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Sammanfattning 
 

De senaste 25 åren har präglats av en betydande ökning av efterfrågan på el. Tyvärr har den ökade el-

produktionen skett utan hänsyn till miljön och genom ökning av CO2-utsläppen. Under de senaste 

decennierna har nya metoder för produktion av el från förnybara källor uppstått. I motsats till 

solcellspaneler eller vindkraftverk som är beroende av väderförhållandena, ”Organic Rankin Cycle” ORC 

erbjuda ett trovärdigt alternativ för elproduktionen. 

Idag tillverkas ORC av många företag. Till exempel erbjuder ett franskt företag två standardsortiment av ORC 

produkter som använder icke-brännbar, giftfri arbetsfluider. Emellertid är maskinernas arbetskapacitet 

begränsad, eftersom arbetsfluiden inte är lämplig för återvinning av värme från värmekällor över 200 °C. 

Denna avhandling utfördes för att förstå design parameter för en ORC maskin som arbetar, främst med 

fokus på arbetsfluid urvalsprocess och för att förstå de viktigaste orsakerna, varför inga sådana maskiner 

som använder icke-brännbar arbetsfluider kommersialiseras. Studien bygger på en litteraturgenomgång som 

belyser lämpliga vätskor för återvinning av låga temperaturer. Fyra vätskor valdes för studien: ett kolväte 

(Cyclopentan), två silikonoljor (MM och MDM) och HFC 245fa. Det senare är valt för att det är inte 

brännbart. Tekniska parametrar - t.ex. driftstryck och temperaturer, klämpunkter, rök kylförmåga, NPSH etc. 

är av intresse i detta arbet. Men ekonomiska parametrar är också avgörande, eftersom maskinerna är tänkt 

att vara lönsamma. 

Flera högpresterande ORC maskiner påträffades i litteraturen för återvinning av värme från högre 

temperatur med cirka 24 % verkningsgrad, dock arbetsfluiderna är brännbara och gift baserade. 

R245fa fungerar bra, men denna vätska ger en mindre effektiv cykeln bland de fyra ovan nämnda. Dessutom 

presenterar det högt förångningstryck som är nödvändig leder till en ökning av kostnader för alla 

komponenter och öka risk för läckage. Det finnas flera frågor som ska beaktas, såsom dess termiska stabilitet 

i kritiska tillstånd och dess betydande inverkan på miljön (högt GWP). Av alla dessa skäl, var R245fa inte 

betraktas som tillräckligt bra som arbetsfluid. 

Efter en serie simuleringar, var MM anses vara den bästa vätskan med optimal avvägning mellan prestanda 

och ekonomiska faktorer. Cykeln når upp till 20,8% verkningsgrad för ångor nedkylning till 230 °C. Ändå kan 

elproduktionen ökas med 65 % genom att något minska cykeleffektiviteten men sänka 

utloppstemperaturen. 
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Abstract 
The last 25 years have been characterized by a significant rise in electricity demand. Unfortunately, the 

power sector has grown through very polluting power plants to meet the demand, drastically increasing the 

CO2 emissions. The International Energy Agency advocates for low-carbon technology investments in the 

power sector to curb out this phenomenon. 

During the last decades, new means of producing electricity from renewable sources have arisen. Contrary 

to PV panels or wind turbines which are dependent on weather conditions, ORCs offer a credible alternative 

for based-load electricity production. 

Many companies now manufacture ORC machines. For instance, one French company offers two standard 

ranges of ORC product featuring one indisputable advantage: their machines use a non-flammable, non-toxic 

working fluid. However, their machines’ performance is limited, as the fluid is not suitable for recovering 

heat from sources above 200°C.  

More performant ORC machines were found in the literature, recovering heat from higher temperature 

sources – with about 24% efficiency – however without featuring the advantage of using a non-flammable, 

non-toxic working fluid.  

This thesis was carried out in order to understand the conception work of an ORC machine, mainly focusing 

on the working fluid selection process to understand the main reasons why no such highly efficient machine 

using a non-flammable working fluid was ever commercialized.  

The study first relies on a literature review that highlights the suitable fluids for high temperature recovery. 

Four fluids – those with the highest likeliness of technical and economic feasibility – were selected for the 

study: one hydrocarbon (Cyclopentane), two silicon oils (MM and MDM) and the HFC 245fa. The latter is 

chosen for its non-flammability property, this attractive feature that is not yet done in High Temperature 

ORC machines. Technical parameters – such as operating pressures and temperatures, pinch points, fumes 

cooling ability, NPSH… - are focused on in an early stage. However, economic parameters are also decisive, 

since the machine is supposed to be much profitable.  

R245fa yields proper performance, however this fluid leads to the less efficient cycle among the four 

aforementioned. Moreover, it presents high evaporating pressure that necessarily leads to a rise in all 

components cost and increase the risk of leakage. Other issues were identified, such as its questionable 

thermal stability in the critical state and its significant impact on the environment (high GWP). For all these 

reasons, this non-flammable working fluid was not considered as valuable enough for the machine. 

After a series of simulations, MM was regarded as the best fluid with optimal trade-off between 

performance and economic factors. The cycle reaches up to 20.8% efficiency for fumes cooling down to 

230°C. Yet, the electricity production can be increased by 65% by slightly reducing the cycle efficiency but 

lowering the fumes outlet temperature – as it increases thermal power recovery from a given fumes mass 

flow. 
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Section 1: Introduction 

1.1 General background 
Nowadays, the world is facing an unprecedented crisis. Since the Industrial Revolution occurred, the 

energy consumption has never stopped rising. Electricity consumption is no exception to this rule [1]: the 

demand for electricity has more than doubled between 1990 and 2015.The main reasons for this increase 

are the high population growth in some areas such as Asia and Africa [2], as well as an overall improvement 

in the standards of living in developing countries. The industrial sector development, with increasingly more 

energy intensive industries, is also contributing to the rise in electricity demand. Historically, greenhouse gas 

emissions from the power sector – such as CO2 emissions – have gone hand in hand with electrical 

consumption [1] (cf. figure 1). Unfortunately this has led to the environmental issues that are now at the 

heart of the debates: air, soil and water pollution, climate change, increasing scarcity in fossil fuels, ozone 

layer depletion, etc.  

The concept of sustainable development, created in the late ‘80s (Brundtland, 1987), was the main 

contributor to the global awareness of the stakes and implications – sometimes negative – of growth. In the 

early ‘90s, leaders from many countries around the world understood that only a common policy could have 

significant effects. In 1992, they established the first international convention with common objectives 

aimed at curbing the greenhouse gas emissions and ‘saving’ the planet, namely the United Nations 

Framework Convention on Climate Change. Since then, they have met annually in order to follow the 

progress towards the stated objectives. While the initial treaty gathered the signatures of 154 countries, the 

COP21 (Paris, December 2015) gathered 195 Heads of States. This 21st international conference aimed at 

defining new environmental goals to be reached.  

A research carried out by IEA [1] has shown that CO2 emissions and electricity consumption could 

stop being correlated with appropriate investments – USD 13.5 trillion are necessary to implement energy 

efficiency measures and decarbonise the power sector in 150 countries – a costly investment to limit the rise 

in temperature to a 2°C threshold. Figure 1 shows the historical evolution of CO2 emissions and electricity 

consumption along with the possible evolution if aforementioned investments were made.  

Therefore, in order to face those challenges while meeting the increasing demand of electricity (40% 

increase expected by 2030 [1]), new means of production were created: photovoltaic solar panel, 

concentrated solar power plant and wind turbine are some of these newest innovative and eco-friendly 

solutions to produce electricity from renewable sources. 

 

Figure 1: Electricity consumption and CO2 emissions from the power sector from 1990 to 2030 (historical / projected) [1] 
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Organic Rankine Cycles (ORCs) constitute one of these recently developed, promising, low-carbon 

technologies that can be used to produce electricity. Heat sources at quite low temperature that could not 

be recovered with classical steam cycles –in such cases economically not competitive or technically 

unfeasible – can be used to produce electricity through ORC technology. The main sources that can be 

recovered are waste heat from industrial processes, exhaust gases from diesel or biogas engines and gas 

turbines, heat streams (steam/vapor/oil) produced in biomass-fueled boiler and brines from geothermal 

sources. The working principles as well as the possible applications of the ORC technology are explained in 

details in section 2. 

 

1.2 Project motivation 
ORCs are a fast-growing technology amidst the power market. An increasing number of installations 

have been running for several years, proving their capabilities and popularizing them. Thus, ORCs are 

attracting more and more manufacturers that are now several dozen across the world. These companies 

strive for energy efficiency and low-carbon electricity production thanks to ORC technology. They are either 

commercializing standard range of ORC products or providing customized solutions for fitting to each 

customer’s needs, depending on the company policy. Nonetheless, having some standard design allows 

shorter response time. Many different designs are currently commercialized, such as the ORCHID© machine 

offered by the French start-up business ENERTIME. 

This example is interesting, as the machine offer advantageous features. It recovers heat from 

sources at 200°C (usually superheated water), with a thermodynamic cycle using a non-flammable, non-toxic 

working fluid. It can be used for the production of electricity only, or for Combined Heat and Power 

applications. The company offers another range of ORC products featuring similar characteristics. They 

mainly differ from the turbine technology and the range of electrical power considered.  

Here below are two examples of the ORCHID© machines engineered and commissioned by the 

company in France. Their description can be found in [3] [4] (figure 2). 

 

Figure 2: ORCHID© Machine for biomass processing (left) and Waste Heat Recovery (right) 

 The distinctive point of those machines– that makes them different from other manufacturers’ 

machines – is the use of a non-flammable, non-toxic working fluid. This is particularly attractive in countries 

where regulations regarding the use of “dangerous” fluids are stringent, such as France: using this fluid 

significantly lowers the costs of environmental impact studies and the project length –by about one year. 
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However, the machines cannot recover heat from higher enthalpy (higher temperature) sources 

efficiently, since the working fluid cannot be used above 200°C. The result can be greatly penalizing:  with 

efficiencies below 20%, and especially for sole electricity application, the projects are not always profitable. 

 

1.3 Objectives 
Under the aforementioned observations, it is relevant to pay attention to the conception of highly 

efficient ORC machines. This thesis investigates the characteristics of this expanding ORC market and strives 

to understand the key steps when conceiving an ORC machine. The accent is made on the working fluid 

selection process, to determine to which extent a non-flammable, non-toxic working fluid could be suitable 

to recover heat with a high efficiency. Indeed, using this kind of fluid in a high temperature ORC machine 

could offer a unique selling point. 

Thus, the research and development work made during the conception of an ORC machine shall be 

retrieved here. Economic considerations are crucial as the machine should be competitive on the market 

while recovering heat from high temperature streams1, if possible using a non-toxic, non-flammable fluid. 

Due to the difficulty of finding such a fluid, with environmentally-friendly characteristics and good 

performance, this constraint may hardly be achievable.  

The characteristics of the heat streams to be recovered as well as the possible markets to target 

were determined in a preliminary study. The potential applications have one common characteristic, 

whenever having a low electricity efficiency is greatly penalizing. For example for sole electricity production, 

where the only benefits comes from electricity sales. 

