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Abstract—This paper presents an energetic and exergetic analysis based on the first and second laws of thermodynamics for 
condenser in organic Rankine cycle when the heat source is low-temperature energy in the form of sensible heat. In the 
analysis, effects of the selection of working fluid and condensation temperature are investigated on the performance of the 
condenser including the effectiveness of heat transfer, exergy destruction, pinch point, and second law efficiency. The results 
show that the thermodynamic performance of condenser such as pinch-point position, effectiveness, exergy destruction, and 
second-law efficiency are sensitively by the selection of working fluid or condensation temperature. 
 
Index Terms— Organic Rankine Cycle, Source Heat Exchanger, Effectiveness, Exergy Destruction.  
 
I. INTRODUCTION 
 
In order to reduce dependence on fossil fuels, 
renewable energy sources can serve as 
environmentally responsible alternatives. Invariably, 
renewable energy sources are steadily becoming a 
larger component of the global energy mix particularly 
in the power sector [1]. According to International 
Energy Agency (IEA), the share of global renewable 
energy in electricity supply was 20% in 2011 and it is 
expected to increase to 31% by 2035 [2]. Therefore, 
the efficient use of low-grade heat sources of 
renewable energy, such as geothermal energy, solar 
energy, biomass combustion, or waste heat from 
various industrial processes, are becoming more and 
more important. During the past decades, the organic 
Rankine cycle (ORC) and the power generating 
system using a binary mixture as the working fluid 
have attracted significant attention since they have 
proven to be the most feasible methods to achieve high 
efficiency in low-grade heat recovery [3]-[6]. 
The ORC is a Rankine cycle where an organic fluid, 
instead of water, is used as the working fluid. The 
layout is somewhat simpler than that of the steam 
Rankine cycle since there is no water-steam drum 
connected to the boiler and a single heat exchanger can 
be used to perform the three evaporation phases of 
preheating, vaporization, and superheating [7]. ORC 
has become a field of intense research in recent years 
[8]-[11] owing to its adaptability to various heat 
sources, proven mature technology, lesser complexity 
and lesser maintenance, possibility of small scales, 
distributed generation systems, low investments, good 
market availability, and well-known market suppliers 
[12].  
Drescher and Bruggemann [13] studied the ORC in 
solid biomass power and heat plants and they proposed 
a method to find suitable thermodynamic fluids for 
ORCs in biomass plants and found that the family of 
alkyl benzenes showed the highest efficiency. Dai et al. 

[14] identified isobutane and R236ea as efficient 
working fluids by using a generic optimization 
algorithm. Heberle and Brueggemann [15] reported an 
analysis of a combined heat and power generation for 
geothermal resources with series and parallel circuits 
of an ORC. Hung et al. [16] examined Rankine cycles 
using organic fluids which are categorized into three 
groups of wet, dry and isentropic fluids. Tchanche et 
al. [17] conducted comparative performance analysis 
of solar organic Rankine cycle using various working 
fluids.  
Kim and Perez-Blanco [18] presented a 
thermodynamic analysis of cogeneration of power and 
refrigeration based on ORC activated by low-grade 
sensible energy. In heat exchangers for recovery of 
waste heat source in the form of sensible heat energy, 
assessment of pinch point may be complex. Kim et al. 
[19]-[20] suggested efficient and novel methods for 
pinch point assessments in source heat exchanger or 
condenser in ammonia-water based power generation 
cycles. They also presented the first and second 
thermodynamic law analysis for heat recovery vapor 
generator of ammonia-water mixture.  
In this work a performance analysis of condenser in 
organic Rankine cycle based on the first and second 
laws of thermodynamics for the recovery of low-grade 
heat source. Parametric study is carried out on the 
performance of the condenser depending on the 
working fluid and condensation temperature. 
 
II. SYSTEM ANALYSIS 
 
The schematic diagram of ORC and condenser is 
shown in Fig. 1. The working fluid is compressed in 
pump from a saturated liquid state (state 1) to a 
compressed liquid state (state 2). The fluid is then 
heated in the evaporator using the sensible heat from 
the source fluid to a saturated or superheated vapor 
state (state 3). After the mechanical energy is obtained 
(state 4) owing to the expansion process in turbine, the 
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flow enters the condenser and exchanges heat with the 
coolant, then returns to state 1. The source fluid enters 
the evaporator with mass flow rate ms and temperature 
Ts. On the other hand, working fluid enters the 
evaporator with mass flow rate mw temperature T2, is 
heated by the hot source stream, and then leaves the 
heat exchanger with turbine inlet temperature TH=T3.  

