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ABSTRACT  
 

This paper presents the first law analysis of a coupled power-refrigeration cycle which 
eliminates the requirement of electrical power for driving the compressor of the vapour 
compression refrigeration cycle. The coupled cycle which uses R-134a as working fluid in 
the topping power and bottoming refrigeration loop have been assessed with different 
combinations such as cycle with recuperator, reheater and economizer with a view to 
augment the performance. At the condenser temperature range of 30-42oC, the COP of the 
coupled with the introduction of the recuperator, increased by 60% and in the cycle with 
recuperator, reheater and economizer, it increased by 80%. It is found that at elevated 
condenser temperatures, the decrease in COP and increase in mass flow rate in power cycle 
can be compensated by increasing the temperature of the refrigerant vapours at the inlet of 
the turbine at the same pressure.  
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INTRODUCTION 
India has a total installed generation 

capacity of 1, 45,000 MW as on July 31, 
2008. Out of this quantity almost 9% goes 
towards the heating, refrigerating and air 
conditioning requirements which amount to 
about 13,000 MW.1 It is known that the 
generation of cold in refrigerators, air 
conditioners and chillers is a much more 
complex operation as compared to heating.  
Therefore a substantial amount of savings 
can be achieved by modifying or improving 

the system efficiencies in refrigerating and 
air conditioning industries. 

Creation of cold in a system requires the 
reduction of entropy of a cold body by a 
series of thermo-mechanical or thermo-
chemical processes. Creation of cold in a 
tropical country like India is much more 
valuable as it can accomplish vital tasks such 
as food preservation or cold chain for life 
saving medicines. Absorption refrigeration 
systems using low grade heat are 
recommended for multi kilowatt power 
ranges as against smaller applications due to * Author for correspondence 
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poor efficiencies.  The Organic Rankine 
Cycle (ORC) is a promising process for 
conversion of low and medium temperature 
heat to electricity.2,3 Due to the great 
advantage of the ORC to use renewable 
energies, many innovative concepts coupling 
the ORC processes are being developed. One 
such system is a coupled organic rankine and 
compression refrigeration cycle which 
completely eliminates the requirement of 
electrical power for driving the compressor. 
The coupled cycle uses the same working 
medium in topping power loop and 
bottoming refrigeration loop. The ratio of the 
fluid flows through the two loops allows the 
turbine to produce just enough power to 
drive the compressor. The two exiting 
streams mix and enter the condenser. Using 
such a cycle would lead to great savings as 
the vapor turbine could be made to drive the 
compressor of the refrigeration cycle and the 
boiler feed pump.4,6   

Chlorofluorocarbon (CFC) compounds, 
especially R-11 (trichlorofluoromethane) and 
R-12 (dichlorodifluoromethane) that boil and 
condense at convenient combinations of 
pressure and saturation temperature were 
commonly used as working medium in the 
past. The CFCs decompose in the 
stratosphere, however, and the chlorine 
released can destroy the ozone layer that 
shields the surface of the earth from 
ultraviolet radiation. CFCs are being phased 
out under the Montreal Protocol. The 
replacement fluids for R-11 and R-12 are the 
halogenated ethane R-123 (1, 1, dichloro-2, 
2, 2-trifluoroethane) and R-134a (1, 1, 1, 2-
tetrafluoroethane). R-134a does not contain 
the chlorine responsible for ozone depletion; 
the chlorine in R-123 has only 2% of the 

ozone depletion potential of traditional CFCs 
because its lifetime in the atmosphere is 
much shorter. R-123 is supposed to be 
phased out by 2040 in developing 
countries6,7. R-134a is widely used in 
chillers. Therefore, R-134a is considered as a 
working medium in the present paper. 

The objectives of this paper is to make 
the first law analysis i.e. an energy analysis 
of a coupled power refrigeration cycle along 
with performance augmentation modificat-
ions to provide an efficient, alternative cool-
ing technology using renewable energy 
sources for its operation.  

Coupled power-refrigeration cycle 
Assumptions 

To simplify the analysis, following 
assumptions are made: 

1. The control volume is at steady state. 

2. The effects of motion and gravity can be 
ignored. 

3. No pressure drop is considered in 
evaporator, condenser, recuperator, reh-
eater and economizer. 

4. The isentropic efficiencies of compre-
ssor, turbine and pump are assumed 
constant within realistic limits. 

5. Condenser has given outlet sub cooling 
of 5oC to avoid cavitation in the boiler 
feed pump. 

6. The refrigerant vapours are dry-saturated 
at the suction of the compressor. 

7. Heat exchange between the system and 
surroundings, other than that prescribed 
by heat transfer at the evaporator, 
condenser, boiler and reheater does not 
occur.  
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MATERIAL AND METHODS 
In a coupled power refrigeration cycle 

having topping power and bottoming 
refrigeration loop, thermodynamic states are 
located taking input data into account. 
Thermodynamic models for the coupled 
cycles is developed on the basis of mass 
balance, energy balance and equilibrium 
relationships to determine the mass flow, 
heat supplied and coefficient of performance. 
Simulation is carried out by an algorithm in 
C++ to compute the performance parameters 
for parametric study and performance 
evaluation of the system. Analysis is based 
on the first law of thermodynamics which for 

a control volume under steady state, steady 
flow is given below 
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Coupled Power-Refrigeration Base Cycle 

