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Abstract 
In this study the suitability of small-scale organic Rankine cycles in military power generation 

is evaluated. It is presupposed that external combustion engines have favorable characteristics 

in terms of noise, heat and vibration signals.  

 

The work is conducted through a process consisting of three blocks; working fluid selection, 

component selection and modeling. The research community states that the optimal fluid is a 

matter of application. Therefore, a screening of working fluids is performed on the basis of a 

few key properties. A simplistic cycle model is used to determine the operating conditions 

that yield the best thermodynamic performance. Consequently, these conditions are the 

starting point of the component selection process. Each component that is selected introduces 

restrictions to the cycle. The upper pressure is, for example, limited by the material of the 

boiler. Therefore, an iterative selection methodology is employed in order to consider both 

cycle performance and component limitations. In the last block the model is refined with 

realistic properties of the selected components. Size and performance of the system are 

evaluated for electric outputs between 0.1 and 3.0 kW. The model is realized in Excel VBA 

and constructed for high user flexibility.  

 

It is found that the thermal efficiency is proportional to the size of the system. A water-

methanol mixture passes the screening process and provides the best cycle performance. Also, 

scroll expanders are recommended as the prime mover of the system. With the proposed 

components, the realizable power range is between 1.8 and 3.0 kW. The most critical 

components, in terms of size, are the expander and condenser. Finally, this study indicates 

that the system can be built in sizes competitive to existing solutions.  
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1 Nomenclature 
 

Parameters  Subscripts 

Description Notation  Description Notation 

Heat exchanger area [m
2
] A   Ambient amb  

Frequency [Hz] f   Condenser cond  

Specific enthalpy [kJ/kg] h   Electric el  

Mass [kg] m   Evaporator evap  

Mass flow rate [kg/s] m   Exhaust ex  

Rotational speed [rpm] N   Expander exp  

Pressure [kPa] p   Fan fan  

Number of poles [-] P   Generator g  

Performance factor [-] PF   Isentropic is  

Specific heat [kJ/kg] q   Internal int  

Heat [kW] Q   Mechanical m  

Volume ratio [-] R   Maximum max  

Temperature [°C] T   Motor mot  

Heat transfer coefficient [kW/°C] U   Net net  

Specific volume [m
3
/kg] v   Optimum opt  

Volume [liter] V   Pump pump  

Volume flow rate [m
3
/s] V   Reference ref  

Specific work [kJ/kg] w   Supply sup  

Work [kW] W   Swept sw  

Efficiency [%]    Thermal th  

   Volumetric v  
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2 Introduction 
The starting point of this effort is a desire of a less disturbing and more concealed power 

supply for military applications, with priority in reducing detectable signatures such as 

acoustic sound, vibrations and heat dissipation. The client is the Swedish Defence Materiel 

Administration (FMV); a Swedish authority that works for the Swedish government to 

provide and maintain technology for the Swedish Defense. Their key partner is the Armed 

Forces together with whom they provide defense materiel and services for the military. FMV 

ensure that the Armed Forces have all equipment needed, and that the equipment works where 

it is supposed to be used. (FMV, 2013) 

The desire of concealed power supply is related to the military concept silent watch. It refers 

to keeping the signals emitted from the equipment below a tolerable level in order to avoid 

discovery by hostile forces. The concept therefore plays a role for the selection of new 

technologies, whether it is vehicles or auxiliary equipment such as in this case, electricity 

sources. There are three main signatures whose magnitude is crucial to minimize; acoustic 

noise, vibrations and infrared radiation. An additional purpose of keeping low noise and 

vibrations is the disturbance aspect for the soldiers who otherwise become weary and sleep 

deprived. 

Directing the attention to the area of application; portable soldier power used to charge 

laptops and cell-phones or running a coffee percolator. The military application points out the 

importance of silent operation on one hand, but just as important is the requirement for a 

robust technology that can sustain rough transports and handling. Furthermore is the 

portability aspect; the component cannot be too large or heavy since this would not be 

practical from a user perspective. The final aspect is that its operation must be reliable in all 

possible locations and climates. The capacity range of the specific application is low and is 

today provided by traditional diesel generators or batteries, despite the fact that none of them 

are fully satisfactory. 

Diesel generators tend to have high noise, vibration and thermal signatures which are 

undesirable qualities in military contexts. Also, the power range between 0.2 - 2 kW is a grey 

zone, below which batteries tend to function well for shorter durations, and above the diesel 

generators are more appropriate (Patil et al., 2004). Because of this, FMV has performed 

studies on the potential use of fuel cells but have come to discard the technology due to 

several reasons. Despite the high theoretical potential in fuel cells; with high thermal 

efficiency and high power density, they have proven to be very complex and expensive. 

Especially when they are run by diesel, which is a prerequisite since it is the logistic fuel for 

the Armed Forces.(Lyrsell, 2015) 

External combustion engines (ECEs) have become interesting due to their working principle 

that they theoretically entail a low noise signature level. The explosive combustion in internal 

combustion engines (ICEs) such as Otto- and Diesel engines is a source of both noise and 

vibration, which is absent in external combustion. Although the ECE also requires heat 

addition by, for example, combustion, it is based on a closed thermodynamic cycle in which 

the working fluid has no contact with the surrounding air. This is an important conceptual 

difference to the ICE whom performs its expansion directly to the atmosphere. Hence, the 

starting point for a new military-power technology that is suitable within the silent watch 

concept is that ECEs are the most promising alternative. 
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To ensure a reliable fuel supply to all possible locations, it is important to use the Armed 

Forces’ logistic fuels that already have established transports and suppliers at all times and 

places. Jet fuel JP-8 is therefore the required fuel, and since the fuel cell technology is 

discarded the remaining alternatives are compelled to be some sort of combustion engine. 

Thus, all existing combustion based power cycles are examined, including both ICEs and 

ECEs, and furthermore fuel cells are included in order to get the whole picture. The mapping 

is presented in Appendix A. 

The mapping includes well-known ECE-technologies such as the classical Stirling and steam 

engines. The features of the ECE are beneficial from a military perspective and it is assessed 

that hardly any attention has been directed towards small-scale Rankine cycles in recent years. 

The presumption is that the major drawbacks that led to the steam engines being outrivaled 

during the twentieth century are now possible to overcome with modern materials and 

technologies. The Rankine cycle’s displays suitable characteristics for the given application, 

besides the fact of too high freezing point for water. This indicates the potential for organic 

Rankine cycles (ORCs) or the possible mixture of water and some other fluid to reduce the 

freezing point. Furthermore, an increased interest for ORCs is seen in both research and 

industry due to its possible application as a power producing heat recovery unit when attached 

to a larger power plant. 

The largest potential for a power supply unit with reduced detectable signatures is determined 

to be an ORC. A fundamental assumption that the signature levels of an ORC engine are 

lower than for an existing diesel generator is made, and therefore the signature levels are not 

further examined in this study. The major challenge is instead to investigate the function and 

size of such a machine that operates in the desired power range of 0.1-3kW. The required 

operational characteristics need to be determined, along with suggestions of the machine’s 

compounds and performance. 
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3 Objectives 
This work is performed in order to establish knowledge about the ORC engine’s ability to 

replace diesel generators in military applications. To breakdown the problem into manageable 

parts, the following objectives are formulated: 

 

 Analyze the potential of the a small-scale ORC engine with modern technologies  

o Benchmark conventional technologies 

 Give a historical background to the steam engine in mobile applications 

o Identify contributing causes for its regression 

 Propose a handful of suitable working fluids 

o Evaluate their impact on the cycle efficiency and cooling requirement 

o Build an ideal computer model to work as a basis for the design process 

 Propose suitable components for the ORC 

o Develop functions for volume and weight of each of the components 

o Develop functions for performance of each of the components 

 Build a realistic model of the cycle 

o Validate the model 

o Evaluate the total volume, weight and performance of the machine 

o Develop a user-friendly Excel model to be delivered 
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4 Methodology 
In order reach the objectives this study is divided into three blocks interlinking fundamental 

ORC theory with actual components. The first block treats the selection process of an 

appropriate working fluid. In the second block suitable components are suggested and 

evaluated. The last block considers the development process of this study’s end product; an 

Excel design model for this type of ORC engine. For each block the model complicity 

increases, from a simple ideal model in the first block to the more realistic end product. In 

Figure 1 the connections between the blocks are shown along with major outputs and inputs. 

The following paragraphs summarize the methodology, in chapter 6 Layout of study an 

extensive description is found. 

 

 
Figure 1 Conceptual figure of the methodology in the study 

 

 

  



6 

 

5 Literature review 
The literature review is not only the theoretical background of ORCs, their working fluids and 

their components; in this chapter a historical review of the earliest Rankine cycles, namely the 

steam engines, is also performed. The historical review aims at explaining the origin of the 

steam engine and its development. The focus it placed upon mobile applications such as cars, 

trains and boats.  

5.1 Steam engines in mobile applications 
In the late 18th century a series of events occurred in England that came to change the world 

towards the world we know today. In fact, the industrial revolution is considered to be one of 

the most ground-breaking changes in human history. In the beginning of the century more 

than 90 percent of the European population was farmers; this revolution came to transform the 

demographic structure towards something we know today. A growing part of the European 

population became industry workers and tradesmen. The key resources of this era shifted 

away from wood, wind, wool and water to iron, coal, cotton and steam. (McClellan, 1999) 

 

A few cardinal conditions for the start of this revolution can be distinguished. Firstly, the 

supply of raw materials, energy and labor in combination with funds and secondly, a growing 

demand and favorable legislations. It is clear that the rapid changes in the agricultural sector 

during the 18th century were of great importance for the beginning of the industrial 

revolution. In the 17th century Europe, Holland was a leading country in agricultural 

development and their knowledge was dispersed all over the continent during the following 

centuries. In England, the introduction of the enclosure process was a key event for their 

agricultural transformation. The process was made possible through legislative changes with 

the outcome that English farmer units grew in size by a substantial portioning of common 

land. In parallel the agricultural production grew rapidly thanks to the Dutch knowledge. 