The design parameters for the machine are expressed below: 

Electrical power 2.5MWe (gross) 

Heat source 300°C exhaust gases with a cooling limit to 180°C 
(with an intermediate loop to be determined) 

Application Sole electricity production 

Electrical efficiency Above 20%* 

Price Competitive on the ORC market – targeted price is confidential 

*The real constraint is on electricity production maximization 

If possible, the machine should be classified in Declaration regarding the French regulations ICPE, 

meaning that all the following conditions should be fulfilled: 

- Use a non-flammable fluid, at temperatures below its flash point; 

- Have a capacity inferior to 20MWth at the evaporator (for biomass applications); 

- Use a boiler with saturated steam or superheated water.  

The machine should also be able to be adapted to CHP applications, with a slightly degraded efficiency. 

                                                           
1High temperature for ORC machines, 250-350°C 
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The expected work includes a literature review regarding ORCs, especially for sources at 

temperatures above 200°C, the conception of the High Temperature ORC machine with the aforementioned 

parameters as well as cost estimation, based on suppliers’ consultations. The machine development includes 

the working fluid selection and configuration choice, the performance simulation using the software EES 

(Engineering Equation Solver) and the components choice. If technical, economic or regulatory barriers that 

could hinder the machine development were to be identified, they should be studied as well. 

 

1.4 Methodology 
The first phase of the work is dedicated to an in-depth study of all aspects related to organic Rankine 

cycles. This leads to an extensive literature review about the potentialities of ORC. The main questions to 

investigate are: What is the state of the art in terms of configuration, fluid selection and applications? What 

are the current innovative projects still at a conception stage? This study is carried out in order to get 

familiar with the technical aspects but also to apprehend the current issues related to this technology, e.g. 

the regulatory and economic constraints. During this phase, scientific papers as well as ORC suppliers’ 

websites and various articles are reviewed, in order to acquire a broad knowledge of the subject. Section 2 

details this review of literature. 

 The second stage focuses on the conception of the high temperature ORC machine (referred to as 

HT-ORC). This work begins with the learning of the software EES (Engineering Equation Solver) and one of its 

libraries CoolProp, which can be used to run thermodynamic simulations. Then, the following steps have 

been identified. 

Fluid selection: Several fluids – namely R245fa, MM, MDM and cyclopentane – which are either used in 

the same kind of application or recommended in the literature were pre-selected as potential working fluids, 

as they are regarded as the most suitable for the considered range of temperatures. Contrary to the other 

ones, R245fa – the only non-flammable fluid – is foreseen to be used in a supercritical stage to boost the 

electrical efficiency; 

Cycle design: Once the fluid is chosen, the cycle layout can be selected as well: a supercritical cycle for 

R245faor a subcritical design with internal heat exchanger for the others. Simulations are carried out in 

order to establish ideal operating conditions (pressures, temperatures, flow) in every single point of the 

cycle for the various selected fluids. These simulation helped to restrain the fluid selection to only one fluid; 

The study was stopped there, due to lack of time. The following steps should have been completed: 

Technical definition and cost estimation: knowing the desired operating conditions, technical 

specifications would have been written for each component and sent down to manufacturers for 

subcontracting equipment. Thanks to the manufacturers’ expertise, some parameters would have been 

modified until a trade-off between feasibility, performance and prices were reached. Budgetary proposals 

would have been requested to quote the machine; 

Verification: more accurate simulations would then have been carried out in a refined model to 

establish precise performance, taking into account the components characteristics. 

The thesis ends up with a discussion about the results. Perspectives of improvement are disclosed.  
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Section 2: Organic Rankine Cycles 

2.1 Introduction 
The Organic Rankine Cycle technology rests upon the same principles as the conventional Rankine 

cycles (steam cycles) except that the working fluid is an organic fluid instead of water. Indeed, water is a 

perfect fluid in many respects: it is thermodynamically and chemically stable, not toxic, not flammable and 

quite inexpensive. It is moreover environmentally-friendly giving its ODP and GWP2 equal to zero. 

Quite the opposite, organic fluids can be costly and have a low availability. Some of them have 

already been phased out due to their negative impact on the environment e.g. the CFC by the Montreal 

protocol. Some others are about to be forbidden. However, they do have interesting properties, such as a 

low boiling point or a high molecular mass that renders them possible to use when water cannot be – 

technically or economically. This is notably the case when the heat source is at quite low temperature 

(below 300°C).  

 

2.2 ORC configurations 
Several configurations of ORCs do exist; each one has its advantages and drawbacks. They are 

studied in scientific papers, in which they are either compared [5] or introduced for particular applications 

(combined with solar power in [6] or with geothermal power in [7]). Sections 2.2.1 to 2.2.5 give a brief 

description of the main configurations identified in the literature. 

2.2.1 Sub-critical ORCs: simple and recuperated 
The sub-critical ORC is commonly referred to as ORC in literature. It can be found in two different 

layouts: simple ORC and recuperated ORC. The simplest layout ORC consists in four components: an 

evaporator, a turbine, a condenser and a pump connected in series (figure 3). 

 

Figure 3: Sub-critical ORC, simple configuration [5] 

                                                           
2Ozone Depletion Potential and Global Warming Potential 
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High-pressure vapor at evaporator outlet (1) is expanded in the turbine linked to the generator. This 

device converts the mechanical energy into electricity. After the turbine, the low-pressure vapor (2) enters 

the condenser. There, the heat is transferred from the organic fluid to the heat sink (water or air). The 

temperature of the working fluid goes down until condensation occurs. At the condenser outlet (3), low-

pressure liquid, slightly sub-cooled, is pressurized by the pump and goes to the evaporator. There, the heat 

source heats up the fluid that evaporates (4). The high-pressure vapor can then be expanded in the turbine 

starting the cycle anew. Such a cycle is represented in the pressure-enthalpy and temperature-entropy 

diagrams (figure 4). 

 

Figure 4: P-h diagram (left) and T-s diagram (right) of simple non recuperated ORC [5] 

This cycle is the simplest and the cheapest. Nonetheless, the study [5] shows that, in a case where 

the vapor of the organic fluid at the turbine outlet is hot enough the overall cycle efficiency can be much 

improved by adding an internal heat exchanger called a recuperator whose function is to pre-heat the liquid 

before evaporation while cooling down vapor before entering the condenser. The study, carried out with 

seven different fluids, reports a difference in the efficiency of the two configurations up to 2% for R236fa for 

instance. 

The simplest configuration can then be improved with this recuperator positioned in accordance 

with figure 5. 

 

Figure 5: Sub-critical recuperated cycle [5] 
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The working principle is quite similar the previous one: at the turbine outlet (2), low-pressure high 

temperature vapor goes through the recuperator and transfers its heat to the liquid before it enters the 

evaporator. At the recuperator outlet (3), the vapor of lower temperature enters the condenser, is cooled 

down and condenses thanks to the heat sink. Low-pressure liquid (4/5) is pumped and feeds the recuperator 

in which it is heated up before entering the evaporator (6). The evaporator acts exactly the same as in the 

previous configuration. 

Figure 6 shows the temperature-entropy diagram of the recuperated cycle. 

 

Figure 6: (T-s) diagram of sub-critical recuperated cycle [5] 

 The advantage of the recuperator is double: it lowers the energy content to be supplied by the heat 

source as well as the energy to be recovered by the heat sink. This latter aspect reduces the size (and 

consequently the cost!) of the condenser. However, the system is more complex and more expansive due to 

the additional cost of the internal heat exchanger.  

 

2.2.2 Supercritical ORCs 
Supercritical ORCs are different from the classical cycle owing to the temperatures / pressures 

involved. During its cycle, the fluid enters the supercritical state, where the distinction between liquid and 

gas phases disappears: the two phases in equilibrium have the same thermodynamic properties 

(temperature, density…). The liquid compressed by the pump above its critical pressure is heated above the 

critical temperature in the evaporator. 

The supercritical cycle goes through the four following stages: The liquid compression in the pump, 

raising its pressure from P1 to P2 higher than the critical pressure. The rise in temperature followed by the 

evaporation is done at constant pressure P2 in the evaporator. The vapor is then expanded in the turbine at 

its initial pressure P1. The fluid is then cooled down until condensation in the condenser. 

The supercritical cycle is shown in the (T-s) diagram figure 7.  
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Figure 7: (T-s) Diagram of supercritical ORC[8] 

If the working fluid at the turbine outlet is still superheated, an internal recuperator can be added to 

enhance the performance of the cycle, as in the subcritical cases.  

Some authors consider a cycle as supercritical if it is entirely realized in the supercritical state – with 

a condensation pressure P1 above the critical pressure. However, no case of entirely supercritical cycle has 

been reported and this is highly uncommon, even among the literature. This thesis will then consider as 

supercritical a cycle in which the fluid is compressed above the critical pressure, with no constraint regarding 

the condensation pressure. 

Supercritical ORCs show non-negligible advantages for electricity generation from low and medium 

temperature sources and are the object of many scientific papers such as [7]-[8]. Especially, it reaches better 

performance than subcritical cycles, thanks to the possibility to use the fluids at higher temperature. One 

particular advantage is the possibility to use some non-flammable fluids, such as R134a, with sources higher 

than in subcritical cycles. The only constraint is for the fluid to be thermally stable at the considered 

temperatures. Commercial applications using R134a [9] have already been engineered, however, this fluid is 

being phased out in many countries due to its high GWP for some applications such as air conditioning.  

Examples of commercial installation producing electricity through a supercritical ORC do exist, 

mainly when the heat source is geothermal. For instance, Linde offer a range of supercritical ORC that can 

recover heat form geothermal water at 130°C and can produce up to 7.5MWe. They have engineered a 

demonstrator at Kirchweidach (Germany) [10]. 

However, the high working pressures and pressure ratio in the turbine, added to the poor knowledge 

of the fluid properties in supercritical state make it difficult to implement. 

 

2.2.3 Cascade ORCs 
This layout rests on the segmentation of the heat source, in order to realize evaporation in cascade. 

A detailed description of this configuration is given in [11] and shown figure 8. 
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Figure 8: Double cascade ORC configuration [11] 

In this configuration, the heat source (geothermal water for example) is used for a first cycle (blue on 

figure 8). In this cycle, the organic fluid realizes a basic cycle, with or without recuperator. The fluid is heated 

up and evaporated thanks to the heat source in the evaporator, then expanded in the turbine, cooled down 

and condensed in the condenser before it is pumped towards the evaporator. The particularity of the cycle 

comes from the heat sink used at the condenser: it is not air or water as it is usually but another organic. The 

condenser of the first cycle is used as an evaporator for the second cycle (red on figure 8).  

This configuration was proposed in [11] for the STORES (‘Solar trough organic Rankine electricity 

system’). The thermodynamic diagram (T-s) of the dual cascade cycle is shown figure 9. 