 

Fig. 1  Schematic diagram of ORC and condenser 
 

The important assumptions in the present cycle 
analysis are as follows [16]. Heat loss between the 
system and environment is negligible so that heat 
transfer occurs only between hot and cold fluid 
streams in the heat exchangers. Pressure drop due to 
flows inside heat exchangers is negligible so that the 
pressure inside a heat exchanger is maintained 
constant. The working fluid at the turbine inlet is a 
saturated vapor. And the temperature difference 
between hot and cold streams in a heat exchanger is as 
same as the prescribed value of pinch temperature 
difference, ΔTpp [19]:  

 
  ppcoldhot TTT min   ( 1 ) 

 
For a specified mass flow rate of the source fluid ms, 

the mass flow rate of the working fluid mw , the mass 
flow rate of coolant mc , and heat transfer at condenser 
Q can be determined from the energy balances at the 
evaporator and condenser and the conditions of pinch 
temperature difference as follows [19]: 
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where h is the specific enthalpy of the mixture, Tsout is 
the source exhaust temperature, Tcout is the coolant 
outlet temperature, cp is the isobaric specific heat, and 
subscripts s, w, and c denote the source, working fluid, 
and coolant, respectively.  

The size and cost of a heat exchanger can be 
approximately estimated by the dimensionless 
parameter of number of transfer unit NTU which is 
determined as follows: 
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where Tcg is the coolant temperature at which the 
working fluid is saturated vapor and ΔTm1 and ΔTm2 
are the log mean temperature differences of the parts 
saturated mixture and superheated vapor of working 
fluid respectively.  

Let us define as the dimensionless enthalpy at pinch 
point Hpp and enthalpy ratio at pinch point xpp as 
follows: 
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where hpp, hg, and hf represent the enthalpies of 
working fluid at pinch point, saturated liquid and 
saturated vapor, respectively.  

    Exergy is generally not conserved as energy, but 
destructed in the system. The specific exergy is 
defined as [21]: 

 
 000 ssThhe                      ( 8 ) 

where s is the specific entropy and the subscript 0 
denotes the dead state. The specific exergy of source 
fluid at temperature T can be evaluated approximately 
in accordance to the following equation: 
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The effectiveness ε, second law efficiency η, and 
exergy destruction D of condenser are defined as 
follows: 
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In this work, the thermodynamic properties of the 

working fluids are calculated by the Patel–Teja 
equation of state [22]-[23].   
 
III. RESULTS AND DISCUSSIONS 
 
In the present study, thermodynamic analysis of 
evaporator in ORC is carried out. Eight fluids of 
R134a, R152a, propane, isobutane, butane, R245fa, 
R123, and isopentane are considered. The basic 
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thermodynamic data for the working fluids are listed 
in Table 1 [24].  
 
Table 1Basic thermodynamic data of working fluids. 

 
 
The source fluid is considered as water at Ts = 150°C 
with ms = 1 kg/s. The basic data of the system 
variables are as follows: turbine inlet temperature TH = 
135°C, coolant temperature Tc = 25°C, dead state 
temperature T0 = 298.15 K, pinch temperature 
difference ΔTpp = 10°C, isentropic pump efficiency ηp 
= 0.85, isentropic turbine efficiency ηt = 0.85. The key 
parameter in this study is the condensation 
temperature, TL.  
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Fig. 2Mass flow ratio as a function of condensation temperature 

 
The mass flow ratio is plotted against the condensation 
temperature in Fig. 2 for various working fluids. The 
mass flow ratio is defined as the ratio of the mass flow 
rate of coolant to the source fluid. The mass flow ratio 
decreases with increasing condensation temperature. It 
is because as the condensation temperature increases, 
the corresponding condensation pressure which is the 
low pressure of the system decreases, which leads to 
smaller cooling amount at the condenser. The ratio is 
the highest for R134a whose critical temperature is the 
lowest, and the lowest for isopentane whose critical 
temperature is the highest. 
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Fig. 3Heat transfer at condenser as a function of condensation 

temperature 
 

The heat transfer at the condenser is illustrated with 
the condensation temperature in Fig. 3 for various 
working fluids. The heat transfer decreases with 
increasing condensation temperature due to reduction 
of the pressure ratio across the turbine. The heat 
transfer is the highest for R134a whose critical 
temperature is the lowest, and is the lowest for R123.  
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Fig. 4Hpp as a function of condensation temperature 

