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Abstract 

Increasing the efficiency of conventional power plants is a crucial aspect in the quest of reducing the 

energy consumption of the world and to having sustainable energy systems in the future. Thus, within the 

scope of this thesis the possible efficiency improvements for the Wärtsilä 18V50DF model gas engine 

based combine power generation options are investigated by recovering waste heat of the engine via 

Organic Rankine cycle (ORC).  In order to this, four different ORC models are simulated via Aspen Plus 

software and these models are optimized for different objective functions; power output and price per 

unit of electricity generation. These ORC models are: regenerative Organic Rankine cycle (RORC), 

cascaded Organic Rankine cycle with an economizer (CORCE), cascaded Organic Rankine cycle with two 

heat sources (CORC2) and cascaded Organic Rankine cycle with three heat sources (CORC3). In the 

cascaded cycle models there are two loops which are coupled with a common heat exchanger that works 

as a condenser for the high temperature (HT) loop and as a preheater for the low temperature (LT) loop. 

By using this common heat exchanger, the latent heat of condensation of the HT loop is utilized. The 

engine’s hot exhaust gases are used as main heat source in all the ORC models. The engine’s jacket water 

is utilized in the CORC2 models as an additional heat source to preheat the LT working fluid. In the 

CORC3 models engine’s lubrication oil together with the jacket water are used as additional sources for 

preheating the LT loop working fluid. Thus, the suitability of utilizing these two waste heat sources is 

examined. Moreover, thermodynamic and economic analyses are performed for each model and the 

results are compared to each other. The effect of different working fluids, condenser cooling water 

temperatures, superheating on cycles performance is also evaluated. 

The results show that with the same amount of fuel the power output of the engine would be increased 

2200 kW in average and this increases the efficiency of the engine by 6.3 %. The highest power outputs 

are obtained in CORC3 models (around 2750 kW) whereas the lowest are in the RORC models (around 

1800 kW). In contrast to the power output results, energetic efficiencies of the RORC models (around 30 
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%) are the highest and CORC3 models (around 22 %) are the lowest. In terms of exergetic efficiency, the 

highest efficiencies are obtained in CORC2 (around 64.5 %) models whereas the lowest in the RORC 

models (around 63 %). All the models are found economically feasible since thermodynamically optimized 

models pay the investment costs back in average of 2 years whereas the economically optimized ones in 

1.7. The selection of the working fluid slightly affects the thermodynamic performance of the system since 

in all the ORC configurations Octamethyltrisiloxane (MDM) working fluid cycles achieve better 

thermodynamic performances than Decamethyltetrasiloxane (MD2M) working fluid cycles. However, the 

choice of working fluid doesn’t affect the costs of the system since both working fluid cycles have similar 

price per unit of electricity generation. The CORC2 models obtain the shortest payback times whereas the 

CORC3 models obtain the longest Thus the configuration of the ORC does affect the economic 

performance. It is observed from the results that increasing the condenser cooling water temperature have 

negative impact on both thermodynamic and economic performances. Also, thermodynamic 

performances of the cycles are getting reduced with the increasing degree of superheating thus 

superheating negatively affects the cycle’s performances. The engine’s jacket water and lubrication oil are 

found to be sufficient waste heat sources to use in the ORC models.  
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1 Introduction 

1.1 Energy Trends 

Energy has always been one of the most important requirements in life. First, the human race used wood 

for only heating and cooking purposes. The more civilized the human race the more energy they started to 

use. Thus, energy had started to be used not only for heating and cooking purposes but also to make tools 

and weapons, to build ships and houses. But the milestone about the use of energy was the industrial 

revolution. With the invention of steam turbines, internal combustion engines, gas turbines and most 

importantly electricity; the energy became essential for mass production of tools in the factories, 

transportation in the trains, cars and ships, and even in every household for lighting and other purposes. 

Thus, with industrial revolution everyone had easy access to energy and life became much easier for 

humans. So far, this was the bright side of the energy use and especially use of fossil fuels. 

Although, industrial revolution and other technological developments had improved the quality of human 

life and extended the average lifetime of the people, these developments had caused big issues such as 

excess use of natural resources and global warming. The increase in the energy demand is closely related 

with the increase in the population. The population of the world was 6 billion in 2000. The use of energy 

and especially fossil fuels had already reached unsustainable limits by that time. Since then, the population 

has increased 1% per year and it is expected to increase with the same rate and reach 8 billion by 2025. 

Furthermore, the population growth rates of the developing countries are quite higher in comparison with 

the developed countries (Worldbank, 2014). Thus, the energy consumption of these developing countries 

so called “non-OECD countries” is increasing rapidly with the growing population and the improving life 

standards.  

As it can be seen from figure 1, currently the energy consumption of OECD and Non-OECD countries 

are almost the same. However, it is projected that the energy consumption of Non-OECD countries will 

be doubled whereas OECD’s will remain almost the same by 2040.             

 

Figure 1 World Total Energy Consumption, 1990 to 2040 (EIA, 2013) 

World is highly dependent on fossil fuels such as liquid fuels, coal and natural gas. Figure 2 shows that the 

world will continue to be dependent on fossil fuels in the future. The excessive consumption of fossil 

fuels is depleting the reserves. Thus, the fossil fuels are becoming more and more expensive. 

However, the biggest concern about the excessive use of fossil fuel is not their prices; it is their negative 

environmental effects. With the combustion of fossil fuels enormous amounts of CO2 is emitted to 
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atmosphere. These emissions are considered as the major cause for global warming. The consequences of 

global warming have already emerged to be seen as such the melting of glaciers and sea level rise. 

However, the damages will be more severe unless CO2 emissions levels are controlled. Unfortunately, the 

future scenarios show that fossil fuel based CO2 emissions will increase 50% by 2040 in comparison with 

the current emissions levels (EIA, 2013).  

 

Figure 2 World Energy Consumption by Fuel Type, 1990 to 2040 (EIA, 2013) 

Increasing energy demand, depletion of fossil fuel reserves, high fuel prices and environmental concerns 

has led the world to a point where it is necessary to find alternative ways for energy production. 

Renewable energy has become an alternative to fossil fuels and much effort has been concentrated on the 

developments of renewable energy systems and technologies in recent decades. However, there are still 

major problems about the renewable energy technologies such as high costs and reliability issues. Besides 

the renewable energy, increasing the efficiency of conventional energy conversion technologies is essential 

to solve energy related issues of our time. Thus, waste heat recovery (WHR) is one of the best ways to 

increase the efficiency of existing energy conversion technologies, to generate more power output with a 

same amount of fuel and to less amount CO2 emissions.                   

1.2 Overview of Waste Heat Recovery 

Waste heat is a by-product of any process that uses energy and machines doing work. Many applications 

such as industrial processes, gas turbines, internal combustion engines etc. rejects heats to the atmosphere. 

Because, the temperatures of this waste heat is quite low to be re-used in the system. The rejected heat 

always has a lower temperature than the original energy source and higher temperature than the ambient. 

Waste heat recovery (WHR) is a process in which waste heat is further utilized for useful applications 

before dumping it to ambient.  

It is estimated that only in Europe more than 140 Terawatt hours (TWh) of recoverable heat is generated 

by the industrial processes every year (IEN Europe, 2014). This heat accounts almost 40% of the heat that 

is used by the industry (DENA, 2011).  Converting this waste heat into electricity enormous amounts of 

CO2 free power can be generated.  

Heat sources can be classified according to the temperature ranges. The high temperature heat sources 

have 650 0C or above, the medium temperature heat sources have 230 0C to 650 0C and the low 

temperature heat sources have 230 0C or below (U.S. Departmant of Energy, 2008).                    

According to the Carnot efficiency; the work output of the thermodynamic cycle is proportional to the 

temperature difference between the heat sources and the heat sink. So, it can be said that the higher the 

temperature of the heat source the higher the efficiency of the system is. However, as it can be seen from 
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figure 3 that majority of the potential waste heat sources for heat recovery applications are in the medium 

and low temperature ranges. Thus, recovering this low temperature waste heat might be difficult due to 

the thermodynamic limitations. 

             

Figure 3 Potential Heat Recovery Sources (Chen, 2011) 

There are also other difficulties of WHR applications which are also closely related with the low 

temperatures of the heat sources. Costs and long payback period times, material constrains and low heat 

transfer rates of working fluids, chemical compositions of exhaust gases, and necessity to design and scale 

equipment for each specific case are some of the other major issues of waste heat recovery utilization. 

Besides these issues, WHR has many benefits such as less fuel is used for same amount of power output, 

less environmental damage due to low CO2 emissions, lower capital costs for exhaust gas handling 

equipment since the amount and temperature of exhaust gases are reduced, and lower energy 

consumption of system equipment’s such as pumps and fans due to lower working loads. 

Although, there are several technologies used for WHR applications, Organic Rankine cycle (ORC) is the 

most common and technologically advanced option among those technologies. Organic Rankine cycle is a 

type of Rankine cycle which uses organic fluids as a working fluid instead of water. 

1.3 Objectives  

The main objective of this thesis is to investigate the techno/economic possibility of increasing the overall 

power output and efficiency of gas engine based power plant by introducing an appropriate secondary 

energy recovery system that operates on Organic Rankine Cycle (ORC) principle.  

Advanced configurations of ORC cycles to be proposed, performance simulated and analyzed to find out 

optimized designs for relevant engine conditions and to identify the most appropriate types of working 

fluids for relevant ORC cycles.  

1.4 Research Methodology 

First, based on the literature review, different Organic Rankine thermodynamic cycles will be investigated. 

These cycles are: Basic ORC, Regenerative ORC, and Two staged ORC with two turbines. Also, different 

working fluids options will be investigated for each cycle. These cycles and working fluids will be 

explained in detail in following chapters. Second, Aspen Plus software will be used in order to make the 

steady-state thermodynamic simulation models. Dynamic simulation is not in the scope of this study. The 

cycles will be simulated in same boundary conditions such as the gas engine’s exhaust gas, cooling water, 

lubrication oil and working fluid properties and so on. The equipment’s such as turbines, heat exchangers, 

condensers will be selected from the software’s local library and if necessary some of the equipment’s will 
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be designed with using Aspen Plus or some other tool of Aspen Plus software family. In all of the ORC 

models, the Wärtsilä 18V50DF model gas engine’s exhaust gases will be utilized as a main heat source. 

Depending on the configuration of the ORC model/models; the engine’s jacket water and lubrication oil 

will be used as additional heat source/sources. These will be done, in order to evaluate the suitability of 

the jacket water and lubrication oil as a heat source for the ORC waste heat recovery applications. 

Furthermore, effects of different working fluids, super heating temperatures, turbine inlet and outlet 

pressures and condenser cooling water temperatures on the cycles’ thermodynamic performance will be 

evaluated. Moreover, thermodynamic analysis such as exergetic and energetic efficiency calculations will 

be done and models will be compared with each other. Last but not least, detailed economic analysis will 

be done based on the available literature and available sources in internet for each model to see the capital 

costs and payback times. Depending on the simulation results, thermodynamic and economic analysis the 

most suitable model/models will be highlighted. 

2 Background 

2.1 Overview of Thermodynamic Cycles 

The Rankine cycle is a thermodynamic cycle which is used to convert heat into a mechanical energy. 

Nowadays, the steam engines that work based on the Rankine cycle principle generate around 90 % of the 

electricity of the world (Wiser, Wendell H., 2000). The steam Rankine cycle power plants are the most 

common ones since this technology can be used coal, liquid fuel, biomass, waste incineration, solar 

thermal and nuclear power plants. The working principle of the real steam Rankine cycles are quite 

complex and consist of many stages. Thus, the working principle of the basic Rankine cycle is going to be 

explained. The basic Rankine cycle is operated in a closed loop and heat is supplied externally to heat the 

water and produce steam. Figures 4 and 5 respectively show the basic Rankine cycle schema and its 

pressure-enthalpy (P-h) and temperature-entropy (T-s) diagrams of the cycle. The working principle of the 

basic Rankine cycle is as follows:  

 1-2 Pressurized liquid enters the boiler or external heat source. 

 2-3 the heat is transferred from the heat source to liquid until the liquid reaches its’ saturation 

temperature. The heat transfer is continued until the liquid is converted to a saturated steam. The 

processes 1-3 are isobaric heat processes since there is no change in the pressure. 

 3-4 the saturated vapor is expanded and in the steam turbine and this causes the turbine to rotate. 

Thus, heat is converted to mechanical energy and then this mechanical energy is converted to 

electricity with a generator. This process decreases the temperature and the pressure of the steam. 

The fluid leaving the turbine is almost entirely in a gas phase otherwise it could harm the turbine 

blades. This process is called an isentropic expansion process since there is no change in the 

entropy. 

  4-5 the wet steam enters the condenser where it is cooled by an external cooling source mostly 

water or air until it is fully liquefied. This process is an isobaric since there is no change in the 

pressure. 

 5-1 the liquid leaving the condenser is pressurized in the feed pump and sent to the external heat 

sources and the cycle is completed. This process is called isentropic compression since there is no 

change in the entropy. 
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Figure 4 the Basic Rankine Cycle 

 

Figure 5 the Basic Rankine Cycle T-s and P-h Diagrams 

2.2 Organic Rankine Cycle 

Although, the steam Rankine cycle is the most commonly used power generation technology today, it is 

not advantageous to utilize low temperature (less than 400 0C) heat sources. Power generation applications 

for the low temperature heat sources; Kalina cycle, transcritical CO2 power cycle and Organic Rankine 

cycle (ORC) are used instead of the steam Rankine cycle. In theory, Kalina cycle and the transcritical CO2 

power cycle could achieve better electrical efficiencies compare to ORC. However, ORC is a cheaper, well 

proven and more reliable technology. Thus, ORC is mostly preferred to utilize low-medium temperature 
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heat sources such as geothermal ORC, biomass fired ORC, waste heat recovery ORC and solar ORC 

applications (Chen, 2011).  

The Organic Rankine cycle technology works with the same principle as the Steam Rankine cycle. 

However, in ORC applications organic fluids such as alkanes, aromates and siloxanes are used as a 

working fluid instead of water. The reason to use these fluids is that they have lower boiling temperatures 

and higher molecular weights compare to water. Thus, higher thermodynamic performance is achieved. 

Moreover, high superheating the working fluid is not necessary in order to avoid the erosion caused by 

moisture in the turbine blades. Since, most of the organic fluids don’t go to wet region when they are 

expanded in the turbine. Also, ORC applications work under lower working fluid pressures in comparison 

with the steam Rankine cycle and this leads to lower turbine costs. As it can be seen from figure 6, a 

simple ORC consists of an evaporator, turbine, electric generator, condenser and a feed pump. The 

working principle of the simple ORC can easily be explained by looking at figure 6 below; Organic fluid is 

pressurized in feed pump (1-2) then it goes through the evaporator and it gets fully vaporized by an 

external heat source (2-3). The saturated vapor is expanded in the turbine which is connected to an electric 

generator (3-4). Finally, the vapor leaving the turbine runs through the condenser and it is fully condensed 

before going to the feed pump again.  

 

Figure 6 Simple Organic Rankine Cycle 

2.2.1 Organic Rankine Cycle Applications 

Organic Rankine cycles technology is used in many different applications to convert heat into electricity. 

In geothermal power plants ORC technology has been widely used since decades. The electrical 

efficiencies of the geothermal ORC power plants are considerably low since geothermal water 

temperatures are comparatively lower than the steam conditions of conventional steam power plants. But, 

geothermal ORC is still an economically feasible as geothermal energy is a renewable source of energy and 

it is free. 