 

Figure 9 : Thermodynamic diagram (T-s) of the dual cascade cycle with recuperator [11] 

The same fluid can be used in both loops. However, better results are obtained with two different 

fluids, with different critical temperatures: the fluid in the bottoming loop should have a critical temperature 

lower than the temperature of the topping loop. As a function of the external heat source, eleven couples 

had been proposed [11]: Benzene/Butane, Toluene/Butane, Cyclohexane/Butane… The efficiencies were 

calculated for a dual cascade configuration and for a dual cascade configuration with recuperator. The main 

disadvantage is the cost of the installation.  
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2.2.4Regenerative ORCs 
In the regenerative ORC, a part of the low-pressure vapor stream is extracted from the turbine (6) 

and feeds a feed-water heater. It is mixed with the sub-cooled liquid, slightly compressed by a pump (2) after 

the condenser (1).That enables the liquid to be heated up: indeed, the stream at the feed-water heater 

outlet (3) is saturated liquid at vapor temperature. Particular attention must be paid to the pump in order to 

avoid cavitation. This variation of the Rankine cycle is commonly used in steam power plant, but is not yet 

developed for organic Rankine Cycles. This improves the cycle efficiency by reducing the heat input at the 

evaporator.  

This configuration looks slightly the same as recuperated cycle except for the fact that the two 

streams (liquid and vapor) are mixed which is not the case in the recuperated cycle (figure 10) 

 

Figure 10: Working principle of the regenerative ORC [12] 

The paper [12] compares this configuration to a classical cycle without recuperator in order to 

determine which of these two configurations gives the best efficiency, for different fluids and heat sources 

temperatures. The study, based on the first and second law of thermodynamics, shows that the regenerative 

cycle systematically results in better performance, by reducing the heat amount needed in the evaporator 

for the same electrical output.  

 

2.2.5 MultipressureORCs 
The last configuration that had been identified in the literature [13] is the multipressure cycle, 

whose principle is given on figure 11. 

 

Figure 11: Configuration of multipressure ORC [13] 
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At the condenser outlet, the liquid is compressed to pressure P1 by a pump. The stream is then 

divided in two: the first one goes to the evaporator and is expanded; the second one is compressed by 

another pump at a higher pressure P2. This operation can be repeated several times, to form as many 

pressure level as desired in the cycle. This allows the maximum of energy to be extracted from a specific 

heat source, by reducing exergy losses. At each level, the expansion can be done in an expansion turbine or 

in an induction turbine.  

 

The aforementioned configurations have pros and cons. The first one, the less expensive and easiest 

to implement has rather low performance compared to the other configurations. The other ones are more 

complex and costly – their profitability is not insured. The little gain in efficiency cannot always justify their 

implementation, especially as their complexity can lead to difficulties in their practical realization. Each case 

is unique and should be studied in detail to determine the architecture that allows both proper performance 

and economically viability. 

 

2.3 Selection of the working fluid 
The selection of the ORC working fluid is of prime importance. Indeed, every organic fluid has 

different properties that influence a lot the cycle performance. Depending on the heat source temperature, 

a same fluid would be much useful or on the contrary totally unusable. To choose the “right” working 

medium is therefore a key step during the conception of an ORC machine that explains the large number of 

review dealing with this topic. Many papers deal with the comparison of performance of different fluids for a 

particular temperature, or a certain scale of temperatures. This is for example the case of [5] in which seven 

refrigerants (R11, R123, R113, R114, R245fa, R236fa and R134a) are compared for different temperatures of 

the heat source and different kind of cooling (air or water). Another study [14] considers different types of 

fluids (alkanes, linear siloxanes and aromates) and analyzes the thermodynamic performance based on the 

equation of state (BACKBONE and PC-SAFT). Cyclopentane is, according to this analysis, the ‘best’ fluid for 

high temperatures. However, no safety or environmental criteria were taken into account. 

This leads to this second point: in addition to purely technical criteria, related to the cycle 

performance, other aspects can be determinant, namely: economical, environmental and safety criteria. 

Some papers [15]-[17] draw up a list of the criteria that must be taken into account. Some articles are more 

complete than others. The mains occurrences are listed below.  

 

2.3.1 Environmental aspects 
Every substance is characterized by their ODP and their GWP that define their ability to contribute to 

the ozone layer destruction and the climate change respectively. Some fluids have already being phased out 

(CFC) because of their high ODP (Montreal Protocol) or are being phased out (HCFC) due to their high GWP 

(Kyoto Protocol). However, the HFC that replaced the CFC and HCFC, are now also concerned: their use is 

gradually restricted in some developing countries (USA, Europe) – because of their GWP still too high – giving 

the way to lower-GDP refrigerants such as R1234yf, R1234ze and R32. 
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2.3.2 Safety aspects 
Fluids present different levels of toxicity, corrosion and flammability. It is not compulsory to use a 

non-toxic, non-flammable fluid; however it can present some advantages. Fluids that are toxic and/or 

flammable can be subject to strict regulations in some countries (ICPE in France). They can also have a poor 

reception owing to the damage they could cause in case of leakage for example (damage to the persons, the 

environment and the process). 

 

2.3.3 Economical aspects 
Some properties of the fluid have a direct impact on the machine profitability e.g. the fluid price and 

availability. Even if the machine purpose is to produce carbon-free electricity or improve efficiency in 

industrial processes, it is above all else a commercial product that has to be profitable. This means that 

sometimes, it is necessary to use a cost-effective fluid even though it leads to poorer performance in order 

ensure the project viability.  

Some characteristics have indirect implications on the machine price: For instance a high 

vaporization pressure (> 25bars) results in additional cost for the components that must be designed to 

resist to great constraints.  

 

2.3.4 Thermodynamic aspects 
 Thermodynamic criteria are related to the cycle performance. It is essential to respect some of them 

in order to achieve the best working conditions (stability, freezing point). Some are so important that to not 

respect them would lead the machine to stop working. Others are not as determinant for the cycle 

functioning but they can improve the cycle performance. 

-Stability: Chemical stability of the fluid for the range of operating temperature is a key parameter. Indeed, 

above a certain temperature, the fluid can deteriorate meaning that its properties can be modified together 

with its behavior in the cycle. This can result in a drop in the cycle performance and a premature damaging 

of the components. 

- Latent Heat and Molecular Mass: With high molecular mass and latent heat, the fluid can absorb more heat 

from the heat source in the evaporator. As a consequence, the cycle performance is improved.  

-  Freezing point: The Freezing point should absolutely be lower than the coldest temperature in the cycle, so 

that the fluid will not freeze in the tubes, stopping the machine. 

- Saturation curve: Fluids can be classified in three groups, in accordance with the slope of their saturation 

curve: wet (water), isentropic (R11) and dry (Pentane) fluids. These three cases are illustrated on figure 12. 

In order to prevent droplets formation in the turbine the fluid must stay in the vapor phase during the whole 

expansion. With a wet fluid, this can only be achieved by largely superheating the fluid in the evaporator 

which leads to an overconsumption of energy and a decrease in the efficiency. This superheating stage can 

be avoided with a dry or isentropic fluid. The best choice would be an isentropic fluid. Indeed at the turbine 

outlet, the dry fluid will be still superheated and will need a lot of energy to be cooled down in the 

condenser (otherwise, an internal heat exchanger can be used, increasing the machine cost).  
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Figure 12: T-s diagram of an isentropic (left) wet (middle) and dry (right) fluid [17] 

- Viscosity:a low viscosity leads to high heat transfer coefficient and can reduce the friction losses in the 

tubes, improving the cycle efficiency.  

 

Given the large number of potential organic working fluids, each project – even with very different 

operating conditions – can find the suitable working fluid that yields the best performance. However, due to 

amount of criteria, it is quite impossible to find a fluid that would be good in every way. The fluid choice 

would be the result of a trade-off between the various parameters. 

 

2.4. Applications: 
ORCs can recover heat from sources whose temperatures range from around 90°C to 350°C. Below 

90°C, the cycle efficiency is too low to justify its implementation – except for some few cases of heat 

recovery with very high energy content despite their low temperature. Above 350°C, only few organic fluids 

are stable enough leaving the way to steam cycle. 

As aforementioned, ORCs offer a large variety of configurations: from the more basic design 

including only the four main components (turbine, condenser, pump and evaporator) to more sophisticated 

architectures that improve the overall cycle efficiency, despite a higher investment cost. Each layout can find 

its place thanks to the variety of possible applications of the ORC technology. A huge amount of working 

fluids can be chosen as well – as explained in section 2.3 – since each fluid has specific properties that render 

it more suitable for a certain range of temperature.  

ORCs applications can be classified in four fields, as a function of the heat source:  

- Biomass application usually combined with cogeneration nay trigeneration; 

- Geothermal applications using the water extracted from geothermal well; 

- Waste heat recovery from industrial processes or engines; 

- Solar applications principally devoted to water desalination  

The latter is however marginal enough, with only few cases reported. An estimate of the number of 

application by type picked up from [18] is reproduced on figure 13 below. 
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Figure 13 : Number of ORCs installations sorted by application, 2011 [18] 

A large number of scientific papers and websites deal with technical and financial aspects of the 

ORCs market, such as [15] and [17].However this thesis only aims at giving a general idea of the possible 

applications and only briefly introduces each of the applications aforementioned.  

 

2.4.1 Biomass Applications 
Heat recovery from biomass combustion accounts for the largest number of ORCs applications 

currently operating [18]. They are highly convenient for developing countries where small scale biomass 

power plants are a suitable alternative to diesel engines. In addition to the drop in fossil fuels consumption 

and in the greenhouse gas emissions, biomass processing strength local economies, creating job 

opportunities in the operation and maintenance of the plant as well as in the supply chain of the fuel [18].As 

a consequence, the number of research related to small and medium scales power plant fed with a biomass 

fuel is increasing. For instance,[19]looks over all the cogeneration techniques especially the ones linked to 

ORCs fed with biomass. 

Biomass fuels are an abundant energy resource for heat and power production in the world.Most 

commonly used fuels are wood or agricultural residues and short rotation plant, specially grown for energy 

production. These fuels represent an abundant resource and can be harvest locally at a lesser cost. Other 

resources can also be considered such as MSW. 

Biomass applications are based on the combustion of one of the aforementioned biofuels in an 

especially designed boiler. The combustion process produces a great amount of thermal energy that is used 

to generate superheated water or steam. This stream is used to feed the ORC machine with heat, generally 

at about 200°C. These operating conditions enable the use of non-flammable, non-toxic fluids and doing so, 

reduce the arduousness of the administrative process in countries were the use of flammable fluids is highly 

regulated. Even though biomass cost is quite low, sole electricity production is not profitable enough to 

justify the machine engineering [17]. Thus, it is the heat demand that motivates the implementation of 

biomass fueled ORC machine. The priority is given to a combine heat and power plant, nay combined cooling 

heat and power plant. In these configuration, the condenser cools down the organic fluid with a water loop 

at 70/90°C from a district heating system in winter. This water loop can also be used for Absorption Chillers 

for air conditioning in summer. Figure 14 gives the operating principle of the cogeneration power plant. Heat 

cannot be conveyed over long distance, thermal power in cogeneration plant are often restricted to 6-

10MW – 1-2MWe corresponding power [17]. 
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Figure 14: Working principle of acombined heat and power plant fueled with biomass [20] 

Other processes, such as gasification or anaerobic digestion of biomass – that produces biogas – 

account for an alternative to the use of biomass combined with an ORC machine [15].However, despite the 

better efficiency of gasifiers – investments and operation and maintenance cost are far higher (75% and 

200% respectively) [17]. Moreover, gasifiers are a rather new technology that cannot offer any step back to 

appreciate their performance.  

