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Abstract: In this paper, irreversibility analysis of an ejector refrigeration system (ERS) is carried 

out using modified Gouy-Stodola formulation that incorporates the use of an effective temperature 
unlike the surrounding temperature employed in classical Gouy-Stodola equation for the 
irreversibility determination. The components of any system do not transfer heat at surrounding 
temperature all the times and thus some error is involved in the analysis, as the conventional equation 
calculates irreversibility using the surrounding temperature. The use of effective temperature 
provides more accurate measurement of exergy destruction. R1234ze is the refrigerant in this study 
due to its low Global Warming Potential (GWP) and zero Ozone Depletion Potential (ODP) and is 
compared with its counterpart R134a. The study is conducted for a fixed 10 kW cooling system. The 
coefficient of performance (COP) is found to increase by 15.93% and 11.68% for R1234ze and 
R134a respectively with the change in generator temperature from 91°C to 99°C. However, the drop 
in COP is 52.38% and 58.54% for R1234ze and R134a respectively with increase in condenser 
temperature from 32°C to 40°C. It shows that R1234ze performs better than R134a. Due to the 
highest coefficient of structural bonding (CSB) value in the evaporator, the change in total 
irreversibility is particularly susceptible to changes in evaporator temperature. 

 
Keywords: Exergy, irreversibility, effective temperature, ejector refrigeration system, coefficient 

of structural bonds. 
 

1.  Introduction  
A vapor compression refrigeration system (VCRS) is 

mostly used in various cooling applications, but it has a 
significant downside that it requires a large amount of 
electrical energy to run its compressor. Thus it causes the 
power plants to burn more and more fossil fuel to generate 
more electricity and the adverse outcomes are more 
carbon emissions and greenhouse effect. In contrast, the 
electricity consumption is negligible in ejector 
refrigeration system (ERS) wherein an ejector substitutes 
the mechanical compressor. The ERS needs heat at low 
temperature that can be supplied managing solar heat 
systems, geothermal wells, bio-gasifiers etc. at a very low 
cost. The benefits include cost saving, long life, no 
moving parts but the pump, and ease of construction. 
Though vapour absorption system is also a heat driven 
system but it captures a little market due to its bulky size, 
high investment cost, and mainly the requirement of heat 
energy in abundance at high temperature. Keenan et al. 1) 
proposed the ejector theory in 1950 that has been serving 
as the foundation for various ejector models till now. 
Huang et al. 2) performed 1-D study assuming constant-

pressure mixing model taking R141b working fluid. They 
validated their numerical model with the experiments 
conducted with 11 different ejectors and mainly verified 
the entrainment ratio (µ) of ejector. Selvaraju and Mani 3) 
experimented ERS with R134a and concluded that raising 
the generator temperature improved coefficient of 
performance (COP), entrainment ratio (µ) and cooling 
capacity up to a certain extent but degraded thereafter. So 
there exists a single generator temperature for the 
specified condenser & evaporator temperatures at which 
the COP is maximum. Sankarlal and Mani 4) experimented 
ERS with ammonia and concluded that increasing the 
expansion ratio and area ratio improved µ and COP. The 
expansion ratio is the ratio of generator to evaporator 
pressures. Chen et al. 5) evaluated optimum performance 
and ejector area ratio of ERS. They concluded that 
increase in evaporator and generator temperatures do 
improve the entrainment ratio but the rise in condenser 
temperature drops the entrainment ratio. A compressor, a 
gas cooler, and one turboexpander are added between the 
secondary inlet flow of the ejector and the evaporator in 
Purjam et. al. 6) simulation of the modified ejector 
refrigeration cycle. The modified system obtained the 
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maximum COP 1.342 at fixed sink and source temperature 
303K and 233K respectively. Yan et al. 7) worked 
experimentally on an R134a ejector refrigeration system 
and found that when back pressure was less than critical 
back pressure, the ejector worked at the optimum 
performance. The ejector managed to operate in single 
choking mode till the critical back pressure. They also 
concluded that the critical back pressure got improved 
with the rise in motive fluid pressure but fixed secondary 
fluid pressure; however, it decreased the maximum 
entrainment ratio. Kumar and Sachdeva8,9) performed 
experiments with different size of ejectors at same 
designed conditions and predicted that the system 
performed better at the optimum ejector area ratio. 
Researchers10,11) used steam and R123 in an experimental 
analysis of the ejector cooling system under various 
operating conditions, and they found COP between 0.17 
and 0.5. Similar experiment was conducted by Sag and 
Ersoy 12). They investigated the effect of external fluid 
temperature of condenser and found the COP 
improvement from 5.1 to 12.6% at 2.3mm throat diameter. 
Kitrattana13) analysed one-dimensional ejector model 
considering real fluid properties and further compared 
with Keenan et al. 1)  model. Sharma et al. 14) obtained 
COP of ECS between 0.13-0.33 at the generator 
temperature 90℃ while varying condenser and evaporator 
temperatures in the range of 33-35℃ and 0-4℃, 
respectively using R1234yf as refrigerant.  

George Andrian Untea et al. 15) performed 1st and 2nd 
law analyses of ERS with water, methanol, NH3, and 
R134a and obtained 0.48 as the maximum COP with water. 
Operating the system at generator 140°C, condenser 30°C 
and evaporator 5°C provided 8.5% exergetic efficiency. 
The maximum 2nd law efficiency was found to be 53.32% 
with R134a at condenser 30°C and evaporator 5°C. 
Exergy evaluations of ERS using various refrigerants 
were done by Baruah et al. 16). Pridasawas et al. 17) 
executed exergy analysis of the ERS with butane and 
found the maximum irreversibility in ejector. Paridasawas 
findings were later verified by Alexis 18) who worked with 
water as a refrigerant. The results obtained by Dahmani et 
al. 19) manifested that a major portion of the availability 
destruction occurred in ejector with R134a refrigerant. 
The exergy analyses done by these researchers were based 
on the conventional Gouy-Stodola equation. Chen et al. 20) 
conducted advanced exergy analysis of ERS. The analysis 
divided the exergy loss into endogenous and exogenous 
components. They observed that 35% of the total exergy 
loss could be prevented. Chen et al. 21) evaluated the ERS 
with five environment friendly refrigerants R600, R600a, 
R601a, R1233zd(E) and R1234ze(E).  