Biomass is an alternative fuel to traditional fuels with a lower price and less greenhouse gas emissions. 

Biomass exits in many forms such as wood, municipal solid waste, gases from organic materials and so on. 

Biomass can be considered as a low quality fuel in comparison with the conventional fuels. Thus, 

temperature levels are lower in the incineration of the biomass. Biomass is widely used in ORC 

applications since ORC can work at lower temperatures than steam Rankine cycle. 

Organic Rankine cycle technology is also used in solar thermal power applications. For the parabolic 

through solar applications, ORC can be a better choice than conventional steam Rankine cycle. The 

parabolic through solar plants work with a temperature range of 300 0C to 400 0C. Thus, these 

temperature ranges are not enough to achieve high efficiencies with a steam Rankine cycle technology and 

therefore Organic Rankine cycle would be a better in these solar thermal applications.  
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2.2.2 ORC Waste Heat Recovery 

In most of the industrial applications waste heat is rejected to the ambient. Especially in cement, iron and 

steel industries substantial amount of waste heat is lost as in the form of flue gases with temperatures 

levels around 200-300 0C. These temperatures levels are not high enough to recover this waste heat via 

conventional steam Rankine cycles ( Quoilin, et al., 2009). Therefore, ORC applications are commonly 

used in the industrial waste heat recovery applications.  

In the internal combustion engines around two third of the fuels energy is lost via cooling units and 

exhaust gases. The temperatures of the cooling units are ın the range 80 0C to 100 0C where the 

temperatures of exhaust gases are ın the range of 400 0C up to 900 0C. The waste heat from can be further 

utilized in ORC applications. By recovering waste heat, without adding any fuel the thermal efficiency of 

the internal engines would be increased around 30 %( Quoilin, et al., 2009).  

3 Organic Rankine Cycle Design   

As it is explained previously, the main goal of this study is to design different ORC models in order to 

recover waste heat from a gas engine, where these models are compared in terms of efficiency and 

economic feasibility. This part of the study focuses on the concept of the ORC models, heat sources and 

the selected working fluids. 

There are four different ORC configurations, designed and presented within the scope of this study. 

These configurations are; regenerative Organic Rankine cycle (RORC), cascaded Organic Rankine cycle 

with an economizer (CORCE), cascaded Organic Rankine cycle with two heat sources (CORC2) and 

cascaded Organic Rankine cycle with three different heat sources (CORC3).  

3.1.1 Regenerative Organic Rankine Cycle  

Regenerative Organic Rankine cycle (RORC) is the most basic cycle between all the ORC configurations 

that takes part in this study. But, it is still more advanced than basic ORC since the RORC uses internal 

heat exchanger (IHE) to recover more heat. IHE is placed after the turbine exit before the evaporator. It 

is used to preheat the compressed working fluid before it enters to the evaporator by transferring heat 

from the high temperature working fluid leaving the turbine. It can be seen from figure 7 that the cycle 

consists of a pump, three heat exchangers (condenser, regenerator and evaporator), an expansion turbine 

and electricity generator. The cycle utilizes exhaust gases of the gas engine as an external heat source and 

the working fluid is condensed via fresh water at the condenser. Technical details of the RORC will be 

explained in the next cheater. 

 

Figure 7 the Regenerative Organic Rankine Cycle Configuration 
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3.1.2 Cascaded Organic Rankine Cycle with an Economizer 

Cascaded Organic Rankine cycle with an economizer (CORCE) is a double loop cycle where the loops are 

connected each other with a common heat exchanger. The loop that is situated in the upper part of figure 

8 is high temperature loop (HT) and the loop situates at the bottom part of figure 8 is low temperature 

loop (LT). HT loop has the same configuration with the RORC except the HT loop working fluid is 

condensed via the working fluid of the LT loop instead of external cooling water circuit. This is done via 

the common heat exchanger of the loops that is named as a condenser-preheater since; it works as a 

condenser for the HT loop and as a preheater for the LT loop.  By using the condenser-preheater, unlike 

the RORC, the heat of condensation of the HT loop can be recovered instead of losing it. In order to this, 

two different working fluids are selected for the two different loops. The HT loop working fluid has high 

boiling temperatures where LT loop working fluid has low boiling temperatures at selected operating 

pressure levels. Moreover, exhaust gases after the HT loop evaporator goes through the LT loop 

evaporator which is named as economizer-evaporator in figure 8. In this way, more waste heat is 

recovered and the power output of the cycle is increased substantially in comparison with the RORC. It 

should be taken into account that also LT loop and RORC are quite similar. Only difference between 

them is that the working fluid of the LT loop is preheated by the condenser instead of a regenerator as in 

the RORC. 

 

Figure 8 the Cascaded Organic Rankine Cycle with an Economizer Configuration 

3.1.3 Cascaded Organic Rankine Cycle with Two Heat Sources    

Cascaded Organic Rankine Cycle with two heat sources (CORC2) is also a double loop cycle like the 

CORCE model. The CORC2 utilizes two waste heat sources which are the gas engine’s exhaust gases and 

jacket water. Thus, the CORC2 has one extra heat exchanger compared to CORCE in order to recover 

waste heat from the jacket water. As it is shown in figure 9, this heat exchanger is positioned after the LT 

loop pump. Since the jacket water temperature is quite low, it can only be used to preheat the LT loop 

working fluid. With the addition of the jacket water preheater to the cycle, the condenser-preheater first 

preheats the LT working fluid then partly evaporates it. Since, the LT loop working fluid enters the 

condenser-preheater with higher temperature than CORCE model. By utilizing the jacket water at the 

CORC2 model, the jacket water of the gas engine is cooled down to desired temperatures and eliminates 

the need of having external cooling circuit for engine cooling. The power output achieved in CORC2 is 

higher in compared to the RORC and the CORCE models. 
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Figure 9 the Cascaded Organic Rankine Cycle with Two Heat Sources Configuration 

3.1.4 Cascaded Organic Rankine Cycle with Three Heat Sources 

Cascaded Organic Rankine Cycle with three heat sources (CORC3) is also a double loop cycle that the 

loops are connected with a condenser-preheater. The cycle utilizes three heat sources which are the gas 

engine’s exhaust gases, jacket water and lubrication oil. As it is illustrated in figure 10, the LT loop of the 

cycle is designed in a way that it can exploit the thermal energy of the jacket water and lubrication oil. 

Thus, the LT loop working fluid is separated to two streams in the separator after it is compressed in the 

pump. Then, one of these streams passes through the jacket water preheater and the other one passes 

through the lubrication oil preheater. After that, the streams are mixed by the mixer and directed to the 

condenser-preheater. The separation-mixing process is done to ensure that waste heat from the jacket 

water and lubrication oil is entirely recovered. Because, if the preheaters are connected in series; the 

temperature of the working fluid reaches greater temperatures than the second preheater’s hot side outlet 

temperature. Apart from these changes in the configuration of the LT loop of CORC3 cycle, the cycle is 

similar to the cascaded cycles that are explained in the previous sections. But, it is obvious that the 

addition of the 3rd waste heat sources will enable CORC3 to obtain the greatest power output between all 

the ORC models that are the subjects of this study.                  
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Figure 10 the Cascaded Organic Rankine Cycle with Three Heat Sources Configuration 

3.1.5 Heat Sources 

The model of the engine that takes part in this study is the Wärtsilä 18V50DF. It is a four-stroke internal 

combustion (IC) engine that works with the principle of the Otto cycle. The working principle of four 

stroke IC gas engines consists of four stages. These are intake, compression, power and exhaust and these 

four stages constitute one cycle (Wärtsilä, 2011).  

-Intake: The piston starts its movement from the top of the cylinder and moves down towards the 

bottom of the cylinder. This movement increases the volume and in the meantime compressed air and 

fuel mixture is taken into the cylinder via intake valves.  

-Compression: At this stage of the cycle all the valves are closed and the piston is at the bottom of the 

cylinder. The piston moves up from the bottom towards the top of the cylinder and compresses the air-

fuel mixture. 

- Power: The piston is at the top of the cylinder, air-fuel mixture ignites due to the heat generated by 

compression. The combustion forces the piston to go down to bottom of the cylinder. Therefore, this 

movement creates mechanical power. 

-Exhaust: The piston goes up to the top of the cylinder after the power stroke, while piston is going 

upwards exhaust valve is open and this movement of the piston drive the used air-fuel mixture out of the 

cylinder. With the discharge of all air-mixture one cycle is completed (Wärtsilä, 2011).  

The Wärtsilä 18V50DF is known as one of the largest engine on the market with a power output capacity 

of around 17 MW. It is a dual fuel engine that can run either with natural gas or diesel. However, only 

natural gas mode will be studied in this thesis. Some of the technical specifications of the engine can be 

found in table 1. 
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Table 1 Technical Details of Wärtsilä 18V50DF (Natural Gas Mode) 

Description Parameter 

Model Wärtsilä 18V50DF 

Number of Strokes 4 

Number Cyclinders 18 

Type of Fuel Natural Gas or Diesel 

Power Input (kW) 34675 

Electrical Power Output (kW) 17100 

Electrical Efficiency (%) 49.3 
 

The Wärtsilä 18V50DF converts fuel’s energy into to electricity with an electrical efficiency of around 49 

%. The rest of the energy is used to operate the engine equipment’s and the biggest proportion of it is lost 

through engine’s exhaust gases and cooling system. Although, the entire waste heat is not useful due to the 

physical limitations, the biggest proportion can still be exploited in the waste heat recovery applications. 

These waste heat sources that are found appropriate to be utilized in the ORC applications are exhaust 

gas, lubrication oil and jacket water (Wärtsilä, 2011).  

3.1.5.1 Exhaust Gases      

As it is explained in the previous section, the final stage of the Otto cycle is called exhaust. In each cycle 

exhaust gases from the cylinder need to be rejected in order to take new air-fuel mixture. These exhaust 

gases cannot be used in the engine and they dumped to atmosphere. However, the exhaust gases are still 

at high temperatures and can be used in the waste heat recovery ORC applications. Accordingly, the 

exhaust gases of the Wärtsilä 18V50DF engine are considered as the main waste heat source of the all 

ORC configurations of this study. Some of the details of the exhaust gases are shown in the table 2 and 3. 

In table 3, maximum thermal power is calculated by assuming the specific heat capacity (Cp) is 1,05 kJ/kg 

K and minimum temperature of the exhaust gases are assumed 90 0C at the cycles’ exits. 

Table 2 Composition of the Exhaust Gases (Wärtsilä, 2011) 

Name of the Constituent NITROGEN STEAM CO2 OXYGEN 

Mass Fraction (%) 0,773 0,012 0,0015 0,2135 
 

Table 3 Technical Details of the Exhaust Gases (Wärtsilä, 2011) 

Description Data 

Availabe Thermal Power (kW) 9180 

Inlet Temperature to the ORC (0C) 400 

Minimum Temperature at the ORC Exit 90 

Mass Flow (kg/s) 28,2 

Pressure (bar) 1 

Cp (kJ/kg K) 1,05 
 

3.1.5.2 Jacket Water 

The IC engines need continuous cooling in order to run efficiently. Also, some of the engine parts need to 

be cooled since they expose to the temperatures that are higher than their melting points. The Wärtsilä 

18V50DF model engine has several cooling circuits such as high temperature (HT) and low temperature 

(LT) jacket water circuits, charge air cooling HT and LT circuits, and lubrication oil circuit. However, only 
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jacket water HT and lubrication oil circuits will be considered as waste heat sources in the scope of this 

study. 

The main purpose of the jacket water HT circuit is to supply cooling to cylinder jackets and heads. The 

circuit uses fresh water and it’s cooled down externally after the engine. Some of the technical details of 

the jacket water circuit are shown at table 4. 

Table 4 Technical Details of Jacket Water HT Circuit (Wärtsilä, 2011) 

Description Data 

Available Thermal Power(kW) 1980 

Temperature Before the Engine (0C) 74 

Temperature After the Engine (0C) 91 

Mass Flow (kg/s) 27.75 

Pressure (bar) 2.5 
 

3.1.5.3 Lubrication Oil  

The moving parts of the IC engines are heated due to frictions. Therefore, these parts need to be 

lubricated continuously in order to minimize the frictions and to cool them down. In the Wärtsilä 

18V50DF model engine, this is done via lubrication oil circuit. The lubrication oils mainly consist of 

paraffinic-naphthenic hydrocarbons (35% to 83%), light aromatic hydrocarbons (5% to 23%) and medium 

aromatic hydrocarbons (4.8% to 39.3%) (V. M. Shkol'nikov, 1973). Since it was not possible during this 

study to refer to the details of exact composition of the IC engine lubrication oils, following assumptions 

are made. The lubrication oil that is considered at this study consists of: Toluene (C7H8) 9%, Eicosane 

(C20H42) 57% and Heptadecane (C17H36) 34%. Some of the technical details of the lubrication oil 

circuit are shown in table 5 below. 

Table 5 Technical Details of the Lubrication Oil circuit (Wärtsilä, 2011) 

Description Data 

Available Thermal Power(kW) 1410 

Temperature Before the Engine (0C) 63 

Temperature After the Engine (0C) 78 

Mass Flow (kg/s) 42.75 

Pressure (bar) 2.5 

Cp (kJ/kg K) 2,19 
 

3.1.6 Working Fluids 

The Organic Rankine Cycle (ORC) works with same principle as Steam Rankine cycle but organic fluids 

are used as working fluid instead of water in the ORC applications. Therefore, the choice of the working 

fluid is really important. The working fluid should ensure that high thermal efficiency and high utilization 

of the available heat source/sources are achieved in the ORC process. Additionally, the working fluid 

should be environmentally friendly, inexpensive and meet the safety criteria’s.  

In order to choose an appropriate working fluid for an ORC process, the first thing to consider is the 

temperature of the available heat source. In the case of this study as it is mentioned earlier there are three 

different heat sources. The exhaust gas is at 400 0C and other two heat sources are engine jacket water and 

engine lubrication oil at 91 0C and 78 0C, respectively. Moreover, there are two different loops as it is 

named as high temperature (HT) and low temperature (LT) loops in the cascaded cycle configurations. 
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Therefore, two different working fluids will be employed in two different loops. Another criterion that 

affects the performance of the ORC process is the vapor saturation curve of the working fluid. Depending 

on the slope of this curve at the T-s diagram; fluids are categorized as dry, isentropic and wet fluids. As it 

is demonstrated at figure 11 dry fluids have positive slopes; wet fluids have negative slopes and isentropic 

fluids have moderate slopes. Dry fluids are more convenient for the ORC applications since they do not 

condensate after they are expanded in the turbine like wet fluids do. This means that the dry fluids are still 

at the superheated region at the end of the expansion process. As a result, higher thermal efficiencies can 

be achieved by using dry fluids at the ORC applications. Also, turbine costs should be lowered since there 

is no condensation occurs at the turbine exit (Aljundi, 2010).    

 

Figure 11 T-s Diagram of Dry, Isentropic and Wet Fluids 

Pentafluoropropane which has a chemical nomenclature; HFC 1,1,1,3,3 or as it is commonly known as 

R245fa is employed as a working fluid in the LT loop of the cascaded cycle configurations (NIST, 2011). 

Pentafluoropropane is a type dry fluid. It has zero Ozone Depletion Potential (ODP) and low Global 

Warming Potential (GWP) in comparison with the most of the organic fluids that are convenient to use in 

the case of this study. Also, it is not hazardous and not flammable. So, it fulfills the safety criteria’s as well 

(Aljundi, 2010).  

