears that the design of a device may be made more successful
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if it is modified, so that value of " Rex" approaches appropriate. Therefore it is very crucial to obtain a balance
between exergy loss and capital cost in real systems.

V. CONCLUSION

In this study, we have analyzed a refrigeration system with an internal heat exchanger and dual evaporator
through energy, exergy, exergoeconomic techniques. The two evaporators were placed in two different
chambers (freezer and cooler) to achieve different temperature values. The freezer chamber has a cooling load
of 150 W, while the cooler chamber is without any load. The system temperatures were fixed in the freezer and
cooler at two different values (for the freezer chamber it was -9.1 °C and for the cooler chamber 4.4 °C) and
were controlled. The efficiency for evaporator 1(one placed in the freezer chamber) varies between 89.47 % to
93.54% while that for evaporator 2 (the one placed in the cooler chamber) is in the range of 81% to 92.22% on
the net rational basis and product fuel basis, respectively. We have used the EXCEM method for the economic
analysis.
We have listed some concluding remarks as follows:

a) The coefficient of cooling performance (COP) value for the system was determined to be 0.57 and it

was concluded that the system had a very large irreversibility value.
b) The greatest irreversibility is due to the compressor with a relative irreversibility value of 76.29% .
¢) The energy and exergy loss rates were calculated to be 0.618 kW and 0.69kW, respectively.

d) The EXCEM parameters, Ren and Rex values, were also computed for each component and the overall

system, with the values of 12.8*10™ and 1.97*10™, for the overall system, respectively.
e) The exergoeconomic optimization methods on refrigerators system with dual evaporators could
contribute to determining the correct design of new equipment, especially by ensuring that value of

Ra ” for the equipment approaches an appropriate value of “R,, .

Nomenclature

E energy rate(kW)
Ex exergy rate(kW)
L thermodynamic loss rate(kW)

capital cost( in US$)

h specific enthalpy(kJkg™)

] specific entropy (kJkg™)

m mass flow rate(kgs™)

Q heat transfer rate(kW)

k heat transfer coefficient (WK™")

T Temperature(K)

w Work rate or power (kW)

RI Relative irreversibility (-)

COoP Coefficient of performance (-)

R ratio of thermodynamic loss rate-to-capital cost (kW US$™)

SI Sustainability index (-)
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IP Improvement potential rate (kW)
u uncertainty
R calculated result
X variable
P Pressure
f function
Greek letters
4 specific exergy(kJkg™)
3 exergy efficiency (%)
n energy efficiency(%)
Indices
0 reference state
in inlet
out outlet
en energy loss
ex exergy loss
gen generation
ac accumulation
i successive number
evapl evaporator 1
evap 2 evaporator 2
t total
comp compressor
mech, elect mechanical and electrical
int internal
cond condenser
rec receiver
H.E heat exchanger
expan 1 expansion valve 1
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expan 2 expansion valve 2
DAC data acquisition system
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