Researchers22,23) have also examined transcritical 
ejector cycles with CO2 as a working fluid. It is a cycle in 
which working fluid passes through both sub-critical and 
supercritical states. Deng et al. 24) investigated a 
transcritical CO2 cooling cycle employing an ejector and 
concluded that relative to the standard cycle, an ejector 

reduced 23% of the total exergy destruction. Yari M25) 
obtained 12.5–21% higher COP with a transcritical CO2 
refrigeration cycle in comparison to a conventional 2-
stage refrigeration system. Liu et al. 26) carried out 
conventional and advanced exergy analyses of 
transcritical CO2 ERS coupled with subcooler. It reduced 
the exergy destruction from 89.44% to 56.36% by 
improving the components. Daqing et al. 27) and Goa et al. 
28) also obtained COP improvement of 16% and 29% with 
the ejector-expansion cycle as compared to the 
conventional cycle. Many researcher29,30) was performed 
experiments obtained that COP increased from 3-7% 
compare to basic ERS cycle. 

The analyses of ERS on the basis of energy 
conservation have been carried out by many researchers 
either with the natural refrigerants or sub-critical 
refrigerants but having high ODP and GWP which are 
going to be discontinued soon. The ejector refrigeration 
system needs to be evaluated with the new refrigerants 
having environment friendly properties. The refrigerant 
R1234ze considered in this study is amongst those 
refrigerants. Moreover, the irreversibility determined by 
the conventional Gouy-Stodola equation may conclude 
some wrong observations about the components of a 
system. This study focuses on the modified Gouy-Stodola 
formulation which is more realistic and accurate. 

To determine system loss and potential of improvement, 
exergy analysis is crucial31). In practice, all 
thermodynamic processes are irreversible and the 
irreversible loss is computed using conventional Gouy-
Stodola theorem: 

          İ = T0Ṡgen                 (1) 

where T0 represents surrounding temperature in K and 
Ṡgen represents rate of entropy generation in kJ/kg-K 
during the process. 

Eq. 1 is valid if a system exchanges heat with the 
surroundings only. However, if the systems transfer heat 
at temperature different than the surrounding temperature, 
Eq. 1 does not give the realistic values of irreversibility 
32) . Holmberg et al. 32) found contradictive results in an 
industrial process of a CHP plant. They found that the 
actual power loss in the process is greater in winter than 
the summer when it was calculated by the modified 
method, however, the power was found to be higher in 
summer when calculated by the conventional Gouy-
Stodola equation. Lampinen and Wiksten33) used effective 
temperature in Eq. 1, instead of surrounding temperature 
to obtain more realistic results. Perera et. al. 34)  
developed an experimental setup for cooling based on 
vapor compression system and predicted the highest 
exergy destruction in compressor with R410a as working 
fluid. Vaibhav et al. 35,36) performed exergy investigation 
of a cascaded vapor compression–absorption cooling 
cycle considering modified formulation. Sachdeva and 
Sharma37,38) did the exergy analysis of an ERS based on 
conventional and modified Gouy-Stodala equation and 
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predicted that ejector showed highest irreversibility at the 
designed conditions.  

Lampinen and Wiksten33) proposed modification in the 
Gouy-Stodola equation as under: 

         Wmax − W = TeffṠ̇gen            (2) 

where Wmax is the maximum work in kW; W is the 
actual work in kW; and Teff is the effective temperature 
in K. 

 The energy balance for a fluid flow is given by: 

           W = ṁ(h1 − h2) + Q            (3) 

where W  is the actual work in kW; h1  &  h2 
represent specific enthalpies at inlet and outlet 
respectively in kJ/kg; and Q is the net heat supplied to the 
cycle in kW. 

From the second law of thermodynamics 

         ṁ(s2 − s1) = ∫ dQ
T

2
1 + Ṡ̇gen          (4) 

where s1 and s2 represent specific entropies at inlet and 
outlet respectively in kJ/kg-K; and T is the boundary 
temperature in K. 

In a reversible process, there is no entropy generation, 
thus- 

       Wmax = ṁ(h1 − h2r) + Q             (5) 

         ṁ(s2r − s1) = ∫ dQ
T

2
1                (6) 

where h2r and s2r are enthalpy and entropy respectively 
after a reversible process. 

Lampinen and Wiksten33) provided the integral of 

∫ dQ
T

2
1  as under 

Q
Teff

= ∫ dQ
T

2
1      (7) 

By subtracting Eq. 3 from Eq. 5 and on further solving 

Wmax − W = ṁ(h2 − h2r)    (8) 

 
Substitute Eq. 6 in Eq. 4 and on solving 

Ṡgen = ṁ(s2 − s2r)    (9) 
Substituting Eq. 8 and 9 in Eq. 2, the effective 

temperature formulation is as under 32). 

     Teff =  h2−h2r
s2−s2r

                (10) 

The effective temperature (Teff) formulation can be 
presented in terms of temperatures for the ideal gases32). 

Teff = T2−T2r
ln T2
T2r

    (11) 

where T2r represents outlet temperature considering the 
process to be reversible and T2 is the actual outlet 
temperature in K. 

In this paper, the modified approach is used to calculate 
irreversibility in each component of the ERS and the 
outcomes are compared with those found by the 
conventional equation. The working fluids are R1234ze 
and R134a. The irreversibility of the components varies 
with the operating parameters and the change in total 
irreversibility of system due to the change in 
irreversibility of one component is better understood by 
the coefficient of structural bonds (CSB). It has been 
presented in a lucid manner in the present study. The CSB 
analysis finds the component whose operating variables 
make the system the most irreversible. 