For the HT loop, two different working fluids are selected from the siloxanes fluid family. These fluids are 

Octamethyltrisiloxane and Decamethyltetrasiloxane which are commonly known as MDM and MD2M, 

respectively. The reason to use two different fluids is to find the most suitable fluid for the each specific 

cycle configuration. In order to this, their thermodynamic performances are evaluated and compared in 

different conditions such as in different pressures and temperatures since these fluids are not really 

common working fluids for commercial ORC applications. Both MDM and MD2M have “0” zero ODP 

and very low GWP (F.J. Fernández, 2010), (U. Drescher, 2007). Also, they have quite low toxicity and 

limited flammability (Antti Uusitalo, 2013). 

Most importantly, R245fa, MDM and MD2M are selected for the case of this study due to their thermal 

properties. Some of the thermal properties of the selected working fluids are shown in table 6 below. 

Several studies have shown that R245fa gives quite good thermal efficiencies in low temperature ORC 

applications (Aljundi, 2010) (Arribas, 2010). Similarly, MDM and MD2M  have shown quite good thermal 

efficiencies in the case of medium temperature ORC applications, even though there are few studies about 

the use of siloxanes in ORC applications (Antti Uusitalo, 2013) (U. Drescher, 2007). 
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Table 6 Fluid Types, Boiling Points (Tb) at 1 atm, Critical Temperatures (Tc) and Critical Pressures (Pc) for the 
Selected Fluids (Aljundi, 2010) (C. A. R. Sotomonte, 2011) 

Fluid Name Fluid Type Tb (0C) Tc (0C) Pc (bar) 

MDM Dry 152 290,9 14,15 

MD2M Dry 194 326,3 12,27 

R245fa Dry 15,3 154,15 36,51 

 

Chemical stability of the organic fluids is determined by their critical points. Especially, when the fluids are 

heated above their critical temperatures they could start to deteriorate. As it can be seen from table 6, 

critical temperatures and boiling points of the selected working fluids are quite high. These features enable 

to go up to quite high temperatures at the turbine inlet and go down to low pressures at the turbine outlet. 

Therefore, bigger enthalpy difference and accordingly more power out can be achieved at the turbine.    

4 Simulations and Results 

In this chapter the simulation procedure of the each proposed ORC model is described with appropriate 

assumptions and boundary conditions to illustrate procedure of how the different ORC models are 

modelled in Aspen Plus software. Major concerns and the outcome of the simulations are; thermodynamic 

analysis such as the heat balance, the energetic and the exergetic efficiency calculations for each proposed 

cycle.  

4.1 Regenerative Organic Rankine Cycle 

The regenerative Organic Rankine Cycle (RORC) is the only single loop configuration that takes part in 

this study. Layout of the RORC configuration is illustrated in figure 12 below. The RORC can be 

considered as a conventional type of ORC since there are already many examples of this cycle (Aljundi, 

2010) (F.J. Fernández, 2010). The aim of adding this configuration to the study is to evaluate performance 

of this cycle via Aspen Plus simulations and compare results with the innovative cascaded cycle models. 

Results illustrate the effect of different working fluids, condenser cooling water temperatures and turbine 

outlet pressures on the cycle’s performance. 
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4.1.1 Simulation Details and Theoretical Analysis of the Cycle 

 

Figure 12 Layout of the Regenerative Organic Rankine Cycle 

4.1.1.1 Assumptions and Boundary Conditions 

In order to simulate the RORC with Aspen Plus, it is necessary to set the boundary conditions and make 

some assumptions. The followings are the assumptions and boundary conditions of the simulations: 

1- Efficiencies ( (C. A. R. Sotomonte, 2011), (Aljundi, 2010)) 

- Isentropic efficiency of the turbine  

- Isentropic efficiency of the pump  

- Mechanical efficiency of the electric generator  

 

 

2- Design Temperatures ( (Wärtsilä, 2011))  

- Exhaust gas inlet temperature  

- Minimum exhaust gas outlet temperature  

- Minimum temperature differences between the cold side inlet temperature and the hot side 

outlet temperature at the all heat exchangers ( ) 

- Condenser cooling water temperature inlet is set to two different values for the two different 

cases which are 

  

- Minimum temperature increase in the condenser cooling water ( ) 

    

3- Overall heat transfer coefficients of the heat exchangers “U values” ((C. Casarosa a, 2004), 

(Theresa Weith, 2014) ,(S. Mavridoua, 2010)) 

Careful assumptions have been made to determine for all of the U values by looking at the similar studies. 

In order to determine the real U values, calculations needs to be made in detail. However, these 

calculations haven’t been made in this study since only calculating these U values could be a topic for a 

whole thesis study. There are quite big differences between U values. This is mainly because of the 

thermal conductivity differences of the fluids of the system. For instance, thermal conductivity of the flue 

gases is very low in comparison with the siloxanes or water. Also, gas state thermal conductivities of the 

substances are always lower than their liquid state thermal conductivities. Therefore, the U values of the 

heat exchangers (evaporator and economizer) that heat exchange occurs between the flues gases and other 



-24- 
 

fluids of the system are the lowest. Whereas, U values of the heat exchangers (condensers and preheaters) 

that heat exchange occurs between two liquids are the highest. 

  

-  (W/m2 K)  for the evaporator 

-  (W/m2 K)  for the regenerator 

-  (W/m2 K)  for the condenser 

 

4- Mass flows (Wärtsilä, 2011) 

- Mass flow of the exhaust gases,   

5- Pressures (Wärtsilä, 2011) 

- Exhaust gas inlet pressure, Pexgas= 1 bar 

- Cooling water pressure at the condenser inlet, PCwtr= 1 bar 

- MDM lowest practical limit for condensation pressure, PconMDM 

- MD2M lowest practical limit for condensation pressure, PconMD2M  

 

6- Specific heat capacities 

-Specific heat capacity of the exhaust gases, = 1.05 kJ/kg K 

-Specific heat capacity of the cooling water,  = 4.19 kJ/kg K 

 

7- Expansion ratio of the turbines 

Turbine outlet volume flow/Turbine inlet volume flow =  

8- Other assumptions 

- It is assumed that all heat exchangers and pipes are well isolated that there no heat losses in 

the entire cycle. 

- All the pressure drops are neglected in the heat exchangers, pipes and the turbine. 

- The power consumption of the pump is not included to the calculations since it is negligible 

in comparison with the power output of the cycle 

- For the exergy calculations dead state temperature is taken as   

4.1.1.2 Simulation Procedure 

The regenerative Organic Rankine cycle (RORC) models are simulated via Aspen Plus software. In the 

RORC simulations two different working fluids from the siloxanes family (MDM and MD2M) are used in 

order to find the most appropriate fluid for the cycle. Thus, first from the Aspen’s properties menu these 

two fluids are selected. As a property method, Peng-Robinson equation of state is used for the all fluids of 

the models.  All the necessary equipment that are shown in figure 12, have been chosen from the 

simulation menu. Aforementioned boundary conditions and the assumptions are entered to the simulation 

tool. In order to run the Aspen Plus simulation software, there are also some other details that need to be 

specified for the streams and heat exchangers. For example, stream 6 should be 100 % liquid since it is 

before the pump so vapor fraction of this stream is set to zero. Also, pressures and mass flows of the 

streams are specified before running the simulations. For the heat exchangers, there are several 

specification options that should be selected in order to run the simulation. Short cut method and 

shell&tube counter current type options are selected for all of the heat exchangers so they are not 

designed specifically for each case. The other specification selections for the heat exchangers are as 

follows: 

- The condenser: “Hot stream degrees of sub cooling” option is chosen and it is set to “1” 0C. 

To make sure that the working fluid is entirely condensed before entering the pump. Also, 

the working fluid is sub cooled only 1 degree since more sub cooling would negatively affect 

the cycle’s performance. 
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- The evaporator: “Hot stream degrees of superheating” option is chosen and it is set to “1” 
0C. To make sure that the working fluid is entirely evaporated before entering the turbine. It 

is only superheated by 1 degree because the effect of superheating on cycle’s performance will 

be investigated in the other ORC configurations. 

- The regenerator: “Hot-outlet cold inlet temperature difference” option is selected and it is 

set to “10” 0C. This selection doesn’t influence the cycle’s performance since regenerator is an 

IHE. Despite that, it slightly changes the total heat exchanger areas.            

After having done all these initial settings, simulations are run. If the software gives errors such as liquid 

formation at the turbine or vapor formation at the pump, these errors can be fixed by changing the mass 

flows or pressures of the working fluids. Another goal of this study is to optimize the ORC cycles in terms 

of different criteria’s such as energetic and exergetic efficiency, maximum power output or for best 

economy. The optimizations are also done by changing the variables such as working fluid mass flows, 

turbine inlet and outlet pressures. The details of the optimization will be explained in the following 

sections.                      

4.1.1.3 Theoretical Analysis 

The following equations are used in the thermodynamic calculations of the RORC models.  

 

Process 6-1 (Pump) 

 

  

Where: 

 : Power of the pump [kW] 

 : Isentropic pump power [kW]  

 : Isentropic efficiency of the pump  

 : Mass flow rate of the working fluid [kg/s] 

 :  Specific enthalpy of the working fluid before the pump [kJ/kg] 

 :  Specific enthalpy of the working fluid after the pump after ideal compression [kJ/kg] 

 

Process 1-2 (Regenerator) 

 

 

Where: 

 : Heating power of the regenerator [kW] 

 :  Specific enthalpy of the working fluid after the pump before regenerator [kJ/kg] 

 :  Specific enthalpy of the working fluid after regenerator before the evaporator [kJ/kg] 

 :  Specific enthalpy of the working fluid before regenerator after the turbine [kJ/kg] 

 :  Specific enthalpy of the working fluid before the condenser after the regenerator [kJ/kg] 
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Process 2-3 (Evaporator) 

 

 

Where: 

 : Heating power of the evaporator [kW] 

 : Mass flow rate of the exhaust gas [kg/s] 

 : Specific enthalpy of the working fluid after the regenerator before the turbine [kJ/kg] 

 : Specific enthalpy of the exhaust gas before the evaporator [kJ/kg] 

 : Specific enthalpy of the exhaust gas after the evaporator [kJ/kg] 

 

Process 3-4 (Turbine) 

 

 

Where: 

 : Power output of the turbine [kW] 

 : Isentropic turbine power [kW]  

 : Isentropic efficiency of the pump 

 : Mechanical efficiency of the electric  

Process 5-6 (Condenser) 

 

 

Where: 

 : Cooling power of the condenser [kW] 

 : Mass flow rate of the cooling water [kg/s] 

 : Specific enthalpy of the cooling water at the condenser inlet [kJ/kg] 

 : Specific enthalpy of the cooling water at the condenser outlet [kJ/kg] 

Efficiency Analysis 

 

1st Law (Energetic) Efficiency of the Cycle 
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Where: 

 : Total heat inlet to the cycle [kW] 

 : Energetic efficiency of the cycle 

 : Net power output of the Cycle [kW] 

 

Exergetic Efficiency of the Cycle 

 

 

 

 

Where: 

 : Total exergy inlet to the cycle [kW] 

 : Exergetic efficiency of the cycle 

 : Dead state temperature [K] 

 : Specific entropy of the exhaust gas at the evaporator inlet [kJ/kg K] 

 : Specific entropy of the exhaust gas at the evaporator outlet [kJ/kg K] 

4.1.2 Thermodynamic Optimization and Results 

The objective function of the optimization is the power output. In every simulation, objective function of 

the cycle is maximized by taking constraints of the system into account. Some studies claim that the best 

cycle performance can be achieved by maximizing the enthalpy difference at the turbine. In order to do 

that, the working fluid pressure should be at its maximum at the turbine inlet and its minimum at the 

turbine outlet (Pedro J. Mago *, 2008). Thus, for the turbine inlet pressures; working fluids critical 

pressures (Pc) and for the turbine outlet pressures; condenser cooling water temperatures are the limiting 

parameters. The Aspen Plus database’s critical pressure (Pc) values are used in the simulations instead of 

the values mentioned in the previous chapter. Accordingly, Pc values are 11.9 bars for the MD2M and 

14.7 bars for the MDM. Additionally, for turbine outlet pressures; 0.004 bars for MD2M and 0.03 bars for 

the MDM are found appropriate according to the condenser cooling water temperatures. 

The optimization process is started with the optimization of the turbine inlet and outlet pressures. The 

aforementioned pressures are taken for the initial simulations. Then, these pressures are varied and for 

each pressure value until the maximum power output is achieved. At the end of the optimization process, 

it is observed that optimal pressures for the MDM are the initial pressures. Also for the MDM initial 

turbine outlet pressure (0.004 bars) is the optimum one. However, the optimal turbine inlet pressure for 

the MD2M is 5 bars which is even less than the half of the Pc. The reason of this can be explained by 

looking at table 7 below. 
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Table 7 MD2M Simulation Results for Different Turbine Inlet Pressures 

Turbine Inlet 
Pressure (bar) Power Output (kW) 

Exhaust Gas Outlet 
(0C) Energetic efficieny (%) 

Exergy 
Eficiency (%) 

11,7 1685 232 33,8 67,6 

5 1789 200 30,3 62,72 
 

It is shown in table 7 that power output of the cycle is much higher when the turbine inlet pressure is set 

to 5 bars. The main reason of this is that the exhaust gas outlet temperature decreases, and therefore, 

more waste heat can be recovered. Also, some studies show that optimal pressure for the MD2M is not 

close to its critical pressure unlike the most of the organic fluids that are used in the high temperature 

regenerative ORC applications (F.J. Fernández, 2010). The enthalpy of the MD2M doesn’t increase 

directly proportional to the pressure increase. Therefore, the enthalpy difference is still quite high when 

the turbine inlet pressure is selected much smaller than the Pc. In contrast to the power output results, 

energetic and exergetic efficiencies of the 5 bars configuration is much lower than the 11.7 bars 

configuration. Because, the exhaust gas temperatures are much lower in the 5 bars configuration. 

As it can be observed from table 8, the optimal turbine inlet pressure for the MDM is 14.5 bars which is 

almost as high as the critical pressure. The power out of the cycle declines gradually with the decrease of 

the turbine inlet pressure. Unlike the MD2M configuration, energetic and exergetic efficiencies also drop 

with the decrease of the turbine inlet pressure.      

Table 8 MDM Simulation Results for Different Turbine Inlet Pressures           

Turbine Inlet 
Pressure (bar) Power Output (kW) 

Exhaust Gas Outlet 
(0C) Energetic efficieny (%) 

Exergy 
Eficiency (%) 

14,5 1834 197 30,4 63,2 

13 1824 194 29,7 62,5 

11 1820 190 29,3 61,6 
                                                          

4.1.2.1 Effect of Different Working Fluids on System’s Performance 

Case 1 Optimized MDM and MD2M Cycles  

In this section of the study, working fluids (MDM and MD2M) of the RORC will be compared to each 

other in terms of thermodynamic performance. Figures 13, 14 and 15 respectively show the power 

outputs, energetic efficiencies and exergetic efficiencies of the cycles optimized cases in which turbine 

inlet pressures for MDM and MD2M are respectively 14.5 bars and 5 bars.    
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Figure 13 Power Outputs 
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Figure 14 Energetic Efficiencies 
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Figure 15 Exergetic Efficiencies 

It can be seen from figures above that MDM model obtains higher power output and slightly higher 

energetic and exergetic efficiencies than MD2M model in the optimized cases. 

