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Abstract—This paper presents an analysis of basic organic 

Rankine cycle (ORC) used five type of working fluids: one wet 

fluid (R717), two isentropic fluids (R11 and R12) and two dry 

fluids (benzene and R113) with boiling point ranging from -

33,35℃ to 79,85℃, to convert waste energy to power from low-

grade heat source. These organic fluids are analyzed and 

compared, in the order to determinate with which of them the 

best performance can be obtained.  The evaluation will be 

performed using a combined first and second law of 

thermodynamics and varying certain system operation 

parameters at saturation conditions. Results from these analysis 

show that the higher system thermal efficiency was obtained with 

the working fluids R11 and R113 compared with the others 

working fluids. In addition, the fluid that shows the best thermal 

efficiency is the one that the highest boiling point.     

 
Index Terms—Organic Rankine cycle, Working fluids, 

Thermal efficiency, Waste heat.  

I.  INTRODUCTION 

NERGY is an important guarantee for the development of 

human society and economy. Fuelled by the rapid 

industrialization and urbanization the energy problems 

confronting the whole world are becoming increasingly acute, 

especially in the metallurgical, chemical, electrical and 

mechanical sectors [1].   

Renewable energy sources, such as solar thermal and 

geothermal, and vast amounts of industrial waste heat are 

potentially promising energy sources capable, in part, to meet 

the world electricity demand. However, the moderate 

temperature heat from these sources cannot be converted 

efficiently to electrical power by conventional power 

generation methods, and a large amount of moderate 

temperature heat is simply wasted. In this context, research on 

how to convert these low-grade temperature heat sources into 

electrical power is of great significance [2].  

 The temperature of the exhaust from most industrial process 

and power plants are less than 370℃ (643.15K). In addition, 

the discharged waste heat contributes to thermal pollution and 

therefore becomes an environmental problem [3].  
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Nomenclature 

h  specific enthalpy (kJ/kg)     Subscripts 

M molecular weight (kg/kmol)   b  waste heat boiler 

   isentropic efficiency (%)    s   isentropic 

 system thermal                      p   pump 

       efficiency (%)                  t   turbine 

  actual power (kW)          e   evaporator  

  critical temperature ( )     c   condenser  

 boiling point                          L   cold source      

       temperature ( )         in_w  condenser inlet 

   heat transfer rate (kW)            water  

s   specific                            out_w  condenser outlet                

     entropy (kJ/kgK)                         water        

  mass flow                                 i   inlet 

       rate (kg/s)                               o   outlet    

T   Temperature (K)                       

E   Energy (kJ)                       

 

For the reduction of pollutant emission and the 

improvement in the efficiency of conversion systems as 

energetic targets, experts agree that a key approach to reach 

this goal is the on-site generation of electricity [4]. This is 

based on the growth of several small power plants that produce 

electricity used in the vicinity of production sites, avoiding 

transmission losses and lowering carbon emissions. [5]. The 

described scenario has led the scientific community to 

investigate new technology capable of producing efficiently 

localized power. The organic Rankine cycle (ORC) system 

exhibits great flexibility, high safety and low maintenance 

requirements in recovery this grade of waste heat [6]. 
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Integrating the ORC to the energy system, such as power 

plants, could be achieved using low grade energy (waste heat) 

to generate high grade energy (power), easing the power 

burden and enhancing system efficiency [6]. Since the ORC 

consume virtually no additional fuel, for the same added 

power, the emission of environmental pollutants such as 

carbon dioxide ( ), sulphur dioxide ( ), and so on 

would be decreased [7]. However, wide application have not 

been achieved because of concerns about economic feasibility 

and safety [3].  

The selection of the working fluid is critical to achieved 

high-thermal efficiencies as well as optimum utilization of the 

available heat source. Also, the organic working fluid must be 

carefully selected based on the safety and technical feasibility 

[8]. An important aspect for the choice of the working fluid is 

the temperature of the available heat source, which can range 

from low temperatures about 100℃ to medium temperatures of 

about 350℃. A question, which also has to be considered in 

discussing ORC-process, is whether an organic substance is 

really better than water as working fluid for a given task. This 

question arise, in particular, for medium temperature heat 

source. For low temperature heat source the advantage of 

organic fluids is obvious because of the volume ratio of the 

working fluid at the turbine. This can be smaller by an order of 

magnitude for organic fluids than for water and hence allows 

the use of simpler and cheaper turbines [9].  