One example of a combined cooling heat and power plant fueled with biomass in France [4]: 

 Port Marianne is an Eco-District in Montpellier, France, that only relies on renewable sources 

(biomass, wind power, solar power). Green electricity, heat in winter and air conditioning in summer are 

supplied an ORC plant, fed by a biomass boiler. The machine was engineered by ENERTIME in 2014. It 

produces 600kWe and 5MWth. 

 

Figure 15 : ORC machine in Montpellier, ENERTIME [4] 
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2.4.2 Geothermal Applications 
The Earth contains a tremendous amount of heat as hot water or hot steam. This heat, mainly stored 

deeply in the Earth’s crust, is called geothermal energy. It accounts for the one of most abundant renewable 

resources that can be used for heat and/or power generation. Unfortunately geothermal sources are very 

difficult to exploit.  

Geothermal resources are sorted as a function of their temperature: 

- High temperature sources usually produce steam above 200°C. The steam can be used directly in a 

steam cycle to generate electricity. This feasibility of this technology was first demonstrated in Lardarello, 

Italia, in the early XXthcentury[21]. 

- Low and medium temperature sources (between 90°C and 200°C). These sources cannot be used 

for electricity production through a steam plant but though an ORC plant. Such a case usually requires an 

intermediate loop between the geothermal water and the evaporator. The geothermal water can also be 

used directly for heating purposes. The first ORC machine producing electricity from a geothermal well was 

engineered in Russia, in 1967 [22]. 

Figure 16 discloses the working principle of electricity production from a geothermal well with ORCs. 

 

Figure 16: Operating principle of a geothermal ORC installation [15] 

 According to [21], almost one third of the geothermal power plants use ORCs, so to say 162 units. 

The total ORC capacity in geothermal application amounts to 373MW. However, this only account for 4% of 

the total electricity produced from geothermal water! 

 Many scientific reviews deal with geothermal ORC applications. The interest is shown mainly to cycle 

optimization that would improve the efficiency and the final power output. The possible layouts and working 

fluids are looked at from every angle. However, facing the variety of sources (flows, temperatures), results 

are far from being unanimous. The study [7] compares sub and supercritical ORCs, for various fluids. The 

research suggests that the highest efficiency can be achieved for a supercritical ORC working with propane. 

Moreover, this configuration benefits from the lack of internal heat exchanger – that reduces the machine 

cost. On the contrary, the publication [23] highlights a cascade layout for the same kind of applications that 

takes advantage of the irreversibility losses reduction, by segmenting the heat source. 
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Geothermal applications are fewer than biomass application [18]. However, in terms of installed 

capacity, they account by far for the vast majority 

Two examples of geothermal power plant recovering heat from very low temperature sources 

 The LOW-BIN project aims at recovering heat from very low temperatures geothermal water - 

starting from 65°C. A consortium that gathers academic researchers, design office, scientists from several 

European countries has engineered an ORC machine that produces electricity from geothermal water at 

76°C. The demonstrator was installed at Simbach-Brunau, at the border between Germany and Austria [24]. 

 Two 200kWe ORC machines were installed at Chena, Alaska by the United Technologies Corporation. 

They recover heat from a geothermal source at 74°C. Despite the very low temperature, the project benefits 

from the much lower temperature of the heat sink - 5°C. Thus it is financially profitable: the production cost 

of one kWh of electricity amounts for USD 0.05[25]. 

 

Figure 17: Two ORC machine at Chena, Alaska [25] 

According to [15], the production cost of geothermal electricity tends to drop drastically that renders 

this market shore increasingly more attractive. The potentialities are very important in Europe and in the 

rest of the world, since even very low temperature sources can be exploited.  

 

2.4.3 Waste Heat Recovery Applications 
The industrial sector does consume a huge amount of energy and more especially of electricity. 

Although the French industrial power consumption has dropped since 2001 [26], it still accounted for 21% of 

the total final energy consumption in France [27]. This drop is due to one the hand a reduction of the 

production and on the other hand the implementation of energy efficiency measures.  

Many industrials processes are highly exothermal, mainly in power-intensive industries such as 

cement, glass and metallurgical industries, oil refineries and incineration plants. These processes, mainly 

combustion in furnaces and ovens, generate a significant amount of thermal energy – as exhaust gases 

between 150°C and 500°C [28].The flue gases have to be cooled down and treated before being released in 

the atmosphere. A great energy potential is thus wasted. Research in [29] demonstrated that, for example, 

up 40% of the heat consumed in the cement industry was released with the flue gases. 
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Heat recovery machine are used to recover this lost heat, commonly referred to as waste heat, and 

turn it into electricity. Due to the heat sources temperature that renders not economically viable steam 

power plant, only ORCs can be used [30].This same study has shown that ORC projects profitability was 

ensured only in country were electricity cost was rather high. The systematic implementation of these waste 

heat recovery systems could significantly reduce CO2 emissions and electricity consumption of the industrial 

sector. Knowing that energy efficiency is highly discussed in many debates3, this should be generalized.  

The working principle of waste heat recovery through ORC machine is given on figure 18: 

 

Figure 18: Working principle of waste heat recovery plant, ENERTIME [31] 

Many papers deal with this topic, mainly for cycle architecture comparison or project financial 

profitability study as in [30].Several arguments are often opposed to the waste heat recovery system 

implementation. On the one hand, the payback time is often considered too long for manufacturers who 

would rather invest in machines related to their core business. This is especially the case in countries where 

electricity is rather cheap4 (like in France). 

On the other hand, the technology is often mistrusted so that manufacturers can be reluctant to see 

such a machine installed in their factories. The fear that the production could be slowed down nay stopped 

is very problematic. Two recurrent concerns are the flammability of the working fluids together with the 

heat exchanger clogging due to the dust in the flue gases. Besides, the latter issue is one of the research 

topics of a research group about heat exchanger problematic (GRETh) [33] which is actively trying to solve 

this problem.  

                                                           
3 COP 21, EU 20/20/20 
4 SPOT Market electricity price: 34,6€/MWh in 2014, among the lowest in Europe [32] 
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Heat recovery can also be done at lower temperature on cooling circuits of engine for example. 

According to [29], only 30% of the fuel energy is actually converted into mechanical energy. The remaining 

energy is contained in the exhaust gases and cooling circuit. Given the quite low temperature of this latter 

source (between 80 and 100°C), cycle efficiencies are very low (usually about 5-7%, one really efficient 

installation by Honda [29] achieves 13%). However, power involved can be so important and due to the fact 

that this is lost in any cases, only global profitability of the project is a key decision factor.  

These applications of heat recovery on engines make sense in a naval context: Indeed, very compact 

machines can be integrated in the restricted area of boats to reduce their fuel consumption up to 10%. 

One example of industrial waste heat recovery installation in France [3] 

The FMGC Foundry at Châteaubriant, France,manufactures cast iron in a cupola furnace. This process 

exhausts a certain amount of CO which is burnt with oxygen to get carbon dioxide. The fumes are then 

cooled down before treatment. As many industrial processes, this releases substantial amounts of heat that 

could be recovered into electricity. The ENERTIME Company engineered its first ORC machine at the 

combustion chamber outlet. It can recover up to 6 MW of heat and generates annually 5GWh. This 

production is directly used by the factory (not injected into the grid) pretty much reducing the plant 

electricity bill.  

 

Figure 19: ORC machine implemented on the FMGC Foundry at Châteaubriant, ENERTIME [3] 

 

2.4.4 Solar Applications 
The last application is very marginal though. It consists in the combination of a small scale 

concentrated solar plant (CSP) to an ORC machine. The concentrated solar power is a newly developed 

technology, compared to PV panels. The working principle is simple: solar irradiation is harnessed and 

concentrated by a collector (a field of collectors) and transferred to a high temperature fluid. A 

thermodynamic cycle is then used to convert the thermal energy into electricity.  

The largest CSP plants currently in service (using the parabolic trough or the tower technology) are 

combined with a steam cycle for electricity production, which is justified by the very large power at stake. 

Below are a few examples of CSP plants in service, whose characteristics have been found in the National 

Renewable Energy Laboratory website [34] 
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- Andasol 3, Spain, 50MW (2013) 

- GemasolarThermosolar Plant, Spain, 20MW (2011) 

- Ivanpah Solar Electricity Generating System, California, 380MW (2014) 

Lately however, smaller-scale power plants have been engineered. Since their power is quite low and the 

fluids temperatures colder than in the usual large-scale power plants (maximum 250°C), steam cycles are not 

convenient anymore. Thus, they should be combined with ORCs to produce electricity. A partnership 

between Cranfield University and Global CSP has recently been finalized, in order to engineer two projects of 

the kind [35] accounting for 75-130kW and 500-1000kW respectively. Some scientific papers theorize the 

subject, such as [11] and [36]. 

This projects usually aim at producing fresh water in addition to electricity, through the desalination 

process Reverse Osmosis (RO). In such a case, the generator of the ORC machine is directly linked to the 

pump that feeds the RO system with sea or brackish water (figure 20). 

 

Figure 20: ORC - RO installation for sea water desalination [15] 

This process is particularly promising in dry area where fresh water is naught but solar irradiations 

account for an abundant and free resource. The cost of sea water desalination by the ORC-RO process was 

estimated at € 4.3-9.5/m3 while the RO system using PV panel would cost up to €14.8/m3[15].The dual 

cascade structure for application of this kind was reviewed in [6] without giving any financial conclusions.  

Solar applications only account for a few percent in the ORCs market. However the increasing number of 

papers dealing with this topic might indicate that this could change in the near future, especially concerning 

the ORC-RO systems for water desalination. 

One example of Concentrated Solar Power plant combined with ORC [37] 

Since 2006, micro-scale CSP – ORC systems (of only a few kW) have been installed in Africa as a 

substitute for diesel engine, in remote areas that are not interconnected to the grid. In Lesotho, for example, 

1kWe modules have been engineered by the “Solar Turbine Group” as part of a rural electrification program 

in developing countries. These micro-scale plants are based on the combination of CSP with an ORC module 

are designed to be economically competitive. They aim at producing green electricity in developing countries 

where the electrification rate is still very low. 
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Figure 21: CSP-ORC Installation in Lesotho [37] 

2.5 Main ORC Suppliers 
 

The market related to ORCs is quite new. The first ORC machine was originally engineered in 1961: The 

Israeli Company ORMAT, regarded as the first ORC supplier, developed a 3kW prototype for the United 

Nations Organization conference that took place in Rome [38]. Further to the demonstrator realization, 

other small-scale projects arose. ORMAT soon became specialized in geothermal exploitationwhile the 

Italian Company TURBODEN distinguished itself with biomass processing applications starting from the ’80.  

The real growth began in the ’90, as shown on figure 22 where is disclosed the evolution of ORC Market 

(number of reference and installed capacity) these last thirty years. 