Case 2 Optimized MD2M and Modified MDM Cycles  

In order to compare the working fluids performances, some of the values, such as exhaust gas inlet and 

cooling water temperatures are taken equal for the both fluids. The MD2M model’s values are kept 

constant with the optimum case. On the other hand, the MDM model’s values such as exhaust gas outlet 

temperature, working fluid temperatures at the evaporator inlet, turbine inlet and outlet temperatures, total 

heat exchanger areas are equalized with the MD2M model. In order to do that MDM models turbine inlet 

and outlet pressures are decreased to 11 and 0.09 bars, respectively. The power output and energetic 

efficiency results of case 2 are respectively shown in figures 16 and 17. 

 

Figure 16 Power Outputs 
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Figure 17 Energetic Efficiencies 

As it can be seen from figures above power output and energetic efficiency of the MD2M model is much 

higher compared to the MDM model. The reason of the sharp decrease in the MDM model’s 

thermodynamic performance is the increase in the turbine outlet pressure. Decrease in the turbine inlet 

pressure has also negative effect on the cycle’s thermodynamic performance but this is not significant as 

the effect of turbine outlet pressure. Thus, the enthalpy difference at the turbine is much lower in 

comparison with the case 1. 

Case 3 Optimized MDM and Modified MD2M Cycles 

In this case MDM model’s values are kept constant and MD2M model’s values are changed from the 

optimized case. The turbine outlet pressure of the MD2M model is increased 0.03 bars from 0.004 in 

order to have the same turbine outlet pressures in both cycles. 

It can be observed from table 9 that there is a big difference between the thermodynamic performances of 

the cycles. The power output and energetic efficiency of the MD2M cycle are decreased respectively 

around 25 % and 20 % in comparison with the optimized case. 

Table 9 the Simulation Results of the Case 3 MDM and MD2M Comparison 

Working Fluid's 
Name 

Power Output 
(kW) 

Energetic 
Efficiency (%) 

Exhaust Gas 
Outlet (C) 

Condensation 
Temperature (C) 

MDM 1834 30,4 196 53 

MD2M 1351 24,6 215 88 
 

The reason for these drops can easily be explained by looking at figures below. As it is shown in figure 18 

the condensation temperature of the MD2M cycle in case 3 is much higher than case 1. Accordingly, 

temperature of the working fluid at the evaporator inlet is also higher and this results with a less heat 

recovery from the exhaust gases. The relation between the exhaust gas outlet temperature and the power 

output of the cycle for the case 1 and 2 is shown in figure 19 below. 
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Figure 18 MD2M Comparison of Case 1 and Case 3 
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Figure 19 MD2M Comparison of Case 1 and Case 3 

By looking at the results of these 3 cases; it can be concluded that MDM is a more convenient working 

fluid than MD2M for the regenerative ORC model. Since, it gives higher power output, energetic and 

exergetic efficiency than MD2M cycle in the optimized case. Also, it is more compatible to the 

modifications since it has lower critical temperature and higher practical lower condensation pressure than 

MD2M. In conclusion, it performs better than MD2M in different working conditions.                

4.1.2.2 Effect of Cooling Water Temperature on System’s Performance 

In order to see the effect of condenser cooling water on system performance, two different cooling water 

temperatures are tested. These temperatures are 20 and 30 0C. The cooling water temperature doesn’t 

affect the system performance of the RORC for both working fluids. Because, the lowest turbine outlet 

pressures have selected quite high that both working fluids condense around 50 0C. It is obvious that 

lower condensation pressure means higher enthalpy difference, and therefore, better cycle performance. 

However, there are practical limitations for the selection of the condensation pressure. Low condensation 

pressure leads to high vacuum problem at the condenser. Also, it leads to a high turbine expansion ratio 

due to the high volume flows at the turbine outlet. Therefore, it leads to very complex design of 

condenser and turbines (Antti Uusitalo, 2013).             

4.2 Cascaded Organic Rankine Cycle with an Economizer 

The cascaded organic Rankine cycle with an economizer (CORCE) is a double loop configuration that 

consists of a HT and LT loops. The layout of the CORCE models is illustrated in figure 20 below. This 

cycle has an innovative design since there are not many examples of cascaded ORC models exist. The 

main objective of adding this configuration to study is to model a cycle via Aspen plus that can recover 

more heat from the exhaust gases of the engine in comparison with the RORC. Thus, greater power 

outputs can be achieved. Since, as it can be observed from the previous section, the exhaust gases are still 

at quite high temperatures at the exit of the RORC. Another objective is to evaluate and compare the 

performance of this cycle with the other ORC configurations. Finally, the goal is to see the effect of 

different working fluids, condenser cooling water temperatures and turbine outlet pressures on the cycle’s 

performance.  
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4.2.1 Simulations and Theoretical Analysis 

 

Figure 20 Layout of the Cascaded Organic Rankine Cycle with an Economizer  

4.2.1.1 Assumptions and Boundary conditions 

Same boundary conditions and assumptions are taken for the CORCE model with the RORC model 

except the following ones: 

Efficiencies ((C. A. R. Sotomonte, 2011), (Aljundi, 2010)) 

- Isentropic efficiency of the HT loop turbine  

- Isentropic efficiency of the HT loop pump  

- Mechanical efficiency of the HT loop electric generator   

- Isentropic efficiency of the LT loop turbine  

- Isentropic efficiency of the LT loop pump  

- Mechanical efficiency of the LT loop electric generator   

    

Overall heat transfer coefficients of the heat exchangers “U values” ((Theresa Weith, 2014) (S. 

Mavridoua, 2010)) 

 

-  (W/m2 K)  for the economizer 

-  (W/m2 K)  for the condenser-preheater   

4.2.1.2 Simulation Procedure 

The cascaded Organic Rankine cycle with an economizer (CORCE) models are also simulated via Aspen 

Plus software. Two different working fluids (MDM and MD2M) are tested in the HT loop in order to find 

the most convenient fluid in terms of performance. R245fa is used as a working fluid for the LT loop of 

the cycle. As it is explained in the previous chapter, RORC has almost the same configuration with the 

HT loop of the CORCE. Therefore, most of the simulation settings such as, boundary conditions, 

assumptions, heat exchanger types, property methods and so on are taken as the same for these two 
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cycles. For instance, for the stream 6 and 5A (see figure 20) the vapor fraction values are set to “0” since 

both of these streams are at the inlet of the pumps. The additional simulation settings are as follows: 

- The condenser-evaporator: “Hot stream degrees of sub cooling” option is chosen and it is 

set to “1” 0C. This is chosen due to the fact that this heat exchanger works as a condenser for 

the HT loop. 

- The economizer: “Hot stream degrees of superheating” option is chosen and it is set to “1” 
0C. This selection is made since this heat exchanger works as an evaporator for the LT loop 

though it is named as economizer. Therefore, the working fluid is super-heated “1” 0C degree 

to make sure that there is 100 % vapor at the LT turbine inlet. 

- The condenser: “Hot stream degrees of sub cooling” option is chosen and it is set to “1” 0C. 

This criterion is selected because the R245fa goes through the LT loop pump after this heat 

exchanger. As it is explained before, the fluid has to be 100 % liquid form at the inlet of the 

pump.             

4.2.1.3 Theoretical Analysis 

The following equations are used in the thermodynamic calculations of the CORCE models.  

 

High Temperature Loop 

Process 6-1 (Pump) 

 

 

Where: 

 : Power of the HT loop pump [kW] 

 : Isentropic HT loop pump power [kW]  

 : Isentropic efficiency of the HT loop pump  

 : Mass flow rate of the HT loop working fluid [kg/s] 

 :  Specific enthalpy of the HT loop working fluid before the pump [kJ/kg] 

 :  Specific enthalpy of the HT loop working fluid after the pump after ideal compression [kJ/kg] 

 

Process 1-2 (Regenerator) 

 

 

Where: 

 : Heating power of the regenerator [kW] 

 :  Specific enthalpy of the HT loop working fluid after the pump before regenerator [kJ/kg] 

 :  Specific enthalpy of the working HT loop fluid after regenerator before the evaporator [kJ/kg] 

 :  Specific enthalpy of the HT loop working fluid before regenerator after the turbine [kJ/kg] 
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 :  Specific enthalpy of the HT loop working fluid before the condenser after the regenerator [kJ/kg] 

 

Process 2-3 (Evaporator) 

 

 

 

Where: 

 : Heating power of the evaporator [kW] 

 : Mass flow rate of the exhaust gas [kg/s] 

 : Specific enthalpy of the HT loop working fluid after the regenerator before the turbine [kJ/kg] 

 : Specific enthalpy of the exhaust gas before the evaporator [kJ/kg] 

 : Specific enthalpy of the exhaust gas after the evaporator before economizer-evaporator 

[kJ/kg] 

Process 3-4 (Turbine) 

 

 

Where: 

 : Power output of the HT turbine [kW] 

 : Isentropic HT turbine power [kW]  

 : Isentropic efficiency of the HT loop pump 

 : Mechanical efficiency of the HT turbine 

 

Process 5-6 (Condenser-Evaporator) 

 

 

Where: 

 : Heating power of the evaporator [kW] 

 : Mass flow rate of the LT loop working fluid [kg/s] 

 : Specific enthalpy of the LT loop working fluid after condenser-evaporator before the economizer 

[kJ/kg] 

 : Specific enthalpy of the LT loop working fluid before condenser-evaporator after the LT loop pump 

[kJ/kg] 
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Low Temperature Loop 

 

Process 5A-1A (Pump) 

 

 

Where: 

 : Power of the LT loop pump [kW] 

 : Isentropic LT loop pump power [kW]  

 : Isentropic efficiency of the pump  

 :  Specific enthalpy of the LT loop working fluid before the LT pump after the condenser [kJ/kg] 

 :  Specific enthalpy of the LT loop working fluid after the pump after ideal compression [kJ/kg] 

 

Process 2A-3A (Economizer-Evaporator) 

 

 

 

Where: 

 : Heating power of the economizer-evaporator [kW] 

 : Specific enthalpy of the LT loop working fluid after the economizer-evaporator before the LT 

turbine [kJ/kg] 

 : Specific enthalpy of the LT loop working fluid after the condenser-evaporator before the 

economizer-evaporator [kJ/kg] 

 : Specific enthalpy of the exhaust gas after the economizer-evaporator [kJ/kg] 

 

Process 3A-4A (Turbine) 

 

 

Where: 

 : Power output of the LT turbine [kW] 

 : Isentropic LT turbine power [kW]  

 : Isentropic efficiency of the LT loop turbine 

 : Mechanical efficiency of the LT turbine 

 : Specific enthalpy of the LT loop working fluid after the LT turbine before the condenser [kJ/kg] 
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Process 4A-5A (Condenser) 

 

 

Where: 

 : Cooling power of the condenser [kW] 

 : Mass flow rate of the cooling water [kg/s] 

 : Specific enthalpy of the cooling water at the condenser inlet [kJ/kg] 

 : Specific enthalpy of the cooling water at the condenser outlet [kJ/kg] 

 

Efficiency Analysis 

 

1st Law (Energetic) Efficiency of the Cycle 

 

 

 

 

 

Where: 

 : Total heat inlet to the cycle [kW] 

 : Energetic efficiency of the cycle 

 : Net power output of the Cycle [kW] 

 

Exergetic Efficiency of the cycle 

 

 

 

Where: 

 : Total Exergy inlet to the cycle [kW] 

 : Exergetic efficiency of the cycle 

 : Dead state temperature [K] 
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 : Specific entropy of the exhaust gas at the evaporator inlet [kJ/kg K] 

 : Specific entropy of the exhaust gas at the economizer-evaporator outlet [kJ/kg K] 

4.2.2 Thermodynamic Optimization and Results 

Similar to RORC, optimization process is started with the selection of turbine inlet and outlet pressures. 

But, first LT maximum and minimum turbine inlet and outlet pressures are specified. As an initial turbine 

inlet pressure, 36 bars which is very close to R245fa’s Pc (36.5 bars) is selected. Since, R245fa shows better 

thermodynamic performance in ORC applications, when it’s turbine inlet pressure is closer Pc at the 

turbine inlet (Aljundi, 2010). However, it is seen that evaporation temperature for this pressure is 154 0C. 

Thus, this temperature is so high that exhaust gases leave the cycle in quite high temperatures and majority 

of the thermal energy can’t be recovered. Accordingly, the maximum pressure of 18.4 bars is found 

convenient for the CORCE models. Moreover, the minimum turbine outlet pressure of the R245fa is set 

1.55 bars in all CORCE simulations. Because, at this pressure the condensation temperature of the fluid is 

25 0C and this is high enough to ensure minimum 5 0C temperature difference constraint at the condenser. 

The cycles’ properties at the different parts of the cycles for the optimized case are shown in table 10 for 

both of the HT loop working fluid models.   

Table 10 Optimized Case Properties of the CORCE Models for Both Working Fluids 

Properties MD2M MDM 

Total Power Output 2345 2412 

HT Turbine Power Output 1548 1617 

LT Turbine Power Output 797 795 

Energetic Efficiency 25.6 26.3 

Exergetic Efficiency 62.3 64.1 

HT Loop Mass Flow 23.75 22.2 

HT Turbine Inlet Pressure 5 14.5 

HT Turbibe Outlet Pressure 0.0135 0.07 

HT Turbine Inlet Temperature 272 292 

HT Turbine Outlet temperature 226 225 

HT Loop Condensation Temperature 72 72 

HT Loop Exhaust Gas Outlet Temperature 206 203 

LT Loop Mass Flow 33.1 33 

LT Turbine Inlet Pressure 7.3 7.3 

LT Turbibe Outlet Pressure 1.55 1.55 

LT Turbine Inlet Temperature 78 78 

LT Loop Condensation Temperature 25.2 25.2 

LT Loop Exhaust Gas outlet Temperature  91 91 
 

The optimum HT turbine inlet pressures for both fluids are same as the RORC model. However, the HT 

turbine outlet pressures are much higher than RORC since LT loop working fluid of the model is 

preheated and partly evaporated by the HT loop working fluid. Thus, if the condensation temperatures of 

the HT loop working fluids go below 70 0C, the power output and energetic efficiency of the LT turbine 

starts to drop drastically. The reason for this is that enthalpy difference at the LT loop turbine becomes 

very small due to the very low turbine inlet pressures. 
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As it can be seen from table 10, LT loop properties are almost same for the both fluids’ cycles. 

Accordingly, the LT turbine power outputs of the cycles are almost the same as well. On the other hand, 

MDM model’s HT turbine power output is around 3% higher than the MD2M model’s due to the bigger 

enthalpy difference at the HT turbine.                           

4.2.2.1 Comparison of the RORC and CORCE Models 

Figures 21 and 22 demonstrate the power outputs and energetic efficiencies of the RORC and CORCE 

models for both working fluids in the optimized cases.  
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Figure 21 Power Output Comparison of the Models 
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Figure 22 Energetic Efficiency Comparison of the Models 

It is observed from figure 21 that power outputs of the CORCE models are significantly higher than the 

RORC models. The reason is obvious. Exhaust gas temperatures leaving the RORC models are around 

200 0C whereas the exhaust gas temperatures leaving the CORCE models are around 90 0C. Thus, exhaust 

gases further employed in the LT loops of the CORCE models. Also, the LT loop working fluid 

preheated and partly evaporated with the waste heat that is recovered from the cooling and condensation 

of the HT loop working fluid at the condenser-preheater. On the other hand, HT loop turbine power 

outputs of the CORCE cycles’ decrease around 250 kW in comparison with the RORC models’ turbines 

due to the lower enthalpy differences at the HT turbines. Despite these decreases at the HT loop turbines, 

the total power outs increase around 550 kW. With the extra waste heat that is mentioned above, LT 

turbine generates around 800 kW of electricity. 

