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SUMMARY  

New technologies to converting heat into usable energy are constantly being developed for 

renewable use. This means that more interactions between different energy grid will be 

applied, such as utilizing low thermal waste heat to convert its energy to electricity. With high 

electricity price, such technology is quite attractive at applications that develop low waste heat. 

In the case of excess heat in district heating (DH) grid and the electricity price are high, the 

waste heat can be converted to electricity, which can bring a huge profit for DH companies. 

Candidate technologies are many and the focus in this degree rapport is on the so-called 

Organic Rankine Cycle (ORC) that belongs to the steam Rankine cycle. Instead of using water 

as a working fluid, organic working fluid is being used because of its ability to boil at lower 

temperature. 

Because this technique is available, it also needs to be optimized, developed, etc. to achieve the 

highest appropriate efficiency. This can be done, for example, by modeling different layouts, 

analyzing functionality, performance and / or do a simulation of various suitable working 

fluids.  This is the purpose of this degree project and the research parts are to select working 

fluids suitable at low temperatures (70-120) °C, the difference analysis between the selected 

fluids and identification of the parameters that most affect the performance. 

There are many suitable methods to apply to achieve desired results. The method used in this 

rapport degree is commercial software such as Mini REFPROP, CoolPack, Excel but the most 

important part is simulation with AspenPlus. 

The selected and suitable working fluids between the chosen temperature interval are R236ea, 

R600, R245fa and n-hexane. Three common layouts were investigated, and they are The Basic 

ORC, ORC with an internal heat exchanger (IHE) and regenerative ORC. The results show that 

in comparison between 120°C and 70°C as a temperature source and without an internal heat 

exchanger (IHE), R600 at 70°C, has the highest efficiency about 13.55%. At 110°C n-hexane 

has the highest efficiency about 18.10%. R236ea has the lowest efficiency 13.16% at 70°C and 

16.29% at 110°C. R236ea kept its low efficiency through all results. Without an IHE and a 

source range from 70 °C up to almost 90 °C, R600 has the highest efficiency and at 90°C n-

hexane has the highest efficiency. With an IHE and between (70-90) °C R245fa still has the 

highest efficiency. With or without IHE and a heat source of 110 °C n-hexane has the highest 

efficiency 18.10% and 18.40%. R236ea gets the greatest increase 5.2% in efficiency but remains 

with the lowest efficiency. With Regenerative ORC, n-hexane had an optimal middle pressure 

about 0.76 bar. The optimal pressure corresponds to a thermal efficiency of 17.52%. The most 

important identified parameters are the fluid characteristics such as higher critical 

temperature, temperature source, heat sink, application placement and component 

performance. 

 

 

 



 

 

The current simulations have been run at some fixed data input such as isentropic efficiencies, 

no pressure drops, adiabatic conditions etc. It was therefore expected that the same efficiency 

curve would repeat itself. This efficiency pattern would differ with less or higher values 

depending on the layout performance. However, this pattern was up to 90 degrees Celsius and 

gets a very noticeable change by the change of the efficiency for n-hexane. Therefore n-hexane 

is chosen with Regenerative ORC because it had the highest efficiency at the highest 

temperature source tested. This is due definitive to the fluid properties like its high critical 

temperature compared to the other selected fluids. R236ea remains the worst and that’s also 

related to the fluid properties. It is also important to note that these efficiencies are only from 

a thermodynamic perspective and may differ when combining both thermal and economic 

perspectives as well as application placement. These high efficiencies will certainly be lower at 

more advanced or real processes due to various factors that affect performance. Factors such 

as component´s efficiency and selection, pipe type and size, etc. To maintain a constant 

temperature when it’s not, flow regulation is then necessary and that’s also affects the 

performance. 

 

The conclusion is that the basic ORC which does not have an IHE and from 70 up to 90 degrees 

Celsius, R600 has the highest efficiency. Higher temperature gives n-hexane the highest 

efficiency. With an IHE and between (70-90) °C R254fa has the highest efficiency. At higher 

temperature source n-hexane has the highest efficiency. ORC with an IHE has the best 

performance. The R236ea has the worst performance through all results. With regenerative 

ORC, an optimal meddle-pressure for n-hexane is 0.76 bar. Important parameters are The 

properties of the fluid, temperature source, heatsink, Application placement and component 

performance.  

 

Keywords: Organic Rankine cycle, Recuporator, regenerative, heat-to power, working 

fluids, low temperature heat, power generation,  
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1 INTRODUCTION 

1.1 Background 

The world population is constantly increasing, which contributes to increased energy needs 

and electricity use. On the other hand, concerns about environmental impact are also 

constantly under hot debates. This need of development, requires new methods and renewable 

energy technologies to be developed. 

Within different sectors, energy is used to power different processes and other issues and the 

appearance of thermal waste heat may occur. This waste heat comes at varying thermal 

temperatures and consists of two types of waste, industrial and other waste heat. Industrial 

heat has high temperatures about 100 degrees Celsius compared to waste heat coming from 

other applications, such as food stores' refrigeration plants etc. These waste heat which has low 

temperatures about 30 degrees Celsius and comes from other sectors is called secondary waste 

heat (energinyheter.se, 2011). 

In Sweden year 2013, industrial heat accounted for 8 percent of the energy supplied in district 

heating (DH) production. Industrial heat has sufficiently high temperatures that enable direct 

delivery to the DH grid. While secondary waste heat would lower the temperature in the 

existing DH grid if the low heat is delivered directly to the grid. hence Secondary waste heat, 

which is of lower temperature, must be raised first before it can be distributed to the DH grid 

(Energy in Sweden, 2015). 

The available waste heat and profitability competition in conjunction with the high electricity 

prices woke up an old technology. This technology namely converting industrial heat into 

electricity with an attractive payback price. That by using an organic Rankine cycle (ORC) 

(energinyheter.se, 2011), (Hung, 2001). The technology is based on heating up organic working 

fluid by means of waste heat. Organic working fluid such as ammonia has a lower boiling point 

than water and can therefore be evaporated more easily and at low temperatures. This 

evaporated working fluid is then expanded in a turbine, where the turbine drives an electricity 

generating generator. 
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1.2 Purpose 

Since the technique of converting energy to electricity from low temperature sources has 

gradually begun to attract more attention, it also needs to be optimized and developed. It could 

be done by e.g. creating different models, analysing functionality, performance or trying out a 

variety of different working fluids. For that reason, the purpose of this degree rapport, is to 

create and simulate some organic ORC models and perform sensitivity analysis, then compare 

their performance and identify the parameters that most affect the cycle performance. As well 

as studying how different working fluids affect the feasibility of the cycle. 

 

 

1.3 Research Questions 

➢ Which working fluids are suitable for using in low temperature heat (70-120°C) and how can 

these be identified? 

➢ What is the difference in efficiency, between the three chosen architectures with these selected 

fluids? 

➢ What are the identified parameters that mostly affect the overall efficiency and performance? 

 

 

 

1.4 Delimitation 

Each thermodynamic cycle has its own basic architecture describing its thermodynamic cycle, 

components, way of functioning, application area, performance and efficiency. The 

fundamental design is the starting point for further studies, adjustments, enhancing 

components, adding components, achieving better system performance etc. These operations 

are done to achieve higher efficiency than the essential one. This study is limited to the 

essential ORC cycle with an addition of other components such as recuperation (RC), different 

organic working fluids, a mixer, a splitter, two stage turbines or different techniques to achieve 

higher efficiency and higher power output at low waste heat temperatures. 