 
Figure 22: ORC market evolution (number of reference and installed capacity) 1990-2006 [15] 
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The ORC market is flourishing and the number of ORC manufacturers is growing. However ORMAT 

and TURBODEN remain the leaders thanks to the number of their references and their total power installed. 
The table 1 below discloses the targeted market, and characteristics of the machines of the main ORC 
suppliers[18], [15]. 

 
 

Table 1: Main ORC suppliers 

 

 
A more exhaustive inventory can be found in [39]. 

 
Figure 23 gives the number of references together with the installed capacity share of the main 

suppliers listed in the previous table.  

 
Figure 23: Number of references (left) and installed capacity share (right)of the main ORC suppliers [18] 

  

ORMAT 
www.ormat.com 

 

 Market:Geothermic, Waste Heat Recovery, 
Small-scale off-grid CSP 
Power: 250 kW – 130 MW 
References> 60 
Installed capacity > 1600 MW 
 

 Target: North America, Africa, 
Asia (Japan, India, Philippines) 

Turboden 
www.turboden.eu 

 

 Market: Geothermic, Waste Heat Recovery, 
Biomass processing 
Power:400 kW – 13 MW 
References>180 
Installed capacity > 200 MW  

 Target:Europe (Austria, Italia, 
Germany) 

http://www.ormat.com/
http://www.turboden.eu/
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Section 3: HT – ORC Conception  

3.1Intended targets 
 A market analysis of ORC technology was carried out to identify two niches to target with the HT-

ORC: sole electricity production in tropical area and industrial waste heat recovery at high temperature. 

 Tropical areas are experiencing a strong growth in based-load electricity needs. However, due to the 

hot climate, thermal energy needs are almost nonexistent and do not warrant CHP plant. As these areas 

usually have a considerable but untapped potential for biomass energy, the creation of biomass collection, 

sorting and preparation channels could allow the valorization of this biomass resource into electricity 

through ORC machines, foster the local economy and stimulate the country growth. Indeed, ORCs are 

especially convenient as they are compact, easy to operate and to maintain. Moreover, their outstanding 

availability gives them an unquestioned credibility regarding fossil fuel replacement. 

This niche is relatively not exploited yet: biomass is much more willingly recovered in cogeneration 

plant. Indeed, those projects are often quite profitable despite the cost of biomass. However, in cases there 

is no need of thermal energy, the projects profitability only relies on electricity sales – and may be hard to 

achieve without high electrical efficiencies. 

  The second niche identified is the recovery of waste heat generated by industrial processes 

and exhaust gas from diesel engines. Nowadays, many industrial processes, such as combustion in ovens, 

release substantial amount of heat as hot air flow or fumes, at temperatures above 300°C. Due to SOx 

corrosiveness, the fumes cooling limit is set at 180°C. The potential heat recovery is estimated to more 

than5GW for combined Europe and India, for instance with MW-size scaled unit. Recovering this heat 

otherwise lost can be a significant lever to reduce plants energy consumption. Given the temperatures and 

powers involved, ORC machines are much convenient.  

In this application, it is of prime importance to have a compact machine – which has to fit into 

existing sites where clear space is often limited. Moreover, the installation profitability is expected to be 

significant, with short payback time (a three-year payback time is acceptable for this kind of application). To 

do so, a high efficiency is desirable. 

 

3.2 Fluid selection 
Articles [14] [40] [41] were used to determine the organic working fluids with interesting properties for 

high temperature recovery. They are all based on the same observation: until recently, efforts were focused 

on refrigerants only – ideal working fluids to recover heat from low temperature sources up to 200°C, 

targeting geothermal applications. Current applications require the use of organic fluids at higher 

temperatures that enable heat recovery from hotter heat sources with a good efficiency. Unfortunately, 

more knowledge of fluids that can work at high temperature are needed – that explains the recent studies 

concerning organic fluids that yield good performance at temperatures ranging from 200°C to 350°C. 
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As explained previously, each organic fluid has specific thermodynamic, environmental and economic 

properties. When only the cycle performance is regarded, some thermodynamic properties are determinant, 

for instance the boiling point or the critical point to say but a few. Given the significant number of organic 

fluids, each one of them having very specific properties, the fluid selection is of prime importance. Indeed, 

various fluids can lead to very different performance. Similarly, a fluid that gives very promising results in a 

certain range of temperatures may be highly inconvenient with another heat source. Moreover, depending 

on the selected fluid, the cycle architecture is not the same. 

As a result, the project first step involves seeking for the fluid(s) – among the multitude of currently 

marketed fluids – that could fit in high temperature cycles. The selection process relies on the two different 

sources: on the one hand, the fluids suggested in literature for “high temperature” ORC applications – with 

heat sources ranging from 200°C to 350°C – are considered. On the other hand, the interest is given to fluids 

that have already proved their worth in competitors’ ORC machines.  

No restriction shall be imposed in terms of security - flammability, toxicity - or cost beforehand. Besides 

their thermodynamic performance, only the fluids regulatory constraints are considered. Indeed, some fluids 

have already been phased out for a few years because of their negative impact on the environment. Other 

fluids are now following the same path. Moreover, it is expected that some fluids currently marketed could 

be forbidden in the years to come because of their high GWP. Special attention will be given to that point. 

In the literature, the studied working fluids are classified in « families » with common properties. This 

classification is conserved in this thesis in which each interesting family is described. So that the following 

sections are presenting the aforementioned family, namely: hydrocarbons (with aromates and alkanes) and 

siloxanes. Another family is added to this list: HFC. The potential working fluids from each family are 

highlighted in the following sections and their properties gathered in table 2. 

 

3.2.1 Silicon oils 
This section is mainly inspired from [14] and [40]. The latter publication focuses on the use of silicon 

oils as working fluids in high temperature ORCs. This article deals with streams up to 370°C as heating fluids 

generated by various sources: biomass combustion, waste heat in industries, bottoming turbine cycles… 

Silicone oils – referred to as siloxanes – are polymer compounds, comprising alternating Silicon and 

Oxygen atoms. They also include methyl groups (CH3 – ) attached to the silicon atoms. These molecules have 

very complex names, hence the simplified nomenclature which is used in most articles. For example, 

octamethylcyclotetrasiloxane and octamethyltrisiloxane are referred to as MDM and D4 respectively. 

Siloxanes can have a linear structure such as MM or MDM or a cyclic structure such as D4, D5 or D6. 

Siloxanes have interesting environmental properties such as low toxicity, low GDP and zero ODP. 

However, they are flammable and have low flash points. From a thermodynamic point of view, they are part 

of the dry fluids. Their thermal stability at relatively high temperatures is noteworthy – up to 300°C for linear 

siloxanes and 340°C for cyclic siloxanes. Moreover they are compatible with most materials.  

The article [40] conducts a theoretical analysis of six silicon oils in several configurations (sub- and 

supercritical, with saturated / superheated vapor at the evaporator outlet…). The heat source is considered 

to be engine exhaust gases at 600°C with a cooling limit set at 180°C to avoid acid dew point. As fumes 
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cannot be used directly due to their high temperatures, a thermal oil intermediate loop at 380°C/165°C is 

used between the exhaust gases and the ORC evaporator. Some additional constraints are set, such as a 

minimal pressure in the organic cycle of at least 5kPa that is admitted in the literature as the lowest pressure 

that could be technically implemented. 

The publication results highlight several points: 

In order to observe the pressure limit, condensing temperatures are relatively high: from 60°C for MM to 

143°C for D6. This is caused by their boiling point, significantly higher than the ambient temperature. Indeed, 

the higher the boiling temperature, the lower the condensing pressure for a preset temperature. Since the 

machine is designed for sole electricity production, low condensing temperatures are sought. This property 

clearly indicates that only MM and MDM are worth considered for a deeper study.  

Moreover, in a subcritical cycle, with or without recuperator, MM and MDM yield the best performance. 

This is directly related to their low condensing temperatures. Indeed, the higher the temperature differences 

between the heat source and the heat sink, the better the performance. 

The recuperator size is also suggested as a choice criterion: the recuperator is far smaller for MM and MDM 

than for the other fluids – so cheaper.  

 If higher temperature were considered, D4 would have been an interesting choice, as it yields proper 

results. However, for the considered machine, low temperatures are targeted, so that only MM and MDM 

are conserved for an in-depth study.  

 Turboden has successfully experienced silicon oils – likely MM and MDM – for high temperature 

applications [42][43].This point validates the fluids choice. 

 

3.2.2 Hydrocarbons: aromates and alkanes 
This section deals with hydrocarbons. Two kinds of hydrocarbons are considered as potential 

working fluids for high temperature cycles: alkanes and aromates. The pre-selection of working fluids from 

these families is mainly driven from the study carried out in articles [14] and [41]. The latter suggests the 

difficulty of the fluid choice for waste heat recovery from engine exhaust gases and focuses on alkanes. 

Several alkanes are studied to find out which one is the most suitable for high temperature applications, as a 

function of six different parameters e.g. thermal efficiency, exergy destruction or turbine size, etc. The other 

article analyzes fluids from all potential families among which alkanes and aromates. 

Alkanes 

Alkanes are relatively simple chemical compounds. Indeed, they consist of carbon (C) and hydrogen 

(H) atoms only. Moreover, these molecules only contain simple bonds between the atoms - contrary to 

alkenes that also contain double bounds. As a result, they are referred to as saturated hydrocarbons. 

Alkanes can be sorted in three sub-classes: 

- Linear alkanes, having a general formula CnH2n+2. 

- Branched alkanes, having the same general formula CnH2n+2, but having branches 

- Cyclic alkanes, having a general formula CnH2n. 
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The alkane name is given according to its carbon atoms number. For example, a compound having five 

carbon atoms is called pentane. In order to distinguish between the various classes, a prefix is added to the 

general name: n-for linear alkanes, iso- for branched alkanes and cyclo- for cyclic alkanes. One example for 

each class is given below for molecules containing 5 carbon atoms:  

Figure 24: From left to right: cyclopentane, isopentane, n-pentane 

Alkanes have interesting properties, such as low boiling points – especially compared to siloxanes – 

resulting in low condensing temperatures under almost atmospheric pressure. Linear and branched alkanes 

belong to the dry fluids and cyclic alkanes account for isentropic fluids. As for silicon oils, superheating is not 

required before the turbine to prevent droplets formation during expansion. Moreover, they combine a zero 

ODP to a very low GWP. 

The starting point of [41] is as followed: refrigerants are widely used in ORC machines. However, 

owing to their low critical temperature and their limit in thermal stability (most often below 200°C), they are 

not appropriate for high temperature application. The working conditions of the study are exhaust gases at 

520°C as heat source and cooling water at 25°C as heat sink. An intermediate loop is considered between the 

fumes and the evaporator. The intermediate loop temperature depends on the working fluid. Evaporation 

temperatures are between 171°C for isopentane and 337°C for decane. The condensing pressure limit is set 

once again to 5kPa.  

From this study, three fluids clearly stand out: cyclohexane, cyclopentane and n-hexane that yield 

the best thermal efficiencies. Unfortunately, cyclohexane and hexane have too low auto-ignition 

temperatures – 245°C [44] and 240°C [45] respectively– that render their use hazardous in high temperature 

ORC machine with a heat source at 250°C as it is supposed to be the case. That is certainly why these two 

fluids are not even considered in the study [14]. As a result, only cyclopentane – which is thermally stable up 

to 360°C [46]– is selected for an in-depth study.  