Regarding the working fluids, the following fluids have 

been considered in the literature: benzene, toluene, pyridine, 

and azeotropic mixtures, also some cryogens such as the 

Freon’s R114, R113, R11 [10-12]. For Hung et al (1997, apud 

CHAUDOIR et al., 1985, p. 58-65), the use of benzene as the 

working fluid over a medium temperature range generate 

electrical power of 37,5 kW. This design was claimed to be 

applicable to space station in which solar radiation serves as 

the heat source to generate electrical power up to several 

hundred KW. He considerate in his research (apud 

KOEBBMAN, 1985, p. 1387-1396) ORC systems with 

capacities ranging from 750 to 1500 kWe.  For Hung et al 

(1997, apud ANGELINO et al, 1985, p.421) a cycle combined 

with an ORC system as bottoming cycle that utilizes the waste 

heat at a temperature grater that 200℃ from the condenser has 

a return-on-investment of 2 years less than for a conventional 

cycle. Wei et al (2007, apud MJ Lee et al., 1993, p. 409-418), 

in his research, pointed out that the system efficiency of an 

ORC correlates with the fluid´s normal boiling point, critical 

pressure and molecular weight. Tzu-Chen [13], T.C. Hung et 

al. [14] and B.T. Liu et al. [15] studied some dry fluids for 

organic Rankine cycles in waste heat recovery and the 

efficiencies of ORC using cryogens such as benzene, 

ammonia, R11, R12, R134a and R113 as working fluids. C. 

Somayaji et al. [16] presented an analysis of the performance 

of ORC using R113 and R134a in which it was shown that 

organic fluids can be used to generate power using low-

temperature waste heat. They have also shown that organic 

fluids must be operated at saturated conditions to reduce the 

total irreversibility of the system. 

A basic ORC was considered in this study where the effect 

of different working fluids on the cycle power output and 

thermal efficiency was investigated over the range of operating 

conditions to identify the best working fluid in the recovery 

heat of low-grade. Were considered the thermodynamics state 

of all working fluids, in each device of the organic Rankine 

cycle. A technic used was energy balance first and second law 

of thermodynamics open system for each equipment. The 

organic Rankine cycle use organic fluids due that they have 

lower boiler point than water. With the recovery of waste heat 

the steam power plant, her performance increase due electrical 

power additional.  

II.  METHOD AND MATERIALS 

A.  Analysis of working fluids 

For Mago P.J. et al. (2008, apud R.E. Niggeman et al., 

1978), some important characteristics of a good organic 

working fluid are low toxicity, good material compatibility and 

fluid stability limits, and low flammability, corrosion, and 

fouling characteristics. Refrigerants are good candidates for 

ORC application primarily due to their low-toxicity 

characteristics. Another characteristic that must be considered 

during the selection of an organic fluid is its saturation vapor 

curve. This characteristic affects the fluid applicability, cycle 

efficiency, and arrangement of associated equipment in a 

power generation system [13]. The slope of the saturation 

curve in the T-s diagram depends on the type of fluid 

employed. A dry fluid has a positive slope; a wet fluid has a 

negative slope, while an isentropic fluid has infinitely large 

slope. Dry and isentropic fluids show better thermal efficiency 

because they do not condense after the fluid goes through the 

turbine as opposed to wet fluids that produce condensates after 

the turbine [16]. The isentropic fluids employed in this 

investigation include R11 and R12, wet fluids employed will 

be ammonia (R717) and water, and finally the dry fluid 

considered will be R113 and benzene (C_6 H_6). The 

comparison of the temperature-entropy diagram for dry, wet, 

and isentropic fluids is presented in Fig. 1. Some of the 

properties of the evaluated organic fluids are presented in 

Table 1. Please use automatic hyphenation and check your 

spelling. Additionally, be sure your sentences are complete 

and that there is continuity within your paragraphs. Check the 

numbering of your graphics (figures and tables) and make sure 

that all appropriate references are included. 