 

 

 

 



3 

2 METHOD 

First, a general reading about the so-called ORC cycle was made. This is done to gather 

enough information and data and to reach a good understanding of the ORC cycle process, 

thermodynamic functionality, components, suitable working fluids, etc. Then the most 

important and relevant information, data, characteristics, etc. were collected. These facts 

were mostly taken from scientific articles that concern only ORC cycles that work at low heat 

temperature sources and were available online. Also, some equations from literature such as 

the thermodynamic principle literature. The information and data collection are then used as 

data input for simulation and design. To answer the above questions and achieve results, 

these below named software programs was used for simulation, computing, calculating, 

analyzing etc. For further calculations of the obtained data, the following programs, 

equations and Excel were used. 

2.1 Aspen Plus 

Aspen plus is a software whose task is, among other work tools, to model and simulate 

processes over a wide range, from petrochemical to ammonia synthesis and polymerization. 

The program is one of the most commonly commercial software used globally and specifically 

in combined heat and power (CHP) technology (home.aspentech.com, 2017). To begin with, to 

design and run a simulation, like the ORC cycle in this case with Aspen Plus, 5 main steps must 

be elaborated: 

1. Adding properties, setup and calculation method: i.e. which fluids will be used, what 

important setup associated with such cycles and the calculation method. Aspen plus offers many 

calculation methods suitable for different processes. In a Rankine cycle, the Reng-Rob method 

is often used. 

2. Adding components and modeling in the flowsheet: In the flowsheet sub system 

components are added and connected to achieve a working cycle. 

3. Configuration of blocks and streams: Once a design is completed, the configuration of its 

components and flow properties needs a block and fluid specifications. What important and 

necessary data input is given into each block. For example, the isentropic efficiency both in 

turbine and pump, heat source or heat sink temperatures. 

4. Run the simulation: Once all data, method, specifications are given, appropriate model is 

drawn, run a simulation then proceed to analysis. 

5. Model analysis: for analysis, among other things, it depends on what design, what or which 

variables or parameters to be analyzed, and so on. Advanced analysis depends largely on the 

knowledge the individual Contains in his package experience. For this study, four variables are 

used to analyze the models, temperature variable which will vary from 110 to 70 and 5 to 20 

Celsius degree in the boiler and the condenser respectively and two more variables at suitable 

pressure range to find out the minimum and the maximum pressure allowed.  
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2.2 CoolPack 

CoolPack is a software that is primarily used in refrigeration technology for analysis of 

refrigeration system. The program is a collection of simulation models for refrigeration 

systems, where each model has a specific purpose. Some of the tasks in energy technology are 

to create, describe or explain cycle analysis, main component dimensioning or energy analysis 

and -optimization, hence CoolPack is a powerful tool to use in the part-study of the process 

(en.ipu.dk, 2017). 

Here are some simulation purposes that CoolPack covers: 

• Cycle analysis (process design) 
• System simulation 
• Component calculations 

• Analysis of operating condition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

2.3 The Theoretical Equations 

These equations are the backgrounds and describe the theoretical thermodynamic process at 

each point of the cycle. The equations are explained in more detail with corresponding 

section. 

2.3.1 The Ideal Rankine Cycle 

The heat in to the boiler 

�̇�𝑖𝑛 = �̇�(ℎ1 − ℎ4)         [kJ], (Eq.1) 

The Turbine work, which is also stand for the output or el production. 

�̇�𝑡 = �̇�(ℎ1 − ℎ2)        [kJ], (Eq.2) 

The heat out of the system, which is the transferred heat to the cooling water. 

�̇�𝑜𝑢𝑡 = �̇�(ℎ2 − ℎ3)        [kJ], (Eq.3) 

The work of the pump 

�̇�𝑝 = �̇�(ℎ4 − ℎ3)         [kJ], (Eq.4)  

thermal efficiency ŋ is then the difference between the turbine and pump work divided by the 

transferred heat to the boiler. 

 ŋ =
�̇�𝑡−�̇�𝑝

�̇�𝑖𝑛
         [%], (Eq.5) 

The back-work ratio bwr is the ratio of the work between turbine and pump. 

𝑏𝑤𝑟 =
�̇�𝑡

�̇�𝑝
         [%], (Eq.6) 

The quality factor of the gas. 

𝑥 =
𝑠2−𝑠𝑓

𝑠𝑔−𝑠𝑓
          [kJ/kg, k], (Eq.7) 

the specific enthalpy  

ℎ2 = ℎ𝑓 + 𝑥(ℎ𝑔 − ℎ𝑓)        [kJ], (Eq.8) 
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2.3.2 The Ideal Reheat Rankine Cycle 

 

The heat in to the boiler  

�̇�𝑖𝑛 = �̇�[(ℎ1 − ℎ6) + (ℎ3 − ℎ2)]      [kJ], (Eq.9] 

 

The work of the two working Turbines, which is also stand for the output or electrical 

production. 

�̇�𝑡 = �̇�𝑡1 + �̇�𝑡2 = ̇ �̇�[(ℎ1 − ℎ2) + (ℎ3 − ℎ4)]     [kJ], (Eq.10) 

 

The quality factor of the gas which is the same as Eq.7. and the same specific enthalpy Eq.8 at 

the high-pressure turbine (HPT) 

𝑥2 =
𝑠2−𝑠𝑓

𝑠𝑔−𝑠𝑓
          [kJ], (Eq.11) 

The quality factor of the gas at the low-pressure turbine (LPT) 

𝑥4 =
𝑠4−𝑠𝑓

𝑠𝑔−𝑠𝑓
         [kJ], (Eq.12) 

The specific enthalpy at state 6, where 𝑉´5 is the specific volume. 

ℎ6 = ℎ5 + 𝑉´5(𝑃6 − 𝑃5)        [kJ], (Eq.13) 

The Thermal efficiency, pump work and the back-work ratio are the same.  

 

2.3.3 Irreversibilities 

The isentropic turbine efficiency, ᶯ. 

ᶯ𝑡 =
(�̇�𝑡/�̇�)

(�̇�𝑡/�̇�)𝑠
=

ℎ1−ℎ2

ℎ1−ℎ2𝑠
        [%], (Eq.14) 

The isentropic Pump efficiency, ᶯ.  

ᶯ𝑡 =
(�̇�𝑝/�̇�)𝑠

(�̇�𝑝/�̇�)
=

ℎ4𝑠−ℎ3

ℎ4−ℎ3
        [%], (Eq.15) 
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3 LITERATURE STUDY 

3.1 Heat Sources 

Today, energy is generated in many ways worldwide, especially for electricity production. In 

2013, energy supply in Sweden was 565 TWh in total and total electricity production of 149 

TWh, corresponding to an electricity consumption of 140 TWh since the mountain head 

increase per sector between 2009 and 2012 See Fig. 1, (Energy in Sweden, 2015). 

 

Figure 1 Electricity use by sector 1971-2013, TWh.  

Source: (Energy in Sweden, 2015). 
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The dominant converted energy to electricity were mainly water and nuclear power, which 

together accounted for 83 percent of electricity generation. The remaining converted energy to 

electricity comes from wind power and combustion-based energy conversation, see Sweden's 

electricity production by power stroke and total electricity consumption 1971-2013, TWh, fig. 

2, (Energy in Sweden, 2015). 

 

 

Figure 2 Net electricity production, 1971 – 2013, TWh 

Source: (Energy in Sweden, 2015). 