 
2.  System description 

The ERS consists of generator, ejector, condenser, 
evaporator, throttling device and pump as depicted in Fig. 
1-a. The ejector somehow plays the role of a compressor 
in the system. It mainly comprises four geometrical 
sections i.e. convergent-divergent primary/motive nozzle, 
suction section, constant area segment (CAS) and diffuser. 
The vapor refrigerant exiting the generator at high 
pressure is called the primary fluid. It expands in the 
primary nozzle and thus pressure becomes lower at its exit 
than the pressure in evaporator. Consequently, the ejector 
sucks vapor exiting from the evaporator which is called 
the secondary fluid. After mixing of these fluid streams, 
the velocity of flow is still supersonic in the mixing 
section and gets reduced to subsonic because of the 
normal shock generation before entering to the diffuser 
section. The subsonic diffuser increases pressure of the 
refrigerant up to the condenser pressure. A part of the 
condensed liquid refrigerant goes into the evaporator 
through a throttling valve and there takes the cooling load. 
The other part is pumped to the generator and this way 
completes the cycle.  

In Fig. 1-b, process 1-e1 represents expansion of 
primary fluid in the nozzle at constant entropy and e1' 
represents the state point after considering isentropic 
efficiency of the nozzle. The process 6-e2 is the isentropic 
expansion of secondary fluid. The state point e3 represents 
the state of mixed fluid and e4 is the state of shock wave. 
The pressure recovery in the diffuser is shown by the 
process e4-2. The state 2ˊrepresents the state taking 
diffuser efficiency into account. The process 2-3 happens 
in the condenser and the pump raises pressure of the 
condensed refrigerant up to the generator pressure i.e. 
state point 4. The generator supplies heat to the refrigerant 
and transforms it into saturated vapor as per the state point 
1 and completes the primary cycle. The remaining part of 
the liquid at point 3 expands irreversibly in expansion 
device up to state 5 and provides cooling in the evaporator. 
At the exit of evaporator, the working fluid is saturated 
vapor and these vapor are sucked by the ejector and this 
way completes the secondary cycle.
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Fig. 1-a: Ejector Refrigeration System 
 

3.  Thermodynamic modeling and 
assumptions 
The below mentioned assumptions are considered to 

ease the analysis: 
I. Steady state conditions prevail at all the state points. 

II. Pressure drop and heat losses are negligible in heat 
exchangers and tubes.  

III. The velocity of primary and secondary flow at the 
inlet of ejector is negligible. 

IV. The velocity of the mixed flow coming out of the 
ejector is also neglected. 

V. The working fluid is saturated at the exit of generator, 
condenser, and evaporator. 

Thermodynamic modelling includes mass, energy and 
entropy balance as shown below. 

 
i. Mass conservation ∑ṁ𝑜𝑜𝑜𝑜𝑜𝑜 = ∑ṁ𝑖𝑖𝑖𝑖 

ii. Energy conservation ∑𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜  + ∑Ẇ𝑜𝑜𝑜𝑜𝑜𝑜 +
∑ṁ𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑜𝑜 = ∑𝑄𝑄𝑖𝑖𝑖𝑖  + ∑Ẇ𝑖𝑖𝑖𝑖 + ∑ṁ𝑖𝑖𝑖𝑖ℎ𝑖𝑖𝑖𝑖 

iii. Entropy generation∑ ṁsout = ∑ ṁsin + ∑ Q̇/
T + Ṡgen 

 
Table 1 provides the formulations to get effective 

temperature of all the components. The subscripts used in 
these equations are as per the state points depicted in 
figure 1-a. 

 

 
Fig. 1-b: T-s diagram of the ERS 
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Table 1: Effective temperature formulations 

S. No Component Effective Temperature Formulation 

1 Evaporator 
Ṡgen,Eva = ṁ6(s6 − s5) + ṁ11cpln 

T11
T12

 

0 = ṁ6(s6 − s5) + ṁ11cpln 
T11r
T12

 

Teff,Eva =
T11 − T11r

ln T11
T11r

 

2 Condenser 

 
Ṡgen,Con = ṁ2(s3 − s2) + ṁ10cpln 

T10
T9

 

0 = ṁ2(s3 − s2) + ṁ11cpln 
T10r
T9

 

 Teff,Con = T10−T10r
ln T10
T10r

 

3 Generator 
Ṡgen,Gen = ṁ1(s1 − s4) + ṁ7cpln 

T7
T8

 

0 = ṁ1(s1 − s4) + ṁ7cpln 
T7r
T8

 

 Teff,Gen = T7−T7r
ln T7
T7r

 

4 Pump Ṡgen,Pump = ṁ1(s4 − s3) 

T4r = T4 

Teff,Pump = T4r 

5 Ejector T2r = T2                

Teff,Eje = T2r 

6 Throttling Valve T5r = T5       

Teff,TV = T5r 

 
The exergy destruction of the system and its 

components has been related to the structural coefficients. 
If a small increase in the irreversibility rate of one 
component caused by the change in its operating 
temperature, results in a significant change in overall 
irreversibility of the cycle; it is preferred to put more 
efforts in designing that component. The CSB value is 
high for such components. Thus much focus must be made 
to enhance the performance of components having high 
CSB values. Nikolaidis and Probert39) and Gebreslassie et 
al. 40) defined CSB as Eq. 12. 

              σ𝑘𝑘 = [∂İt
∂xi

]/[ ∂İk
∂xi

]                 (12) 

Here İk is the irreversibility rate of kth component and xi 

is the variable that is varied in the component k. 
 
3.1  Governing equations: 

Thermodynamic equations used for the ejector are 
given below. Ideal gas behavior is assumed and subscripts 
used in these equations are according to the figure shown 
in 1-b. 