Altogether, this agricultural development led to a supply of labor in the growing industry 

sector.(Hansson, 1996, Sandberg et al., 2006) 

 

During the pre-industrial time in England a non-machine driven textile industry arose. Sheep 

breeding was widespread which made wool an important commercial goods. Tradesmen saw 

an opportunity in this supply and hired farmers to produce textiles. The farmers were 

provided with looms and loom-state goods and got paid when their work was done. From the 

tradesmen’s point of view this system was problematic since they could not control the 

production and therefore had no possibility to synchronize it. This was an incentive for 

centralized textile workshops which became the first industrialized process during the late 

18th century. The introduction of the water-driven spinning machine was another incentive 

for centralized production since this equipment was too bulky to situate in the households. 

(Hansson, 1996) 

 

Along with the industrialization progress the population grew, which led to both increased 

demand and laboring force. In parallel, there was an increasing demand for textile products 

outside of England. The population increase was a result of higher living standards rather than 

of increased birth rates and several factors can explain why the mortality rate dropped. 

Agricultural improvements such as introduction of root crops and wheat led to a healthier diet 

throughout the year. Additionally, vegetables became more common during this period. The 

personal hygiene was improved through a better supply of soap and affordable cotton 

underwear. Also, the medical treatment made a significant progress; the number of hospitals 

increased, surgery became easier and the importance of proper burials was understood. Thus, 
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the industrialization and population growth were tied together giving a synergy effect on one 

and other. (McClellan, 1999) 

 

Although the industrialization led to a never before seen economic growth, capital was needed 

to fuel the process before it became self-sustaining. The question where the funds came from 

has been debated and several explanations have been suggested. However, it has been made 

clear that England at this point in history was a very wealthy country. Whether the capital 

came from the growing banking sector or the legislation about limited companies is unknown. 

Neither can it be decided if it was funded by the overseas trade or the flow of value from the 

pre-industrial to the new industries. Most likely is that all of these actions could have worked 

together to form an investment willing climate. (McClellan, 1999, Sandberg et al., 2006) 

 

The industrial revolution is also a historical turning-point concerning the human energy use. 

The pre-modern man primarily relied on animal and muscle power but also on wind and water 

power. Renewable fuels, mostly wood, were used for heating and cooking purposes. As the 

industrialization process continued a need for technological development arose and coal- and 

oil fired machines were soon invented. The synergy between the technological development 

and the industrialization should be highlighted since without new inventions such as the steam 

engine, the modernization process would have been very different. (McClellan, 1999) 

 

5.1.1 Steam engine development 

In the late 1600s and beginning of 1700s the British had come to realize that their wood 

resources was starting to decrease and this consequently led to a stimulation of their much 

more available resource; coal. This up-step for the coal mining also inspired to innovations 

for improving the mining process. The steam engine was one of these machines, used for 

draining the otherwise flooded mines, it allowed deeper digging and thereby a larger amount 

of coal to be harvested. (Hansson, 1996) 

 

The power in steam had been discovered in the 1500s or even earlier, but these early steam 

engines were initially based on steam creating a vacuum and a piston driven by the pressure 

difference between the vacuum and the atmosphere. In order to complete the cycle, a lever 

with a counterweight was used to reset the piston to its original position. The innovators of 

these engines are Thomas Savery and Thomas Newcomen. Later their technology evolved to 

work without the vacuum and thereafter it was also discovered that an additional component 

could be introduced to the machine. James Watt invented a component that never allowed the 

steam to be lost but instead to be condensed and cycled within it. This improved the 

efficiency of the steam engine significantly. (Rolt, 1977, Nuvolari and Verspagen, 2009) 

 

Through the invention of the Watt engine, the steam engine found its way into other fields of 

application apart from mining. The development of the textile industry was one such area 

where the steam engine took a natural part in the already initiated expansion that was caused 

by the increased import of cotton. This was in the latter half of 1700 and the industrial 

revolution in Britain had already begun. The manufacturing, population and international 

trade were all growing and the ongoing switch in fuel from wood to coal continued. 

Altogether, these activities led to an outgrowth of the existing network for transportation and 

a comprehensive work started by building channels and improving roads. It started to become 

evident that there was a demand for new means of transportation. (Hansson, 1996) 

 

At this time, the steam engine had become an established technology and its potential use in 

the transport sector was soon realized. However, the current steam engines worked with low 
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pressure steam which made them large and bulky and therefore highly impractical, not to say 

impossible, to use in mobile applications.  It was not until the turn of the 19th century and a 

man named Rickard Trevithick that the high-pressure steam engine was invented. Trevithick 

discovered that an engine with high-pressure steam could deliver the same amount of power 

as the low-pressure engine, whilst being much more compact. Thus, this machine was 

possible to build in small scale and could therefore be applied in a lot more applications 

instead of being limited to large industry work. The engine did however sacrifice some 

efficiency but this was outweighed by the engine’s advantages, especially since the fuel at the 

time was cheap. The compactness of the high-pressure steam engine also enabled the use of 

the steam engines in mobile applications. (Dickinson, 1938, Nuvolari and Verspagen, 2009, 

Rosander and Hermanson, 2005) 

 

The high-pressure engine enabled further stimulation to the mechanization of the textile 

industry. Furthermore, parallel attempts were made to develop steam- cars, locomotives and 

boats. The first successful mobile application was the boats, however, the steam ships did not 

conquer the prevailing sailing ships right away, but gradually increased in use due to their 

superior safety and speed. The steam cars did not reach any success at this time, probably due 

to their incapability to transport heavy loads. (Hansson, 1996) 

 

Shortly after the steamboat George Stephenson managed to build the first locomotive to travel 

on public railways, it was called the Locomotion (Sekon, 1899). The railways existed well 

before the locomotives, at the time frequented by horse carriages. During the growth of the 

railway transportation, their network went through a major expansion and the production of 

the railway itself also experienced some enhancements through improved iron processing. 

(Hansson, 1996) 

 

The industrial revolution in Great Britain would not have been able to flourish to the same 

extent without the parallel development in other parts of the world. The reason for its 

continuation and spreading to the rest of the world was owing to a series of events; the 

increased international trade to name one. (Hansson, 1996) 

 

The British Empire was during the 17th century into the 20th a very influential nation with 

colonies in North America, India and Australia to mention some. Their substantial land 

resources was one of the necessities that enabled the industrial revolution to ignite in the core 

of Great Britain, leading to many great inventions that would later come to revolutionize the 

whole world. There were of course other nations for which the industrialization was also in 

the frontline, not far behind Britain’s. Belgium is one of such, and also Germany, whose 

industrialization began very late but evolved with an extraordinary speed. (Hansson, 1996) 

 

The wave of modernization that swept over Europe and partly also America brought an 

increased demand for lamp oil and other lubricants. Mainly whale oil was used to fuel these 

applications; a resource that steadily became more expensive since whales was becoming 

scarcer. During the same period it was discovered that crude oil could have the same 

characteristics as the prevailing oil products. In 1859 the first drillings for crude oil began in 

Pennsylvania. A new problem arose; no infrastructure existed for transportation of the new 

resource. The solution became a substantial extension of the rail network. Also, the first 

pipelines were built despite skepticism from the oil chairmen that risked their jobs. (Hansson, 

1996) 
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Chain reactions in the industry stimulated the continuation of the industrial revolution. 

Initially, the mechanization of the cotton manufacturing industry and the increased use of 

steam engines led to a higher demand for iron. Through the invention of the Puddle process 

coal instead of wood could be utilized for the iron production. Consequently the increased 

iron production led to higher coal usage and thereby a higher demand for transportation. 

Furthermore, the Bessemer process for producing steel came to human knowledge and the 

possibility to economically produce large amounts of steel was suddenly a reality. The steal 

made its way into all technological areas, allowing higher pressures in the steam engines, 

thinner walls in ships and longer and better railroads, altogether leading to increased 

transportation capacities. (Hansson, 1996) 

 

Directing back to the oil industry that was allowed to bloom by the growth of railway 

infrastructure, its position in lighting applications came soon to be challenged by the magical 

force of electricity. In 1881 Thomas Edison demonstrated a technical system that could 

provide power and lighting to 5000 lamps in over 200 buildings in New York. The success 

was not complete until ten years later when von Miller invented the three-phase electric 

system with alternating current. (Hansson, 1996) 

 

Electricity continued to reap market position in lighting applications and maybe the oil 

commerce could have been completely outrivaled if it was not for the automobile. The three 

resources for energy; steam, oil and electricity began a battle of market position since this was 

the first time where several technologies could be adapted for the same purpose. The internal 

combustion engine was invented and three types of cars could be built. Fuel prices affected 

the market and thereby also the choice of machines. To current date the steam cycle has 

remained solely in the power production industry, in steam power plants. Electricity 

dominates the industrial machines and petroleum the transport sector. (Hansson, 1996) 

 

5.1.2 Automobile transportation 

When the birth of the car is discussed it is important to bear in mind that it was the birth of a 

whole industry. The modern car has its roots in the 1880s when the internal combustion 

engine made its entrance as a candidate for vehicle propulsion. For nearly 30 years car 

ownership was something luxurious and most people had not even seen an automobile. A lot 

of the pioneering work on self-propelled vehicles took place in Europe as a consequence of 

the industrialization process. (Flink, 1970) 

 

In the mid-1880s when the first gasoline engine was mounted on a vehicle by Carl Benz the 

steam automobile had already been around for nearly 100 years. Despite the massive 

advances in steam engine technology throughout the 19th century the society was not ready 

for self-propelled vehicles until the last decades. At this time, the roads were adopted for the 

comparatively light horse carriages which were highly impractical for early steam cars – on 

wet days they often got stuck in the soft roads. One of the technological innovations that 

made steam cars possible was the introduction of steel; this made it possible to build systems 

with higher pressures and thus reducing the sizes of the engines. This led to another problem 

for the steam-propelled vehicles; public skepticism. A rumor that had pursued the technology 

for a long time was the dangers of high explosion risks associated with the steam 

automobiles. Another issue for this new industry was its high prices; the manufacturers failed 

to provide an affordable solution until the late 19th century. (Georgano, 1985) 

 

One of the great discoveries in the 19th century would lead to yet another way of propulsion 

for the automobiles. The electricity brought with it a rather modern concept for propulsion; 
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the electric engine. A few years before Benz’ first gasoline vehicle was tested a French 

pioneer equipped a tri-cycle with an electric engine. France and England soon became the 

leading countries in the development of electrical vehicles (Anderson and Anderson, 2010).  