 

In Sweden 2017, a nuclear power station is consuming its final MW hours, i.e. will be down 

shut very soon. Meanwhile the country shows an increase in converting energy to electricity in 

sectors like the wind power and solar power. But in general, it produces electricity through the 

traditional thermal power plant with water as a working fluid. Industrial waste heat with high 

temperatures is extensively utilized in the DH and low temperature waste heat is lost or 

enhanced by heat pumps. And here the ORC cycle has begun to gain more attention, this 

because of both the positive and exceptional investment according to (energinyheter.se, 2011). 

and the ability of the Organic Process. The ability that allows boiling and condensation of 

working fluid occurs at low temperatures. There is plenty of information and facts about the 

so-called ORC cycle but at temperatures above 132 degrees Celsius. However, commercial 

examples exist. Here is some worldwide discussed and used ORC cycles with other main 

sources than the waste heat and work at higher temperatures, thus why these are excluded 

from this study.  
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3.1.1 Geothermic Plants 

The word Geothermal comes from the Greek language and stands for geo which is earth and 

thermos which is heat. This energy source created from a wealth of energy accumulation since 

the formation of the Earth, the radioactive decay and from centrum of the earth. Geothermal 

heat sources are known since long back (Roman Empire) and where then utilized for heating 

and bathing. Today, these renewable geothermal energy sources are utilized to convert energy 

heat to power (web.archive.org, 2017). Geothermal heat sources have a temperature range 

between 50-350 degrees Celsius and it is a mixture of steam and water, dry steam or just liquid 

water (Madshawa Hettiarachchi, 2007). 

2007, a global estimation of the total geothermal energy was estimated to 0.3 percent of the 

total converted energy to electricity and corresponds to approximately 10 GW. As well as a 

further 28 GW of direct geothermal energy in the form of DH, building heating, spa facilities, 

industrial processes, desalination and ward use (web.archive.org, 2017). 

The environmentally friendly, cost-effective and reliable geothermal energy was previously 

geographically restricted to areas close to the gaps between the continental plates. But it was 

difficult for extended use and hard to transport the energy to other sectors in efficient way. 

Now, due to the technical developments in recent years, has, however, expanded the exposure 

to the so-called geothermal energy source and the size of what is considered suitable sources 

(powerfromthesun.net, 2001). 

However, the so-called ORC has significantly lower efficiency at lower temperatures, typically 

lower than 100 degrees Celsius and depends strongly on the cooling water temperature, i.e. 

heat sink temperature or ambient temperature. And since geothermal heat sources has a range 

from 50-350 degrees Celsius it makes it suitable (Madshawa Hettiarachchi, 2007). 

 

3.1.2 Biomass Power Plant 

In the energy context, Organic Biomass comprises materials and waste that can be recycled or 

available in nature such as wood. This type of energy fuel is available all over the world and is 

mainly used to convert energy to electricity in small to medium sized CHP plants. The High 

temperature waste heat, here is delivered to the DH grid, and in combination with an ORC 

system with a suitable working fluid, low waste heat can be recovered through the low potential 

(powerfromthesun.net, 2001).  
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3.1.3 Solar Thermal Power 

Thermal solar energy is simply heat radiation captured by a solar collector and directed to a 

pipe with a fluid. There are different types of beam collectors such as parabolic solar collectors. 

In this context, the heated liquid is used to generate electricity. a low-cost technology that fits 

well to run an ORC system and provides about 15% overall efficiency (powerfromthesun.net, 

2001). 

 

3.2 The Rankine Cycle Technology 

The so-called Rankin cycle or sometimes the steam power cycle is a thermodynamic process 

that converts heat to work through a thermodynamic cycle. External heat is supplied to a 

closed-circuit system. This system uses water as working fluid, and is then heated and proceeds 

to a turbine rotating a shaft connected to a generator. The generator uses the converted energy 

to generate electricity. This steam power cycle is one of the most common processes for to 

convert heat to electricity and is widely used in the world. The cycle can be powered by solar 

heat, nuclear fuel or primarily biomass, oil, coal etc.  

The Rankine cycle is named after the Scottish physicist and engineer William John Macquorn. 

The Rankine cycle is the basis for the theoretical understanding of steam engines. The basic 

principle of the architecture of the cycle has a theoretical efficiency which, during the years of 

the development, has been able to extend its efficiency through, e.g. technical changes, 

addition of other components, adjustment or optimization (nuclear-power.net, 2017). 
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3.2.1 The Ideal Rankine Cycle 

The cycle consists of four components, a boiler, a turbine, a condenser and a pump, see figure 

3. The principle here is that external heat �̇�𝑖𝑛 = �̇�(ℎ1 − ℎ4) Eq.1 is supplied to the boiler, which 

heats the working fluid which in this case is water. The water is heated and gets significantly 

higher temperature and pressure (point 1). 

  

Figure 3 Ideal Rankine Cycle 

This Saturated vapor then goes on to the low-pressure turbine and is expanded throughout the 

turbine, where the turbine is connected to a shaft that spins around. This shaft is also 

connected to a generator that gives an output or turbine work �̇�𝑡 = �̇�(ℎ1 − ℎ2) Eq.2 i.e. 

converting power to electricity when rotating the shaft.  After the low-pressure turbine (point 

2), the steam with the new lower pressure enters the condenser where the steam condenses to 

the saturated liquid phase. In the condenser heat transfer of the hot gas to the cold cooling 

water takes place and the heat exits, �̇�𝑜𝑢𝑡 = �̇�(ℎ2 − ℎ3) Eq.3. After condensation (point 3), the 

water has both lower temperature and pressure and is in saturated liquid phase. This Saturated 

liquid then enters a pump (point 4) that increases flow pressure by pump work, �̇�𝑝 = �̇�(ℎ4 −

ℎ3) Eq.4. 

This cycle is then repeated to convert more energy to work which is converted to electricity. 

The thermal efficiency ŋ is then the difference between the turbine and pump work divided by 
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the transferred heat to the system, (ŋ =
�̇�𝑡−�̇�𝑝

�̇�𝑖𝑛
)  Eq.5. Also, the back-work ratio bwr is the ratio 

of the work between turbine and pump, (𝑏𝑤𝑟 =
�̇�𝑡

�̇�𝑝
) Eq.6. (Themodynamics, Seventh Edition). 

 

The TS-diagram of the Ideal Rankine cycle describes the process at the different points and 

phase transitions. Where the system is working between two pressure and temprature, see 

figure 4. The y-axis stand for the temprature which is proportional to the pressure and the x-

axis is the entropy of the working fluid. In the ideal cycle, it is assumed that the working fluid 

passes through these various components of the simple vapor power cycle without 

irreversibilities, without friction pressure drops in both the boiler and the condenser and that 

the working fluid flow passes through all these components at a constant pressure.  

 

 

Figure 4 Ideal Rankine Cycle TS-Diagram 

It is also assumed isentropic and adiabatic proces through both turbine and pump. With these 

assumptions, we see from the TS diagram that the working fluid undergoes 4 internally 

reversible processes: 

Process 1-2:  Isentropic expansion of the working fluid through the turbine from saturated 

vapor at state 1 to the condenser presurre. At point one, the gas in this case has a pressure of 

8.0 MPa and is  a saturated vapor before it enters the turbine and expand. 

After an isentropic expansion, the gas has a much lower pressure, 0.008 MPa and is a mixture 

of gas and moisture. The mix factor (𝑥 =
𝑠2−𝑠𝑓

𝑠𝑔−𝑠𝑓
) Eq.7, is the ratio of the gaseous entropy minus 

the liquid form entropy divided on the entropy before the expansion. Thus, one gets the specific 

enthalpy ℎ2 = ℎ𝑓 + 𝑥(ℎ𝑔 − ℎ𝑓) Eq.8. This is at the isentropic expansion, i.e. no change in the 

entropy mass between before and after the expansion point 2. 