It can be observed from figures 21 and 22 that the energetic efficiency of the CORCE models are around 

5 % lower than those in the RORC models though their power outputs are much higher. This is because 

of the low quality of the waste heat that is utilized in the LT loop. Accordingly, the energetic efficiency of 

the LT loop of the cycle is so low that the combined energetic efficiency of the HT loop and LT loop 

becomes lower than the RORC model’s.             
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4.2.2.2 Effect of Different Working Fluids on System’s Performance 

Figures 23, 24 and 25 respectively show the power output, energetic and exergetic efficiency simulation 

results of the two different working fluids of the CORCE model in the optimized case. 

Most of the properties of both fluid models are almost the same (see table 10). Most importantly, the total 

amount of heat that is recovered by both fluid cycle models is the same. Also, difference between the LT 

loop power outputs is very small so it can be neglected.  Therefore, the optimized case results are enough 

to compare the thermodynamic performance of these two fluids. 
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Figure 23 Power Outputs 
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Figure 24 Energetic Efficiencies 
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Figure 25 Exergetic Efficiencies 

It is easily observed from figures above that MDM is superior to MD2M in every thermodynamic 

performance criterion. Consequently, MDM is a more convenient working fluid for the CORCE model 

than MD2M. 
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4.2.2.3 Effect of Condenser Cooling Water Temperature on System’s 

Performance 

In order to evaluate the effect of condenser cooling water temperature on the thermodynamic 

performance of the CORCE models, two different cooling water temperatures (20 0C and 30 0C) are used 

in the simulations. As it is mentioned earlier, only the LT loops of the cycles are cooled by cooling water. 

Hence, only LT loops of the models are modified to be able to run the simulations. In the optimized case 

the cooling water temperature is 20 0C and the condensation pressure that is convenient to this 

temperature 1.55 bars. Whereas the cooling water temperature is 30 0C in the other case and the 

condensation pressure that is convenient to this temperature is 2.2 bars. Since, at 2.2 bars LT loop 

working fluid condensates at 35 0C and this temperature is enough to ensure the minimum 5 0C 

temperature difference constraint for the 30 0C condenser cooling water temperature case. Also, LT 

turbine pressure is set to the same pressure with the condenser (2.2 bars) since it is assumed that there is 

no pressure drop in between the turbine and condenser. Additionally, for the new pressure values the 

cycle is optimized but the exhaust gas temperatures at the cycles exits are taken the same for the all 

models. Figure 26 and 27 respectively show the effect of different cooling water temperatures on total and 

LT turbine power outputs for two different working fluid models.    
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Figure 26 Total Power Outputs at Different Cooling Water Temperatures 
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Figure 27 LT Turbine Power Outputs at Different Cooling Water Temperatures 

It can be observed from figure 26 that when the cooling water temperature is increased from 20 0C to 30 
0C the total power outputs of the both fluids models drop around 150 kW. The reason of this drop can be 

explained by figure 27 where LT turbine power outputs are shown for two different cooling water 

temperatures. The amount of drop in the total and LT turbine power outputs are exactly the same. This is 
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because of the higher LT turbine outlet pressure, and therefore, less expansion ratio and less power output 

at the LT turbine.  

Similar to the power output results, the energetic and exergetic efficiencies of the 30 0C cooling water 

temperature cases are lower than for 20 0C cases. The decreases at the efficiencies can be observed from 

figures 28 and 29 below. This is also because of the increase of the LT turbine outlet pressure. 
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Figure 28 Energetic Efficiencies at Different Cooling Water Temperatures 
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Figure 29 Exergetic Efficiencies at Different Cooling Water Temperatures 

4.3 Cascaded Organic Rankine Cycle with Two Different Heat 

Sources 

The cascaded Organic Rankine cycle with two different heat sources (CORC2) is also a double loop 

model that consists of HT loop and LT loop like CORCE model. The only difference between these two 

models is the jacket water preheater that is added to the LT loop of the CORC2 model. Thus, the CORC2 

model is powered by two different heat sources (jacket water and exhaust gases of the Wärtsilä 18v50df). 

The CORC2 model is included to this study in order to evaluate the suitability of the engine’s jacket water 

as a waste heat source for the ORC applications. With the addition of the second heat source, a significant 

increase of the power output of the cycle is expected in comparison with the CORCE model. Another 

objective to add this cycle to study is to simulate this cycle via Aspen Plus software and compare the 

simulation results with the other ORC models. Then it is also possible to evaluate the performance of 

different working fluids, condenser cooling water temperatures and turbine outlet pressure levels on the 
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cycle’s performance. Finally, the effect of super heating the HT loop working fluid at the HT turbine inlet 

is evaluated. The layout of the CORC2 is shown in figure 30 below. 

    

 

Figure 30 Layout of the CORC2 

4.3.1 Simulation Details and Theoretical Analysis 

4.3.1.1 Assumptions and Boundary Conditions 

Same boundary conditions and assumptions are taken for the CORC2 model with the CORCE model 

except the following ones: 

- The inlet temperature of the jacket water to the jacket water preheater   

- The outlet temperature of the jacket water from the jacket water preheater   

- Mass flow of the jacket water  kg/s 

- Pressure of the jacket water bar 

- Specific heat capacity of the jacket water, =4.19 kJ/kg K 

- Overall heat transfer coefficient of the jacket water preheater  (W/m2 K)  

4.3.1.2 Simulation Procedure  

Simulation procedure for the CORC2 model is almost the same as the CORCE model. Since the models 

have the same configuration except the additional jacket water preheater in the CORC2. Therefore, 

aforementioned additional boundary conditions and assumptions are assigned in Aspen Plus. For the 

jacket water preheater specification: “Hot stream outlet temperature” option is selected and it is set to 

“74” 0C. Since the jacket water has always returned to the engine with the desired design temperature.          

4.3.1.3 Theoretical Analysis 

The following equations are used in the thermodynamic calculations of the CORC2 models.  
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High Temperature Loop 

Process 6-1 (Pump) 

 

 

Where: 

 : Power of the HT loop pump [kW] 

 : Isentropic HT loop pump power [kW]  

 : Isentropic efficiency of the HT loop pump  

 : Mass flow rate of the HT loop working fluid [kg/s] 

 :  Specific enthalpy of the HT loop working fluid before the pump [kJ/kg] 

 :  Specific enthalpy of the HT loop working fluid after the pump after ideal compression [kJ/kg] 

 

Process 1-2 (Regenerator) 

 

 

 

Where: 

 : Heating power of the regenerator [kW] 

 :  Specific enthalpy of the HT loop working fluid after the pump before regenerator [kJ/kg] 

 :  Specific enthalpy of the working HT loop fluid after regenerator before the evaporator [kJ/kg] 

 :  Specific enthalpy of the HT loop working fluid before regenerator after the turbine [kJ/kg] 

 :  Specific enthalpy of the HT loop working fluid before the condenser after the regenerator [kJ/kg] 

 

Process 2-3 (Evaporator) 

 

 

Where: 

 : Heating power of the evaporator [kW] 

 : Mass flow rate of the exhaust gas [kg/s] 

 : Specific enthalpy of the HT loop working fluid after the regenerator before the turbine [kJ/kg] 

 : Specific enthalpy of the exhaust gas before the evaporator [kJ/kg] 
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 : Specific enthalpy of the exhaust gas after the evaporator before economizer-evaporator 

[kJ/kg] 

 

Process 3-4 (Turbine) 

 

 

Where: 

 : Power output of the HT turbine [kW] 

 : Isentropic HT turbine power [kW]  

 : Isentropic efficiency of the HT loop pump 

 

Process 5-6 (Condenser-Evaporator) 

 

 

Where: 

 : Heating power of the evaporator [kW] 

 : Mass flow rate of the LT loop working fluid [kg/s] 

 : Specific enthalpy of the LT loop working fluid after condenser-evaporator before the economizer 

[kJ/kg] 

 : Specific enthalpy of the LT loop working fluid before condenser-evaporator after the preheater 

[kJ/kg] 

Low Temperature Loop 

 

Process 6A-1A (Pump) 

 

 

Where: 

 : Power of the LT loop pump [kW] 

 : Isentropic LT loop pump power [kW]  

 : Isentropic efficiency of the pump  

 :  Specific enthalpy of the LT loop working fluid before the LT pump after the condenser [kJ/kg] 

 :  Specific enthalpy of the LT loop working fluid after the pump after ideal compression [kJ/kg] 
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Process 1A-2A (Preheater) 

 

 

Where: 

 : Heating power of the preheater [kW] 

 : Mass flow rate of the LT loop working fluid [kg/s] 

 : Specific enthalpy of the LT loop working fluid after the pump before the preheater [kJ/kg] 

 : Mass flow of the engine jacket water [kg/s] 

 : Specific enthalpy of the engine jacket water before the preheater 

 : Specific enthalpy of the engine jacket water after the preheater   

 

Process 3A-4A (Economizer-Evaporator) 

 

 

Where: 

 : Heating power of the economizer-evaporator [kW] 

 : Specific enthalpy of the LT loop working fluid after the condenser-evaporator before the 

economizer-evaporator [kJ/kg] 

 : Specific enthalpy of the LT loop working fluid after the economizer-evaporator before the LT 

turbine [kJ/kg] 

 : Specific enthalpy of the exhaust gas after the economizer-evaporator [kJ/kg] 

 

Process 4A-5A (Turbine) 

 

 

Where: 

 : Power output of the LT turbine [kW] 

 : Isentropic LT turbine power [kW]  

 : Isentropic efficiency of the LT turbine 

 : Specific enthalpy of the LT loop working fluid after the LT turbine before the condenser [kJ/kg] 

 

Process 5A-6A (Condenser) 
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Where: 

 : Cooling power of the condenser [kW] 

 : Mass flow rate of the cooling water [kg/s] 

 : Specific enthalpy of the cooling water at the condenser inlet [kJ/kg] 

 : Specific enthalpy of the cooling water at the condenser outlet [kJ/kg] 

 

Efficiency Analysis 

 

1st Law (Energetic) Efficiency of the Cycle 

 

 

 

 

 

 

 

 

Where: 

 : Total heat inlet to the cycle [kW] 

 : Heat inlet from exhaust gas to the cycle [kW] 

 : Heat inlet from engine jacket water to the cycle [kW] 

 : Energetic efficiency of the cycle 

 : Net power output of the Cycle [kW] 

 

Exergetic Efficiency of the Cycle 
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Where: 

 : Total Exergy inlet to the cycle [kW] 

 : Exergetic efficiency of the cycle 

 : Dead state temperature [K] 

 : Specific entropy of the exhaust gas at the evaporator inlet [kJ/kg K] 

 : Specific entropy of the exhaust gas at the economizer-evaporator outlet [kJ/kg K] 

 : Specific entropy of the engine jacket water before the preheater [kJ/kg K] 

 : Specific entropy of the engine jacket water after the preheater [kJ/kg K] 

 : Exergy inlet from exhaust gas to the cycle [kW] 

 : Exergy inlet from engine jacket water to the cycle [kW] 

4.3.2 Thermodynamic optimization and Results 

The process is started with the selection of the inlet and outlet pressures of both HT and LT turbines. The 

maximum and minimum pressures are selected the same as the CORCE model. Since, the working fluids 

and the cooling water temperatures are exactly the same in both models. 

Table 11 Optimized Case Cycle Properties of Both Working Fluid Models 

Properties MD2M MDM 

Total Power Output 2557 2620 

HT Turbine Power Output 1246 1315 

LT Turbine Power Output 1311 1305 

Energetic Efficiency 24.2 24.8 

Exergetic Efficiency 63.9 65.5 

HT Loop Mass Flow 24.4 22.8 

HT Turbine Inlet Pressure 5 14.5 

HT Turbine Outlet Pressure 0.048 0.2 

HT Turbine Inlet Temperature 272 292 

HT Turbine Outlet temperature 236 234 

HT Loop Condensation Temperature 99 99 

HT Loop Exhaust Gas Outlet Temperature 218 215 

LT Loop Mass Flow 38.7 38.55 

LT Turbine Inlet Pressure 13.4 13.4 

LT Turbine Outlet Pressure 1.55 1.55 

LT Turbine Inlet Temperature 103 103 

LT Loop Condensation Temperature 25.2 25.2 

LT Loop Exhaust Gas outlet Temperature  110 110 
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The optimized case cycle properties are shown in table 11 for both of the working fluid models. The HT 

turbine inlet pressures are found to be the same with the RORC and CORCE models whereas HT turbine 

outlet pressures are much higher than the other models. This is because of the addition of the second heat 

source (jacket water) to the LT loop enables to use higher pressures in the LT turbine inlet. Thus, to be 

able to better make use of the HT loop working fluids’ heat of condensation the higher HT turbine outlet 

pressures are needed. Consequently, expansion ratio of the LT turbine increases and this results with 

higher total power out. 

4.3.2.1 Comparison of CORCE and CORC2 Models 

As it is demonstrated in figure 31, LT turbine power outputs of the CORC2 models are around 500 kW 

higher than the CORCE models because the engine’s jacket water waste heat utilized by the LT loops of 

the cycles. Also, the increase of the expansion ratios gives additional power output to the LT turbines. 

However, as it can be observed from figure 31 that HT turbine power outputs drop around 300 kW. The 

reason is that less waste heat is utilized by the HT loops of the cycles due to the lower expansion ratios at 

the HT turbines and higher exhaust has temperatures leaving the HT loops. Nevertheless, as it is shown in 

figure 31 the total power outputs of the CORC2 models are 200 kW higher than CORCE models. 
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Figure 31 Total, LT and HT Turbine Power Outputs of the CORCE and CORC2 Models for Different Working Fluids 

Although, the power outputs of the CORC2 models are higher than those in the CORCE models; their 

energetic efficiencies are lower. This is because of the amount of low quality waste heat that is utilized by 

the CORC2 models are higher. In other words, the energetic efficiency of LT loops of the all models are 

much lower than the HT loops of the models and the proportions of the LT loop power outputs to HT 

loop power outputs are bigger in CORC2 models. Therefore, as it is shown in figure 32 that energetic 

efficiencies of the CORC2 models are around 1.5 % lower than CORCE models. 
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Figure 32 Energetic Efficiencies of the CERC2 and CERC3 Models for Different Working Fluids  

4.3.2.2 Effect of Different Working Fluids on System’s Performance 

In figures 33, 34 and 35 thermodynamic performance results of working fluids are shown for the 

optimized case. To be able to compare the HT loop working fluids performances in same conditions, 
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most of the cycle properties such as total heat input, condensation temperatures and LT turbine pressures 

are kept the same. 

As it can be seen from figures below MDM model achieves bigger power output and higher energetic and 

exergetic efficiencies than MD2M model. As a result, MDM is a more convenient working fluid for the 

CORC2 model than MD2M. 
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Figure 33 Total Power Outputs 
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Figure 34 Energetic Efficiencies 
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Figure 35 Exergetic Efficiencies 

 

4.3.2.3 Effect of Condenser Cooling Water Temperature on System’s 

Performance 

In order to evaluate the effect of condenser cooling temperature on the thermodynamic performance of 

the CORC2 models, exactly the same procedure with the CORCE models is followed. So, HT loops of 

the models are kept exactly the same with the optimized case and the LT loops of the models are 
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modified. The cooling water temperature is increased from 20 0C to 30 0C and LT turbine outlet pressure 

is increased from 1.55 bars to 2.2 bars. 