 
Fig. 4 shows the variations of the dimensionless 
enthalpy at pinch point in condenser.  The pinch point 
occurs at the point of saturated vapor except isobutane. 
When working fluid is isobutane and condensation is 
higher than 43°C, the working fluid at turbine exit is 
not a superheated vapor but a saturated mixture, and 
the pinch point at Hpp = 1 and xpp is lower than unity. 
Increase in the dimensionless enthalpy ratio means 
that the ratio of cooling due to the phase change by 
condensation to total cooling increases, and vice versa. 
It can be seen from the figure that as the condensation 
temperature increases, the dimensionless enthalpy 
increases for propane, isobutane, butane, R245fa, and 
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R123. But decreases for R134a and isopentane. It is 
because as follows. As the condensation temperature 
increases, both the cooling amounts due to the phase 
change by condensation and sensible cooling 
decrease. However, the decrease due to condensation 
is dominant for propane etc. and reverse for R134a and 
isopentane. The dimensionless enthalpy is the highest 
for isopentane and the lowest for R245fa. 
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Fig. 5  Effectiveness of condenser as a function of 

condensation temperature 
 

The effectiveness of condenser is plotted against the 
condensation temperature in Fig. 5 for various 
working fluids. It can be seen from the figure that the 
effectiveness increases with increasing condensation 
temperature. It is because as the condensation 
temperature increases, both the turbine exit 
temperature of working fluid and condenser outlet 
temperature of coolant decrease, but the decrease in 
latter case is greater than the former case. For a 
specified condensation temperature, the effectiveness 
is the highest for isobutane and the lowest for 
isopentane. 
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Fig. 6  Exergy destruction as a function of condensation 

temperature 

Fig. 6 shows the exergy destruction at condenser as a 
function of condensation temperature for various 
working fluids. It is worthy to note that in this case the 
exergy destruction is equals to the product of dead 
state temperature T0 and the entropy generation in the 
evaporator. The exergy destruction increases with 
increasing condensation temperature. Therefore, the 
higher condensation temperature becomes, the higher 
irreversibility of the evaporator becomes. For a 
specified value of condensation temperature, the 
exergy destruction shows a decreasing tendency with 
respect to the increasing critical temperature of 
working fluid.  
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Fig. 7  Second-law efficiency as a function of condensation 

temperature 
 

Fig. 7 shows the second law efficiency of condenser 
with respect to condensation temperature for various 
working fluids. In the range of simulation, the 
efficiency increases with increasing condensation 
temperature, which means that as the condensation 
temperature increases, the exergy gain of coolant 
increases faster than the exergy loss of working fluid. 
For a specified condensation temperature, the 
efficiency is the highest for R245fa and the lowest for 
isobutane. 
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Fig. 8  Second-law efficiency as a function of condensation 

temperature 
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Fig. 8 shows NTU for condenser based on the thermal 
capacity of source fluid, mscps, with respect to 
condensation temperature for various working fluids. 
In the range of simulation, NTU decreases with 
increasing condensation temperature, which means 
that as the condensation temperature increases, the 
average temperature difference between hot and cold 
streams in condenser increases, but NTU and the 
required heat transfer area of the condenser decreases. 
For a specified condensation temperature, NTU has a 
decreasing tendency with respect to increasing critical 
temperature of working fluid, so it is the highest for 
R134a and is the lowest for isopentane. 
 
CONCLUSIONS 
 
A performance analysis of condenser in organic 
Rankine cycle with various working fluids is carried 
out based on the first and second laws of 
thermodynamics for the recovery of low grade finite 
heat source. The results show that the selection of the 
working fluid and the condensation temperature 
exhibit significant effects on the thermodynamic 
performance of the evaporator. The heat exchanger 
effectiveness, exergy destruction, or second-law 
efficiency increases with increasing condensation 
temperature. However, the mass flow ratio of coolant 
or NTU decreases with increasing condensation 
temperature. 
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