Process 2-3: Heat transfer from the working fluid as it flows at constant pressure through the 

condenser with saturated liquid at state 3. 
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In condenser, the gas is cooled down from saturated gas to saturated liquid and gets a new 

lower pressure and temperature. incoming cooling water cools the saturated gas into saturated 

liquid, point 3. 

Process 3-4: Isentropic compression in the pump to state 4 in the compressed liquid region. 

The pressure of the fluid must be raised before it can go back to the boiler and this is done by 

means of a pump. Note that point four is outside of the saturated liquid line, this is because 

there is a small volume increase of the liquid due to the pump work, point 4. 

Process 4-1: Heat transfer to the working fluid as it flows at constant pressure through the 

boiler to complete the cycle (Themodynamics, Seventh Edition). 

 

 

3.2.2 The Ideal Reheat Rankine Cycle 

The reheat cycle is basically the same cycle but with two turbines and a reheat process. It is a 

high-pressure turbine (HPT) and a low-pressure turbine (LPT) that is connected to one and 

the same shaft, see figure 5. After the high-pressure turbine, steam returns to the steam 

generator to heat up the steam even higher temperature. This results in better efficiency and 

higher output. After the pump, the cycle repeats itself.  

 

Figure 5 Ideal Reheat Rankine Cycle. 

 

The related TS-diagram are in principle the same but with two points working on the 

superheated area, point one and three, see figure 6. Here the thermodynamic cycle undergoes 

three isentropic process which is at point one and three and the isentropic process of the pump. 

The corresponding equations of the cycle are the same only a modification in the quality (𝑥2 =
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𝑠2−𝑠𝑓

𝑠𝑔−𝑠𝑓
) Eq.11, (𝑥4 =

𝑠4−𝑠𝑓

𝑠𝑔−𝑠𝑓
) Eq.12 and the enthalpy ℎ6 = ℎ5 + 𝑉´5(𝑃6 − 𝑃5) Eq.13 and the state exit 

of the pump, since there are two turbines working. 

 

Figure 6 Ideal Reheat Rankine Cycle TS-Diagram. 

. 

 

3.3 The ORC Cycle Technology 

Like the Rankine cycle, the ORC cycle has the same thermodynamic conditions and works in 

the same way but uses mainly organic working fluid instead of water. The cycle consists of the 

same components which are boiler, turbine, condenser and a pump. In addition, the ORC cycle 

works at low temperature heat sources, normally less than 400°C. The working fluid 

characteristics makes the ORC suitable for these low temperature heat sources. The ability of 

these high molecular weight working fluids makes phase transition from saturated liquid to 

saturated vapor possible at lower temperatures (powerfromthesun.net, 2001). 

3.3.1 The Basic ORC Cycle 

As mentioned earlier, the principle is the same as for the Rankine cycle, where an Organic 

working fluid is vaporized in a boiler, then passes through a turbine connected to a generator, 

after the turbine condensation of the gas takes place in a condenser and finally passes the flow 

through a pump to repeat the cycle. From the TS-Diagram fig. 7, we see that the working fluid 

also undergoes a series of internally reversible processes. 
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Figure 7 Organic Rankine Cycle.  

Source: (powerfromthesun.net, 2001). 

 

The series of internally reversible processes which is on the figure 7 is: 

Process 1-2: Isentropic compression on the liquid by an isentropic pump process.  

Process 2-5: Isobaric evaporation which means no pressure drop in the boiler. In the 

Boiler, the steam undergoes three processes: 

Process 2-3: Steam preheating. 

Process 3-4: Steam evaporation from liquid phase to saturated vapor. 

Process 4-5: Steam superheating. 

 

Process 5-6: An isentropic expansion with adiabatic conditions. 

Process 6-1: Isobaric condensation. The steam undergoes 2 Processes: 

Process 6-7: Isobaric condensation from superheated steam to a saturated vapor at constant 

pressure. 

Process: 7-1: Sub cooling from saturated vapor to saturated liquid. 

Note that, these series undergo processes while bearing in mind, that this is an ideal Cycle i.e. 

isentropic expansion, adiabatic conditions, no loses, no pressure drops etc.  
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3.3.2 ORC with Recuperator (RC) 

The ORC with a recuporator is the same as the basic but with an addition of a component which 

is the so called recuporator or a preheater. Many time its also called an internal heat exchanger 

(IHE). Its task is simply to preheat the incoming working fluid to the boiler via a heat exchange 

between the exhaust gas from the turbine inlet and the incoming to the boiler. This process 

contributes to increased work output and better overall efficiency. This is because unused 

waste heat is used from the system itself. See fig. 8 This cycle is described well in le compete et 

al, (Steven Lecompte, 2015). 

 

Figure 8 ORC - Cycle with Recuperator.   

 

 

3.3.3 ORC with Reheat 

Some technological architectures for the Rankine with water as working fluid has a Reheat 

process. To avoid the risk of droplet formation and condensation that leads to corrosion on the 

turbine blade when expanding in the Rankine cycles, it requires a higher temperature than 450 

Celsius at turbine inlet. This distinction from organic fluids, which usually after the boiler path 

remains overheated at the end of an expansion, makes it generally not suitable or appropriate 

with reheating the steam in an ORC cycle.  Instead a recuperator can be installed as liquid 

preheater between the pump outlet and the expander outlet, as illustrated in Fig. 8, (Sylvain 

Quoilin, 2013). 
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3.4 Principal Irreversibilities, Losses and the Actual Cycle 

There is always a difference between the theoretical and the actual thermodynamic process 

that shows a deviation in performance result. This depends on various factors and conditions 

such as losses, pressure drops, leaks, placement, tube materials, length between each 

subcomponent etc.  The components included in these cycles are associated with 

irreversibilities and losses at actual processes. These four subsystems each have influence and 

impact on functionality, performance or the overall efficiency. (Themodynamics, Seventh 

Edition). These factors and conditions are to some extent ignored in this study 

When the fluid passes through the turbine and an expansion occurs, a work is performed. This 

work returns some loss in the form of heat transfer to the environment. This irreversibility is 

associated with the working fluid that is expanded through the turbine. An adiabatic expansion 

through the turbine has greater entropy increase than the real one. This work developed during 

the process per mass unit is less than for the corresponding isentropic expansion 1-2s, see 

figure 9.  

 

Figure 9 The Isentropic and Actual Turbine expansion. 

 

To calculate turbine efficiency, based on actual isentropic workloads, i.e. the effect of 

irreversibilities, below standing Eq.14 can be used.  

ᶯ𝑡 =
(�̇�𝑡/�̇�)

(�̇�𝑡/�̇�)𝑠

=
ℎ1 − ℎ2

ℎ1 − ℎ2𝑠
 

Where the numerator is the actual work developed per unit of mass passing through the 

turbine and the denominator is the work for an isentropic expansion from the turbine inlet 

state to the turbine exhaust pressure. This also of course means that irreversibilities contribute 

to reducing in the net power output (Themodynamics, Seventh Edition). 