Despite the fact that these vehicles never won any great success in Europe, they played an 

important role in gaining public acceptance for the self-propelled vehicles in general. Electric 

vehicles were quiet and resembled horse carriages the most – without any need for manure 

clean up. (Mom, 2004, Georgano, 1985) 

 

At this time, the presence of electric and gasoline cars was a fact and the steam cars all of a 

sudden had competitors. This stimulated the development of the steam car technology. 

Shortly after the commercialization of the ICE, the coal fuel was replaced for liquid gasoline. 

In comparison to gasoline and electric vehicles, the starting process was slow, up to 45 

minutes. To amend for this, the French industrialist Léon Serpollet integrated the flash boiler 

in the steam automobile which reduced the starting time significantly.(Georgano, 1985) 

 

The car industry started somewhat later in America but the final battle between the 

technologies took place there. At the turn of the 20th century electric vehicles was already 

abandoned in Europe. Steam cars and gasoline engines competed in an industry smaller than 

the bicycle industry (Georgano, 1985). On the other hand, in the U.S. all three propulsion 

technologies had its own market share. Steam cars were the cheapest and fastest alternative 

but had a limited cruising range due to the need of water refill. Despite the introduction of the 

flash boiler their starting process was still complicated and slow in comparison to the others. 

Then again, electric vehicles were expensive and had low top speeds. Their cruising range 

was only beaten by the gasoline cars. The internal combustion automobiles were in between 

the two other concerning both top speed and price. Also, before the invention of the electric 

starter these automobiles had to be cranked in order to get going. Their cruising range was 

however unbeaten and this would become their most important asset rather soon. (Anderson 

and Anderson, 2010) 

 

In the U.S. the steam propelled automobiles had a short period of glory. Between 1899 and 

1903 no less than 43 steam car companies had been founded and closed down. It is likely that 

their starting and running complexity became decisive for their extinguishment. Two persons 

were needed to maneuver such a vehicle; one person to monitor the boiler pressure and on to 

steer. Steam cars were sporadically manufactured until the 1920s but in very small volumes. 

(Georgano, 1985, Hansson, 1987) 

 

Despite their shortcomings in Europe, the electric vehicle was as a serious competitor to the 

gasoline automobiles in America. In the early 1900s, electric vehicles stood for one third of 

all passenger vehicles in New York, Boston and Chicago (Anderson and Anderson, 2010). 

However, Mom (2004) argues that gender aspects contributed to the failure of electric 

vehicles. Before the electric start engine was invented for gasoline automobiles, the electric 

vehicle was the only alternative with an uncomplicated starting process. Although this would 

seem to be a clear advantage the society labeled electric vehicles as a female’s alternative and 

ruled them out. However, the manufactures adapted to this and featured their vehicles with 

female attributes. Thereby a whole new market segment was born exclusively for the electric 

vehicles. However, when the electric starter was invented the gasoline automobile could enter 

the market sector held by electric vehicles. (Mom, 2004) 

 

Along with the development of the car industry, the range capacity gradually became more 

important. More and better roads were built and the focus shifted from travelling within cities 
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to travelling between cities. In the early automobile industry, electric vehicles had the best 

range capacity but they were soon beaten by the gasoline automobile (Mom, 2004). The battle 

of the propulsion techniques continued but in 1908 Henry Ford came to change the car 

industry forever. His vision was to make the car available for everyone. This was the year 

when the first mass-produced vehicle entered the market. The famous Ford model T became 

an immediate success. Year 1911 almost 70.000 T-Fords left the assembly line, the following 

three years the production increased to more than 300.000 cars (Georgano, 1985). This 

gasoline car was not equipped with an electric starter until after World War I (Mom, 2004). 

Despite this fact it outrivaled the competitive technologies rather easily. The Ford model T 

was cheaper than earlier automobiles, making it available for everyone. Additionally the 

Ford’s adaption of the mass production methodology to the automobile industry made it 

possible to produce larger volumes than ever. (Georgano, 1985) 

 

In order to shift the small automobile market, accessible only for the wealthy, towards a 

market reaching all social classes the supply of fuel was another issue (Georgano, 1985, 

Mom, 2004). Therefore, the contemporary development of the oil industry was a prerequisite 

for the continued development of the gasoline automobile industry. (Sandberg et al., 2006) 

 

5.1.3 Railway transportation 

The steam locomotive industry started to expand for real after George Stephenson’s invention 

of the Locomotion in the early 1800s. During the 1840s a massive construction of railway 

infrastructure for public transportation was performed. Subsequently, the railway sector 

gained ground in Europe and in the world. (Rosander and Hermanson, 2005) 

 

The prosperity of the steam locomotive industry was mainly due to transportation of coke, 

coal and iron ore. However, non-coal carrying transports were of course also performed such 

as refrigerated fruits for example. The railroad profits’ dependence on the coal industry was 

however extremely significant. (Grodinsky, 1937) 

 

In the beginning of the 19th century, the steam locomotive industry had formed into a 

custom-design industry, where railroad executives could demand production of their own 

designs or different designs for each new locomotive they bought. This was mainly out of 

vanity to prove themselves to competitors. This inhibited the development of the production 

techniques, which had been almost the same during the last 40 years. Since no standard 

locomotives were built, the production of the included components could not be standardized. 

Furthermore, the production techniques yielded high tolerances, which gave rise to several 

problems; the locomotives literally shook themselves apart, spare parts did not fit and 

abrasion wore the metal parts out. In addition to this the customer service provided after the 

actual sale was little at best. (Rosander and Hermanson, 2005, Churella, 1998) 

 

Around the 1920s the steam engines had started to reach the limits of their technological 

potential. To increase the power of the locomotives they had to become larger, this also meant 

heavier and that was problematic since the current size was already at the limits of what roads 

and bridges could withstand. This is about the time when diesel started to compete with the 

steam locomotives. The main advantage of the diesel locomotive was not its power, even 

today the diesel locomotives are less powerful that the 20th century steam locomotives, but its 

thermal efficiency. The compression-ignition engine in a diesel was shown to theoretically be 

able to achieve efficiencies as high as 70 percent. Compared to the efficiency of steam and 

otto engines, 10 and 20 percent respectively, this posed a major potential. (Churella, 1998) 
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Other impracticalities of the steam locomotives that became visualized during the diesel’s 

emerge was the scarcity of water in some geographical areas. In addition, the water needed to 

be demineralized before it was refilled and this was expensive, labor intensive and time 

consuming. The water refill often led to traffic congestions. Other expensive attributes 

possessed by the steam technology were the fuel costs, as well as the actual transport of the 

fuel. One tank of diesel corresponded to eight cars of coal. Also, steam locomotives required 

both engine crews for the coal shoveling, and a trained technician for eventual repairs. 

Moreover, steam locomotives needed much more frequent repairs and cleaning than the diesel 

locomotives due to the ash from the coal combustion, this led to both costs and lack of 

revenue due to operation downtime. (Churella, 1998) 

 

Regarding the operation of the locomotives, the steam engines are superior in pure 

horsepower. But the tractive power is dependent on the rotational speed as well which in 

some cases, for low rotational speeds, the diesel had higher tractive power than the steam 

locomotive. Moreover, dynamic brake systems were possible in the diesel locomotives since 

they had electric motors to drive the wheels. Steam locomotives that lacked this needed to 

stop at the head of a slope to partially set the brakes and also they often needed to stop in the 

middle of the descent to cool off the wheels. A final drawback of the steam locomotive is that 

it was more hazardous than diesel locomotives, both for public transportation and shipments. 

Its abundant smoke and steam rejection tore on cooperative infrastructure and also brought 

fire hazards. (Churella, 1998, Rosander and Hermanson, 2005) 

 

Still, even though the diesel locomotives seemed to be a promising replacement for the steam 

locomotive, the diesel locomotives at this time was far from perfect at this time. It has higher 

investment costs, shorter lifetimes and required a whole new infrastructure to provide fuel 

facilities. The lack of knowledge of the railroad personnel was also a contributing factor to it 

taking some time to break through completely. (Churella, 1998) 

 

The leading company of diesel locomotive production in the United States during this period 

managed to shift the control of the design process from the customer to the manufacturer. 