B.  Thermodynamic Analysis of the ORC 

The equations used to determine the performance of a basic 

ORC configuration are presented in this section. Using the 

First and the Second Law of the Thermodynamics, the 

performance of an ORC can be evaluated under diverse 

working conditions for different organic working fluids.  
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Fig. 1. Comparison of the working fluids: a) isentropic, b) wet, c) dry [8] 

 

 

TABLE I 

PROPERTIES OF THE WORKING FLUIDS USED IN THIS INVESTIGATION 

 

 

 

 

 

 

 

 

 

For the chosen configuration will be assumes:  

1. Steady state conditions 

2. No pressure drop in the evaporator, condenser, feed-

water, and pipes 

3. Isentropic efficiencies for the turbine and pumps.  

A schematic of basic ORC for converting waste heat into 

useful electrical power is shown in Fig. 2.  
 

 
Fig. 2. A simple schematic of an ORC for use as a bottoming cycle [3],[8] 

 

 

As observed in Fig. 1 there are four different process: 

Process 1-2: the pump supplies the working fluid to the 

evaporator. 

Process 2-3: the working fluid is heated and vaporized by 

the exhaust heat. 

Process 3-4: the generated high pressure vapor flows into 

the turbine and produced power there. 

Process 4-1: The low pressure vapor is led to the condenser 

and condensed by cool water. The condensed working fluid 

flows into the receiver and is pumped back to the evaporator, 

and a new cycle begins. 

The first step is choose the thermodynamic state of each 

working fluid in saturated condition, i.e.,  

and , for turbine inlet. The second step is choose 

condenser temperature, which is defined as the mean 

temperature between temperature inlet and outlet of cooling 

water, in this case assumed as 15℃ and 25℃, respectively. It 

can calculated as:  as done by [7]. 

The third step is find the condenser pressure 

(  assuming as saturated liquid condenser 

outlet (  for the working fluid. Finally, we will find the 

enthalpies in each point of cycle: 1-2-3-4. 

Choosing each component as a control volume, the first law 

of thermodynamics is applied to find the work out-put and the 

heat added or rejected. The energy balance equation can be 

expressed as:  

                        (1) 

In addition, an isentropic efficiency of both the steam 

turbine and the pump can be expressed, respectability as: 

                          (2) 

                                         (3) 

B.1. Process 1-2 (pump): 

 Using Eq. (1) the pump power can be expressed as: 

                       (4) 

where, , is the ideal power of the pump, m ̇ is the 

working fluid mass flow rate, , is the isentropic efficiency 

of the pump,  and  are the enthalpies of the working 

fluid at the inlet and outlet of the pump for the ideal case. 

 

B.2. Process 2-3 (evaporator):  

This is a constant-pressure transfer of heat. The evaporator 

heats the working fluid at the pump outlet to the turbine inlet 

condition. The heat transfer rate from the evaporator into the 

working fluid is given by:  

                                    (5) 

where  and  are the enthalpies of the working fluid at 

the exit and inlet of the evaporator for ideal case, respectively.   
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B.3. Process 3-4 (turbine):  

The turbine power is given by: 

                 (6) 

where, , is the ideal power of the turbine,  is the 

turbine isentropic efficiency,  and , are the enthalpies of 

the working fluid at the inlet and outlet of the turbine for ideal 

case. 

 

B.4. Process 3-4 (turbine):  

   The condenser heat rate can be expressed as: 

                                      (7) 

where,  and  are the enthalpies of the working fluid at 

the exit and inlet of the condenser for ideal case, respectively. 

 
B.5. System thermal efficiency   

   The system thermal efficiency is defined as the ratio 

between the net power of the cycle to the evaporator heat rate. 

It can be expressed as:  

                                                    (8) 

Substituting Equations (4), (5), and (6) into Equation (8) 

the system thermal efficiency for the organic Rankine cycle 

(ORC) can be written as: 

           (9) 

Observed that the system thermal efficiency does not depend 

on the mass flow of the working fluid.  