 
3.1.1  Primary/Motive flow 1-e1: 

Velocity of the primary fluid at the nozzle exit (ue1) is 
given by equations 13 and 14: 

  ue1 = �2ɳn(h1 − he1′)           (13) 

     he1ˊ = f(Pˊ, s1)          (14) 
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where Pˊ is the mixing pressure in the ejector.  
Isentropic efficiency of the nozzle is calculated by 
equation 15: 

       ηn =  h1−he1
h1−he1ˊ

                 (15)             

Mach number of the primary/motive flow at the nozzle 
outlet is managed by equation 16: 

 Ma𝑃𝑃𝑃𝑃,e1 =

⎣
⎢
⎢
⎢
⎡2ɳn��P1P′�

k−1
k −1�

k−1

⎦
⎥
⎥
⎥
⎤
1/2

         (16) 

3.1.2  Secondary flow 6-e2: 

The actual mixing pressure should be lower than the 
secondary pressure; however to simply the model, many 
researchers17,41) assumed the mixing pressure same as the 
secondary pressure. In the present analysis, mixing 
pressure is considered same as the exit pressure of primary 
fluid and it is lower than the evaporator pressure. The 
velocity of the secondary fluid at e2 is given by equation 
17 and 18: 
             ue2 = �2ɳn(h6 − he2)          (17) 

 

               he2 = f(Pˊ, s6)              (18) 
 

Mach number of secondary fluid at e1 is given by 42) 

equation 19:  

         MaSF,e1 =

⎣
⎢
⎢
⎢
⎡2��P6

P′
�
k−1
k −1�

k−1

⎦
⎥
⎥
⎥
⎤
1/2

   (19) 

3.1.3  Mixing process before shock (e1 & e2 to e3): 

Momentum balance as shown in equation 20 to get the 
mixing velocity: 

   ue3 = ue1+µ′u0
1+µ′

      (20) 
where µˊ is an assumed entrainment ratio of the ejector, 

defined as the ratio of the secondary mass flow rate to the 
primary mass flow rate. 

The mixing efficiency ɳm is stated in equation 21: 

   ηm = ue3
2

ue3ˊ
2     (21) 

The velocity and enthalpy of real mixing process (ue3, 
he3) are given by equations 22 to 2441): 

 
       ue3 = ue3ˊ(ηm)1/2 = ue1+µ′u0

1+µ′
(ηm)1/2  (22)                                                           

         he3 = h1+µ′h6
1+µ′

− ue3
2

2
        (23) 

          se3 = f(Pˊ, he3)   (24) 
 

The correlation between Critical Mach number Ma* 
and Mach number of motive and secondary fluid 
respectively is given by equations 25 and 26: 

Ma𝑃𝑃𝑃𝑃,e1
∗ = � MaGen,e1

2 (k+1)
MaGen,e1

2 (k−1)+2
�
1/2

and   

      Ma𝑆𝑆𝑆𝑆,e1
∗ = � MaEva,e1

2 (k+1)
MaEva,e1

2 (k−1)+2
�
1/2

         (25) 

The Critical Mach number at e3 considering mixing 
efficiency (ɳm) is managed in equation 26: 

 

    Mae3∗ = ηm
1/2

�MaPF,e1
∗ +µ′MaSF,e1

∗ �TEvaTGen
�
1/2

�

�(1+µ′)�1+µ′TEvaTGen
�

    (26) 

The Mach number at state e3 is given by equation 27:  
 

     Mae3 = � 2Mae3
∗ 2

(k+1)−Mae3
∗ 2(k−1)

�
1/2

      (27) 

 
3.1.4  Flow in the diffuser e3-2: 

Since the velocity at the outlet of diffuser is not 
considered, therefore enthalpy at the exit of diffuser (h2) 
is given as: 

h2 = he3 + ue3
2

2
    (28) 

         h2 = he3 +  h2′−he3
ɳd

        (29) 

   h2ˊ = f(𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶 , se3)    (30) 

 
where h2ˊ is the isentropically exit enthalpy of diffuser 

at condenser pressure. 
Diffuser efficiency ɳd is given by equation 31: 

    ηd =  h2′−he3
h2−he3

     (31) 

Entrainment ratio is obtained by managing equations 
13, 17, 28 and 31, that turns into equation 32 

 

     µ =
�2ɳn(h1−he1)−�2�h2′−he3�/(ɳdɳm) 

�2�h2′−he3�/(ɳdɳm) −�2(h6−he2)
   (32) 

Due to shock formation pressure increases and velocity 
decreases. Mach number and pressure at state e5 are 
written as equations 33 and 34 considering ideal gas 
behavior43):  
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      Mae4 = �
Mae3

2 +2/(k−1)

2kMae3
2 /(k−1)−1

�
1/2

            (33) 

    Pe4
Pe3

= 1+kMae3
2

1+kMae4
2        (34) 

Pressure recovery in the diffuser (e4-2) is given by 
equation 3543): 

 

PCon
ˊ

Pe4
= �(k−1)

2
Mae42 + 1�

k/(k−1)
  (35) 

 
where PConˊ  is the calculated ejector outlet pressure 

which is to be iterated to get the pressure equal to the 
condenser pressure. 
 
3.1.5  Area ratio and COP: 

The area ratio (AR) is stated as the ratio of area of 
constant area section to the primary nozzle throat area 
and it can be obtained using equation 36.  