This allowed for standardization of both components and locomotives, which was a 

prerequisite for the cost reduction that was needed in order to compete with the established 

steam locomotive producers. The standardization brought benefits for several different areas 

that increased the competitiveness of the new technology even further. The locomotives 

became more all-round so they could easily be sold in second hand in a way that was never 

possible with the custom made steam locomotives. The production could also be conducted in 

a way that much resembles mass production lines. (Churella, 1998) 

 

Although the customer control was taken away from the design process, the focus on the 

customer remained an important part. The diesel companies were almost obligated to provide 

good customer service due to an inherent skepticism for diesel engines, especially among 

railroad employees. To cope with this they arranged training in operation and maintenance, 

gave guarantees for their products and started to perform research and development to keep 

the customers satisfied. The fight of market shares between diesel and steam locomotives 

continued during the first half of the 20th century, the arguments on behalf of the steam 

locomotives was their superior power and low cost per horsepower. The diesel marketing was 

instead based on the reduction of operational costs instead of initial investments. Also, they 

argued that their inferior tractive capabilities could be compensated by the operational 

flexibility of the engine. (Churella, 1998) 
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The dieselization of the locomotive industry was not only dependent on the technological 

aspects but much also on the corporate culture of the steam locomotive producers at the time. 

The social and economic development that arose in parallel with the technological 

development in the railway industry was not fully acknowledged by the company managers. 

During the birth of a competing technology, their main focus remained on improving 

technological aspects, neglecting the economic and social factors that were brought forth at 

the same time. As an example, the desire of reduced pollution and increased safety in the 

railway sector can be named. (Churella, 1998) 

 

This reluctance to change corporate structures, in combination with a more evolved marketing 

approach from the competitors – the diesel locomotive producers – led the steam locomotive 

companies to the brink of disaster. The diesel industry understood the benefit of getting 

support of high-ranked public personalities and organizations with mutual interest in the 

dieselization of society. Also, governmental actions took a large part in the battle of market 

share for the diesel technology. Not to mention the role it played before and during World 

War II when the U.S Navy showed interest in a particular diesel engine that could fit into a 

submarine. (Churella, 1998) 

 

On the whole, the technological limitations of steam locomotives and the cost effective 

operation of the diesel locomotives form the fundament of the technological change in the 

railway industry. Competitive service- and production strategies, political and social factors 

also played a part in the accumulation of market share that altogether led the diesel industry to 

completely outrival the steam locomotives in the USA by the year of 1950. (Churella, 1998) 

 

5.1.4 Maritime transportation 

The early seafarers induced the globalization process that still goes on today. Between the 

16th and 19th century these pioneering seamen filled out almost every blank spot in the world 

map. Most of the expeditions took off from European countries such as Portugal, Spain, 

England and the Netherlands. Along with their discoveries of the world they started a 

phenomenon significant for the globalization, namely global trading. In fact, during those 400 

years of discovery the global trade increased with 1 percent annually – an astonishing rate 

which is equal to a doubling in every 70 years. It was during this period many staple 

commodities of today were introduced to European society, including coffee and tea, all 

thanks to the global trade. The seafarers during this age of exploration traveled in large 

wooden sail ships that continued to be an important means of transportation until World War 

I. (Smil, 2010) 

 

With the industrial revolution followed a mechanization of many energy demanding tasks. 

The prime invention that allowed this process was the steam engine and it came to affect the 

maritime industry as well. In the late 1810s steam-propelled ships started to challenge the sail 

ships’ monopoly in the naval industry. During this decade, paddle-propelled steam ships 

crossed the Atlantic Ocean for the first time. However, the paddle-propulsion system was 

very inefficient and the steam ships had to wait for two crucial innovations before the 

technology could rule the sea. The first screw propellers were installed in steam ships in the 

1850s.  During the same decade the Bessemer process came to change the steel industry 

(Hansson, 1996). Cheaper, thinner and larger pieces of steel had a positive impact on the 

steam ship industry. Beside the fact that steel boilers allowed for higher efficiencies, hulls 

could be built entirely in steel from now on. These two innovations made it possible to build 

bigger, faster and more efficient steam ships than ever before. In the 1860s almost every new-

built steam-propelled ship was equipped with a screw propeller, an all-steel hull and a high-
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efficient boiler. It was also from this period that the steam ships began to take market shares 

from sail ships and ultimately outrival the competitor. The introduction of steam-propelled 

ships came to fuel the global trade even further.(Smil, 2010) 

 

As previously explained, in the beginning of the 20th century the steam engine technology 

had seen little development in a few years. A technological spurt in oil burner technologies 

suddenly came along which introduced a new type of steam generator that was especially 

suitable for ships. This started a hybridization of steam and oil technology where the coal 

burners were adjusted or exchanged to be able to run on fuel-oil. The introduction of a high 

quality fuel gave a potential to increase the feasibility in steam driven transportations. Firstly 

the amount of fuel oil needed to generate a specific amount of steam was only 30 percent of 

the corresponding amount of coal. This led to a reduction in transport and labor costs as well 

as increased revenue from the liberated storage space that could be used for new cargo. 

(Madureira, 2010) 

 

Oil driven steam ships also generated higher power and speed and this interested leading 

engineers in Japanese-, European and American navies. The possibility to advance with faster 

ships would lead to increased tactical and strategic mobility of the fleet and could possibly 

shift the balance of power. The start of the oil-steam hybridization therefore took off in the 

marine; Italy and France invested in higher speed ships, Germany had no secure access to oil 

and therefore invested in endurance and offensive power whilst Britain and America sought 

for a compromise between the two. (Madureira, 2010) 

 

Except for the increased speed, the oil hybridization had several beneficial characteristics for 

the fleets; increased cruising range, increased time of maximum speed without clogging the 

furnaces, better control of the emission of smoke, faster refueling at sea, reduced manpower 

for the fire-room and higher speed flexibility. Nevertheless, despite more advantageous prices 

for the oil, the availability of the fuel was still a constraint for many countries. Coal remained 

as the main fuel for steam powered applications in the majority of the world. It was mostly 

the countries with domestic access to oil that seized the opportunity to tilt the economic 

balance in their favor.  (Madureira, 2010) 

 

Around the 1920s it started to be realized that oil was a depleting resource and appropriately 

the diesel combustion engine had recently proved itself to be highly fuel efficient. The 

possible operational cost savings in combination with its fuel efficiency spoke in the favor of 

the diesel engine. To some extent, the diesel engine had its predecessor, the oil-fired engine, 

to thank for its fast accumulation of a high market position. (Madureira, 2010) 

 

The diesel engine did however start to emerge earlier, already around 1900. During that time 

three different sectors had significant shares of the maritime industry; sailing-, steam and 

diesel ships. When Denmark firstly launched their passenger ship Selandia in 1911, it was the 

first ocean going vessel to be run with a diesel engine. From this starting point the marine 

diesel applications took off and accelerated its development considerably. By 1925, 75 

percent of all new ships in Germany were diesel-powered. Fourteen years after that 25 percent 

of all international service ships were diesel-fueled. Still, the main provider to the military 

during World War II was steamships. However, soon after the war diesel engines had 

outrivaled almost all commercial maritime segments. The tombstone of the grand era in 

steamship transportations was the engine replacement of the prestigious ship Queen Elisabeth 

II. In 1987 the powerful steamship was reinstated with new diesel engines. (Woodyard, 2009, 

Smil, 2010) 



15 

 

5.2 Organic Rankine Cycles 
Thermal power stations are the dominating source of electricity today. In fact, as much as 79 

percent
1
 (2012) of the world’s electricity supply can be derived to such plants(IEA, 2014). In 

common for all thermal power stations is their principle of operation; the energy of a fuel is 

converted to heat which is utilized to generate electricity (Sørensen, 2010). These power 

stations are often categorized according to their type of fuel. Most common are fossil fuels 

such as coal, natural gas and fuel oil and uranium in nuclear power plants. Renewable fuels 

are not as common but represented by solar thermal electric, geothermal and waste 

incineration plants(IEA, 2014). Of course, the way of converting the fuel’s energy varies 

depending on fuel type but one of the most common ways to utilize the generated heat is to 

evaporate water to steam in a Rankine cycle (steam cycle) (Sprooten, 2012).  

 

In principle, Rankine cycle operated plants require four components: an evaporator, an 

expander, a condenser and a pump. In the evaporator energy is added to pressurized water, 

causing a phase-change of the water. The added energy is in form of heat produced by the 

fuel. Furthermore, the high-pressure steam is expanded and energy can be extracted in an 

expander, often a turbine. The low-pressure steam leaving the expander is condensed to water 

by rejecting energy from the cycle in a condenser. Finally, the pump pressurizes the water 

before it enters the evaporator again. (Sprooten, 2012) 

 

Early steam cycles were used for industrial and propulsion purposes and are often labeled as 

one of the enablers of the Industrial revolution (Padmanabhan, 2012, Windelspecht, 2001). 

Large-scale electricity generation from steam was made possible in the late 19th century 

when the steam turbine was invented (Breeze, 2005). The importance of the Rankine cycle 

grew rapidly and soon became one of the most employed principles in large-scale electricity 

generation. The organic Rankine cycle was born in the early 19th century when Thomas 

Howard constructed a steam engine with alcohol instead of water as its working fluid. The 

early ORC applications were mainly concentrated to maritime heat recovery units and many 

of the trials had the goal to find the “optimal fluid”. Among those trials, Frank W. Ofeldt was 

one of few who gained commercial success. His “naphtha launcher” was a small ORC engine 

for boats using gasoline as its working fluid. It took market shares from steam boats thanks to 

an American law that forced the steam boat companies to have an engineer on board their 

ships (Invernizzi, 2013). This era of early ORCs was characterized by trial and errors and the 

real scientific breakthrough had to wait until the 1920s.  