In figures 36 and 37 below, the effect of different cooling water temperatures on total and LT turbine 

power outputs for the two different working fluid models are shown. By looking at these two figures, it 

can be observed that increasing the cooling water temperature by 10 0C decrease LT turbine and total 

power outputs 152 kW. This is due to the increase of the LT turbine outlet pressures and as consequence 

lower expansion ratios at the LT turbines.          

 

Figure 36 Total Power Outputs at Different Cooling Water Temperatures 
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Figure 37 LT Turbine Power Outputs at Different Cooling Water Temperatures 

The energetic and exergetic efficiencies of the two working fluid models are also affected in the same way 

from the different cooling water temperatures. As it can be observed from figures 38 and 39 below, both 

energetic and exergetic efficiencies are lower for 30 0C than 20 0C condenser cooling temperature models. 

This is also because of the increased LT turbine pressures and accordingly less expansion ratios and power 

outputs. In other words, for the same total heat input to the cycles less power is generated and this results 

with the lower energetic efficiencies. Similarly, for the same amount of exergy destruction less power is 

generated so exergetic efficiencies drop.    
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Figure 38 Energetic Efficiencies at Different Cooling Water Temperatures 

 

Figure 39 Exergetic Efficiencies at Different Cooling Water Temperatures 

4.3.2.4 Effect of Super Heating at the HT Turbine Inlet on System’s Performance 

In this section of the study, effect of superheating at the HT turbine inlet on the models’ thermodynamic 

performances is evaluated. In order to do that HT turbine working fluid is superheated from 1 to 25 

degrees at the evaporator for both working fluid models. The cycles are optimized for best power output 

and best efficiency with respect degree of superheated temperature. Thus, the LT loop working fluid is 

slightly increased to be able to have the same exhaust gas outlet temperature and compare the results for 

the same heat input.  LT turbine power output increase is so low that it is neglected in the interpretations 

of the results. 

As it can be observed from figure 40, HP turbine power output of the MD2M working fluid model 

declines with the increase of super heating. Accordingly, the total power output also decreases. Similarly, 

as it is shown in figure 41 energetic efficiency of the model decreases with the increase of superheating. So 

less power is generated for the same amount of heat input.                 
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Figure 40 Power Outputs vs Degrees of Super Heating (MD2M) 
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Figure 41 Energetic Efficiency vs Degrees of Super Heating (MD2M) 

Figures 42 and 43 show that MDM working fluid model’s energetic efficiency and power outputs are also 

getting lower with the increasing degree of superheating. This is due to the enthalpies of these fluids not 

increasing proportionate to the rise of the superheating temperature.           
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Figure 42 Power Outputs vs Degrees of Super Heating (MDM) 



-53- 
 

24,7703 
24,4955 

24,2536 

23,9107 

23

24

25

1 7 15 25

En
e

rg
e

ti
c 

Ef
fi

ci
e

n
cy

 (
%

) 

Degrees of Super Heating (C) 
 

Figure 43 Energetic Efficiency vs Degrees of Super Heating (MDM) 

Together with this, the mass flows of the HT loops are reduced according to the degree of superheating.  

This is done in order to keep the same temperature difference at the evaporator and same exhaust gas 

outlet temperatures in all different models. Consequently, both of the working fluids’ thermodynamic 

performances are getting worse with rising degree of superheating. 

4.4 Cascaded Organic Rankine Cycle with Three Different 

Heat Sources 

The cascaded Organic Rankine cycle with three different heat sources (CORC3) is a double loop cycle that 

converts the thermal energy of the engine’s exhaust gases, jacket water and the lubrication oil into 

electricity. The main objective for adding CORC3 model to this study is to evaluate the suitability of the 

engine’s lubrication oil as a waste heat source for the ORC applications. The evaluation is done by 

simulating this cycle by Aspen plus software and comparing the simulation results with the other ORC 

models that take part in this study. Similar to the other ORC models, effects of different working fluids 

and condenser cooling water temperatures on cycle’s performance are evaluated. Unlike the other ORC’s 

of this study, in the CORC3 model effects of different HT turbine inlet pressures on cycle’s performance 

are evaluated. The layout of the CORC3 cycle is shown in figure 44 below.             

 

Figure 44 Layout of the Cascaded Organic Rankine Cycle with Three different Heat Sources 
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4.4.1 Simulations and Theoretical Analysis 

4.4.1.1 Boundary Conditions and Assumptions 

Boundary conditions and assumptions of the cycle are almost same with the CORC2 except the ones 

related with the lubrication oil. The lubrication oil boundary conditions are as follows:   

- The inlet temperature of the lubrication oil to the lubrication oil preheater   

- The outlet temperature of the lubrication oil from the lubrication oil preheater 

 

- Mass flow of the lubrication oil  kg/s 

- Pressure of the lubrication oil bar 

- Specific heat capacity of the lubrication oil ,  kJ/kg K 

- Overall heat transfer coefficient of the lubrication oil preheater  (W/m2 K) 

4.4.1.2 Simulation Procedure 

Cascaded Organic Rankine Cycle with three heat sources (CORC3) is quite similar to the CORC2 model 

except the third heat source (lubrication oil). Similar to the CORC2 model, MDM and MD2M are used as 

a working fluid in the HT loop and R245fa in the LT loop of the model. However, there are several 

modifications that are made, in order to use the engine’s lubrication oil and the jacket water together for 

preheating the R245fa, at the LT loop of the cycle. The splitter and the mixer is selected from the 

simulation menu tab and added to the model. Lubrication oil preheater and the jacket water preheater are 

positioned after the splitter and before the mixer. After having done this, the following specification 

selections are made to be able to run the simulation model: 

The splitter: “Split fraction” option is chosen and the split fractions are set according to the outlet 

temperatures of the R245fa from the preheaters. The split fractions are needed to vary according to the 

changes in the mass flows, pressures, condenser cooling water temperatures and so on.           

The lubrication oil preheater: “Hot stream outlet temperature” option is selected and it is set to “63” 
0C. Since the lubrication oil has always returned to the engine with the desired design temperature. Also, 

the boundary conditions that are mentioned in the previous section are entered to the simulations.   

The mixer: Same pressure value with the pump outlet is set since there is no pressure change in between 

these two points. Also, from the “valid phases” specification “vapor-liquid” option is selected. Because, 

R245da starts to evaporate in the jacket water preheater when low pressures are chosen for the working 

fluid. 

Except this additional modifications and simulation settings, the simulation procedures of the CORC3 and 

CORC2 models are the same. 

4.4.1.3 Theoretical Analysis 

The following equations are used in the thermodynamic calculations of the CORC3 models.  

 

High Temperature Loop 

 

Process 6-1 (Pump) 
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Where: 

 : Power of the HT loop pump [kW] 

 : Isentropic HT loop pump power [kW]  

 : Isentropic efficiency of the HT loop pump  

 : Mass flow rate of the HT loop working fluid [kg/s] 

 :  Specific enthalpy of the HT loop working fluid before the pump [kJ/kg] 

 :  Specific enthalpy of the HT loop working fluid after the pump after ideal compression [kJ/kg] 

 

Process 1-2 (Regenerator) 

 

 

Where: 

 : Heating power of the regenerator [kW] 

 :  Specific enthalpy of the HT loop working fluid after the pump before regenerator [kJ/kg] 

 :  Specific enthalpy of the working HT loop fluid after regenerator before the evaporator [kJ/kg] 

 :  Specific enthalpy of the HT loop working fluid before regenerator after the turbine [kJ/kg] 

 :  Specific enthalpy of the HT loop working fluid before the condenser after the regenerator [kJ/kg] 

 

Process 2-3 (Evaporator) 

 

 

Where: 

 : Heating power of the evaporator [kW] 

 : Mass flow rate of the exhaust gas [kg/s] 

 : Specific enthalpy of the HT loop working fluid after the regenerator before the turbine [kJ/kg] 

 : Specific enthalpy of the exhaust gas before the evaporator [kJ/kg] 

 : Specific enthalpy of the exhaust gas after the evaporator before economizer-evaporator 

[kJ/kg] 

 

Process 3-4 (Turbine) 

 

 

Where: 
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 : Power output of the HT turbine [kW] 

 : Isentropic HT turbine power [kW]  

 : Isentropic efficiency of the HT loop pump 

 

Process 5-6 (Condenser-Evaporator) 

 

 

Where: 

 : Heating power of the evaporator [kW] 

 : Mass flow rate of the LT loop working fluid [kg/s] 

 : Specific enthalpy of the LT loop working fluid after condenser-evaporator before the economizer 

[kJ/kg] 

 : Specific enthalpy of the LT loop working fluid before condenser-evaporator after the mixer 

[kJ/kg] 

 

Low Temperature Loop 

 

Process 6A-1A (Pump) 

 

 

Where: 

 : Power of the LT loop pump [kW] 

 : Isentropic LT loop pump power [kW]  

 : Isentropic efficiency of the pump  

 : Specific enthalpy of the LT loop working fluid before the LT pump after the condenser [kJ/kg] 

 : Specific enthalpy of the LT loop working fluid after the pump before the splitter after ideal 

compression [kJ/kg] 

Heat balance at the Splitter 

 

 

Where: 

 : Mass flow rate of the LT loop working fluid that is going in to the jacket water preheater [kg/s] 

 : Mass flow rate of the LT loop working fluid that is going in to the lube oil preheater [kg/s]  
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 : Specific enthalpy of the LT loop working fluid after the pump before the splitter [kJ/kg] 

 : Specific enthalpy of the LT loop working fluid after the splitter before lube oil preheater [kJ/kg] 

 : Specific enthalpy of the LT loop working fluid after the splitter before jacket water preheater 

[kJ/kg] 

 

Process SP1-SP3 (Lubrication oil preheater) 

 

 

Where: 

 : Heating power of the lube oil preheater [kW] 

 : Specific enthalpy of the LT loop working fluid after the lube oil preheater before the mixer [kJ/kg] 

 : Mass flow of the engine lubrication oil [kg/s] 

 : Specific enthalpy of the lube oil before the lube oil preheater [kJ/kg] 

 : Specific enthalpy of the lube oil after the lube oil preheater [kJ/kg] 

 

Process SP2-SP4 (Jacket water preheater) 

 

 

Where: 

 : Heating power of the jacket water preheater [kW] 

 : Mass flow rate of the LT loop working fluid [kg/s] 

 : Specific enthalpy of the LT loop working fluid after the jacket water preheater before the mixer 

[kJ/kg] 

 : Mass flow of the engine jacket water [kg/s] 

 : Specific enthalpy of the engine jacket water before the preheater [kJ/kg] 

 : Specific enthalpy of the engine jacket water after the preheater [kJ/kg] 

 

Heat balance at the Mixer 

 

 

Where: 

 : Mass flow rate of the LT loop working fluid that is going in to the jacket water preheater [kg/s] 

 : Mass flow rate of the LT loop working fluid that is going in to the lube oil preheater [kg/s]  
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 : Specific enthalpy of the LT loop working fluid after the mixer before the condenser-evaporator 

[kJ/kg] 

   

Process 3A-4A (Economizer-Evaporator) 

 

 

Where: 

 : Heating power of the economizer-evaporator [kW] 

 : Specific enthalpy of the LT loop working fluid after the condenser-evaporator before the 

economizer-evaporator [kJ/kg] 

 : Specific enthalpy of the LT loop working fluid after the economizer-evaporator before the LT 

turbine [kJ/kg] 

 : Specific enthalpy of the exhaust gas after the economizer-evaporator [kJ/kg] 

 

Process 4A-5A (Turbine) 

 

 

Where: 

 : Power output of the LT turbine [kW] 

 : Isentropic LT turbine power [kW]  

 : Isentropic efficiency of the LT turbine 

 : Specific enthalpy of the LT loop working fluid after the LT turbine before the condenser [kJ/kg] 

 

Process 5A-6A (Condenser) 

 

 

Where: 

 : Cooling power of the condenser [kW] 

 : Mass flow rate of the cooling water [kg/s] 

 : Specific enthalpy of the cooling water at the condenser inlet [kJ/kg] 

 : Specific enthalpy of the cooling water at the condenser outlet [kJ/kg] 

 

Efficiency Analysis 
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1st Law (Energetic) Efficiency of the Cycle 

 

 

 

 

 

 

 

 

 

 

Where: 

 : Total heat inlet to the cycle [kW] 

 : Heat inlet from exhaust gas to the cycle [kW] 

 : Heat inlet from engine jacket water to the cycle [kW] 

 : Heat inlet from engine lubrication oil to the cycle [kW] 

 : Energetic efficiency of the cycle 

 : Net power output of the Cycle [kW]  

 

Exergetic Efficiency of the cycle 
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Where: 

 : Total Exergy inlet to the cycle [kW] 

 : Exergetic efficiency of the cycle 

 : Dead state temperature [K] 

 : Specific entropy of the exhaust gas at the evaporator inlet [kJ/kg K] 

 : Specific entropy of the exhaust gas at the economizer-evaporator outlet [kJ/kg K] 

 : Specific entropy of the engine jacket water before the jacket water preheater [kJ/kg K] 

 : Specific entropy of the engine jacket water after the jacket water preheater [kJ/kg K] 

 : Specific entropy of the engine lube oil before the lube oil preheater [kJ/kg K] 

 : Specific entropy of the lube oil after the lube oil preheater [kJ/kg K] 

 : Exergy inlet from exhaust gas to the cycle [kW] 

 : Exergy inlet from engine jacket water to the cycle [kW] 

 : Exergy inlet from engine lube oil to the cycle [kW] 

4.4.2 Thermodynamic Optimization and Results 

The cascaded Organic Rankine with three different heat sources (CORC3) models’ optimization process is 

started with the selection of HT and LT turbine pressures like the previous CORCE and CORC2 models. 

Same maximum and minimum pressure levels are selected for the two previous models since same 

working fluids and cooling water temperatures are used in this model as well. The optimized cycle 

properties are shown in table 12 for both of the working fluid models.  

Table 12 Optimized Case Cycle Properties of Both Working Fluid Models 

Properties MD2M MDM 

Total Power Output 2723 2794 

HT Turbine Power Output 1349 1426 

LT Turbine Power Output 1374 1368 

Energetic Efficiency 21,9 22,5 

Exergetic Efficiency 63,7 65,4 

HT Loop Mass Flow 23,8 22,5 

HT Turbine Inlet Pressure 5 14,5 

HT Turbine Outlet Pressure 0,029 0,135 

HT Turbine Inlet Temperature 272 292 

HT Turbine Outlet temperature 233 231 

HT Loop Condensation Temperature 88 88 

HT Loop Exhaust Gas Outlet Temperature 216 211 

LT Loop Mass Flow 47,1 46,9 

LT Turbine Inlet Pressure 10 10 

LT Turbine Outlet Pressure 1,55 1,55 

LT Turbine Inlet Temperature 90 90 

LT Loop Condensation Temperature 25 25 

LT Loop Exhaust Gas outlet Temperature  95 95 
 



-61- 
 

HT turbine inlet pressures are the same with all other models. Also, LT turbine outlet pressures are the 

same with other cascaded cycles since the cooling water temperatures and the LT loop working fluid are 

the same. Moreover, LT turbine inlet pressures are found to be 10 bars which is the highest pressure that 

can be selected for this ORC configuration. Because, the mass flows of the LT loops are increased 

significantly in order to recover all the waste heat from jacket water and lubrication oil, with ensuring at 

least 5 0C difference between hot side inlet and cold side outlet temperatures at the preheaters and 

economizers.       