 

AR =
Area of constant area section 

nozzle throat area
 

   𝐴𝐴𝐴𝐴 =
𝑃𝑃𝐺𝐺𝐺𝐺𝐺𝐺�(1+µ)�1+µTEvaTGen

� 2
k+1�

1
k−1�1− 2

k+1

PCon�
Pe4
PCon

�
1
k�1−�

Pe4
PCon

�
k−1
k

      (36) 

 
The entrainment ratio and COP of the cycle are found 

using equations 37 and 38 as under:   

      Entrainment Ratio, µ = ṁEva
ṁGen

   (37) 

COP = refrigerating effect produced in the evaporator 
heat added in the generator

=

               µ h6−h5
h1−h3

            (38) 

3.2  Computational procedure: 

Fig. 2 shows computational procedure adopted to 
analyze the system.  
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Fig. 2: Flow chart 

 
  

Calculate ue1 and ue2 using equations 13-15, 17-18 

Assume a value of µˊ 

Select refrigerant and Inputs: TGen, TCon, TEva, and ƞm, ƞn, ƞd, k 

Calculate P1, P6, h1, and h6  

Assume any value of P׳ 

Output: P֙׳, h; Calculate AR, µ and COP using equations 36-38 

Calculate MaPF,e1, MaSF,e1, Mae3, Mae4, Pe4 and Pˊc using 

equations 16,19, 25-27 and 33-35 

Calculate he3, h2 and µ using equations 20-24, 28-32 

 

|µ-µ’|≤x1 

|P3-P’c|≤x2 

 

NO 

NO 

YES 

YES 

Output: Sgen, Teff, and Irr. of each component by formulation used in Table 1 
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3.3  Model Validation 

The performance parameters i.e. COP, Area Ratio and 
Entrainment Ratio obtained using the current model have 
been validated with Saleh B. 44) for the refrigerant R134a. 
Table 2 shows that the variation of these parameters with 
respect to generator temperature are in coherence with the 
work44). The exergy destruction and exergetic efficiency 
of the components of ERS using conventional Gouy-
Stodola equation are also compared with the same 
determined by Chen et al. 20) for R245fa refrigerant. The 

exergy of the fuel and product45) are evaluated at generator, 
condenser and evaporator temperatures of 95°C, 35°C and 
8°C respectively. Exergy loss is the difference between the 
exergy of fuel and product. The ratio of the exergy of 
product and fuel is called exergetic efficiency. The current 
numerical analysis has been executed using Engineering 
Equation Solver (EES) 46). Table 3 shows that exergy 
destruction and exergetic efficiency of the components are 
almost same as obtained by Chen et al. 20) and thus 
validates the current model. 

 
Table 2. Comparison of results with Saleh B. 44) 

 Saleh B. 44) Current Model 
TGen (℃) COP µ AR COP µ AR 

70 0.06 0.073 2.96 0.075 0.083 2.44 
75 0.109 0.126 3.39 0.115 0.13 3.89 
80 0.15 0.173 3.87 0.159 0.185 4.24 
85 0.185 0.213 4.39 0.189 0.213 4.79 
90 0.215 0.243 4.95 0.214 0.239 5.02 
95 0.235 0.259 5.56 0.227 0.266 6.02 

100 0.239 0.301 6.57 0.243 0.293 6.59 
 

Table 3. Comparison of results with Chen et al. 20) 
               Chen et al. 20)            Current Model 

Components ĖF (kW) ĖP (kW) ĖD (kW) 𝛆𝛆 % ĖF (kW) ĖP (kW) ĖD (kW) ε% 
Generator 6.180 4.879 1.301 78.9 6.238 4.92 1.318 78.8 
Condenser 1.429 0.591 0.838 41.3 1.456 0.618 0.836 42.5 
Evaporator 0.604 0.437 0.167 72.4 0.599 0.4324 0.167 72.0 

Ejector 3.993 1.166 2.827 29.2 4.013 1.165 2.848 29.0 
Pump 0.123 0.093 0.03 75.6 0.125 0.094 0.03 75.0 

Throttling valve 0.742 0.631 0.111 85.0 0.7374 0.6269 0.110 85.0 
Total System 6.303 0.437 5.274 6.9 6.364 0.432 5.390 6.7 

 
4.  Results and discussion: 

The ERS has been designed for the input parameters 
stated in Table 4. The refrigeration capacity is kept fixed 
at 10 kW. Water is taken as external fluid in generator, 
condenser and evaporator. The model yielded values of 
the properties at all states points and mass flow rates of 
refrigerant and external fluids. These values are presented 
in Table 5. The COP and entrainment ratio obtained are 
0.273 and 0.274 for R1234ze and 0.246 and 0.219 for 
R134a respectively at the designed conditions. 

Table 6 shows exergy loss and exergetic efficiency of 
the system at the designed conditions. Here the exergy has 
been obtained using the conventional Gouy-Stodola 
method. The total exergy of the fuel is the exergy provided 

to generator and pump, and total exergy of the product is 
the exergy of evaporator. 

Accordingly, the exergy destruction and the exergetic 
efficiency of the system at the designed conditions for 
R1234ze are 11.14 kW and 1.4, while for R134a are 12.24 
kW and 1.2 respectively. Table 6 shows that more than 
half of the total exergy loss takes place in ejector followed 
by generator, condenser, evaporator, pump and throttling 
valve. Evaporator, throttling valve and pump have very 
little exergy destruction; together these have 5.7% and 
5.8% of the total exergy destruction with R1234ze and 
R134a respectively. Obviously, the exergetic efficiency of 
ejector is the lowest among all other components. It is 
18.8% and 17.3% for R1234ze and R134a respectively.  