 

Italian scientists between 1920 and 1980 took many vital steps in the development of modern 

ORCs. Their development began in the field of solar applications where several working 

fluids were investigated. During this period of Italian contributions, a turbine replaced the 

traditional volumetric expander and as time went along, new areas of applications arose. The 

early ORC engines were built to raise water and their heat sources were exclusively provided 

by combustion. During this period of intensified research it was possible to demonstrate 

applications with new heat sources and working fluids. Much of today’s knowledge about 

ORCs is traceable to a group of Italian scientists that worked in the 1970 and 1980s. During 

that time they developed 14 ORC engines in the power range of 3 to 500 kW. These studies 

became the start of the extensive research seen today. (Invernizzi, 2013) 

 

In modern times the Organic Rankine cycle has won success in low-temperature thermal 

engines. As the human climate impact has been part of the political agenda and the electricity 

                                                 
1Calculated from the fuel shares of the world’s electricity generation in 2012, nuclear, coal, oil and natural gas are considered 

thermal power.  



16 

 

price has increased, the utilization of low temperature heat sources for electricity generation 

has become more interesting (Tchanche et al., 2011). For low and medium temperature heat 

sources (lower than 600 C), the Organic Rankine cycle provide several advantages over the 

conventional steam cycle. The heat source temperature sets a restriction of the maximum 

temperature in any Rankine cycle, organic or not. However, steam cycle operated plants 

require superheat of the steam in order to avoid droplet formation in the turbine. In a 

commercial ORC superheat is not necessary. This yields the possibility to operate at a higher 

evaporating temperature than the steam cycle, provided that the heat source is the same. This 

means that, dependent of the working fluid, the Carnot efficiency and thereby also the cycle 

efficiency may be higher in an ORC than in a steam cycle. (Vanslambrouck et al., 2012, 

Tchanche et al., 2011) 

 

Today there are many actors on the ORC market and a typical commercial plant is in the field 

of geothermal power, industrial heat recovery or biomass-fired combined heat and power 

generation. The plants are stationary, use a turbine as expander and the condenser is water-

cooled. The electric power output of existing plants ranges from a few kilowatts to a couple of 

megawatts. (Quoilin and Lemort, 2011, F. Tchanche et al., 2014, Larjola, 2011, Tchanche et 

al., 2011) 

 

The majority of current research is focused in the abovementioned areas but a field of 

increased interest is micro-CHP plants. The capacity of such plants is sufficient to supply heat 

and power to one or a few homes. Qiu et al. investigated the expander impact on such system 

(Qiu et al., 2011). Bianchi et al. and Barbieri et al. compared different technologies for micro-

CHP’s and proposed guidelines for lawmakers and investors (Bianchi et al., 2012, Barbieri et 

al., 2012). Farrokhi et el. made an experimental investigation of a natural gas-fired micro-

CHP (Farrokhi et al., 2014).  

 

Furthermore, much research aims at improving the already established fields of application 

for ORCs.  Davies and Orfi investigated the technical feasibility for self-powered desalination 

in geothermal power plants (Davies and Orfi, 2014). Saadatfar et al. studied the influence of 

using a nano fluid as working medium in a waste heat recovery ORC for trigeneration 

purposes (Saadatfar et al., 2014). Sterrer et al. examined the technical and economic 

performance of a combined concentrated solar power and biomass-ORC plant (Sterrer et al., 

2013).   

 

Only a few studies have been made on mobile units. In the 70s Miller et al. made research on 

fluid selection for automotive ORCs (Miller et al., 1973). More recently Latz proposed heat 

recovery units for passenger cars equipped with a positive displacement expander (Latz, 

2013). Costall et al. investigated turbine design methodologies for waste heat recovery ORCs 

on heavy-duty diesel engines.   

 

5.2.1 Fluid classification 

For any thermodynamic power cycle the fluid properties at different regions of the system is 

important to keep track on to make sure that operational limitations of the components are not 

exceeded. For example, certain components might be sensitive to high pressures and others to 

high temperatures. The thermodynamic state describes the macroscopic condition of a system 

and in general all state properties (enthalpy, entropy, temperature, pressure etc.) can be 

derived if two of them are known (Honig, 2007). In a temperature-entropy diagram (T-s) such 

state points can be visualized and is therefore a valuable tool when comparing different fluids 

for a certain application. In Figure 2 a conceptual sketch of a T-s diagram is seen. Four 



17 

 

characteristic regions of a fluid state can be seen in such diagram. When a fluid is heated up 

and pressurized above a certain limit it enters a supercritical state meaning that the fluid 

properties is somewhere between those for the liquid and gas states. Supercritical fluids are 

often described as dense gases and with low viscosity. Just like a liquid they are able to 

dissolve materials but they can also diffuse through solids like a gas. (Zappoli et al., 2015, 

Smith et al., 2013) 

 

The two-phase region represents a mixture of the liquid and gaseous states of a fluid. The 

closer a state point is situated the saturated vapor curve; the bigger is the gaseous phase 

fraction of the fluid. The saturated vapor curve itself is a boundary between the two-phase and 

gaseous regions. It represents a set of conditions where the gaseous and liquid phases are in 

thermodynamic equilibrium and it is thereby the upper limit where both phases can coexist. A 

corresponding boundary is found between the liquid and the two-phase region and it is 

logically addressed to as the saturated liquid curve. In a condensation process the fluid state is 

transformed from gaseous to liquid. In a TS-diagram the process can be represented as a path 

between the initial state point and the final state point. When the path is crossing the saturated 

vapor curve, the first droplets of liquid are formed and when the path is crossing the saturated 

liquid curve the fluid is completely liquefied. See process (4-1) in Figure 3.   

 
Figure 2 A conceptual sketch of a T-s phase diagram 

A common way to categorize working fluids for organic Rankine cycles is to investigate the 

slope of the saturated vapor curve. By evaluating this slope, it can be determined whether a 

cycle utilizing a particular fluid requires superheat or desuperheat to achieve its best 

performance. A fluid with a positive slope of the saturated vapor pressure curve is classified 

as dry whereas a fluid with a negative slope is wet. The fluids who are neither positive nor 

negative have slopes approaching infinity and they are classified as isentropic (Qiu, 2012). In 

Figure 3 typical fluids belonging to each category is seen. For dry and isentropic fluids the 

expansion process (3-4) is not sensitive for droplet formation. Thus, a certain amount of 

desuperheating is required for such fluids, see process (4-4’). This heat can be utilized for 

preheating the fluid before the evaporator through a recuperator. This is an internal heat 

exchanger that transfers heat from the low pressure side of the system to the high pressure 

side. By introducing a recuperator, a significant amount of preheating can be achieved which 

yields an increase of the overall efficiency. (Drescher and Brüggemann, 2007) 

 



18 

 

 

Figure 3 T-s phase diagram for wet, isentropic and dry fluids along with ideal processes of an ORC 

 

As already mentioned, most ORCs have low grade heat sources. Thus the working fluid 

should have favorable evaporating properties at comparably low temperatures. Therefore 

refrigerants which are mostly dry or isentropic, are very common fluids to utilize in ORCs. 

(E.W. Lemmon, 2007, Chen et al., 2010, Qiu, 2012) 

 

In Figure 4 a visualization of a simple system configuration for an air-cooled steam or organic 

Rankine cycle are seen. The main components are the expander, condenser, pump, evaporator 

and generator. The expander delivers mechanical energy to the generator where it is converted 

to electric energy. The net power output together with the pump and condenser fan power 

consumption constitutes the gross electric power output of the cycle.  

 

 
Figure 4 Visualization of the system configuration 

 

5.2.2 Fluid selection 

No single working fluid has been pointed out as the best one for organic Rankine cycles. In 

fact, lots of studies on working fluids for ORCs are concluding different “optimum fluids”. 

Most of the studies try to find an optimal working fluid for a certain application (Drescher 

and Brüggemann, 2007, Chen et al., 2010, Qiu, 2012). Comprehensive summaries on such 

approaches are provided by (Bao and Zhao, 2013, Quoilin et al., 2013). Others evaluate a few 

working fluid candidates and try to rank them for a certain application (Shu et al., 2014, Lai et 

al., 2011). A few studies have a broader scope where the goal is to find suitable combinations 
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of working fluid and expander type for a certain application (i.e. heat source temperature) 

(Quoilin et al., 2012, Quoilin et al., 2013).  

In common for most of the studies is the methodology to compare different working fluids. 

The starting point is a set of available fluids for an application in a certain temperature range. 

Then, a few screening parameters adapted to the particular work is established which rule out 

many of the available fluids. Common parameters that are considered in the screening process 

are: environmental impact, safety, a few thermophysical properties and the availability of the 

fluids. After this step, the performances of the remaining fluids are compared in terms of 

thermal efficiency or power output.     

5.2.3 Generator 

Induction generators are often referred to as asynchronous generators because they operate 

with rotational speeds that are not proportional to the system frequency. Induction generators 

are technically the same apparatus as induction motors which are used to drive machineries in 

factories, pumps, fans or compressors. The induction machine works as a generator if it is 

connected to a prime mover and driven above its no load ideal speed. This means that is 

requires a certain speed in order to generate electricity. The asynchronous generator allows 

variable speeds and a certain overload. It is also fairly inexpensive but rarely seen outside the 

wind- or hydropower applications. (Division of Heat and Power Technology, 2010c, Ion, 

2005) 

 

One of the most common types of electric generators is the synchronous generator. The name 

synchronous comes from the way that the rotation of the magnet in the middle of the 

generator, is synchronized with the rotation of the magnetic field caused by the frequency of 

the electric power system. The frequency is constant at 50 or 60 Hz and this means that the 

rotation of the generator also must be constant. An embranchment in the synchronous 

generators arises dependent on the type of magnet that is used; permanent magnets or 

electromagnets. The later ones need to be fed with direct current (DC) that is passed through 

an inverter after it is taken as alternating current (AC) from the grid. (Division of Heat and 

Power Technology, 2010c) 

 

Synchronous generators are used because the simplicity to control frequency, rotational speed 

and voltage outputs. The number of poles and rotational speed of a specific generator gives 

rise to the frequency of the generated voltage according to equation(1) where N is the 

rotational speed (rpm), P is the number of poles and f is the frequency (Hz).  