In association with the pump work, it also causes irreversibilities and losses, for example, the 

need to overcoming frictional effects that also contribute to reduction on the net output, see 

figure 10.  
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Figure 10 The Isentropic and Actual Pump compression.  

With adiabatic process, there should be an increase in entropy over the pump. The added effect 

of the actual processes 2-4 is greater than the isentropic process 2-4s. This means that the 

pump will work for greater loss-free process which is the isentropic process and not for less 

loss-free process, which is the real one. This provides an isentropic pump efficiency equation 

as below, Eq.15. 

ᶯ𝑡 =
(�̇�𝑝/�̇�)𝑠

(�̇�𝑝/�̇�)
=

ℎ4𝑠 − ℎ3

ℎ4 − ℎ3
 

Another figure which shows the irreversibility effect by the subsystem components during a 

cycle on a TS-diagram, please see figure 11.  

 

Figure 11  the subsystem components during a cycle on a TS-diagram 

In this Figure, the isentropic process of the pump appears clearly much smaller than the 

turbine´s, which means irreversibilities in the pump have a much smaller impact on the 

network of the cycle. (Themodynamics, Seventh Edition). 
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3.5 Fluid Selection 

In traditional CHP plants and especially the Rankine cycle, water is used as working fluid. The 

water's characteristics and subject matter limitations require extreme thermal conditions, 

which increases the complexity of the plant and result in high investment and high cost. 

Because heat to power strongly depends on the heat source, this means that high heat source 

must also be available. These extreme heat sources are also not available in nature or gentle to 

the environment. The water as a working fluid, however, is quite ideal steam if you dispense 

the humidity range on a TS-diagram. Water is available, cheap, environmentally friendly and 

nontoxic, contains non-harmful emissions, do not contribute to increased ozone depletion 

potential (ODP) or global warming potential (GWP) etc. (E.H. Wang, 2011). 

 

In a study made by Sylvain Quoilin 2013, a comparison of water and organic working fluid in 

a TS diagram, see fig. 12 shows how different working fluids are distributed in dry, isentropic 

and humid ranges.  

 

Figure 12 a comparison between water and organic working fluids.  

Source: (Sylvain Quoilin, 2013). 

The water contains quite a lot of moisture while the R134a has an isentropic inclination and 

Heptane is quite dry working fluid. Another visualization that also emphasizes the unnecessary 

need for a reheat process when using organic work fluids (Sylvain Quoilin, 2013). 

The purpose of an ORC system, is to generate power from low heat sources, thus the water is 

not suitable in these mild conditions. This is where the concept of organic work fluid comes in. 

A wide range of organic working fluids, as mentioned earlier, can initiate a vaporization 

process at low temperatures. Because waste heat comes at low temperatures between about 

400 to 50 degrees Celsius, these fluids fit well into an ORC system. 

Some important points to consider when selecting a working fluid (Sylvain Quoilin, 2013): 

1) Thermodynamic performance: Given sources of heat should have the highest efficiency and / or 

power output. This performance depends on many independent thermodynamic properties of the 
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working fluid. Critical point, acentric1 factor, specific heat, density etc. It is not straight forward to 

establish an optimum for each specific thermodynamic property independently. The most common 

strategy is to simulate the cycle at different candidate working fluids. 

 

2) Positive or isentropic saturation curve as mentioned earlier se figure 12. 

 

3) High vapor density. 

4) Low viscosity. 

5) High conductivity. 

6) Acceptable evaporating pressure. 

7) Positive condensing gauge pressure. 

8) High temperature stability. 

9) High freezing limit. 

10) High safety level. 

11) Low ODP. 

12) Low GWP.  

13) Good availability. 

 

 

 

1. The Acentric Factor: a measure of the amount by which the thermodynamic properties of a particular substance differ 

from those predicted by the Principle of Corresponding States.   

4  CURRENT STUDY 

4.1 The Heat Source and Temperature Range 

4.1.1 DH Grid and Demand 

After heat distribution in the DH grid and when the heating demand are low, the return flow 

entails suitable temperatures which sometimes goes as spillage and these are not converted to 

something useable. This heat potential can subsequently be utilized to convert it to electricity 

using the so-called ORC cycle at appropriate temperatures. This technology could utilize this 

when the electricity price is high, hence will bring huge profit to the DH companies. Usually a 

high potential of waste heat at start and shutdown of boilers occurs. 
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4.1.2 Temperature Range 

In general, what is being investigated in an ORC process is the heat source that varies between 

120 to 70 degrees Celsius and an ambient temperature range between 5 and 20 degrees Celsius 

as a cooling source. This makes the study results more flexible and can be used in other areas 

that have these available temperature intervals. The heat source temperature range is divided 

to 110, 90, 80 and 70 degrees Celsius, and then each interval of different cooling temperature 

is tested. This ambient cooling temperature is also divided to 5, 10, 15 and 20 degrees Celsius. 

i.e. if the heat source is a constant and at 110 degrees, how much energy converted to work can 

it give at example 5 degrees Celsius, and so on. 120 degrees Celsius are less common 

temperature during the return and the pinch point also in account makes it therefore not 

relevant here. 

4.2 ORC Architectures and Analyst 

Three architecture layouts are designed and analyzed to answer the requested questions. i.e. 

analyze to identify important parameters, fluid functionality and efficiency, as well as the 

difference between these models. This is done by adding sub-components and / or adjustments 

to each cycle. These thermodynamic layouts are based on a sub cooling cycle which means they 

are working below the critical temperature of each fluid, as it shown in this figure 13. 

 

Figure 13 ORC cycle in the TS-Diagram for a fluid with overhanging.  

Source: (Bahaa Saleh, 2007). 

Fig. 13 shows that from point 1 to point 2 a small volume increase occurs due to increased 

pressure. Then the pressure increases to the desired high pressure and then starts boiling i.e. 

phase transition. From point 3 to 4 the expansion occurs and then condensation at constant 

low pressure to point 1. 
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4.2.1 Layout 1 The basic ORC  

Fig 14 shows layout 1, the model made to simulate the first basic ORC cycle. Layout 1, which is 

exactly what has been described in previous sections, contains the 4 basic components. The 

layout contains a pump to increase fluid pressure, phase shift boiler, low pressure turbine to 

convert energy to power and a condenser that condenses steam to liquid matter. 

 

Figure 14 The basic ORC 

4.2.2 Layout 2 The ORC with Recuperator (RC) 

In layout 2, fig. 15, the design with an internal heat exchanger which is used as recuperator, is 

reinforced with two IHE. These two IHE are the components INT1 and INT2. This is done to 

recuperate the heat from the turbine flow outlet. Thus, to utilize the heat from flow 4 to preheat 

flow 1 entering the boiler. This process works by the heat transfer between INT1 and INT2, 

where INT1 and INT2 works as one single recuperator.  

 

Figure 15 The ORC with Recuperator (RC) 
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4.2.3 Layout 3 Regenerative ORC  

Layout 3 figure 16, is the ORC with multiple evaporation pressures i.e. the cycle works at three 

different pressure points and the thought behind this is to reduce irreversibilities such as 

pressure losses and more heat losses. Since the simulations will not take the pressure loses into 

account, the gain of the temperature losses will then be counted. And that is Where the 

preheating happens to the incoming flow before entering the boiler. The cycle is reinforced 

with several additional components. Those components are a mixer which mixes flow 8 and 4, 

a splitter which split the exit flow 3 from turbine 1 (EXP1) which is also another additional 

component. After EXP1 the flow split so that a fraction of it goes to a mixer which mixes this 

fractional flow with the flow after pump 2 and the rest continues to turbine 2 (EXP2). It´s 

important that point 9 is at saturated temperature. The inlet is equal to the out let which makes 

the cycle continues at the same way. See Figure 16. 