The schematic and T-s diagram of the base 
cycle is shown in Fig. 1 and Fig .2 
respectively. Organic Rankine Cycle and the 
refrigeration cycle share a common condenser. 
The turbine of the Organic Rankine Cycle is 
connected to the compressor of the 
refrigeration cycle by a shaft.  

 
   

 
Fig. 1 :  Schematic diagram of coupled power-

refrigeration base cycle 

 
Fig. 2 :  T-S diagram of coupled power-refrigeration 

base cycle 
 
Thermodynamic Model 

Refer to the T-s diagram of the base 
cycle as shown in Fig. 2. Refrigerant 
properties are computed by refrigerant tables 
and charts including air conditioning data8. 
the ratio of the fluid flows through the power 
and refrigeration loop allows the turbine to  

produce just enough power to drive the 
compressor. Therefore,  

)(
)(

87

12

hh
hh

m
m

r

t




  ………….. (2)                                                                                           

Work required by the pump 
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Mass flow rate of the refrigerant in the 
bottoming refrigeration loop, 

)(
5.3

41 hh
TRm r 

  …...................... (4)       

COP of the refrigeration cycle is the ratio of 
the cooling produced to the input energy 
required to operate the system which is the 
heat supplied in the boiler for the coupled 
power-refrigeration cycle. Therefore,  
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Assuming that pump shaft is connected to 
the turbine, additional heat to produce the  

required pump work, 
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 Modified COP of the base cycle considering 
the pump work is as follows, 
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  Total heat supplied in the boiler, 
addtH QhhmQ  )([ 67 ]…………… (8) 

The values of the input data for the analysis of 
base cycle are summarized in Table 1. 

 
Table 1 : Input data for the coupled power-refrigeration base cycle 

 
Coupled power-refrigeration cycle with 
recuperator 

To recover the energy at the exit of the 
turbine, a recuperator is installed between the 
boiler feed pump and boiler. The installation 
of recuperator maximizes the temperature  

difference of two heat exchanging fluids. 
The working fluid at the outlet of the boiler 
feed pump is heated by the turbine exhaust, 
increasing the mean temperature of heat 
addition and reducing the heat to be supplied 
in the boiler, thus improving the perfor -
mance. Thermodynamic model for the 

Saturation temperature of condenser CT  30-42oC 

Subcooling at the condenser subT  5oC 

Isentropic efficiency of boiler feed pump p  0.7 

Boiler pressure bp  4-8 MPa 

Boiler exit temperature bT  220-300oC 

Isentropic efficiency of turbine t  0.8 

Saturation temperature of evaporator eT  6oC 

Isentropic efficiency of compressor c  0.73 
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coupled cycle with recuperator is not pres -
ented as this cycle is basically the same as 

base cycle except for the addition of the 
recuperator as shown in Fig. 3. 

 

 
Fig. 3 :  Schematic diagram of coupled power-refrigeration cycle with recuperator 

Coupled power-refrigeration cycle with recuperator, reheater and economizer 
 The schematic and T-s diagrams for 
coupled power -refrigeration  cycle   with  

recuperator, reheater and economizer are 
shown in Fig. 4 and Fig. 5 respectively.

  

 
Fig. 4 : Schematic diagram of coupled power-
refrigeration cycle with recuperator, reheater and 
economizer 
 

 
Fig. 5 : T-S diagram of coupled power-refrigeration 
cycle with recuperator, reheater and economizer 
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Thermodynamic Model 
Refer to the corresponding T-s diagram as 
shown in Fig. 5.  Thermodynamic states at 
all salient points are located considering the 
input data by refrigerant tables and charts 
including air conditioning data8. Dryness 
fraction at the outlet of throttling process 5-6 
in the first expansion valve, 
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For unit mass flow in the evaporator, the 
mass flow in the second stage compressor,  
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The cycle is analyzed in the ranges of the  

boiler exit pressure and temperature values 
with the constraint of the same boiler and 
reheater exit temperatures. The detailed input 
values used in the cycle analysis are 
summarized in Table 2. 