 Moreover, cyclopentane is the working fluid used by Turboden in one of its ORC machine for waste 

heat recovery in Gibraltar [47] so that this track seems definitely worth exploring.  

Aromates 

Another category of working fluids that could be suitable for high temperature ORCs is aromates as 

suggested in article [14] – which offers a comparison of eleven working fluids for ORC application recovering 

heat from sources from 250°C to 300°C. The various fluids are chosen among linear silicon oils, alkanes and 

aromates. The analysis is conducted using the BACKONE and PC-SHAFT equations of states.  

 Three different operating conditions are chosen for the analysis:  

- Two cases for combined heat and power generation with a heat sink at 85°C with a heat sources at 

250°C and 300°C respectively. 

- One case for sole electricity production with a 38°C- heat sink  and a 250°C-heat source. 
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The interest is given to the latter case which corresponds perfectly at the conditions of the machine to 

be conceived. The analysis results do not only include the efficiency but parameters such as the mass flow 

and volume flow rates. An indication of the maximal and minimal pressures is given. Then a certain score, 

depending on all the parameters is given to the fluids in each case. In the interesting case, the aromate 

Butylbenzene yields the best efficiency while the highest score is given to the cyclopentane which has lower 

volume flow rates. 

Aromates yield good efficiency. However, they require a very low condensing pressure, resulting in very 

large flow rates at the turbine outlet that can lead to technical difficulty to avoid leakage. The aromate 

toluene has a reasonably low condensing pressure compared to other aromates and is largely used in ORC 

machines – that make it the only aromate to be considered. However, it is not better than MM, MDM or 

cyclopentane in terms of efficiency, condensing pressure and volume flow rates. As a result no aromate is 

selected for an in-depth study. 

 

3.2.3 Hydrofluorocarbons (HFC) 
HFC have been used for many years for refrigeration and air conditioning purposes. They have 

spread after CFC and HCFC were phased out by the Montreal protocol. Indeed, in the early ’80, the world 

became aware of the negative impact that human activities had on the environment. As ozone layer 

protection turned out to be a major concern, the decision was taken to forbid all non-zero ODP materials 

that could deplete the ozone layer. By 2010, 97% of them were forbidden [48]. As a result, CFC and HCFC – 

having a non-zero ODP – were phased out and replaced by HFC.  

Hundreds of HFC fluids do exist, as pure fluids, zeotropic and azeotropic mixtures. Each fluid has very 

specific characteristics, regarding thermodynamic aspects – such as critical points, boiling points, molar 

masses – as well as all the other aforementioned criteria such as flammability, toxicity, price, etc. In spite of 

their diversity, they present one highly problematic common property: their high GWP. That is the reason 

why some developed countries have started wondering whether HFC should be forbidden on the long run, 

giving the way to low-GWP refrigerants[49] [50]. For example, HFC-134a is widely used in mobile air 

conditioning. However, its GWP – about 1300 – has led many European countries and the USA to regulate its 

use in this type of applications and it is gradually being replaced by HFO-1234yf [51]. 

 

Some example of HFC and their HFO substitute that have already been studied and used for ORC 

applications: 

R134a is commonly used in ORC machines, especially for low-temperature geothermal applications. 

Many papers analyze its performance and characteristics – mainly thermal stability – in subcritical and 

supercritical cycles. It is one of the rare refrigerants being practically used in supercritical ORC machine. One 

example of supercritical ORC binary power plant using R134a is the one designed, manufactured and 

installed by TAS Energy [9]. In this project, the geothermal brine temperature is 138°C while the critical 

temperature of R134a is 101°C. Due to the heat source temperature (250°C) of the machine to be conceived, 

R134a cannot be considered.  
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R245fa is widely used in ORC machines. Indeed, according to [52], more than 40 ORC machines were 

running with R245fa in 2010. Regarding the success of this fluid, this number is indubitably higher in 2015. Its 

critical temperature is relatively high – slightly above 150°C – and one of the higher among non-flammable 

HFC. However, it is still too low for the machine to be conceived, except if used in a supercritical cycle. Its 

low-GWP substitute DR-2 will not be considered due to insufficient available information. R245fa is not the 

ideal fluid for a high temperature ORC machine. However, its non-flammability property renders it 

interesting to study; that is why it is selected for an in-depth study.  

This study revealed some of the reason why no non-flammable working fluid are ever used for high 

temperature recovery ORC machines: most of the non-flammable working fluids are refrigerants (HFC, HFO) 

with low critical points – R245fa has one of the highest critical points – meaning they should be used in 

supercritical cycles. This can be very complex to engineer, as little information about the thermodynamic 

properties is known. Moreover, they are usually unstable at high temperatures. Even for R245fa, its thermal 

stability is not proven yet above 200°C. 

 

3.2.4 Properties of the pre-selected fluids 
 The table 2 below gathers the most important information of the pre-selected fluids, namely critical 

point, auto-ignition temperature, boiling point, molar mass, environmental impact, flammability and toxicity. 

Table 2: Properties of the pre-selected fluids 

3.3 Architecture selection and first simulations 
Four potential working fluids have been selected as the most relevant for the high temperature machine, 

only one of them being non-flammable. Indeed, most non-flammable organic fluid belong to the refrigerants 

and have low critical point. They are generally not stable at high temperature.  

The following steps is to determine the cycle design: the architecture is chosen to be the one in which 

each fluid perform best. The literature suggests the following configurations: 

- A subcritical recuperated cycle for siloxanes and cyclopentane; 

- A supercritical recuperated cycle for R245fa. 

For each of the four organic fluids, the Rankine cycle was modeled and simulated using the software 

Engineering Equation Solver (EES) and one if its external libraries – CoolProp. Indeed, the latest version of the 

equation of state for MM and MDM and the thermodynamic properties of R245fa in the supercritical area 

are not implemented directly in EES.  

 

Fluid Pcritic(bara) Tcritic(°C) Tauto ignition(°C) Tboiling(°C) Molar Mass (g/mol) GWP Flammability / Toxicity 

MM 19.39 245.5 340 100 162.4  Very low Yes / Yes 

MDM 14.4 291 350 152.6 236  Very low Yes / Yes 

Cyclopentane 45.71 238,6 361 49.3 70.15 Very low Yes / Yes 

R245fa 36.5 154 ? 15.3 134 950 No / Yes 
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3.3.1 Cycle modeling 
The overall cycle is composed of four different loops connected in the heat exchangers: the organic 

fluid circuit, the cooling water loop, the intermediate loop and the fumes. Theses loops gather four heat 

exchangers, three circulation pumps, one turbine, one generator and sometimes one gear. All these 

components have specific characteristics that influences the cycle performance e.g. the heat exchangers 

surface and LMTD, the turbine and pumps efficiencies and the pressure drops in piping and heat exchangers. 

The values of these parameters are initially set to compare the different fluids.  

To begin with, the characteristics of the heat source and heat sink must be set, as fixed parameters of 

the cycle. They constitute the boundary conditions of the simulations and are as followed: 

- Heat Source: Fumes at 300°C with a cooling limit at 180°C. In order to avoid direct evaporation, an 

intermediate loop is used, as thermal oil. Other intermediate medium – such as superheated water 

or saturated steam – and fumes are not considered at this early stage of the work, and shall be 

modeled during the in-depth study; 

- Heat Sink: Water in closed loop cooled by air. The water is at 40/50°C when air is at 30°C.  

The thermal power, and thus the mass flow rates of the heat sink and the heat source are determined to 

reach the 2,500 kW of electricity target with the best efficiency.  

Then, the parameters of the aforementioned cycle components have to be set. Guessing these values is 

tricky without consulting any manufacturers. Indeed, the selected fluids have specific properties – viscosity, 

density – that can affect the pressure drops and heat transfer coefficients, and thus the equipment price. In 

this first approach, all cycle are considered to have the same pressure drops in the equipment, and the same 

pinch points are taken in the heat exchangers. The pumps and turbine efficiency are also considered to be 

the same for all the fluids – a very rough approximation. These values will be modified after suppliers’ 

consultation once only one fluid is selected.  

The values taken for the aforementioned cycle parameters are not disclosed in this report.  

The model has been built thanks the software EES and its library Coolprop. Indeed, software is very 

powerful in the field of thermodynamics: it contains the thermodynamic data of hundreds of organics fluids 

including MM, MDM, cyclopentane and R245fa. At a stated point, a couple of independent thermodynamic 

parameters are required to calculate all other properties such as enthalpy, entropy, density, quality, etc. 

The cycle plain model is as presented on the figure below– without displaying all the variables used. It 

consists of the five basic aforementioned components: an evaporator, an expander (turbine), an internal 

heat exchanger (recuperator), a condenser and a pump. The circulation pumps of thermal oil and cooling 

water are not considered. 
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Figure 25: cycle model 

 The cycle model is the same for the different cycles: the difference lies in the pressures/temperatures at 

stake. The typical T-s diagrams of the sub and supercritical cycles are given here on the graphs. 

 

Figure 26: T-s diagrams of subcritical (left) and supercritical (right) cycles 

 

3.3.2 Thermodynamic analysis of the cycle 
Thermal or electrical power of the different processes is evaluated thanks to the first and second 

laws of thermodynamics. This section details the power calculation of all the processes.  

Nomenclature 

Qev 
Qcd 
Qrec 
Wt 
Wp 
Pel 
 
ṁorg 
rhoorg 
hxx,out / hxx,in 

Heat power exchanged in the evaporator (kW) 
Heat power exchanged in the condenser (kW) 
Heat exchanged in the recuperator (kW) 
Mechanical work produced by the turbine (kW) 
Electrical power consumed by the pump (kWel) 
Gross electric power at the generator outlet (kWel) 
 
mass flow rate of organic fluid (kg/s) 
Density of the working fluid at liquid state (kg/m3) 
Enthalpy of the working fluid at component xx outlet  / inlet (kJ/kg) 
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ηgen 

ηgear 

ηpump 

ηturb 

 
P 
 
G 

Generator efficiency 
Gear efficiency 
Pump efficiency 
Turbine isentropic efficiency 
 
Pressure 
 
g-force (m/s²) 

 

Process 1: Evaporation 

In the evaporator, an isobaric heat absorption process takes place. The hot thermal oil heats the liquid 

organic fluid, makes it evaporate and then superheats the vapor working fluid. The heat is transferred from 

the oil to the working fluid in accordance with equation (1) 

(1)    𝑄𝑒𝑣 = 𝑚𝑜𝑟𝑔̇ ∗ (ℎ𝑒𝑣𝑎𝑝,𝑜𝑢𝑡 −  ℎ𝑒𝑣𝑎𝑝,𝑖𝑛)  

 

Process 2: Expansion 

The superheated vapor at the turbine outlet goes through an expander – the turbine – producing mechanical 

work. This work is then converted into electricity by the generator. Contrary to the ideal process which is 

isentropic, losses occur in the real process. The mechanical work and the electrical power produced at this 

stage are given in equation (2) and (3) below. The formula (3) is given in case a gear is needed. 