4.4.2.1 Comparison of CERC2 and CORC3 Models 

As it is illustrated in figure 45, total power outputs of the CORC3 models are higher than CORC2 models 

due to the more heat inlet to the LT loop of the CORC3 models. Again in figure 45 it is shown that, both 

HT and LT turbine power outputs increase though third heat source (lubrication oil) gives additional heat 

input only to the LT loops of the CORC3 models. On the contrary, utilization waste heat of the engine’s 

jacket water in the LT loop of the CORC2 models significantly increase the LT turbine power outputs and 

slightly lowers the HT turbine power outputs in comparison with the CORCE model. The reason of these 

different effects of the additional heat sources on the cycles’ power outputs is that LT turbine inlet 

pressure of the CORC3 models cannot be selected higher than 10 bars. Thus, lower condensation 

pressures are selected for the HT loops. Therefore, this increases the expansion ratio of the HT turbine 

and this is resulted in an increase of HT turbine power outputs. Nonetheless, the LT turbine power 

outputs of the CORC3 models are still slightly higher than CORC2 models.   

 

Figure 45 Total, LT and HT Turbine Power Outputs of the CORC2 and CORC3 Models for Different Working Fluids 

As it is shown in figure 46 below the energetic efficiencies of the CORC3 models are lower than CORC2 

models though their total power output is higher. With the addition of the lubrication oil preheater, an 

increased amount of low quality heat is utilized in the CORC3 models than CORC2. Thus, CORC3 

models obtain lower LT loop efficiencies than CORC2 models. Besides, LT turbine expansion ratios are 

much lower than CORC2 models and these also lower the LT loop efficiencies. Consequently, lower 

energetic efficiencies are acquired in CORC3 models. 
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Figure 46 Comparison of Energetic Efficiencies 
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4.4.2.2 Effect of Different Working Fluids on Cycle’s Thermodynamic 

Performance 

In order to compare the working fluids thermodynamic performance in same conditions, necessary cycle 

properties such as total heat input, condensation temperatures and LT turbine pressures values are taken 

the same for both of the working fluid models. Figures 47, 48 and 49 respectively show the power output, 

energetic and exergetic efficiency results for both working fluid models.   
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Figure 47 Power Outputs 
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Figure 48 Energetic Efficiencies 
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Figure 49 Exergetic Efficiencies 
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It is clear from the results that MDM shows better thermodynamic performance than MD2M. Therefore, 

MDM is seen as the better working fluid than MD2M for the CORC3 model.    

4.4.2.3 Effect of Cooling Water Temperature on System’s Performance 

Performance 

The effect of condenser cooling temperatures on the thermodynamic performance of the CERC3 models 

is evaluated for two different cooling water temperatures. In order to do this, some modifications are 

made in the optimized case models and these modified models are compared with the optimized ones. 

The changes are as follows:  

- Cooling water temperature are increased from 20 0C 30 0C 

- LT turbine exit pressure is increased from 1.55 bars to 2.2 bars 

- LT turbine inlet pressures are decreased from 10 bars to 9 bars in order to ensure at least 5 0C 

temperature difference between the hot side inlet and cold side outlet temperatures in all the 

LT loops’ heat exchangers 

- Also for the same reason above, MD2M model’s HT condensation pressure is increased from 

0,029 bars to 0,033 bars and MDM’s is increased from 0,135 bars to 0,15 bars. 

 

As it can be observed from figure 50, increasing the cooling water temperatures by 10 0C, decrease both 

LT and HT turbine outputs and therefore the total power outputs drop as well. This is of course due to 

the reduced expansion ratios at the both turbines. However, the amount of the reduction of power at the 

LT turbine output is around 6 to 8 times bigger than those at the HT turbines. The decreases in the 

expansion ratios of the LT turbines are around 40 % whereas it’s around 10% in the HT turbines. 

Additionally, LT turbine expansion ratios and especially LT turbine inlet pressure levels are already very 

low in the optimized case due the low temperatures of the heat sources. Thus, decreasing the expansion 

ratios and inlet pressures more, drastically reduces at the LT turbine power outputs.     

 

Figure 50 Total, LT and HT Turbine Power Outputs at Different Cooling Water Temperatures for Different Working 
Fluids 

The energetic and exergetic efficiencies of the both working fluid models also drop with the increasing 

cooling water temperatures. These drops can be observed from figure 51 and 52 below. These drops are 

closely related with the decreasing power outputs because for the same amount heat inlet to the cycles less 

power is generated. Therefore, lower efficiencies are obtained in the 30 0C cooling temperature models 

than 20 0C models.        
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Figure 51 Energetic Efficiencies at Different Cooling Water Temperatures 
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Figure 52 Exergetic Efficiencies at Different Cooling Water Temperatures 

4.4.3 Thermodynamic Performance Results of All the ORC Configurations 

In this section of the study thermodynamic performance of all the ORC configurations is shown and 

compared to each other. As it is mentioned earlier the objective function for the all configurations is the 

maximum power output. Thus, all the configurations designed to achieve the maximum power output. 
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Figure 53 Power Outputs of MDM Configurations 
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Figure 54 Efficiencies of MDM Configurations 

 

Figure 55 Total Exergy and Heat Inlets to the MDM Configurations 

The total, LT turbine and HT turbine power outputs of the MDM and MD2M models are respectively 

shown in figures 53 and 56. It can be observed from these figures that the highest LT turbine and total 

power outputs are obtained in the CORC3 models whereas the lowest are for RORC models. The reason 

for this can be explained by figures 55 and 58 in which total heat inlets to the cycles are illustrated. The 

total amount of heat inlets to the CORC3 models are double the amount of those in the RORC models. 

More than half of this heat is utilized in the LT loops of the CORC3 models since two extra heat sources 

are added to the LT loop of the cycles and exhaust gases are further employed in the LT loops. Moreover, 

the CORC2 models and the CORCE models respectively have the second and third highest LT turbine 

and total power outputs between these four different configurations. This is also because of the total heat 

inlet difference between the models. 
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Figure 56 Power Outputs of MD2M Configurations 
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Figure 57 Efficiencies of MD2M Configurations 

 

Figure 58 Total Exergy and Heat Inlets to the MD2M Configurations 

On the other hand, the HT turbine power outputs differ from the LT and total turbine power outputs. As 

it is shown in figures 53 and 56, the RORC and CORC2 models respectively have the highest and lowest 

HT turbine power outputs. This is due to the fact that for the same HT turbine inlet pressures the RORC 

has the highest and CORC2 has the lowest expansion ratios at the HT turbines.  

The energetic efficiencies of the all configurations for the MDM and MD2M working fluid models are 

respectively shown in figures 54 and 57. It can be observed by looking at the efficiency (figure 54 and 57) 

and total inlet (figures 55 and 58) figures that energetic efficiencies are inversely proportionate to the total 

inlets. This is because; with increase of the total heat inlets to the cycles the amounts of low quality heat 

inputs to the cycles are also increasing. Therefore, the lowest energetic efficiencies are obtained in the 

CORC3 models where the highest in the RORC models. 

However, the exergetic efficiencies of the models do not vary as much as the energetic efficiencies do 

because exergy inlets and heat inlets to the cycles do not increase proportionately. On the other hand, as it 

can be observed from the power output results (figures 53 and 56) and total exergy inlet results (55 and 

58), total power outputs increase proportionate to the total exergy inlets. Therefore, the exergy efficiencies 

of the all configurations are quite the same. Moreover, the exergy destruction per unit of heat inlet ratios 

of the lubrication oil and the jacket water heat preheaters are much lower than those of exhaust gas heat 

exchangers. Thus, the exergetic efficiency of the CERC2 and CERC3 configurations are the highest for 

the both working fluid models. Even though, the amounts of low quality heat that are utilized in these 

models are the highest and therefore the energetic efficiencies are the lowest between all the 

configurations. 
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Figure 59 Power Outputs of MDM TCOOLING =30 0C Configurations 
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Figure 60 Efficiencies of MDM TCOOLING =30 0C Configurations 

 

Figure 61 Total Exergy and Heat Inlets to the MDM TCOOLING =30 0C Configurations 

Power output results of all the cooling water temperature 30 0 C case (Tcon30) configurations for both 

MDM and MD2M models respectively are illustrated in figures 59 and 62. It can be observed from these 

results that changes in the power outputs have the same tendency with the optimized case ones. But, in 

the Tcon30 case configurations lower power outputs are obtained due to the decreasing expansion ratios. 

Only in the RORC models same power outputs are acquired with the optimized case ones. Since the 

expansion ratios of the RORC models are the same in both models. As a result of these lower power 

outputs, excluding the RORC, the energetic and exergetic efficiencies of the Tcon30 case models are also 

lower than those in the optimized case. The efficiencies of the MDM and MD2M are respectively shown 

in figures 60 and 63.   
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Figure 62 Power Outputs of MD2M TCOOLING =30 0C Configurations 
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Figure 63 Efficiencies of MD2M TCOOLING =30 0CConfigurations 

 

Figure 64 Total Exergy and Heat Inlets to the MD2M TCOOLING =30 0C Configurations 

In other words, for both cases the total exergy and heat inlet to the cycles are almost the same. This is 

illustrated in figures 61 and 64 for the Tcon30 case models and 55 and 58 for the optimized ones. 

However, the total power outputs (excluding the RORC models) of the T30 case models are lower than 

those of the optimized cases models. Consequently, the lower energetic and exergetic efficiencies are 

achieved in the Tcon30 case.   
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5 Economic Analysis 

In this chapter of the thesis, economic analysis is performed to evaluate the performance of the ORC 

configurations from an economical point of view. In order to that; first, capital costs of the 

thermodynamically optimized ORC models are calculated and the associated price per unit of electricity 

generation (€/kWe) is obtained. According to the results of these models, each ORC configuration is 

economically optimized with the objective function of €/kWe. Finally, payback times of the ORC 

configurations are calculated by assuming that the generated electricity is sold to the grid. 

5.1 Investment Costs 

The investment costs are the total costs of the all ORC components such as all the heat exchangers, 

pumps, turbines, pipes and so on. However for the simplicity of the calculations, only the cost of heat 

exchangers and turbines are taken into account since the price of other components are very low 

compared to the price of heat exchangers and turbines. Therefore, the cost of other components is 

neglected. The cost of heat exchangers is calculated depending on the total heat exchange area and the 

price of the heat exchange area per m2 (€/m2). The cost of turbines (including the electricity generator 

set, control units etc.) is calculated depending on the net power output and the price per unit of power 

generation (€/kW). 

 

  

 

Where:  

 : Total costs (€) 

 : Costs of turbines (€) 

 : Cost of heat exchangers (€) 

 : LT turbine net power output (kW)  

 : Low temperature loop turbine price of electricity per kW (€/kW) 

 : HT turbine net turbine power output (kW)   

 : High temperature loop turbine Price of electricity per kW (€/kW)  

 : Heat exchanger area (m2) 

 Price of heat exchange area per m2 (€/m2) 

The price per unit for each ORC component is illustrated in table 13 below. The prices of the heat 

exchangers strongly depend on the total heat exchanger area and the price per unit area of the heat 

exchanger decreases with the increasing size of the total heat exchange area. However, an average price is 

taken for all the heat exchangers (preheaters, condensers, evaporators). This is done for the simplicity of 

the calculations. Also, the price of the heat exchangers changes according to the material and type of the 

heat exchanger. All the heat exchangers are shell&tube counter current type and made of carbon steel. 

Carbon steel, which is the cheapest material between heat exchanger materials, is selected as a heat 

exchanger material since in waste heat recovery applications, heat exchangers are not exposed to the 

corrosive fluids. The average price for the heat exchangers is taken based on the year 2004 prices and 

therefore the price for year 2014 is calculated with a 3% yearly interest rate (SINNOTT, 2006). 
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Table 13 Prices of the ORC components (ICF International, 2008), (SINNOTT, 2006) 

Name of the component Price per unit 

Heat exchangers 250 €/m2 

HT turbine 700 €/kW 

LT turbine 500 €/kW 
 

Both of the selected turbines are radial and single stage. But, for the LT turbines the back pressure type 

turbine is selected whereas for the HT turbine condensing type is selected. The price for the unit power 

generation (€/kW ) for the HT turbines is more expensive than LT turbines due to the fact that LT 

turbines expansion ratios are much lower than those of HT turbines and their outlet pressures (1.55 and 

2.2 bars) are above the atmospheric pressure. 

5.2 Economic Optimization and Results 

The objective function of the thermodynamic optimizations is the power output. The maximum power 

output is obtained without considering the costs of the ORC units. Therefore, ORC models should 

economically be optimized. In order to this, the objective function is selected cost per unit of power 

generated (€/kW) for the economical optimizations. From the results of the thermodynamic 

optimizations, it is observed that the costs of heat exchangers and especially the costs of evaporators are 

significant. This is because of the enormous size of the evaporators (up to 3250 m2 heat exchange area) 

due to the very small log mean temperature difference (LMTD) and smaller overall heat transfer 

coefficient (U) values of these equipment’s. Therefore, in the economic optimizations the total heat 

exchange areas of the heat exchangers and especially evaporators’ are optimized. The optimizations are 

done by lowering the working fluid mass flows. By doing this, the LMTD values are increased and 

therefore total heat exchange areas are decreased. The relation between the LMTD, U value, heat transfer 

rate and total heat exchange area is given in the following equations: 

  

 

Where:  

 : Heat transfer rate (kW) 

 : Overall heat transfer coefficient (kW/m2 K)   

 : Heat exchange area (m2) 

 : Logarithmic mean temperature difference (0C) 

 : The temperature of the hot side working fluid at the outlet of the heat exchanger (0C) 

 : The temperature of the hot side working fluid at the inlet of the heat exchanger (0C) 

  : The temperature of the cold side working fluid at the inlet of the heat exchanger (0C) 

 : The temperature of the cold side working fluid at the outlet of the heat exchanger (0C) 

In table 14 below, the power outputs, total heat exchanger areas, the costs per kW of electricity, heat 

exchanger costs per total costs and capital costs are shown for the thermodynamically optimized models. 

As it is observed from the table 15 below, total heat exchanger areas are considerably larger (6134m2 in 

average) and therefore heat exchanger costs are more than half of the total costs in most of the ORC 

models. It is observed from the table 14 that the costs per unit of electricity generation vary between ORC 
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models. On the other hand, these ratios are similar for both working fluid models. The CORC3 MDM 

model has the biggest total heat exchanger area (7826 m2) where RORC MD2M has the smallest (3553). 

Also, the CORCE MD2M Tcon30 model has the most expensive electricity generation cost per kWe 

(1393 €/kW) whereas the RORC MD2M has the cheapest (1197.8 €/kW).   