III.  RESULTS AND DISCUSSION  

The performance of basic ORC system has been analyzed 

by using the appropriated thermodynamic properties for the 

various organic fluids. Energy losses due to irreversible 

process occurring in the cycle and heat transfer losses are 

ignored. For the purpose of this study five working fluids with 

boiling point ranging from -33,35℃ to 79,85℃, were used: 

R717, R11, R12, R113 and , and the water was used for 

comparison. A Figures 3 and 4, shows to the higher inlet 

turbine pressure increase both the net work and the evaporator 

heat, which leads to improved thermal efficiency.   

However, the percentage of increase of the net work is 

higher than the percentage of increase of the evaporator heat. 

Therefore, the ratio of the net work and the evaporator heat 

increases with the turbine inlet pressure. Figure 5 shows the 

variation of the system thermal efficiency with the turbine inlet 

pressure while keeping the turbine inlet temperature at 

saturated conditions for the basic organic Rankine cycle. For 

this configuration, the condenser temperature was kept 

constant at 293,15K (20℃). The isentropic efficiencies of the 

turbine and the pump  were 80% and 85%, respectively. 

 

 

 

 

 

 

 

a) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

b)    
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Variation of work net and evaporator heat with the 

turbine inlet pressure for different fluids types a) Wet and b) 

Isentropic.  
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Fig. 4. Variation of work net and evaporator heat with the 

turbine inlet pressure for dry fluids.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Variation of work net and evaporator heat with the 

turbine inlet pressure for dry fluids.  

 

Figure 5 demonstrates that the system thermal efficiency 

increase with the increment of the turbine inlet pressure. This 

figure illustrated that the R11 and R113 have the best 

performance among the organic fluids (no-flammable) for 

saturation temperature range of 109,6℃  to 171,9℃ and 

138,9℃ to 205,3℃, respectively, while the fluid with the worst 

thermal efficiency is ammonia, which has the lowest boiling 

point temperature in the range of 24,9℃ and 65,74℃ as shown 

in the Figure 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Variation of the saturation temperature with the turbine 

inlet pressure. 

 

Therefore, it can be concluded that the higher the boiling 

point temperature of the fluid the better the system thermal 

efficiency for all the working fluids chosen, an exception is 

benzene that have highest boiling point than water but 

produces a lower system thermal efficiency. Figure 3 shows 

the best cases are represents by R11 in which the system 

thermal efficiency increase of 15,9 – 21,09% for the lowest 

and highest pressure, respectively, and using R113 the system 

thermal efficiency increase of 17,76 – 21,7% for the lowest 

and highest pressure, respectively. On the other hand, the 

worst case is represent by ammonia (R717), shows an increase 

of 1,18 – 9,97% for the lowest and highest pressure, 

respectively. These results clearly demonstrate that using R11 

or R113 is obtained the better system thermal efficiency. The 

use of either will depend of source temperature.  

IV.  CONCLUSIONS 

This work presents an analysis of cycle power outlet and 

the performance of ORC with five different working fluids: 

one wet fluid (R717), two isentropic fluids (R11 and R12) and 

two dry fluids (  and R113) evaluated for different work 

conditions, the water was used as reference for comparison. 

The analysis was based on the first and second laws of 

thermodynamics open system.  

The dry and isentropic organic fluids presents better 

performance than R717 (ammonia) considered organic wet 

fluid. The R11 and R113 transformed a highest quantity of 

waste heat (evaporator heat) in net work as been shown in the 

Figures 3 and 4.  

The influence of the boiling point temperature on the 

system thermal efficiency for all working fluid chosen was 

determined. The fluid that shows the best thermal efficiency is 

the one that the highest boiling point among the select fluids 

(R113, 47,23℃@1 atm), while the fluid with the worst 

thermal efficiency has the lowest boiling point temperature 

(R717, -33,35℃@1 atm).    
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Therefore, it can concluded that the higher the boiling 

point temperature of the organic fluid, better the thermal 

efficiency that will be achieve by ORC.  

For the different working fluids analyzed in this 

investigation, ORC using R11 and R113 exhibit best thermal 

efficiency while those using R717 show the worst efficiency. 

However, it is important to point out that the use of either they 

depend of the source temperature.    
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