(2)  𝑊𝑡 = 𝑚𝑜𝑟𝑔̇ ∗ (ℎ𝑡𝑢𝑟𝑏,𝑖𝑛 −  ℎ𝑡𝑢𝑟𝑏,𝑜𝑢𝑡) =  𝑚𝑜𝑟𝑔̇ ∗ (ℎ𝑡𝑢𝑟𝑏,𝑖𝑛 −  ℎ𝑡𝑢𝑟𝑏,𝑜𝑢𝑡,𝑖𝑠) ∗ 𝜂𝑡𝑢𝑟𝑏 

 

 

(3)     𝑷𝒆𝒍 = 𝑾𝒕 ∗ 𝜼𝒈𝒆𝒏 ∗ 𝜼𝒈𝒆𝒂𝒓 

 

Process 3: Recuperation 

In the recuperator, the superheated vapor at the turbine outlet gives its heat to the low temperature liquid 

fluid before its evaporation in an adiabatic heat transfer process. The heat exchange is given by formula (4). 

In the equation below, hrec,in and hrec,out correspond to the vapor side of the internal heat exchanger. 

(4)    𝑄𝑟𝑒𝑐 = 𝑚𝑜𝑟𝑔̇ ∗ (ℎ𝑟𝑒𝑐,𝑖𝑛 − ℎ𝑟𝑒𝑐,𝑜𝑢𝑡)  

 

Process 4: Condensation 

In the condenser, the vapor is cooled down by water until condensation occurs. Then the liquid working fluid 

is subcooled. The heat transfer is an adiabatic process which can be evaluated from equation (5). 

(5)    𝑄𝑐𝑑 = 𝑚𝑜𝑟𝑔̇ ∗ (ℎ𝑐𝑜𝑛𝑑,𝑖𝑛 −  ℎ𝑐𝑜𝑛𝑑,𝑜𝑢𝑡)  
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Process 5: Compression 

 The pump is used to compress the liquid fluid from its condensing pressure to its evaporating 

pressure (without taking into account the pressure drop on the high pressure side). The compression is not 

ideal, so that isentropic losses occur in the process. The electrical power used by the compression is ruled by 

equation (6). 

(6)   𝑊𝑝 = 𝑚𝑜𝑟𝑔̇ ∗ (ℎ𝑝𝑢𝑚𝑝,𝑜𝑢𝑡 −  ℎ𝑝𝑢𝑚𝑝,𝑖𝑛) = 𝑚𝑜𝑟𝑔̇ ∗  
(𝑃𝑝𝑢𝑚𝑝,𝑜𝑢𝑡− 𝑃𝑝𝑢𝑚𝑝,𝑖𝑛)

𝑟ℎ𝑜𝑜𝑟𝑔 ∗ 𝜂𝑝𝑢𝑚𝑝
 

 

Thermodynamic factors: efficiency, NPSH, LMTD 

 Cycle efficiencies: The cycle gross efficiency is the ratio between the electrical power output 

at the generator outlet and the thermal power in the evaporator. In the cycle net efficiency 

– equation (7) – the interest is given to the electrical power produced minus the electrical 

power consumed by the auxiliaries such as the pump. These parameters characterize the 

cycle performance. 

(7)     𝜂𝑐𝑦𝑐𝑙𝑒 =  
𝑃𝑒𝑙 – 𝑊𝑝

𝑄𝑒𝑣
 

 

 Available NPSH: NPSH is the acronym for Net Positive Suction Head that measures the 

difference between the pressure and the vapor pressure at a point. This indicates how close 

the fluid is to evaporate. This is a much important parameter: if the NPSH is too low, the 

fluid will flash and cause cavitations in the pump, damaging the equipment. For the set of 

simulations done, the subcooling is considered to be 3°C for all fluids. If the NPSH is too low, 

the pump should be buried to avoid cavitation. 

(8)     𝑁𝑃𝑆𝐻 =  
(𝑃𝑐𝑜𝑛𝑑− 𝑃𝑠𝑎𝑡)

𝑔 ∗ 𝑟ℎ𝑜𝑜𝑟𝑔
 

 

 LMTD: LMTD stands for Logarithmic Mean Temperature Difference. It is an average 

temperature difference between cold and hot feeds of a flow system such as heat 

exchanger. This represents the temperature driving force for a heat transfer. Indeed, the 

larger the LMTD, the more heat is transferred. For a heat exchanger, with two ends A and B, 

the LMTD is given by equation (9): 

(9)     𝐿𝑀𝑇𝐷 =  
∆𝑇𝐴−∆𝑇𝐵

ln( ∆𝑇𝐴)−ln( ∆𝑇𝐵)
 

In this equation, ∆TA and ∆TB represent the temperature difference between the cold side and the hot side at 

end A and end B respectively. 

 

3.3.3 Results and analysis 
Partial results of the first set of simulations are given in table 3 below for the four fluids studied. Not 

all results could be disclosed due to confidentiality issues. 
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Table 3 : Results of the first set of simulations 

Properties Cyclopentane MDM MM R245fa 

Condensing pressure(bars) * Above P0 Below P0 Below P0 Above P0 

Evaporating Pressure(°C) 38 7 15.5 40 

Gross efficiency(%) 21.1 18.3 20.9 19.3 

Net efficiency(%) 19.8 18 20 17.8 

NPSH (mcf) for 3°C subcooling Almost 2m Below 2m Below 2m Above 2m 

* P0 is atmospheric pressure 

  Analysis: 

Regarding R245fa:  

The uncontestable advantage of the R245fa fluid is its non-flammability property. Indeed it is the 

only potential working fluid which is non-flammable. It also benefits from a convenient condensing pressure, 

above 1 bar – which prevents the risk of air infiltration. The NPSH is high enough to consider not burying the 

pump. Pressure drops in the different components have only a small effect on the performance. 

R245fa in its supercritical cycle features proper performances, however not good enough to reach 

the targeted efficiency. Moreover, its evaporating pressure neighbors 40 bars. To resist to such pressure, 

components and tubes must be very thick – which will indubitably lead to higher costs. It also has a 

significant flow rate, which added to the high pressure ratio, lead to high pump electrical consumption and 

reduce the net power output. The last concern is the fluid questionable stability at very high temperatures, 

in the supercritical state which is not proven yet. For all those reasons and despite the non-flammability 

criterion, R245fa is not well adapted for the High Temperature ORC machine and will not be studied further.  

Regarding cyclopentane:  

Cyclopentane shares common advantage with R245fa: its condensing pressure is high enough to 

avoid any air infiltration. Moreover, its NPSH is almost 2m that is enough to prevent the pump from being 

buried without risk of cavitation, reducing the civil work costs. 

Cyclopentane however has non-negligible drawbacks, such as its very high evaporating pressure that 

requires thick materials to resists such constraints, like R245fa. Its critical point is not high enough (238°C) 

that prevents from taking maximum advantage of the high heat source temperature, by limiting the 

evaporation temperature. Moreover, despite a very low mass flow rate, the pressure ratio in the pump leads 

to a significant electrical consumption of the auxiliaries: and even though its gross efficiency is the best, it 

has the same net efficiency as MM. Finally, the main concern with cyclopentane was found after a quick 

study of flammability and safety characteristics, as the use of cyclopentane can be highly hazardous. 

Cyclopentane constitutes a lethal threat in case of ingestion and inhalation. This means that the risks 

whether leakages occur are not to be sidelined. For all those reasons, especially the last one, cyclopentane 

cannot be considered as a good working fluid – despite its proper thermodynamic performance.  

Regarding MDM:   

Here are some of the advantages of using MDM: the evaporation pressure is low, that would not 

require specific conception to resist high constraints and avoid leakage. This results also in very low pump 

consumption. The high critical temperature allows recovery from heat sources at even higher temperature 

without requiring supercritical cycle – which is possible only with this fluid amidst the four pre-selected. 
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However, many drawbacks can be noticed. Among them, the most notable is the rather too low 

condensing pressure, rendering this fluid more convenient for cogeneration purpose, at higher condensing 

temperatures/pressures. Moreover, the system is quite sensitive to pressure drops that deteriorate the 

efficiency. Indeed, in an ideal cycle without any pressure drops, the efficiency can be increased up to 26%! 

However, a too drastic reduction in pressure drop has a cost that would not be worth it. MDM is not chosen 

to continue the study. 

Regarding MM: 

MM fluid is a pertinent trade-off between rough performance, technical constraints and safety 

aspects. It yields the best net efficiency with a reasonably high evaporating pressure that should not lead to 

too thick materials with a specific conception – contrary to cyclopentane. Its condensing pressure is 

relatively low, compared to cyclopentane or R245fa. Still, it is ten times higher than MDM’s. The main issue 

with siloxanes MM is its NPSH which – even though higher than MDM’s by far – is still too low and will 

require the pump to be buried to avoid cavitation. The fluid suits very well to the heat source. Indeed, the 

maximum temperature is just lower than the critical temperature.  Moreover, it is less sensible to pressure 

drops than MDM is. Finally, the flammability criterion is not met with this fluid. 

Thus, MM cannot be considered as the ideal working fluid: it is flammable, with a low condensing 

pressure that may cause leakage and a low NPSH that requires the pump to be buried. However, this is 

balancing by its good performance, admissible evaporating pressure and mass flow rate. It is also less toxic 

than cyclopentane is. For all the aforementioned reasons, the in-depth study is going on with MM as the 

only selected fluid, though non-ideal but better than the other ones. 

 

3.4 In-depth study of MM cycle 
This section includes a refined cycle simulation, comprising the fumes to be cooled down from 300°C 

to 180°C, used to optimize the cycle and maximize the electrical power output for a fixed fumes flow. Once 

the optimized cycle is determined, and the operating conditions are known in every single point of the 

circuit, suppliers’ consultation will help improve it, with accurate data of pressure drops, pinch point, and 

efficiencies. The machine should have good performance but also have a reasonable cost, so that the 

parameters may be modified to achieve the best trade-off between commercial and technical aspect. 

3.4.1 MM characteristics 
The chosen fluid belongs to the linear siloxane category. It is referred to as MM, however its official 

name is hexamethydisiloxane. It can also be designated by its CAS number 107-46-0. This section is a short 

reminder of the fluid properties taken from its safety datasheet [53]. 

 

Table 4: MM characteristics 

Properties Characteristics 

Hazard statements Highly flammable liquid and vapor 
Very toxic for aquatic life 

Form 
Color 

Liquid under atmospheric conditions 
Colorless 
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Odor Odorless 

Environmental concern Low GWP - Zero ODP 

Molar Mass 162.4 g/mol 

Boiling Point 100°C 

Flash Point -3.3°C 

Auto ignition Temperature 352°C 

Critical Point 245.5°C - 19.39 bars 

Fluid Category Dry Fluid 

Compatibility Compatible with most materials 

 

 

Figure 27: MM T-s profile 

 

3.4.2 Intermediate loop 
Thermal oil was chosen as intermediate loop for the first step of simulations. However, other choices 

do exists, such as superheated water or saturated steam, and have to be studied. 

Considering the pressure required for superheated water at such high temperatures – almost 60 bars 

at 270°C – this solution is not interesting. Thus, only thermal oil and saturated steam have to be compared. 