In the coupled cycle with recuperator, 
reheater and economizer, the discharge 
pressure of the first stage turbine is one of 
the critical parameters for modified COP 
improvement. The optimum value of the first 
stage turbine exit pressure is calculated for 
each given boiler exit pressure and 
temperature using the following relation9,10 

brh pp 25.0 ……………………(11) 

Table 2 : Input data for coupled power-refrigeration cycle with recuperator, reheater 
and economizer 

Saturation temperature of evaporator eT  6oC 
Isentropic efficiency of I stage compressor 1c  0.73 
Saturation temperature of economizer econT  25oC 
Isentropic efficiency of II stage compressor 2c  0.77 
Saturation temperature of condenser CT  30-42oC 
Sub cooling of the condenser c 5oC 
Isentropic efficiency of boiler feed pump p  0.7 
Effectiveness of recuperator   0.7-0.9 
Boiler exit temperature bT  220-300oC 
Boiler pressure bp  4-8 MPa 
Isentropic efficiency of HP turbine 1t  0.8 
Isentropic efficiency of LP turbine 1t  0.8 
 
The characteristics of the recuperator are 
simply analyzed by the effectiveness   of the 
heat exchanger, which is defined as follows11,

 where  hit   and  hot  are  the  inlet  and  outlet 
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temperatures of the refrigerant flowing from 
the turbine into the recuperator respectively  
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And cit is the in let temperature of the 
refrigerant from the boiler feed pump into 
the boiler. Since the same fluid flows into the 
recuperator with the same mass flow rate on 
both sides, therefore the heat capacity ratio, 
 

po

pi

Cm
Cm

Z  =1 …………….……(13) 

            
In this case, the effectiveness of the counter 
flow heat exchanger is expressed as follows 
(ASHRAE, 2005), 

NTU
NTU



1

  …………….……(14) 

In the present calculation, the effectiveness is 
assumed to be 0.9, which corresponds to 
NTU of 9.0. Applying energy balance at the 
recuperator, 

)( 16151011 hhhh   ………….  (15) 
      
Mass flow required for turbines/kg passed 
through the evaporator, 
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Mass flow rate of refrigerant in the 
bottoming refrigeration loop, 
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5.3
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 Mass flow rate of refrigerant in the topping 
power loop,  

9mmm rt   
COP of the coupled power-refrigeration 
cycle with recuperator, reheater and 
economizer is, 
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Work required by the boiler feed pump is,  

)( 910 hhmW tp   ……….  (19) 
      
Additional heat to produce the required 
pump work is obtained as, 

padd W
hhhh
hhhhQ *
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Modified COP considering pump work is, 

})]()[{
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13141112

81
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r
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hhmCOP



              

     
….…….  (21) 
Total heat supplied in the boiler is, 

addtH QhhhhmQ  )]()[( 13141112    
……….. (22) 

RESULTS AND DISCUSSION 
To investigate the performance of the 

coupled power-refrigeration cycle, the results 
are plotted as shown in Fig. 6 to Fig. 17. The 
base cycle has low COP because of high 
temperature at the turbine outlet. COP for the 
coupled power-refrigeration base cycle 
depends mostly on boiler pressure. The 
effect of boiler temperature on the 
performance of the base cycle is insignificant 
as quite obvious in Fig. 6. This implies that 
increased energy supply is not fully utilized 
in the base cycle. The turbine exit 
temperature of the refrigerant is much higher 
than the saturation temperature of the 
condenser. In particular, the turbine exit 
temperature increases almost at the same rate 
as the boiler exit temperature for a given 
boiler pressure. Therefore, the increase of 
boiler exit temperature does not result in an 
increase of COP. This problem may be 
solved by installing a recuperator before the 
boiler in the modified cycles to maximize the 
temperature difference of two heat 
exchanging fluids. It is found   that   for   the 
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coupled cycle with recuperator results in an 
improvement in modified COP from range of 
0.47-1.22 to 0.75-1.98 whereas in the 
coupled power-refrigeration cycle with 
recuperator, reheater and economizer results 
in an improvement in modified COP from 
range of 0.84-2.18. The cycle with 
recuperator, reheater and economizer gives 
the added advantages of reheating, 
multistage compression and multistage 
expansion. The range of COP for the heat 
operated system can be realized. Coupled 
power-refrigeration cycle with recuperator, 
reheater and economizer has a decrease in mt 
/ mr in the range of 0.28-0.82 to 0.24-0.80. 
Hence, the mass flow rate in power loop of 
the coupled power-refrigeration cycle with 
recuperator, reheater and economizer has 
3.30-13.52% decrease as compared with the 
base cycle and cycle with recuperator. This  

reduction in mass flow rate of power loop is 
the result of the increased specific work 
output of the turbine due to reheating and 
decreased compressor work input due to 
multistage compression with intercooling. 
The effect of condenser temperature on the 
performance of the system at different boiler 
pressures for various boiler temperatures is 
shown in Fig. 6 to Fig. 17. The condenser 
temperature significantly affects the 
performance of the system. With increase in 
condenser temperature, the COP of the 
system decreases due to high work input of 
the compressor which may be compensated 
by increasing the boiler temperature or 
pressure, which is quite clear from the 
constant COP contours and constant mt/mr 
curves. The operating condenser temperature 
increases by 1 – 2 °C in the modified cycles 
for the same COP and mass flow rate in the 
system. 
 