Table 14 Power Outputs, Total Heat Exchanger Areas Cost for Unit of Electricity Generation, Heat Exchanger Costs 
per Total Cost and Capital Costs of Thermodynamically Optimized ORC Models 

Name of the ORC 
Model 

LT 
(kW) 

HT 
(kW) 

Total 
(kW) 

Total Heat 
Exchanger 
Area (m2) 

Cost per 
kWe 

(€/kW) 
 

Heat 
Exchanger 
Cost/Total 

Cost (%) 

Capital 
Costs 

(Million 
Euros) 

CORC3 MDM 1368 1426 2794 7826 1302,4 53,8 3,64 

CORC3 MD2M 1374 1349 2723 7497 1288,3 53,4 3,51 

CORC2 MDM 1305 1315 2620 6630 1233,1 51,3 3,23 

CORC2 MD2M 1311 1246 2557 6455 1228,6 51,4 3,14 

CORCE MDM 795 1617 2412 6543 1312,2 51,7 3,165 

CORCE MD2M 797 1548 2345 6404 1314,7 51,9 3,083 

RORC MDM 0 1834 1834 3906 1232,4 43,2 2,26 

RORC MD2M 0 1789 1789 3523 1192,3 41,3 2,133 

CORC3 MDM Tcon30 1118 1391 2509 7595 1367,6 55,3 3,43 

CORC3 MD2M Tcon30 1123 1326 2449 7432 1367 55,5 3,348 

CORC2 MDM Tcon30 1153 1315 2468 6808 1296,26 53,2 3,2 

CORC2 MD2M Tcon30 1159 1246 2405 6661 1296,1 53,4 3,117 

CORCE MDM Tcon30 653 1617 2270 6730 1383,6 53,6 3,141 

CORCE MD2M Tcon30 655 1548 2203 6631 1393 54 3,069 

RORC MDM Tcon30 0 1834 1834 3951 1237,5 43,5 2,27 

RORC MD2M Tcon30 0 1789 1789 3562 1197,8 41,5 2,143 
 

Table 15 Results of the Thermodynamically Optimized Models in Average 

Results of the 
Thermodynamically 
Optimized Models 

in Average 

LT 
(kW) 

HT 
(kW) 

Total 
(kW) 

Total heat 
exchanger 
area (m2) 

Cost per 
kWe 

(€/kWe) 

Heat 
Exchanger 
Cost/Total 

Cost (%) 

Capital 
Costs (In 
million €) 

800,69 1511,8 2312,6 6134 1290,18 50,5 2,99 
 

As it is mentioned earlier heat exchanger sizes are optimized by decreasing the mass flows of the working 

fluids. In order to this, Aspen Plus simulation tool is used. In the simulations, the mass flows of the LT 

loop and HT loop working fluids are slightly decreased in each simulation and the results of the each 

simulation is compared with the previous simulation results. The comparison is made based on the drop 

of the heat exchanger costs. The simulations are stopped at the point where the lowering the total heat 

exchanger area is not economically feasible anymore. 

According to the results of the economically optimized models, shown in table 16 below total heat 

exchanger areas of the all models are decreased significantly. Therefore, the costs of the economically 

optimized models are considerably lower than those of thermodynamically optimized models. On the 

other hand, as it is observed from table 17 the power outputs of the economically optimized models are 
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lower than thermodynamically optimized due to the decreasing mass flow rates. But, this is not really 

important because total power outputs drop 10 % where the total costs reduction is 14.4 % in average. 

Table 16 Power Outputs, Total Heat Exchanger Areas, Cost for Unit of Electricity Generation, Heat Exchanger Costs 
per Total Cost and Capital Costs of Economically Optimized ORC Models 

Name of the ORC 
Model 

LT 
(kW) 

HT 
(kW) 

Total 
(kW) 

Total Heat 
Exchanger 
Area (m2) 

Cost per 
kWe 

(€/kW) 

Heat 
Exchanger 
Cost/Total 

Cost (%) 

Capital 
Costs 

(Million 
Euros) 

CORC3 MDM 1206 1280 2486 5071 1112,9 45,82 2,767 

CORC3 MD2M 1210 1219 2429 4990 1113,6 46,12 2,705 

CORC2 MDM 1181 1184 2365 4171 1041,1 42,35 2,46 

CORC2 MD2M 1185 1122 2307 4065 1037,8 42,4 2,39 

CORCE MDM 698 1450 2148 4046 1105,9 42,58 2,375 

CORCE MD2M 703 1388 2091 3988 1109,5 42,97 2,32 

RORC MDM 0 1664 1664 2523 1079,1 35,13 1,796 

RORC MD2M 0 1632 1632 2402 1068 34,45 1,743 

CORC3 MDM Tcon30 1019 1280 2299 5193 1176,1 48,02 2,704 

CORC3 MD2M Tcon30 1021 1226 2247 5110 1177,6 48,28 2,646 

CORC2 MDM Tcon30 1038 1164 2202 4221 1084,9 44,17 2,389 

CORC2 MD2M Tcon30 1039 1122 2161 4206 1090,5 44,62 2,356 

CORCE MDM Tcon30 561 1443 2004 4084 1153,5 44,17 2,312 

CORCE MD2M Tcon30 558 1379 1937 3988 1157,1 44,48 2,241 

RORC MDM Tcon30 0 1664 1664 2562 1085 35,48 1,805 

RORC MD2M Tcon30 0 1632 1632 2452 1075,6 34,92 1,755 
 

It is observed from table 16 that the cost per unit of electricity generation (€/kW) vary between models. 

The CORC3 Tcon30 models have the biggest cost per unit of electricity generation ratios (around 1175 

(€/kW) where the CORC2 models have the smallest (around 1040 (€/kW). Similar to the 

thermodynamically optimized models, the costs for both working fluid models are almost the same.  

 

Table 17 Results of the Economically Optimized Models in Average 

Results of the 
Economically 

Optimized Models 
in Average 

LT 
(kW) 

HT 
(kW) 

Total 
(kW) 

Total heat 
exchanger 
area (m2) 

Cost per 
kWe 

(€/kWe) 

Heat 
Exchanger 
Cost/Total 

Cost (%) 

Capital 
Costs (In 
Million €) 

713,7 1365,6 2079,9 3942 1104,3 42,25 2,3 
 

The differences between power outputs, total heat exchanger areas, cost for unit of electricity generation, 

heat exchanger costs per total cost and capital costs of thermodynamically and economically optimized 

models are shown in table 18. The results in the table show that biggest drop in total heat exchanger area 

(2755 m2), total power output (308 kW) and total cost (873000 €) occurs in CORC3 MDM model where 

the smallest drops in all of the results occur in RORC MD2M Tcon30 model.  

 

 



-73- 
 

 

 

Table 18 Differences between Power Outputs, Total Heat Exchanger Areas, Cost for Unit of Electricity Generation, 
Heat Exchanger Costs per Total Cost and Capital Costs of Thermodynamically and Economically Optimized Models 

Name of the ORC 
Model 

LT 
(kW) 

HT 
(kW) 

Total 
(kW) 

Total Heat 
Exchanger 
Area (m2) 

Cost per 
kWe 

(€/kW) 

Heat 
Exchanger 
Cost/Total 

Cost (%) 

Capital 
Costs 

(Million 
Euros) 

CORC3 MDM 162 146 308 2755 189,5 7,98 0,873 

CORC3 MD2M 164 130 294 2507 174,7 7,28 0,805 

CORC2 MDM 124 131 255 2459 192 8,95 0,77 

CORC2 MD2M 126 124 250 2390 190,8 8,95 0,75 

CORCE MDM 97 167 264 2497 206,3 9,12 0,79 

CORCE MD2M 94 160 254 2416 205,2 8,92 0,763 

RORC MDM 0 170 170 1383 153,3 8,07 0,464 

RORC MD2M 0 157 157 1121 124,3 6,85 0,39 

CORC3 MDM Tcon30 99 111 210 2402 191,5 7,28 0,726 

CORC3 MD2M Tcon30 102 100 202 2322 189,4 7,22 0,702 

CORC2 MDM Tcon30 115 151 266 2587 211,36 9,03 0,811 

CORC2 MD2M Tcon30 120 124 244 2455 205,6 8,78 0,761 

CORCE MDM Tcon30 92 174 266 2646 230,1 9,43 0,829 

CORCE MD2M Tcon30 97 169 266 2643 235,9 9,52 0,828 

RORC MDM Tcon30 0 170 170 1389 152,5 8,02 0,465 

RORC MD2M Tcon30 0 157 157 1110 122,2 6,58 0,388 
 

The average differences between the results between thermodynamically and economically optimized 

models are shown in table 19 below. It can be seen that total heat exchanger areas significantly decrease 

and therefore the heat exchanger cost per total cost ratios decrease as well. The average power output 

drops 233.3 kW but this is not really important since the capital costs of the economically optimized 

models are 690000 Euros in average lower than thermodynamically optimized models. Thus, in the 

thermodynamically optimized models around 3000 €/kWe (690000€ /233.3kWe) has to be invested in 

order to have 233.3 kW extra power output in average whereas average cost per kWe is respectively 1100 

€/kWe and 1300 €/kWe in economically and thermodynamically optimized models in average.  

Table 19 Difference between the Results of the Thermodynamically and Economically Optimized Models in Average 

Difference between 
the Two Models in 

Average 

LT 
(kW) 

HT 
(kW) 

Total 
(kW) 

Total heat 
exchanger 
area (m2) 

Cost per 
kWe 

(€/kWe) 

Heat 
Exchanger 
Cost/Total 

Cost (%) 

Capital 
Costs (In 
million €) 

87 146,3 233,3 2192,6 185,9 8,25 0,69 
 

5.3 Payback Period Calculations 

In this section of the thesis the payback times of the each ORC model are calculated. In order to this, 

simple payback period method is used. In the calculations operation and maintenance costs (O&M) are 

neglected since these costs very small in comparison with the capital costs and cash flow (Legmann, 2002).  



-74- 
 

The equation of this method is the following: 

  

  

Where: 

Yearly operation hours=8400 hours. This is found by assuming 98 % of system availability in a year for 

the engine and ORC models (Legmann, 2002). 

Price of electricity=0.08 €/kWh. The price of electricity per kWh is the Swedish electricity price for the 

industrial consumers (Eurostat, 2013). 

The results of the payback period calculations are shown in table 20 below for the both 

thermodynamically and economically optimized models. 

Table 20 Payback Time Periods of the Thermodynamically and Economically Optimized Cases and the Differences 
between the Cases 

Name of the ORC Model 

Payback Time Period 
of the 

Thermodynamically 
Optimized Case (Year) 

Payback Time Period 
of the Economically 

Optimized Case 
(Year) 

The Difference 
Between the Cases 

(Year) 

CORC3 MDM 2,021 1,727 0,294 

CORC3 MD2M 1,999 1,728 0,271 

CORC2 MDM 1,914 1,616 0,298 

CORC2 MD2M 1,907 1,611 0,296 

CORCE MDM 2,036 1,716 0,32 

CORCE MD2M 2,04 1,722 0,318 

RORC MDM 1,913 1,675 0,238 

RORC MD2M 1,85 1,657 0,193 

CORC3 MDM Tcon30 2,122 1,825 0,297 

CORC3 MD2M Tcon30 2,121 1,827 0,294 

CORC2 MDM Tcon30 2,012 1,684 0,328 

CORC2 MD2M Tcon30 2,011 1,692 0,319 

CORCE MDM Tcon30 2,147 1,79 0,357 

CORCE MD2M Tcon30 2,162 1,796 0,3661 

RORC MDM Tcon30 1,92 1,684 0,237 

RORC MD2M Tcon30 1,859 1,669 0,19 

Average 2,002 1,714 0,288 
 

According to table 20 thermodynamically optimized models pay themselves back in 2 years where 

economically optimized ones in 1.7 years in average. It is also observed that the payback times vary 

between different models whereas the choice of the working fluid does not really affect the payback time. 

Also, the RORC MD2M model has shortest payback time (1.85 years) where the CORCE MD2M Tcon30 

model (2.162 years) has the longest between thermodynamically optimized models. Among economically 

optimized models, the CORC2 MD2M model (1.611 years) has the shortest and CORC3 MD2M Tcon30 

model (1.827 years) has the longest payback time. It can be concluded that all the models pay themselves 

back in a very short time and therefore all the models are economically feasible.  
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6 Conclusions 

In this thesis, four different ORC models for a stationary gas engine waste heat recovery application are 

designed and optimized for the same boundary conditions. These models are regenerative Organic 

Rankine cycle (RORC), cascaded Organic Rankine cycle with an economizer (CORCE), cascaded Organic 

Rankine cycle with two heat sources (CORC2) and cascaded Organic Rankine cycle with three different 

heat sources (CORC3). Thermodynamic and economic analyses are done for each model and the models 

are compared to each other. Also, two different working fluids are tested and their performance is 

evaluated. The effect of condenser cooling water on the cycle’s performance is evaluated. The effect of 

super heating at the HT turbine inlet is also evaluated. The main heat source of the all models is the 

exhaust gases of the engine. For CORC2 models engine jacket water and for CORC3 engine jacket water 

and lubrication oil are used as an additional heat source. Thus, the suitability of utilizing engine jacket 

water and lubrication oil as a waste heat source are also evaluated. Based on the results that are obtained in 

this study, following conclusions can be made: 

 Without any additional fuel ORC models give an additional power of 2200 kW in average and this 

increases the efficiency of the Wärtsilä 18V50DF model engine by 6.3 % and makes the efficiency 

55.6 %. 

 The biggest power outputs are obtained in CORC3 models whereas the smallest power outputs 

are obtained in the RORC models. On the contrary, the energetic efficiencies of the CORC3 

models are the lowest and the RORC models are the highest. In the case of exergetic efficiencies, 

the highest exergetic efficiencies are obtained in CORC2 models where the lowest in the RORC 

models.  

 Recovering the waste heat of the gas engine is found feasible for all the models since the models 

pay themselves back in a very short time. Thermodynamically optimized models have 2 years of 

payback times and economically optimized models have 1.7 years in average. 

 It is found that different working fluids slightly affect the thermodynamic performance of the 

system. In all of the MDM ORC models slightly better thermodynamic performance is achieved 

compared to the MD2M ORC models. 

 On the contrary to the thermodynamic performance superiority of the MDM models to MD2M 

models, there is not a superior working fluid in terms of economic performance. 

 The configuration of ORC affects the economic performance since the CORC2 models obtain 

the shortest payback times where the CORC3 models have the longest in the economically 

optimized case. 

 It is found that increasing the condenser cooling water temperature negatively affects the thermo 

dynamical performance of the models. All of the models excluding the RORC had a worse 

performance when the cooling water temperatures are increased. Moreover, the increase of the 

condenser cooling water temperature also negatively affects the economic performance by 

increasing the capital costs and payback times for all the models.  

 The power output and efficiencies are decreasing with the increasing degree of super heating, thus 

negatively affecting the thermodynamic performance of the cycles. 

 Engine lubrication oil and jacket water are found useful as waste heat sources. Even though 

utilizing the waste heat of these sources decreases the energetic efficiencies, it significantly 

increases the power outputs. Moreover, engine’s jacket water and lubrication oil are cooled via 

preheaters and therefore additional cooling units are not needed. Accordingly, the expenses for 

the cooling would be saved.  
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7 Future Studies 

Even though in the scope of this thesis the several ORC models for a gas engine waste heat recovery 

application is investigated with considering many aspects, some future studies still would be made. 

Suggested future studies are as follows: 

  

 Part load simulations would be performed in order to see the performance of the cycles in 

different loads. 

 Dynamic simulations would be performed in order to see the effect of sudden variations on the 

system’s performances. 

  Different exhaust temperatures could be examined. 

  More detailed heat exchanger analyses could be included in order to find exact overall heat 

transfer coefficients for each heat exchanger. 

  Different fluid and fluid mixtures would be examined. 

  More detailed economic analyses could be made by taking into account of O&M costs, 

engineering costs, installation costs and the costs of all components.  

  Moreover, deeper exergy analysis could be made by calculating the exergy destruction for every 

component.  Wider range of condenser cooling water temperatures could be tested by taking into 

account of the seasonal changes of the tap water temperatures.  
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