The figure here below gives the T-S profile of the cycle, including the intermediate loop and the fumes, for 

thermal oil (right) and saturated steam (left).MM cycle is represented in green while the intermediate loop is 

in red. The fumes are in pink. 

 

Figure 28: T-s diagram of MM cycle with saturated steam and hot oil as intermediate loop 
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 Cooling the fumes down to 180°C is achievable only by significantly lowering the MM evaporating 

temperature and thus the cycle efficiency for a steam intermediate loop. This point is illustrated on the 

graph: to conserve a proper pinch point in the heat exchanger and the evaporator, the MM evaporates 

below 150°C, due to the steam condensation stage. Thermal oil seems thus more convenient for this range 

of temperature. It allows more flexibility since it is possible to cool down the fumes at different temperature 

without modifying the cycle. It also benefits from low pressure compared to saturated steam – 4 bars and 

more than 10 bars respectively. 

 As a result, thermal hot oil is consider as more suitable for the intermediate loop between the fumes 

and the ORC module compared to saturated steam or superheated water.  

 

3.4.3 Overall cycle simulation and optimization 
The overall cycle model includes four different loops: fumes, thermal oil, cooling water and organic 

fluid. Some parameters – pressure drops in equipment and piping, pinch points in heat exchangers, pump 

and turbine efficiencies – have to be set to an initial value will be modified after discussion with equipment 

manufacturer. The first guess have to be pertinent and realistic. These values are not disclosed in the report, 

as they were communicated by ORC manufacturers as confidential information. 

 The slope of MM vapor saturation curve is negative as this fluid belongs to the dry fluid category: no 

superheating is needed to guarantee dry expansion in the turbine. Nonetheless, a few degrees security 

margin is considered at the evaporator outlet. 

A model of pressure drops in piping was considered to determine the expected pressure drops, 

especially on the low pressure side. Contrary to other fluids, MM features a very low density and viscosity, 

resulting in very low pressure drops in the tubes at the turbine outlet. Similarly low pressure drops can also 

be expected in the recuperator-condenser. These values have been adjusted in the cycle model, in 

accordance with the calculated pressure drop. The heat exchangers pinch points are also modified to 

achieve the better performance. However, setting the right values requires discussions with manufacturers: 

as performances cannot be achieved at any cost.   

Then, a balance between fumes cooling – thus thermal power recovered – and electrical efficiency is 

sought: if the cycle efficiency is lower but the thermal power recovered is higher, the total electricity output 

can be better. The iterative process to find the right working point is given below.  

 

 

 

 

The process was done for fumes cooled down from 300°C to between 240°C and 180°C, and a given 

fumes mass flow. The detailed result table is not disclosed. 

 

Set Fumes 

cooling 

Set Oil temperature that 

allows stated pinch point in Hex 

Set Evaporating temperature that 

allows stated pinch point in evaporator 

Read Performance 
(efficiency, power output, flow) 
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When cooling more the fumes, as the thermal power recovery grows, more electricity is produced 

even though the efficiency decreases. The case that produces the greatest power output is with a fumes 

cooling down to their 180°C limit with a gross efficiency of 18.45%. The simulations were stopped at 180°C, 

since the fumes cannot be cooled down more to prevent SOx from condensing. 

The optimized parameters for the HT-machine are given here below: 

  

Final results 

 

 Those results take into account the high pressure and low pressure drops. Among other important 

information are the NPSH and the expected consumption of oil and water circulation pumps.  

 The model shall now be refined, by confirming the guessed values for the various components. As 

the operating conditions in any point of the cycle are known, it is possible to write the technical specification 

of the main components: pump, heat exchangers, turbine and get suppliers’ recommendations regarding 

pinch point in heat exchangers, turbine and pump efficiency and real pressure drops.  

 

 

• Temperature = 300°C  / 180°C

• Thermal power = 13.5MWthFumes

• Temperature: 270°C / 150°C

• Thermal power 13.5 MWthOil

•Gross Electricity: 2.5MWel

•Auxilaries consumption: 100kWMM

• Temperature = 40°C/50°C. 

• Thermal power = 11 MWthWater
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3.6 Conclusion 
 

 The objective of this section was to investigate the parameters of an ORC machine recovering heat 

from high temperature streams, at a reasonable cost. The markets targeted were waste heat recovery in 

industries and biomass applications in tropical areas. Both markets shared some common traits e.g. the 

absence of thermal power need, but the necessity of high electrical efficiency. The machine development 

was supposed to include the fluid selection, the cycle design and cost estimation, however only the first two 

steps were conducted on time.  

 Based on the literature review, few fluids were regarded as pertinent for the desired application, 

namely cyclopentane, MM, MDM and R245fa, as they offer quite interesting results in simulations. The first 

set of simulation yields the following performance: 19.1% for cyclopentane, 18% for MDM, 20% for MM and 

17.8% for R245fa - which is slightly lower than machines commercialized on this market, liken Turboden’s. 

However, they also presents some disadvantages, such as low condensing pressure that increases 

the risk of leakage together with a high sensibility to pressure drops, or too high evaporating pressures that 

would require much costly components. The silicon oil MM was considered as a good trade-off between 

performance and drawbacks and the only fluid studied in details. 

 The first step was to determine the most interesting intermediate loop between the fumes and the 

ORC, between saturated steam loop and thermal oil. As the working pressure for saturated steam above 

200°C is tremendous and this solution offers poor results, the thermal oil loop was considered to be the best 

option. The only constraint is to work below 340°C since it is not stable above this threshold. 

 The simulations were then conducted under certain constraints regarding the pressure drops, pinch 

points and subcooling/superheating. Various fumes outlet temperatures were considered to find the best 

configuration that maximizes the power output rather than the efficiency. For a given fumes mass flow rate, 

the electricity produced is the highest when cooling the fumes down to 180°C, with an efficiency of 18.5%. 

 

 The project could not go any further as it can be quite time consuming to work with manufacturer on 

non commercial projects, and no cost estimation for any component was obtained before the end of the 

thesis. The next step in this project shall then be to find with heat exchangers, pump and turbine 

manufacturers the best trade-off between the optimized cycle and the cost of the machine. Other issues, 

such as the machine integration (NPSH, components size, tubes diameters at the turbine outlet), handling of 

flammable working fluid etc. were not considered yet; however they also constitutes major subjects of 

reflection for the machine development. 
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Section 4: Conclusions  

 

The first months of study were devoted to the review of literature related to ORCs, in particular to 

high temperature ORCs. This review was essential to become familiar with the technology and gain 

awareness of the potentialities and limits already encountered on these subjects. Different cycle 

architectures, such as sub- and supercritical, in cascade, or regenerative were investigated as a preliminary 

work for the machine conception. The study targeted the analysis of fluid properties that are determinant 

during the fluid selection. To end with, the various fields of applications were also subject to review, to 

understand the stakes of the ORC market. 

The next months led to the preliminary machine design in accordance with the criteria presented in 

section 1 and briefly reminded here: the ORC machine was designed for sole electricity production from high 

temperature heat sources – with temperature ranging from 250°C to 350°C. The sources were identified in a 

previous study as flue gases released by industrial processes, exhaust gases from diesel engines or thermal 

fluids generated by a biomass boiler. In order to prevent SOx from condensing and damaging the equipment, 

a 180°C cooling limit was set. The machine should achieve a high electrical efficiency – with a 20% efficiency 

target.  

A first set of simulations was carried out with four fluids selected during the literature review phase 

and regarded as the most likely feasible: cyclopentane, MM, MDM, R245fa. An EES model was built to 

simulate the fluids behavior in the Rankine cycle. Under the simulating conditions, the four fluids offer 

proper performance – with efficiency ranging from 19.3% for R245fa in a supercritical cycle to 21.1% for 

cyclopentane in a recuperated subcritical cycle.  

All fluids have fundamental disadvantages often forgotten in the literature: as the study is not only 

theoretical, but aims at identifying the all engineering process, technical problems that can occur during the 

service should also be considered. Some of them were clearly identified: an excessively high evaporating 

pressure for cyclopentane and R245fa inevitably increases the components cost and risk of leakage. This is 

particularly serious for cyclopentane which is lethal in case of inhalation. Sophisticated systems for leakage 

detection are thus required and this solution does not seem profitable. Quite the opposite, a too low 

condensing pressure below atmospheric conditions can lead to air infiltration in the machine and seriously 

influence the cycle functioning. Other parameters can also be discussed such as the NPSH that determines 

whether the pump should be buried or not. The turbine complexity can also be an issue. 

Considering all the aforementioned parameters, MM was regarded as the best trade-off between 

complexity, cost and performance. More accurate simulations were carried out, to first determine the 

intermediate loop between the fumes and the machine and then to maximize the electricity output, a target 

obtained by increasing thermal power recovery, even though it slightly decreases the efficiency. From a 

given fumes mass flow, the electricity output can be increased by 65% by decreasing the fumes outlet 

temperature from 230 to 180°C. The study was supposed to end with the machine quotation and detailed 

characteristics of the components – that would have been done if time would have allowed it. 
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The subject of this thesis may not seem pioneering in itself. Indeed, as the number of publications 

related to ORCs is rising inexorably, it is difficult to find an uncovered topic about ORCs. Most research 

papers deal with working fluid selection, performance optimization, components design and various 

analyses. 

However, most outcomes are about lower temperature applications. The chosen topic of this thesis 

– the conception of an ORC machine for High Temperature recovery – was motivated by a real need 

identified by a market analysis, and the whole project represents the comprehensive work of both a 

researcher and an engineer.  

The methodology adopted to complete this project follows the methodology explained in [55] and 

referred to as thermodynamic optimization approach, in which only the machine performance is sought. 

However, as economic constraints being determinant, a thermo-economic approach – in which cost is 

optimized instead of electricity production – seems more promising. Both approaches first rely on a quite 

abundant literature review, thanks to which the current state-of-the-art of the ORC technology was 

established. The past and current research trends related to ORCs were also identified together with the 

results they disclosed, and offered a valuable help for this thesis completion. 

All results obtained by the simulations carried out with the software EES and its library Coolprop 

during the work are consistent with the results disclosed in the publications that deal with comparable 

subjects. Several issues can be highlighted. First of all, it was considered as self-evident that the 

thermodynamic properties given by EES and Coolprop for the four studied fluids were correct, as they are 

calculated from the Fundamental Equation of State established by P.Colonna in 2008 for MDM and in 2006 

for MM for instance. Nonetheless, it would have been pertinent to compare the data given by the software 

with calculated values. An exergy analysis could have completed the energy analysis. As the target of the 

project was not a theoretical analysis of all aspects related to the machine but the machine conception itself, 

the exergy analysis was not regarded as essential, even though it could have provided interesting 

information about the cycle. 

Many challenges – that have only been mentioned – still have to be treated, such as the handling of 

the toxic, flammable fluids, the need for a vacuum pumping system and a leakage detection system to say 

but a few. This shall be studied in a later stage of the machine conception.  

 

 

Several information were deleted from this report as they were considered as confidential – mainly 

results from simulations; however, this does not hinder the overall understanding of the methodology and 

steps completed during this work. 
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