 
Fig. 6 : COPm vs boiler for base cycle                            Fig. 7 : COPm contour for base cycle 
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Fig. 8 : mt/mr contour for base cycle                               Fig. 9 : mt/mr contour for base cycle 
 

 
 
Fig. 10 : COPm contour for coupled cycle with          Fig. 11 : COPm contour for coupled cycle with 
recuperator                                                                   recuperator 
 

 
 
Fig. 12 : mt/mr contour for coupled cycle with           Fig. 13 : mt/mr contour for coupled cycle with 
recuperator                                                                    recuperator   
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Fig. 14 : COPm contour for coupled cycle with            Fig. 15 : COPm contour for coupled cycle with 
recuperator, reheater and economizer                            recuperator, reheater and economizer 

 

 
 
Fig. 16 : mt/mr  contour for  coupled cycle with           Fig. 17 : mt/mr  contour for  coupled cycle with 
recuperator, reheater and economizer                            recuperator, reheater and economizer  
 

CONCLUSION 
The coupled power-refrigeration cycles 

have been analyzed using thermodynamic 
model. The effect of various operating 
parameters on the performance of the system 
was investigated for typical cold storage like 
applications. The key conclusions are as 
follows: 

1. The modified COP for the coupled 
power-refrigeration base cycle varied  

2. from 0.47 to 1.22 in the condenser 
temperature range of 30- 42 °C.  

3. In the same condenser temperature range 
for the coupled power-refrigeration cycle 
with recuperator, modified COP varied 



Journal of Environmental Research And Development Vol. 4 No. 3, January-March 2010 
 

 
 

832

from 0.75 to 1.98 which is 60% higher 
than that for the base cycle. 

4. The modified COP range for the coupled 
power-refrigeration cycle with recupe -
rator, reheater and economizer varied 
from 0.84 to 2.18 which are 80% higher 
than that of base cycle. 

5. For the base cycle, COP depends mostly 
on boiler pressure. The gain in COP due 
to increase in the temperature at the 
turbine inlet is insignificant. However, 
significant increases in COP have been 
observed with increase in turbine inlet 
temperature for modified cycles. 

6. In the base cycle, for constant COP, the 
increase in condenser temperature may 
be compensated by increase in boiler 
pressure. Increase in condenser 
temperature results in high work input of 
the compressor. The increase in 
compressor work requirement may be 
fulfilled by increasing boiler pressure 
and boiler exit temperature. But the 
second option is not as much fruitful as 
the first one for the base cycle as 
concluded earlier. 

7. Coupled power-refrigeration cycle with 
recuperator, reheater and economizer has 
a decrease in mt / mr in the range of 0.28-
0.82 to 0.24-0.80. Hence, mass flow rate 
in the power loop of the coupled cycle 
has a reduction of 3.30-13.52% as 
compared to the base cycle and cycle 
with recuperator4-6. 

8. The operating condenser temperature 
increases by 1 – 2 °C in the modified 
cycles for the same COP and mass flow 
rate in the system. Any increase in 
condenser temperature increases the 
unavailable energy at the exit of the 

turbine causing lower efficiency. To 
overcome these problems, modified 
cycles seems to be the strategic choice. 

Nomenclature 
h          specific enthalpy (kJ/kg) 
m         mass flow rate (kg/s) 
p          pressure (MPa) 
Q         heat (kJ) 
s           specific entropy (kJ/kg-K) 
T          temperature (oC) 
x          dryness fraction 
W         work (kJ) 
C          specific heat 
Z          heat capacity ratio  

Greek letters 

          isentropic efficiency 
          effectiveness of heat exchanger 

Subscript 

b           boiler 
c           compressor 
C          condenser 
e           evaporator 
sub       subcooled 
m          modified 
c1         first stage compressor 
c2         second stage compressor 
econ      economizer 
pg         dry-saturated vapours at constant 
             pressure 
pl          saturated liquid at constant pressure 
p           pump 
r            refrigeration loop 
rh          reheater 
sat         saturation state 
g           dry and saturated vapours 
f            saturated liquid 
t1          high pressure turbine 
t2          low pressure turbine 
add       additional 
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Acronyms 
COP     coefficient of performance 
exp       exponential 
TR        tons of refrigeration 
NTU     number of transfer units 
HP        high pressure 
LP        low pressure 
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