 

 

Figure 16 Layout 3 Regenerative ORC 

 

To find the optimal pressure for this investigation, the difference between the pressure in the 

pump and in the turbine, is used.  The pressure difference is then divided into relative values 

for simulation to obtain an optimal pressure value working between these two levels. These 

values will stand for the pressure at EXP1 and in the pump 2. The remaining unexpanded 

vapor after the split will than continue its expansion in the EXP2 to the lowest possible 

pressure. 
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4.2.4 Assumptions taken and Important Data Input 

The layouts are done in the software AspenPlus where commercial methods and 

specifications have been used. This means also many assumptions have been made.  

These assumptions are: 

• Constant heat and cooling temperatures. 

• An ambient temperature between 5 and 20 degrees Celsius. 

• Inlet equal to the outlet. 

• No pressure drops in subsystem components. 

• Adiabatic processes. 

• No regard to irreversibilities. 

• 5-degree Celsius minimum pinch point i.e. thermal temperature 120 is only 115 degrees 

transferred or utilized. 

• 0% lubricant in the working fluid. 

 

The important data inputs are the isentropic efficiency of pump and turbine 0.65 resp. 0.85, 

see Appendices 1 and 2. It is important to note that with these assumptions, higher efficiencies, 

higher pressure in pump and lower pressure levels in turbine are expected and the result will 

differ compare to what is shown in Appendices 1 and 2. However, it is not expected to achieve 

a result that would really show that ORC with RC or Regenerative ORC is significantly have 

much higher efficiency. This is according to (Meinel et al) whom compared the Basic ORC, 

ORC with RC and regenerative ORC and got as result, that the Basic ORC was indicated as the 

best cycle design both economically and thermodynamically perspective. The regenerative 

cycle was found to have potential for cogeneration purposes (Meinel et al, 2014). But since this 

study are focused at working with lower temperatures than in these scientific papers, perhaps 

better performance may in this study be expected. 

Selected Working Fluids 

In this study, 4 working fluids are chosen which have higher critical points than the 

temperature source. These are presented in table 1 and are taken from Appendix 1 and 2, which 

were found in several scientific articles, e.g. (Bahaa Saleh, 2007). See table 1. 

Table 1 Selected ORC Fluids 

Selected ORC Fluids 
 

𝑇𝑐 

[◦C] 
 

𝑃𝑐 

[bar] 
 

R236ea CF3-CHF-CHF2 139.22 34.12 

R600 n-butane 152.05 38.00 

R245fa CF3-CH2-CHF2 154.05 36.40 

n-hexane C6H14 234.67 30.10 
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5 RESULTS 

The following tables and figures represent the results that were simulated and calculated. Some 

represent the comparison between the different designs i.e. the difference in efficiency between 

with and without an internal heat exchanger (recuperator) and the temperature variation and 

how much performance efficiency are obtained at lower temperature source. Furthermore, 

identified parameters are presented.  

This study is not using the same temperature source as in appendix 1. To ensure that the basic 

simulated layout 1 is correct, validation has been made at the temperature 𝑇4, which is the 

temperature after expansion. This validation is the comparison between 𝑇4 in table 1 where the 

𝑇4 are slightly higher than in Appendix 1. And that’s because in appendix 1, 100 degrees Celsius 

is used. The basic layout 1 is used later as a base for the other layouts. 

It is also important to know here, that the efficiency represented is the maximum efficiency at 

the cooling temperature 5 degrees Celsius except for the regenerative cycle. This heat sink 

temperature gives a maximum efficiency between the selected fluids as expected. This can be 

seen in the tables as the pressure in the pump becomes higher, while the pressure in the (LPT) 

remains unchanged. 

5.1 Simulation Results and Comparison 

As an introduction to the results, the comparison in fig. 17 are between two different 

temperature sources, namely 𝑇3 = 110 and 𝑇3 = 70 degrees Celsius. This 𝑇3 is the temperature 

source, which is the temperature after the boiler. The design simulated here is the basic ORC 

cycle e.g. no internal heat exchanger (-IHE). 
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Figure 17 Basic ORC Cycle Comparison, T3=110 And T3=70 [◦C], 

 

Fig. 17 containing 4 lines showing efficiency for respective 𝑇3, efficiency reduction and pump 

decline. The efficiency reduction describes how much the efficiency reduces when the 

temperature source gets lowered from 110 ◦C to 70 ◦C. The pump decline describes how much 

the pressure in pump goes down to achieve boiling. The figure shows that the working fluid 

R236ea has lowest efficiency improve while n-hexane is improved by about 4.5% at higher 

incoming 𝑇3 source. Because of temperature pressure proponality, which means if the 

temperature source lowered, the pressure at the pump must also be lowered to the boiling 

point. Other ways 𝑇3 which is the temperature after the boiler will not be enough to make the 

fluid go a phase transition. And that’s due to the high pressure. The R600 appears to have the 

highest pump pressure decline by about 43.63% which corresponds to 24.43% efficiency 

reduction between with and without an IHE. 

5.1.1 Cycle Comparison, T3=70 [◦C] 

Continuously table 2 shows the data obtained by simulation at 𝑇3 = 70, which is the 

temperature after the boiler and between with an internal heat exchanger (+IHE) and without 

internal heat exchanger (-IHE).  The temperature after the boiler is still 𝑇3 and 𝑇4 is the turbine 

outlet temperature. From table 2 R600 and the basic ORC, has the highest efficiency 13,55%. 

With internal heat exchange R245fa gets the heights efficiency. N-hexane has a maximum 

turbine outlet temperature (𝑇4). The R236ea has the highest flow rate. 

 

16.29%
17.93% 17.83% 18.10%

13.16% 13.55% 13.49% 13.47%

19.20%

24.43% 24.35% 25.55%

39%

43.63%

38.60%

32.81%

R236ea R600 R245fa n-hexane

Basic ORC Cycle comparison, T3=110 and T3=70 [◦C], -IHE.

ɳ,max -IHE, T3=110 [◦C]    ɳ,max -IHE, T3=70 [◦C] ɳ-Reduction P,pump Decline
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Table 2 Cycle Comparison, T3=70 [◦C] 

 

 

Figure 18 shows that R245fa has the highest increase in efficiency between (±IHE) compare to 

other fluids and corresponds to an increase of about 6.14%. R236ea comes quite close to the 

fluid R245fa.  

 

Figure 18 Cycle comparison, T3=70 [◦C] 

 

 

5.1.2 Cycle Comparison, T3=80 [◦C] 

Figure 19 shows how patterns repeat, i.e. and higher temperature source leads to higher 

efficiencies.  