 

 
120 f

N
P


  (1) 

 

The frequency is always constant at 50 or 60 Hz and the number of poles is constant for a 

specific generator. Thereby, the relation shows that the speed of the generator must be 

constant for the particular generator. (Ion, 2005) 

 

In certain applications it is difficult to obtain constant rotational speed for the prime mover 

that is connected to the generator. An application with varying rotational speeds is for 

example wind turbines. In order to provide electric power to the grid at the right frequency 

variable speed conversion systems are used. This is done by electric power conditioning 

systems (EPS) which consist of two electric power converters that are connected by a DC 

link. The power converters are a generator-side rectifier (GR) and a network-side inverter 



20 

 

(NI). The assignment of the GR is to control the electromagnetic torque of the generator and 

the NI controls the power injected to the grid. The control system is designed to control the 

rotational speed and the power output. (Sanchez et al., 2008) 

 

5.2.4 Expander 

The commercial applications for ORCs are to a large part stationary plants that work as heat 

recovery from a high temperature cycle or industrial process. This involves relatively high 

capacities of the plants, typically between 0.1 – 5 MW electric power outputs (Division of 

Heat and Power Technology, 2010a). In these plats single stage radial turbines are beneficial 

to use since these allow for a simple manufacture of the system. If the radial turbine is 

allowed to be coupled together with the feed pump and the generator, the system only needs 

one rotating shaft. The alternative for stationary ORC applications in the MW scale is 

multistage axial turbines. (Division of Heat and Power Technology, 2010b) 

 

Badr et al. (1991) presents a summary of 2000 expansion devices to operational Rankine 

engines between 0.1 to 1120 kW. Of these, predominantly all low speed (<5000 rpm) 

machines are positive-displacement machines that provide up to 10 kW (Badr et al., 1991). 

For output powers in the range of a couple of kW, positive displacement expanders are more 

suitable because they work well with lower fluid flows and high pressure ratios. Axial 

turbines have relatively low efficiencies with organic fluids since they generate high Mach 

numbers early on in the expansion. This is an important factor since a high Mach number 

increases the irreversibilities and thereby decreases the turbine efficiency. (Quoilin et al., 

2013, Badr et al., 1991) 

 

Three common types of positive displacement expanders are piston, screw or scroll expanders 

of which the latter two are rotary types. The piston needs valves for suction and discharge and 

has one expansion chamber. The rotary expanders do not need valves since their geometry 

allows a continuous suction, expansion and discharge for the co-existing chambers. The 

absence of valves is beneficial for the rotary expanders since this decreases heat losses during 

the suction. Also, the screw and scroll expanders provide smoothness, silence and simplicity 

because of their rotational principle and few moving parts. On the other hand, piston 

expanders have lower internal leakages than the rotary expanders. (Quoilin et al., 2013, Badr 

et al., 1991, Oralli et al., 2011) 

 

Scroll expanders consist of two inverted spirals that are rotated 180º and assembled in each 

other’s gaps. One of the scrolls is fixed and the other is allowed to move in an orbital motion. 

A specific gear is required to prevent the moving scroll from rotating since it is only the 

orbital motion that is desired to move the fluid. Generally two or three orbits are sufficient to 

move the fluid from suction to discharge. However, the geometry and motion of the scrolls 

create two symmetrical and diametrically opposing chambers in which the fluid is expanded 

simultaneously. In Figure 5 the geometry and working principle of a scroll expander is 

shown. (Oralli et al., 2011) 
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Figure 5 Working principle of a scroll expander (Lemort et al., 2012) 

 

The scroll expander is not as commercially widespread as the compressor. However, owing to 

the extensive use of scroll compressors in refrigeration the production techniques of scroll 

machines are mature. The two main factors that affect the performance of the scroll machine 

are the built-in volume ratio and the leakage flow. These parameters are important to include 

in the volumetric efficiency and the isentropic efficiency. (Oralli et al., 2011) 

 

5.2.5 Condenser 

The condenser in an ORC is a heat exchanger whose purpose is to return the low pressure 

vapor from the expander outlet to liquid form. This requires a cooling media of lower 

temperature than the working fluid. Most common in commercial ORC applications is water 

cooled condensers, but air cooled condensers also exist. The prioritized use of water as a 

cooling media is because it has better heat transfer characteristics than air. In stationary power 

plants, the extra equipment that is needed for water cooling does not involve the same 

problems that it does for mobile applications. Consequently, water is the most common 

cooling media in power plants and air cooled condensers are used in mobile applications 

where it is not practical to add the extra components or in applications located in areas where 

the access of water is scarce. (Cross, 2010) 

 

The performance of the condenser depends on the pressure of the working fluid but also on 

the heat transfer characteristics of the cooling media, such as the temperature and fluid flow 

for example. It is concluded in (Erhart et al., 2013) that the temperature and mass flow of the 

cooling media has greater impact on the condenser’s performance than the working fluid 

conditions. Yet again this point out the significance of the heat transfer characteristics of the 

cooling media, and this also has an impact on the physical size of the condenser. Naturally, 

the required heat surface is bigger for a cooling media with poor heat transfer capacity and the 

size of the condenser is proportional to the heat surface (Capata and Zangrillo, 2014). This is 

obviously one explanation to the fact that water cooled condensers are physically smaller than 

air cooled ones. (Cross, 2010) 

 

Compact heat exchangers are used when a large heat transfer area per unit volume is desired. 

This is often the case when one of the fluids is gas as for instance in air conditioning or 

refrigeration applications. According to Lee the most compact heat exchanger is a plate fin 

heat exchanger. (Lee, 2010) 

 

The finned tube heat exchanger is commonly used as condensers or evaporators in air 

conditioning systems or as radiators in internal combustion engines. (Kuppan, 2013) 

 

5.2.6 Pump 

In the organic Rankine cycle unit the pump is responsible for the circulation of the working 

fluid and thereby the pressurization of the fluid before it enters the evaporator (Qiu, 2012, 

Kwak et al., 2014). In general, liquid pumps can be classified as either positive displacement 
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or centrifugal. These classes can be divided further and this is presented in Figure 6. 

Centrifugal pumps adds kinetic energy to the fluid through an impeller in order to move the 

fluid from the suction to the discharge side (Raju, 2011b). In positive displacement pumps 

energy is added to the fluid through a force applied on one or several volumes of the fluid. 

The addition of energy is intermittent and causes the pressure to rise in the fluid until it is 

forced through the discharge port. (Volk, 2005) 

 
Figure 6 Pump classification 

 

Traditionally, centrifugal pumps are used in ORC systems (Meyer et al., 2013). Such pumps 

operate at higher flow rates and lower pressures than positive displacement pumps. Although, 

they are more sensitive to two-phase flow (Volk, 2005). Most organic working fluids 

employed in commercial ORCs have a high molecular mass and an output power of several 

hundred kilowatts, yielding high mass flows of the working fluid (Invernizzi, 2013). Single- 

or multistage pumps are therefore often employed in commercial systems in order to reach the 

desired flow and pressure (Hsu et al., 2014, Lee et al., 2014, Schmidt et al., 1980, Colonna et 

al., 2015).  

 

For systems with power outputs of a couple kilowatts the flow requirements are significantly 

lower. Meyer et al. utilized a plunger pump in a 1 kW ORC system for research purposes   

(Meyer et al., 2013). Quoilin et al. proposed a piston pump in a 3 kW in a solar thermal ORC 

system (Quoilin et al., 2011). Wang et al. demonstrated an ORC system equipped with a 

piston pump. Their system was coupled with a vapor compression cycle to generate 5 kW 

cooling (Wang et al., 2011).  

 

Rotary positive displacement pumps are suitable for low fluid flow and moderate pressures, 

up to 70 bar. However, they provide lower volumetric efficiencies than reciprocating pumps 

due to larger leakages. Both plunger and piston pumps are reciprocating positive displacement 

pumps. These pumps can provide high pressures at low flow rates. In general, plunger pumps 

supplies higher pressures and are more expensive than piston pumps. (Mory, 2013) 

 

Axial piston pumps are often applied in hydraulic systems (Onwubolu, 2005). Such systems 

are used to transfer power and motion without the need for a complicated mechanical system 

with gears, cams and levers. Instead, a hydraulic fluid is pressurized and transported to a 

piston where it is expanded causing motion of the piston. Preferably the hydraulic fluid 

should have higher viscosity than water to prevent leakages in the high-pressure systems. The 

density of the employed fluids is often close to the density of water and they should also have 

satisfactory lubricating properties. (Mobley, 2000) 
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5.2.7 Evaporator 

The heat sources in commercial ORC plants are mainly: biomass, geothermal and waste heat 

recovery. The biomass plants have the possibility to be driven as combined heat and power 

(CHP) plants and thereby increasing the total thermal efficiency. In geothermal plants the heat 

source is hot brine that is pumped from deep boreholes in the ground. These plants are 

beneficial since they can generate power at low temperatures; however the pump work for the 

working fluid and the brine consumes a large amount of the power output. The waste heat 

recovery application for ORCs is very suitable. The heat source for the ORC consists of the 

otherwise rejected heat from industrial processes or internal combustion engines. Cement 

production is an example of such an industry where a large amount of heat is rejected. Finally, 

concentrated solar power (CSP) plants also exist with ORCs as the work producing cycle. 