 
Table 4. Input values at design conditions: 

Parameters Values 
Generator temperature (TGen in °C) 95 
Condenser temperature (TCon in °C) 36 
Evaporator temperature (TEva in °C) 10 
Inlet temperature of external fluid in generator (T8 in °C) 110 
Outlet temperature of external fluid in generator (T7 in °C) 105 
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Inlet temperature of external fluid in condenser (T9 in °C) 27 
Outlet temperature of external fluid in condenser (T10 in °C) 32 
Inlet temperature of external fluid in evaporator (T12 in °C) 23 
Outlet temperature of external fluid in evaporator (T11 in °C) 18 
Nozzle efficiency (ηn in %) 44) 90 
Diffuser efficiency (ηd in %) 44) 90 
Mixing efficiency (ηm in %) 44) 90 
Pump efficiency (ηPump in %) 75 
Ambient temperature (T0 in °C) 25 
Ambient pressure (P0 in kPa) 101.32 
Refrigeration Capacity (QEva in kW) 10 

 
Table 5. Mass flow rate and the Properties at state points: 

State 
Point 

T 
(°C) 

P (kPa)    ṁ (refrigerant) 
(kg/s) 

ṁ (water) (kg/s) h (kJ/kg) s (kJ/kg/K) 

 R1234ze R134a R1234ze R134a R1234ze R134a R1234ze R134a R1234ze R134a 
1 95 2740 3594 0.259 0.296 - - 427.6 272.3 1.669 0.853 
2 47.21 687.4 912.4 0.329 0.358 - - 419.7 269.3 1.719 0.916 
3 36 687.4 912.4 0.329 0.358 - - 248.5 102.3 1.170 0.376 
4 37.66 2740 3594 0.259 0.296 - - 252.3 105.4 1.172 0.378 
5 10 310.3 414.9 0.070 0.065 - - 248.5 102.3 1.177 0.383 
6 10 310.3 414.9 0.070 0.065 - - 391.0 256.2 1.675 0.926 
7 105 143.2 143.2 - - 2.146 2.338 440.2 440.2 1.363 1.363 
8 110 143.2 143.2 - - 2.146 2.338 461.3 461.3 1.419 1.419 
9 27 101.3 101.3 - - 2.678 2.886 113.1 113.1 0.394 0.394 

10 32 101.3 101.3 - - 2.678 2.886 134.0 134.0 0.464 0.464 
11 18 101.3 101.3 - - 0.478 0.478 75.47 75.47 0.267 0.267 
12 23 101.3 101.3 - - 0.478 0.478 96.39 96.39 0.338 0.338 

 
Table 6: Exergy destruction at the designed input conditions: 

Component ĖF,k (kW) ĖP,k (kW) ĖD,k (kW) ε (%) 
  R1234ze  R134a R1234ze R134a   R1234ze    R134a  R1234ze  R134a 

Generator 9.896 10.11 7.063 7.1 2.832 3.01 71.4 70.2 
Condenser 2.093 2.061 0.862 0.882 1.23 1.179 41.2 42.6 
Evaporator 0.518 0.524 0.148 0.08 0.370 0.444 28.6 25.15 

Ejector  5.891 6.061 1.108 1.053 4.783 5.008 18.8 17.4 
Pump 0.627 0.85 0.470 0.64 0.156 0.21 75.0 75 

Throttling 
valve 

0.684 0.684 0.544 0.55 0.139 
0.134 

79.5 79.9 

Total system 10.52 10.96 0.148 0.09 9.51 10.87 1.4 0.8 
 

Table 7: Effective temperature and exergy destruction comparison: 
Component  

Teff (K) 
ĖD,k (kW) 

(Gouy-Stodola) 
ĖD,k (kW) 

(Modified Gouy-Stodola) 
Difference in ĖD,k (kW) 

 
 R1234ze R134a R1234ze R134a R1234ze R134a R1234ze R134a 

Generator 380.7 380.7 3.166 3.575 4.045 4.568 27.7 27.7 
Condenser 302.5 302.5 1.293 1.319 1.312 1.339 1.5 1.5 
Evaporator 293.6 295.6 0.358 0.364 0.353 0.358 -1.4 -1.6 

Ejector 320.21 309 4.78 5.413 5.136 5.613 7.4 3.7 
Pump 310.66 311.24 0.151 0.217 0.157 0.226 3.9 4.2 

Throttling 
valve 

283 283 0.139 0.137 0.133 0.13 -4.3 -5.1 

Total 
system 

  9.88 11.03 11.14 12.24 12.7 10.9 
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Table 7 provides effective temperature and also 

compares exergy destruction obtained by the conventional 
and modified Gouy-Stodola equations at the designed 
input conditions. Both the methods confirm that the 
ejector has the highest exergy destruction, though the 
values obtained by the modified approach are higher. In 
the conventional approach, irreversibility loss in the 
evaporator and throttling valve is more as compared to the 
new equation, as their effective temperatures are lower as 
compared to the surrounding temperature. The total 
irreversibility rate in ERS calculated by modified analysis 
is 11.14 kW and 12.24 kW for R1234ze and R134a 
respectively. It is 12.7% higher with R1234ze and 10.9% 
higher with R134a when calculated by the conventional 
equation. This study clearly reveals the difference 
between the two approaches of exergy analysis. 

 
4.1  Performance parameters and area ratio with the 

generator temperature: 
Fig. 3 highlights the impact of varying the generator 

temperature on performance parameters i.e. COP, 
Entrainment Ratio (µ) and area ratio (AR). The other input 
conditions are kept same as the designed conditions stated 
in table 4. Figure 3 shows that there is enhancement in 
COP, µ and area ratio with the rise in generator 
temperature. 

The rise in generator temperature drops the requirement 
of primary/motive flow rate. However, the secondary 
mass flow rate remains constant for the fixed cooling 
capacity and other inputs parameters. It increases µ and 
COP. The AR of ejector extends to accommodate the high-
pressure primary fluid expansion up to the same back 
pressure. The AR at designed conditions is 5.971 for 
R1234ze and 5.761 for R134a and it changes to 6.568 for 
R1234ze and 6.26 for R134a at 99°C generator 
temperature. The COP and µ are increased by 15.9% and 
14.7% respectively for R1234ze with the change in 
generator temperature from 91°C to 99°C and for the same 
temperature range; COP and µ for R134a are increased by 
12.9% and 8.1% respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: COP, µ and AR with the generator temperature
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Fig. 4: COP, µ and AR with the condenser temperature 

 

Fig. 5: COP, µ and AR with the evaporator temperature 

4.2  Performance parameters and area ratio with the 
condenser temperature: 

Fig. 4 depicts the effect of condenser temperature on 
COP, µ and AR. The other input conditions are kept same 
as mentioned in table 4. The graph shows that COP, µ and 
AR are decreased as the condenser temperature is 
increased. The rise in condenser temperature raises both 
the primary and secondary fluid mass flow rate. However, 
the increase in primary mass flow rate is more than the 
secondary mass flow rate, thus µ is decreased, hence COP. 