0.00%

2.00%

4.00%

6.00%

8.00%

10.00%

12.00%

14.00%

16.00%

R236ea R600 R245fa n-hexane

Cycle comparison between with and without 
Internal heat exchanger, T3=70 [◦C]

ɳ,max -IHE ɳ,max +IHE Increases

Selected ORC Fluids 

 

𝑇𝑐  
[◦C] 

 

 

 
  𝑃𝑐 

[bar] 

 
𝑇3 

[◦C] 

 
 𝑇4 
[◦C] 

 
𝑃𝑚𝑖𝑛 
[bar] 

 
𝑃𝑚𝑎𝑥 
[bar] 

 

�̇� 
kg/HR 

 

ɳ, max 
[%} 
-IHE 

ɳ, max 
[%} 

+IHE 

R236ea 139.2 34.12 70 26.69 0.97 7.93 152.04 13.16 13.89 

R600 152.1 38.00 70 21.82 1.24 8.19 58.120 13.55 13.79 

R245fa 154.1 36.40 70 23.22 0.67 6.11 134.05 13.49 14.32 

n-hexane 234.7 30.10 70 30.53 0.08 1.04 86.180 13.47 13.69 
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Figure 19 Cycle comparison, T3=80 [◦C] 

 

 

The table 3 clearly shows pressure and temperature proponality and how at higher 𝑇3, higher 

pressure could be obtained and higher yielded efficiency. Without an IHE R600 remains with 

the highest effeciency and followed by n-hexane. Without an IHE R236ea has the lowest 

effecincy but than with an IHE n-hexane gets the lowest efficiency.  With internal heat 

exhanger R245fa gets the higherst effeciency.  

 

Table 3 Cycle Comparison, T3=80 [◦C] 

 

 

5.1.3 Cycle Comparison, T3=90 [◦C] 

At 90◦C figure 20 show that R600 and n-hexane are very close to each other in efficiency 

without an IHE while R245fa still have the highest efficiency. 
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Cycle comparison, T3=80 [◦C]

ɳ,max -IHE ɳ,max +IHE Increases

Selected ORC Fluids 

 

𝑇𝑐 
[◦C] 

 

 

 
  𝑃𝑐 

[bar] 

 
𝑇3 

[◦C] 

 
 𝑇4 
[◦C] 

 
𝑃𝑚𝑖𝑛 
[bar] 

 
𝑃𝑚𝑎𝑥 
[bar] 

 

�̇� 
kg/HR 

 

ɳ, 
max 
[%} 
-IHE 

ɳ, max 
[%} 

+IHE 

R236ea 192.2 34.12 80 29.98 0.97 10.16 152.04 14.38 15.12 

R600 152.1 38.00 80 24.74 1.24 10.26 58.12 14.85 15.11 

R245fa 154.1 36.40 80 26.34 0.67 7.930 134.05 14.77 15.63 

n-hexane 234.7 30.10 80 35.50 0.08 1.41 86.18 14.82 15.05 
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Figure 20 Cycle comparison, T3=90 [◦C] 

Simulation with 𝑇3 = 90 shows has the highest that 𝑇4 and constantly increasing and 90 

degrees of heat source leads to pressure extensibility at pump which means higher efficiency. 

From table 4 we see how without an IHE n-hexane has slightly higher efficiency 16.04% than 

R600 16.01%. With an IHE R245fa still has the highest efficiency And R236ea remines with 

lowest in both cycles. R236ea, R600 and R245fa pressure in the pump extend from 7.93 bar, 

8.19 bar and 6.11 bar at 𝑇3 = 70 to 12.83 bar, 12.69 and 10.12 bar. N-hexane gets no noticeable 

extent but only higher 𝑇4. 

 

Table 4 Cycle Comparison, T3=90 [◦C] 

Selected ORC Fluids 

 

𝑇𝑐 
[◦C] 

 

 

 
  𝑃𝑐 

[bar] 

 
𝑇3 

[◦C] 

 
 𝑇4 
[◦C] 

 
𝑃𝑚𝑖𝑛 
[bar] 

 
𝑃𝑚𝑎𝑥 
[bar] 

 

�̇� 
kg/HR 

 

ɳ, max 
[%} 
-IHE 

ɳ, max 
[%} 

+IHE 

R236ea 139.2 34.12 90 33.00 0.97 12.83 152.04 15.44 16.25 

R600 152.1 38.00 90 27.55 1.24 12.69 58.12 16.01 16.26 

R245fa 154.1 36.40 90 29.33 0.67 10.12 134.05 15.92 16.83 

n-hexane 234.7 30.10 90 40.61 0.08 1.88 86.18 16.04 16.29 

 

 

5.1.4 Cycle Comparison, T3=110 [◦C] 

At 𝑇3 = 110, the performance is quite different, and n-hexane peaks the group in both with and 

without an IHE, although the R236ea has an increase of 5.2%, but remaining with the lowest 

efficiency. This can strongly depend on fluid properties and thermodynamic process at this 
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high temperature. N-hexane has a critical temperature of 𝑇𝑐 = 234.7 degrees Celsius while 𝑇𝑐 

of R236ea is 139.2 degrees Celsius.  

 

Figure 21 Cycle comparison, T3=110 [◦C] 

 

N-hexane has significantly lower pump and expansion pressure and yet achieves higher 

efficiency which are 18.10% and 18,41 ±IHE. N-hexane has about 1/3 of the pressure compare 

to the other three working fluids as one can see on table 5.  

Table 5 Cycle Comparison, T3=110 [◦C] 

Selected ORC Fluids 

 

𝑇𝑐 
[◦C] 

 

 

 
  𝑃𝑐 

[bar] 

 
𝑇3 

[◦C] 

 
 𝑇4 
[◦C] 

 
𝑃𝑚𝑖𝑛 
[bar] 

 
𝑃𝑚𝑎𝑥 
[bar] 

 

�̇� 
kg/HR 

 

ɳ, max 
[%} 
-IHE 

ɳ, max 
[%} 

+IHE 

R236ea 139.2 34.12 110 47.28 0.97 15.74 152.04 16.29 17.13 

R600 152.1 38.00 110 32.39 1.24 18.77 58.12 17.93 18.20 

R245fa 153.1 36.40 110 34.48 0.67 15.83 134.05 17.83 18.09 

n-hexane 234.7 30.10 110 51.27 0.08 3.17 86.18 18.10 18.41 

 

5.1.5 Regenerative ORC Comparison at different middle pressure points 

Early results showed that n-hexane had the highest efficiency at 110 degrees Celsius as a 

temperature source. And therefore, this working fluid was chosen for further investigation of 

the R ORC cycle simulation. The result shows in fig. 22 the efficiency of those chosen levels in 

0.0%

2.0%

4.0%

6.0%

8.0%

10.0%

12.0%

14.0%

16.0%

18.0%

20.0%

R236ea R600 R245fa n-hexane

Cycle comparison, T3=110 [◦C]

ɳ,max -IHE ɳ,max +IHE Increases



31 

the EXP1. The efficiency increases and reaches an optimal pressure than decreases with as 

pressure increased. From fig. 22 ca 0.76 bar is in this case the most optimal middle pressure 

to use in EXP1. 

 

Figure 22 Relative P3 

 

Simulation results of this cycle design are summarized in tab. 6, where the lowest efficiency is 

approximately 16.59. In comparison with the basic ORC and the RC cycle with the same 

temperature source, these efficiencies are still higher. Since 5 degrees Celsius is not a common 

environment heat sink, 20 degrees Celsius is used here. By contrast and from the results, if 5 

degrees Celsius is used, it would be wrong if the efficiencies get lower than the presented. This 

is obtained by the results and how higher temperature and lower heat sink gave better 

efficiencies.  