However, this kind of plant is rare and only exists in a few commercial facilities. (Quoilin et 

al., 2013) 

 

The evaporator, by which the heat is transferred from the different heat sources to the working 

fluid of the ORC, varies dependent on the application. In the first case a biomass burner is 

needed; the other cases utilize heat exchangers between two fluids. These two types of 

evaporators respectively originate in the fired- and unfired class. The fired evaporators are 

called boilers and can be either fire tube boilers or water tube boilers. These are normally high 

temperature applications. The unfired evaporators can be found in many different 

applications; both in high temperature nuclear steam generators and low temperature food 

processing for instance. (Kuppan, 2013) 

 

Catalytic combustion is a technology where a combustible substance and oxygen react on the 

surface of a catalytic material. This leads to a complete and flameless oxidation of the 

substance whilst the temperature level of the combustion is kept low. Due to the low-

temperature combustion, the formation of NOx gases can be avoided. Also, the potential to 

achieve full combustion of the fuel allows for lower amounts of harmful products that are 

caused by incomplete combustion, such as carbon monoxide and unburned hydrocarbons. 

This is achieved by increasing the reactive surface by designing the combustion area as a 

honeycomb structure on which a wash-coat material is used to further enlarge the area. 

Furthermore, by oxidizing the fuel through the catalytic pathway the amount of activation 

energy for the process is decreased. (Turns, 2000, Garten et al., 2008, Groppi et al., 2009) 

 

The applications of catalytic combustion are often as primary or secondary pollution control. 

Primary or secondary refers to whereas the emissions are prevented or cleaned-up after their 

formation. A well-known application of catalytic combustion is as the catalytic converter in 

car exhaust systems where it functions as secondary pollution control. Regarding primary 

control, it is used to prevent NOx emissions in natural-gas fired boilers or gas turbines, 

catalytic radiant heaters or cookers. Although the temperature level of catalytic combustion is 

lower than in traditional combustion one of the largest challenges is how to design the catalyst 

to withstand the high temperatures.(Turns, 2000, Garten et al., 2008, Groppi et al., 2009) 

 

A boiler, in contrary to a heat exchanger, is flexible in the sense of fuel flexibility. A switch 

of fuel only requires adjustments in the operational air-to-fuel ratio. For fuels of equal energy 

quality, the actual performance of the boiler is not affected by the constituents of the fuel in 

other ways than the emission formation. Sulphur content for example forms sulphur dioxide 

which is unhealthy and smelly. (Silversand, 2015) 
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6 Layout of study 
Similar to previous research, the fluid selection is based on a screening process. A starting set 

of possible working fluids is narrowed down and ranked according to appropriate criteria. 

Since the application is supposed to be mobile, the condenser has to be air-cooled. Generally 

such condensers tend to be less space-efficient that liquid-cooled ones. Consequently, it is 

likely that the condenser, if any of the components, will have a volume beyond practical 

limits. Therefore, the fluid’s impact on component size is investigated with emphasis on 

condenser size.  

 

The cycle thermal efficiency and the condenser UA-value are considered to be size indicators 

and compared for the relevant fluids. In order to evaluate these indicators an ideal model of 

the system is built in the software engineering equation solver (EES) developed by F-chart 

software (EES, 2015). The fluid library of the software constitutes the starting set of working 

fluids. Prior to the ideal system model, a few cycle restrictions are evaluated to narrow the list 

of fluids. Firstly, the device should be able to operate in ambient temperatures down to -30 

C, meaning that the freezing point of the working fluid has to be below this temperature. In 

order to facilitate the handling of the working fluid it also has to be liquid at normal state. It 

cannot be subject to any present or future bans and should not be associated with any 

significant hazards.  

 

Additionally, this study is limited to subcritical cycles implying that the critical temperature 

of the working fluid has to be above the highest ambient temperature that the device is 

intended for, 20 C. These restrictions reduce the starting set of fluids from approximately 

100 to only a handful. Among those, the three most suitable fluids are chosen for further 

modeling according to the ranking derived from the ideal cycle model. 

 

The second block bridges the gap between theory and reality; from the ideal cycle model in 

the first block suitable components are chosen. The objective is to find appropriate 

components and their sizes in terms of volume and weight. Operational characteristics from a 

cycle are required regardless of how the components are selected. In this study, the ideal cycle 

model provides such selection criteria. The first step when selecting components is to 

determine what type of technology to utilize. Through a literature review, typical boundary 

conditions for a certain technology are identified and these will later pose the base for a 

decision. Furthermore, actual products within the chosen technologies are selected and 

parameterized in order to cover the desired capacity range of 0.1-3 kW. This selection model 

is preferable for two reasons: it is simple and enables a quick realization of the product.  

 

The selection of the component types in block 2 is fundamental to the modeling process that 

takes place in block 3. By implementing information of the selected technology branch the 

level of detail in is increased to a more realistic model. The size calculations are also 

implemented during this stage of the work. The model should not only provide a basis for an 

analysis in this publication but is also a deliverable that is requested by the customer. This 

model is based on the ideal model in EES, but is built in Excel’s visual basic applications 

(VBA) with thermodynamic properties provided by Refprop (Lemmon et al., 2007). The 

interactions of these two computer programs are described further in the following sections. 

In short, the steps in the modeling process can be described as follows. 

 

The ideal model is expanded to be more realistic. Information about typical losses or 

efficiencies for the components is taken from literature of manufacturer data. The expander is 
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modeled according to an empirical model that is constructed for volumetric displacement 

expanders. 

 

The operational characteristics and the components give rise to an equation system where the 

cycle mass flow and the delivered powers from the components are unknown. This system is 

solved in the numerical equation solver provided by Excel. The power that each component 

needs to deliver serves the base for the size calculations. 

 

The parameterized size equations are implemented in the model. Most of them are dependent 

of the output power the specific component needs to deliver. The expander’s size, on the other 

hand, depends on the relation between displacement volume and rotational speed. 

 

A specific procedure is required in order to select the generator and the expander. These two 

need to be matched in rotational speed whilst at the same time their sizes should be held low. 

The generator-expander selection algorithm optimizes the selection for both of these 

parameters. However, the first priority is to match the rotational speed, and the second 

priority is the size.  

 

This work aims to provide a user-friendly model that provides relevant output data. To 

achieve high application handiness, thorough analyses are performed of how the tool will be 

used by the customer and functions have been developed on the basis of this.  

 

6.1 Block 1: Fluid selection 
An important requirement for the application is that it can run on diesel fuel. This means that 

water would be an ideal fluid for this purpose since diesel-fueled boilers provide high boiler 

temperatures. Consequently, a steam cycle would probably deliver the highest thermal 

efficiency. However, the device should also be able to operate in ambient temperatures 

ranging from -30 to 30 C. Thereby water can be excluded from the working fluid candidates 

since its freezing point is too high and it is natural that other fluids have to be considered. 

Traditionally, the ORC working medium is a refrigerant but remarkably, most commercial 

ORCs are stationary with low-temperature heat sources. For this study the situation is the 

opposite: a mobile device with a high-temperature heat source. 

 

It has already been highlighted that no single optimum fluid can be identified for ORCs in 

general. Consequently, most research on ORC systems makes an effort to find a suitable 

working medium for their application. Their fluid selection methodologies are similar; a given 

set of fluids is narrowed down and ranked according to a set of restrictions valid for their 

particular work. In this case a similar fluid selection approach is employed but the restrictions 

are of course adopted to fit the purposes of this study.  

 

The initial set of fluids is restricted to those available in the equation-solving software EES, 

since the last step in this screening process evaluates the cycle performance of each remaining 

fluid. As mentioned, the freezing point of the working medium cannot exceed -30 C, which 

is the first criterion for the screening. Furthermore, it is required that the medium is easy to 

handle at normal conditions to facilitate service and transportation; this means that the fluid 

should be at liquid state at normal conditions. Fluids that fail to meet these two requirements 

are excluded in the first step of the screening process.  
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Next, this study is limited to subcritical cycles meaning that the critical temperature of the 

fluids have to be above the highest ambient temperature that the device is designed for. 

Otherwise, the fluid will enter a supercritical state in the boiler. Additionally, the fluid should 

not be subject to any present or future production bans, which is the case with many 

refrigerants available in EES.  

 

When it comes to hazards, many fluids suitable for ORC systems are disadvantageous 

compared to water. The flammability, toxicity and reactivity of the fluid are considered to be 

hazardous properties. At this stage in the screening, the remaining fluids are classified 

according to the U.S. National Fire Protection Agency (NFPA) standard 704.Each of the 

abovementioned hazards are graded on a scale from zero to four, where zero indicates 

minimal hazard and four indicates severe risk, see Appendix B for a full description of the 

rating system. Of course, a highly hazardous fluid is not preferable but it has to be highlighted 

the ORC system constitutes a closed loop for the working fluid. The working medium will 

therefore not come in contact with human beings except when the system is built, repaired or 

discarded. The primary issue with flammable working fluids is the risk for explosions and 

fire. However, systems with highly flammable working fluids already exist, in both research 

and commercial applications (Bao and Zhao, 2013, Larjola, 2011, F. Tchanche et al., 2014). 

Health issues are another concern; any imminent risk for severe illness after contact with the 

fluid will lead to it being excluded from the list. Fluids with toxicity ratings above 2 are 

excluded directly while those with a rating of less than 2 are approved. Those with a NFPA 

rating of 2 are treated separately since a few class 2 health fluids are carcinogenic. A 

reactivity rating close to zero is preferable since high reactivity will cause extra strain on the 

component materials.  

 

A few fluids in EES are not included in the NFPA rating system. In case of such a fluid 

remaining at this stage, they are treated separately, to make sure that they do not cause severe 

illness and are nearly non-reactive. This is the third step in the screening process which treats 

fluid hazards; fluids with severe health effects and those who are highly reactive are excluded 

from the list of potential working mediums. 