The AR of the ejector gets reduced to attain more 
velocity of mixing that is utilized to meet high-pressure 
condenser requirements. At 40°C, the area ratio is 5.053 
for R1234ze and 4.9 for R134a. The COP and µ are found 
to decrease by 52.4% and 55.5% for R1234ze; and 61.6% 
and 59.8% for R134a, respectively, with the rise in 
condenser temperature from 36°C to 44°C. 

 

4.3  Performance parameters and area ratio with the 
evaporator temperature: 

Fig. 5 shows that COP, µ, and AR are increased with the 
evaporator temperature. Increasing the evaporator 
temperature lowers the primary and secondary fluid mass 
flow rates. However, the decrease in primary mass flow 
rate is more than the secondary mass flow rate, thus, µ is 
increased, hence COP. The AR of ejector is found to 
decrease with the rise in evaporator temperature. At 14°C, 
the area ratio is 6.1 for R1234ze and 5.9 for R134a. The 
COP and µ are increased by 21.3% and 23.8% for 
R1234ze; and 28.6% and 25.6% for R134a respectively, 
with the change in evaporator temperature from 8°C to 
14°C. 
 
4.4  Irreversibility in the generator with its 

temperature: 
Fig. 6 illustrates the variation of irreversibility and 
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exergetic efficiency of generator with respect to its own 
temperature. Other input parameters are same as shown in 
table 4. The figure shows that the irreversibility of the 
generator is decreased; therefore, exergetic efficiency is 
enhanced with the rise in generator temperature. The trend 
of irreversibility variation is same with both the equations, 
but the irreversibility calculated by the conventional 
method is 21.7% under estimated than the modified 
method for R1234ze.  

Increasing generator temperature lowered entropy 
generation because of the drop in the flow rate of primary 
and external fluids. At 91°C, the irreversibility obtained 
by the conventional and the modified Gouy-Stodola 
equations are 3.67 kW and 4.69 kW respectively for 
R1234ze; and 4.01 kW and 5.54 kW respectively for 
R134a. At the designed conditions, these values are 3.16 
kW and 4.04 kW respectively for R1234ze; and 3.57 kW 
and 4.56 kW respectively for R134a. The exergy of 
product and fuel is found to decrease due to the drop in 
flow rate of primary and external fluids with the increase 
in generator temperature. It increased the exergetic 
efficiency. The exergetic efficiency is increased by 3.5% 

for R134a and 5.6% for R1234ze with the change in 
generator temperature from 91°C to 99°C. 

 
4.5  Irreversibility in the condenser with its 

temperature: 
Fig. 7 illustrates the trend of irreversibility and 

exergetic efficiency of the condenser with respect to its 
temperature. The figure shows that the irreversibility is 
increased, and so exergetic efficiency is reduced if the 
condenser temperature is increased. The trend of 
irreversibility variation is same with both the equations, 
and there is not a big difference in the values as well. 
Increasing condenser temperature enhanced the entropy 
generation due to the increase in mass flow rates of mixed 
fluid and external fluid. The irreversibility calculated by 
the modified method is only 1.5% higher than the 
conventional method for both the refrigerants R134a and 
R1234ze. The maximum exergetic efficiency is 0.4% for 
R134a and 0.4% for R1234ze at 36°C condenser 
temperature. 

 

Fig. 6: Irreversibility in the generator with its temperature 
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Fig. 7: Irreversibility in the condenser with its temperature 

 

 

Fig. 8: Irreversibility in the evaporator with its temperature 
 

 
4.6  Irreversibility in the evaporator with its 

temperature: 
Fig. 8 presents the variation of irreversibility loss and 

the exergetic efficiency of evaporator with its temperature. 
The figure shows that the irreversibility is decreased, and 
thus exergetic efficiency is improved with the rise in 
evaporator temperature. Enhancing evaporator 
temperature decreases the exergy of fuel, as the secondary 
fluid flow rate decreases, but the exergy of the product 
remains constant due to constant external fluid mass flow 
rate; thus exergetic efficiency is increased. Increasing 
evaporator temperature decreased the entropy generation 
reason being the decrease in secondary fluid mass flow 
rate and so the irreversibility. The irreversibility 
calculated by the modified method is 1.65% and 1.4% 
underestimated for R134a and R1234ze respectively than 

the conventional method. The exergetic efficiency is 
increased by 59.1% for R134a and 59.4% for R1234ze 
respectively with the rise in generator temperature from 
8℃ to 14°C. 
 
4.7  Irreversibility in the ejector with the generator 

temperature: 
Fig. 9 provides the variation of irreversibility loss in 

ejector with the generator temperature keeping other 
parameters constant as shown in table 4. It shows that the 
increase in generator temperature lowers the 
irreversibility of ejector.  

Raising the generator temperature decreased entropy of 
the mixed fluid and that of the primary fluid while the 
entropy of the secondary fluid remained constant. It 
lowered the entropy generation of ejector and hence 
irreversibility rate. At designed conditions, i.e. 95°C 
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generator temperature, the values of IEje, IEje,m are 4.78 kW 
and 5.14 kW respectively for R1234ze; and 5.413 kW and 
5.613 kW respectively for R134a. The irreversibility 
calculated by conventional and modified methods is 
decreased by 4.6% and 4.9% respectively for R1234ze 
and 5.4% and 5.5% respectively for R134a with the 
change in generator temperature from 91°C to 99°C. 