 

Table 6 P3 at different middle pressure 

EXP1, P3, [Bar] Q,in 
[W] 

Wt1 
[W] 

Wt2 
[W] 

Wp1 
[W] 

Wp2 
[W] 

𝑇3 
[◦C]  

T 
Cond 

ɳ [%] 

P=0.4 11307 1405 542 12 1 110 20 17.10 

P=0.55 10815 1193 700 9 2 110 20 17.40 

P=0.76 10368 975 851 6 3 110 20 17.53 

P=1.36 9270 578 1045 5 5 110 20 17.40 

P=1.97 8426 324 1127 3 7 110 20 17.10 

P=2.57 7867 143 1172 2 8 110 20 16.59 
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5.2 Identified parameters 

During simulation time and onwards, when studying the result, four main parameters greatly 

affected the efficiency.  

These parameters are: 

• The properties of the fluid.  

• Temperature source. 

• Heatsink. 

• Application placement. 

• Component performance 

 

Because the cycle uses a working fluid, this means that efficiency depends strongly on the 

properties of the fluid. The n-hexane has the highest critical temperature among the selected 

fluids. This means that the fluid has the ability to work at a higher temperature source, Higher 

freeze point and hence a higher efficiency as the result showed. Even if it worked at lower pump 

pressure which is good from an economical point of view. 

Application location is also an important parameter and affects the overall efficiency of the 

process. A good location is expected to have high temperature sources while low cooling 

sources. An industrial waste heat that supplies the process with high thermal temperatures and 

is close to a lake that also supplies very low cooling possibilities increases the efficiency. 

Also, better component performance can be a good parameter to consider. The study used 0.65 

and 0.85% as isentropic efficiencies. higher isentropic efficiencies lead to higher overall 

efficiency.  
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6 DISCUSSION  

The study was made to answer three questions regarding and ORC cycle designs. These 

questions are which is the suitable working fluids, the difference in efficiency between the three 

chosen with the selected fluids, And Which identified parameters mostly affect the 

performance. To answer these questions, 4 working fluids were chosen R236ea, R600 (n-

butane), R245fa and n-hexane. And three designs were investigated the basic ORC, ORC with 

RC and Regenerative ORC. 

From the results we saw that R600 and without an IHE up to almost 90 degrees Celsius had 

the highest efficiency. At 90 degrees Celsius R600 and n-hexane had very close performance, 

16.01 % and 16.04 % resp. With an IHE R245fa had highest efficiency up to 90 degrees. It 

means some fluids are more stable at different layouts. The fluids at higher temperature, n-

hexane began to dominate the fluid table, and this is clearly due to fluid properties. N-hexane 

has the highest critical temperature and allows a bigger working area in the sub cooling cycle, 

hence higher efficiency. R236ea had the lowest efficiency and worst performance. This is also 

related to its critical temperature. R236ea has the lowest critical temperature, hence had worst 

performance.  

Between the three layouts, the Basic ORC, ORC with RC and Regenerative ORC, ORC with RC 

had the highest efficiency. However, it is important to remember that costs for components, 

entertainment, etc. are not included in the calculation of the overall efficiency, which of course 

affects it. From an economic point of view, the degree of effectiveness may be close to each 

other and that the basic is best option from an economic and thermodynamic perspective as 

mentioned earlier. From only thermodynamic process, the ORC with RC clearly and from the 

results has the highest efficiency which is about 18.41% when the same conditions are 

considered. 

It is also important to grab the importance of component materials such as quality or 

component design and performance. The identified pump extension tells that higher pressure 

resp. lower pressure could give higher output. Another important detail is the location itself. 

The identified parameters play a big part, but other parameters of a more advanced or real 

process may also have their performance impact. To keep the temperature source at constant 

temperature a flow regulation is needed and that means more flexible pipe are needed.  

 

6.1 Software uncertainty 

Uncertainty with software occur and can lead to catastrophic complications and give incorrect 

results. Aspen plus had a tendency to use input data from older simulations. Double-check 

simulation and the use of Rese/merge simulation results button was necessary to use to ensure 

that the new input data is used for current simulation. 



34 

7 CONCLUSIONS 

In conclusion, and from a thermodynamic perspective ORC with RC has the best performance. 

With temperature source up to almost 90 degrees Celsius and without an IHE, R600 has the 

highest efficiency. At 90 degrees Celsius R600 and n-hexane are very close to each other in 

efficiency. With higher temperature source and without an IHE, n-hexane has highest 

efficiency.  

With an IHE and up to 90 degrees Celsius R245fa has the highest efficiency and the most 

stable.  

  

Higher temperature source than 90 degrees Celsius and with or without an IHE, n-hexane has 

the highest efficiency and most stable.  

With regenerative ORC and 110 degrees Celsius, the optimal pressure for n-hexane is 0,76 bar. 

Identified parameters: 

• The properties of the fluid.  

• Temperature source. 

• Heatsink. 

• Application placement. 

• Component performance 

 

8 SUGGESTIONS FOR FURTHER WORK 

It is possible to further optimize these three designs by, for example, using inputs of better 

design components, study other working fluids, higher isentropic efficacy, taking into account 

lubrication during a cycle, axial or radial turbine blade etc.  

More suitable suggestions for continued work for this study are the economic perspectives. i.e. 

calculate the overall efficiency that considers component costs, installation cost, maintenance 

costs, price for purchased waste heat, pay-off time, technical and economic Life Cycle etc. This 

is done with having in mined and in calculations, the current energy prices. 
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APPENDIX 1: EQUATION OF STATE PARAMETERS FOR 

POTENTIAL ORC WORKING FLUIDS 

 

 

  



38 

APPENDIX 2: COMPARISON OF ORC CYCLES WITH 

PRESSURES UP TO 20 BARS WITHOUT AND 

WITH INTERNAL HEAT EXCHANGER 
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APPENDIX 3: R236EA T3=110 [◦C] & T.COND=5 [◦C], BASIC ORC 

 

 

 

APPENDIX 4: R600 N-BUTANE T3=110 [◦C] & T.COND=5 [◦C], 

BASIC ORC 
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APPENDIX 5: R245FA T3=110 [◦C] & T.COND=5 [◦C], BASIC ORC  

 

 

 

APPENDIX 6: N-HEXANE T3=110 [◦C] & T.COND=5 [◦C], BASIC 

ORC  
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APPENDIX 7: R236EA T3=110 [◦C] & T.COND=5 [◦C], RC CYCLE  
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APPENDIX 8: R600 T3=110 [◦C] & T.COND=5 [◦C], RC CYCLE  
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APPENDIX 9: R245FA T3=110 [◦C] & T.COND=5 [◦C], RC CYCLE  
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APPENDIX 10: N-HEXANE T3=110 [◦C] & T.COND=5 [◦C], RC 

CYCLE  
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APPENDIX 11: N-HEXANE REGNERATIVE CYCLE, P3=0.4   

BAR, INLET=OUTLET 

 

APPENDIX 12: N-HEXANE REGNERATIVE CYCLE, P3=0.55   

BAR, INLET=OUTLET 
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APPENDIX 13: N-HEXANE REGNERATIVE CYCLE, P3=0.76   

BAR, INLET=OUTLET 

 

APPENDIX 14: N-HEXANE REGNERATIVE CYCLE, P3=1.36   

BAR, INLET=OUTLET 
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APPENDIX 15: N-HEXANE REGNERATIVE CYCLE, P3=1.97   

BAR, INLET=OUTLET 

 

APPENDIX 16: N-HEXANE REGNERATIVE CYCLE, P3=2.57   

BAR, INLET=OUTLET 
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