 
4.8  Irreversibility in the ejector with the condenser 

temperature: 
Fig. 10 presents the outcome of condenser temperature 

variation on the irreversibility of ejector, keeping all other 
parameters constant. It shows that the increase in 

condenser temperature enhances the irreversibility of 
ejector. 

Increasing the condenser temperature is found to 
increase the entropy of mixed, primary and secondary 
fluids due to the rise in their mass flow rates. The effective 
temperature is also increased; therefore, entropy 
generation of the ejector is increased, and thus the 
irreversibility rate. At designed conditions, irreversibility 
determined by the modified method is 7.5% and 3.7% 
more than that determined by the traditional method for 
R1234ze and R134a respectively. 
 

 

 

Fig.9: Irreversibility in the ejector with the generator temperature 

 

 

Fig.10: Irreversibility in the ejector with the condenser temperature 
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Fig.11: Irreversibility in the ejector with the evaporator temperature 

 
4.9  Irreversibility in the ejector with the evaporator 

temperature: 
Fig. 11 shows that rise in evaporator temperature 

reduces the irreversibility loss in ejector. The entropy of 
mixed fluid and of primary and secondary fluids is 
decreased and also the effective temperature; therefore, 
the irreversibility rate is decreased. The irreversibility 
determined by the modified approach is found to be 7.4% 
and 3.7% higher for R134a and R1234ze respectively than 
the conventional approach when the evaporator 
temperature is raised from 8°C to 14°C. At the designed 
conditions, the ejector irreversibility determined by the 
conventional and modified equations are 4.78kW and 
5.14kW respectively for R1234ze; and 5.413kW and 
5.613kW respectively for R134a. 

 
4.10  CSB of the generator: 

Fig. 12 shows that the total irreversibility calculated by 
the modified method and the irreversibility of generator 
itself is decreased with the increase in generator 
temperature. Moreover, the slopes of the curves indicate 
that the change in total irreversibility is 1.56 and 1.54 
times higher than the change in irreversibility of the 
generator due to its temperature for R1234ze and R134a 
respectively. The higher the value of slope i.e. CSB means 

higher the sensitivity of system due to the change in the 
parameter considered. 
 
4.11  CSB of the condenser: 

Fig. 13 depicts that total irreversibility and 
irreversibility of condenser itself are increased with the 
increase in condenser temperature. The CSB is 4.14 and 
4.26 with the condenser temperature change for R1234ze 
and R134a respectively. The total irreversibility of system 
and condenser are increased by 168.3% and 326.7% 
respectively for R1234ze with the change in condenser 
temperature from 36℃ to 44℃. 

 
4.12  CSB of the evaporator: 

Fig. 14 shows that the total irreversibility and the 
irreversibility of evaporator are decreased with the rise in 
evaporator temperature. The CSB is 15.59 and 20.51 with 
the evaporator temperature change for R1234ze and 
R134a respectively. It means that a little change in the 
temperature of evaporator makes the system more 
irreversible in comparison to the same change in the 
temperatures of condenser or generator. The total 
irreversibility of system and evaporator is decreased by 
23.5% and 50.9% respectively for R1234ze with the 
variation of evaporator temperature from 8℃ to 14℃. 
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Fig.12: Total irreversibility with the generator temperature  

 

 
Fig.13: Total irreversibility with the condenser temperature 

 

 
Fig.14: Total irreversibility with the evaporator temperature 
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5.  Conclusions:  

This paper presents the exergy analysis of ERS for a 
relatively new ecofriendly refrigerant R1234ze using the 
modified Gouy-Stodola formulation. The theory of 
effective temperature has been applied to calculate the 
irreversibility rate of the system components. 

• Total exergy loss calculated by the conventional 
Guoy-Stodola equation is 10.4 kW, whereas it is 
11.62 kW by the modified Gouy-Stodola 
equation for R1234ze as working fluid, whereas 
these values are 11.65 kW and 12.83kW 
respectively for R134a. 

• The ejector has the highest irreversibility, 
followed by generator, condenser, evaporator, 
pump and throttling valve. 

• The COP is increased by 15.93% for R1234ze 
with the change in generator temperature from 
91°C to 99°C and for the same temperature range, 
COP is increased by 12.9% for R134a. The COP 
is decreased by 52.4% for R1234ze but 61.6% 
for R134a with the rise in condenser temperature 
from 32°C to 40°C. It is concluded that R1234ze 
performs better than R134a. 

• The CSB values for generator, condenser and 
evaporator are 1.62, 4.14, and 15.59 respectively 
for R1234ze and 1.64, 4.26 and 20.5 respectively 
for R134a. The evaporator is found to be more 
sensitive to changes in its temperature due to the 
highest CSB value. 

 
Nomenclature 

AR 
COP 
CSB 
ERS 
GWP 
ODP 
Ma 
VCRS 

Area ratio (-) 
coefficient of performance (–) 
Coefficient of structural bonds (-) 
Ejector refrigeration system (-) 
Global warming potential (-) 
Ozone depletion potential (-) 
Mach Number (-) 
Vapor compression refrigeration system (-) 
 

Greek symbols 
µ 
ε 
 

Entrainment ratio (-) 
Exergetic efficiency (%) 
 

Subscripts 
Con 
D 
eff 
Eje 
Eva 
F 
Gen 

Condenser 
Destruction 
Effective 
Ejector 
Evaporator 
Fuel 
Generator 

gen 
in 
m 
max 
mod 
n 
out 
P 
Pump 
r 
TV 
tot 
1,2,3.. 
e1,e2,e3…. 

0 

generation  
Inlet state 
Mixing 
Maximum 
Modified 
Nozzle 
Outlet state 
Product 
Pump 
Reversible process 
Throttling Valve 
Total 
State points 
State points inside the ejector 
Ambient condition 
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