 

Since the device is supposed to be mobile it is constrained to use an air-cooled condenser. 

This does, however, leave the cycle with a few drawbacks. Firstly, air-cooled condensers 

provide less efficient heat transfer than liquid-cooled ones (Raju, 2011a). This results in 

heavier and bulkier equipment. Furthermore, in commercial ORCs the condenser is the largest 

component, even though liquid-cooled condensers are used (Capata and Zangrillo, 2014). 

Therefore, when selecting working fluid the influence on the condenser size is investigated.  

 

In order to evaluate this influence, an ideal cycle model is built in the program EES that 

contain a library of working fluids and the necessary thermodynamic functions. The fluid 

library of the software comprises 111 real fluids from which and the screening process starts. 

All condensation processes take place at constant temperature and the driving force for all 

heat transfers is temperature difference. In this case the heat is exchanged between the 

working fluid and the ambient air; and a simplified equation to calculate the condenser load,

condQ , is presented in equation(2).  

 

  cond cond cond ambQ UA T T    (2) 
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A low cooling load in combination with a high driving force implies that the condensation 

process is achieved easily. Thereby, it is assumed that the UA-value is a measure indicating 

the condenser size. High cycle efficiency is also desirable for several reasons. Firstly, high 

cycle efficiency implies a low cooling requirement. Secondly, it reduces the fuel consumption 

and thereby increases the operation time for a given tank volume. Additionally, for a given 

power output the heat input is lowered, which also yields a smaller boiler. The thermal 

efficiency is therefore an indicator of the total size of the unit. 

 

The ideal cycle model consists of a set of energy balance equations. In order to solve the 

system a few inputs are required. Firstly, the upper and lower pressures of the cycle have to 

be specified. This is performed slightly different for wet and dry fluids, but the starting point 

is that the upper pressure is set to 30 bar unless the critical pressure of the fluid is lower. In 

such a case for a wet fluid the evaporating pressure is set to 95 percent of the critical. For dry 

fluids, the upper pressure is a function of the maximum entropy of the vapor saturation line.  

Compact air-cooled condensers are usually limited to an operational pressure of 7 bar. To 

avoid an under-pressurized system and thereby the risk for air leakage, the fluids’ condensing 

pressures are allowed to vary between 1 and 7 bar. (Lee, 2010) 

 

An isentropic efficiency of the pump and expander are assumed and the cycle performance 

parameters of the fluids are calculated for a given power output. In this fluid selection block 

these parameters are set to 85 percent and 3 kW respectively. For each fluid at each 

condensing pressure within the range 1 to 7 bar, the condenser UA-value and cycle thermal 

efficiency are calculated. In Appendix C the set of energy balance equations together with the 

required input are seen. 

 

In order to rank the remaining fluids, two non-dimensional parameters are defined. The best 

condenser UA-value and cycle thermal efficiency among the remaining fluids are serving as 

reference when comparing the different fluids. The two parameters represent the UA-values 

and thermal efficiencies defined as, 
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yielding values between 0 and 100 percent for every operation point of all fluids. The optimal 

operating condition for a certain fluid is at the condensing pressure corresponding to the 

maximal sum of those parameters. The remaining fluids are ranked according to their 

maximal sum. From this final step in the screening process the fluids not yet excluded are 

ranked according to their thermodynamic performance with special emphasis on the 

condenser size. 

 

In Figure 7, a summary of the fluid selection process is seen. When considering the 

operational limitations of the application a large set of fluids is reduced to a handful. The few 

remaining fluids are then ranked according to their thermodynamic performance in the 

specific cycle. 
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Figure 7 Conceptual figure of the fluid selection process 

6.2 Block 2: Component selection 
This block is implemented in order to suggest appropriate components and evaluate their size 

and performances. In order to do this there are two possible approaches; to perform a full 

design of each component or to identify existing components and perform a parameterization 

of their characteristics. The latter is chosen not only as it is less complicated work to perform 

but also since a cycle design including available components enables a faster and simpler 

realization of an actual product. 

 

To select a component that will function in the specific thermodynamic cycle, operation 

characteristics from the cycle is needed. The number of possible cycle configurations is 

endless and need to be limited in order to start the component selection process. The ideal 

model constructed in the previous block provides the operation characteristics for which the 

components should be suitable. However, behind the initial cycle model lays some basic 

reasoning as to what initial conditions are realistic and beneficial as well for the size and 

operation as for the performance.  

 

The ORC engine is not required to have a high thermal efficiency in the sense to reduce the 

fuel consumption since the availability of fuel is high. However, it can be stated that a high 

thermal efficiency in many cases yield more compact components. A low thermal efficiency 

leads to a high amount of required heat for vaporization of the working fluid. This will, in its 

turn require a larger boiler to provide the amount of fuel and heat exchanger area that is 

needed. The same exact logics apply for the amount of heat rejection needed in the condenser. 

The more cooling needed, the larger the condenser must be in order to provide it. 

 

The cycle design is based on a Carnot cycle to obtain the highest possible thermal efficiency. 

Carnot states that the evaporation and condensation pressures should be separated as much as 

possible. Thus, the cycle’s pressure levels will be as far apart as possible whilst not exceeding 

the limitations posed from component or operational restrictions. A specified boiler is already 
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decided for the application, which entails a pressure limitation of 30 bar. Examples of 

operational constraints are that the lowest temperature in the cycle has to be above the 

temperature of ambient air and that the condensing pressure has to be above atmospheric 

pressure to avoid air leakage into the system. 

 

Component-induced constraints for the cycle will primarily consist of durability limitations 

for the components operating at the high pressure side. Collaboration between the customer 

and a Swedish boiler manufacturer has already pinpointed the type of boiler that will be 

considered in this study. This is the only component that is predefined and therefore it is a 

natural first piece of the puzzle. The first operating condition to be determined is the cycle’s 

evaporating pressure, which is set to be the highest tolerable pressure for the boiler, in 

accordance with Carnot. 

 

After a decision of the pressure levels in the cycle and with a desired output, the basic cycle 

model can be built and the first cycle quantities generated will thereafter work as a basis for 

the component selection. The remaining components are chosen to fit the basic cycle that is 

designed.  

 

The selection of components is performed by literature studies to determine what type of 

technology that could fit the current operational characteristics and demands. Also, 

manufacturer data is studied in order to ensure that the type of technology can provide the 

desired output whilst operating in the prevailing conditions. At this stage, the objective to 

suggest the technology type is fulfilled. However, weight and volume are main aspects to 

evaluate and these cannot be determined from this general perspective. Therefore, data for 

volume and weight is extracted from one specific manufacturer’s products and these are then 

assumed to be representative for all similar products. The data for volume, weight and in 

relevant cases also efficiency, is parameterized and included in the basic model. 

 

6.3 Block 3: Modeling 
The modeling is performed in Excel’s programming language VBA. A model with variable 

inputs is requested and to provide this it needs to be able to solve thermodynamic equation 

systems for a variety of inputs. The thermodynamic information needed for this is substantial 

since it includes properties such as pressure, temperature, entropy and enthalpy etcetera, for a 

variety of working fluids. To retrieve this information an external program is required in 

combination with Excel.   

 

The National Institute of Standards and Technology (NIST) have a standard reference 

database that provides thermodynamic and transport properties for many different fluids. 

NIST also provides a computer program for this purpose called Refprop that also provides an 

Add-in for Excel. The two programs collaborate in the way that Excel calls a Refprop 

function, who returns the state point corresponding to the given input; hence, all calculations 

are performed in Excel.(E.W. Lemmon, 2007) 

 

The model converts inputs such as fluid, electric work output, condensing pressure, type of 

expander and a number of efficiencies into outputs of thermodynamic quantities such as 

heating and cooling capacity, mass flow rate and thermal efficiency. Also, the model 

generates sizes for all components individually and in total. Figure 8 is a conceptual sketch of 

how the calculations are conducted within the computer model. 
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Figure 8 Workflow of the computer model 

 

6.4.3 Expander model 

The first step is to classify the selected fluid as dry or wet and dependent of that, the 

fundamentals of the expansion process is slightly different. The slope of the saturated vapor 

line is different for wet and dry fluids and this gives them different prerequisites for the 

expansion process. In turbo-expander applications, wet fluids need to be superheated in order 

to avoid droplet formation that can damage the blades. Although this model regards a 

volumetric expander a certain superheat is default. Nevertheless, volumetric expanders 

(specifically pistons) have much lower velocities than turbines which make them much more 

tolerant to liquid droplets (Lemort et al., 2013, Oralli et al., 2011, Muller, 2005). The vapor 

quality at the expander outlet is controlled for all wet fluids, and should not fall below 85 

percent (Bao and Zhao, 2013). It is, however, important to enlighten that that the figure of 85 

percent on the safe side. That percentage is normally allowed in turbines and volumetric 

expanders are as mentioned more tolerant to liquid formation. 

 

A volumetric expansion process is characterized by a built-in volume ratio that corresponds to 

the size of the expansion chamber of the machine. By dividing the expansion process into one 

isentropic part and one part with constant volume, under- and over expansion losses can 

easily be calculated. A detailed model of a hermetic scroll expander was proposed by (Lemort 

et al., 2012). Their model includes several losses such as: internal heat transfer, friction and 

leakage during supply and exhaust. A simplified model which only takes consideration to the 

volumetric losses caused by the under- or over expansion due to the built-in volume ratio is 

also suggested by the same authors (Quoilin et al., 2012). The simple model is adapted in this 

study to calculate the volumetric efficiency, and the additional losses are combined to an 

efficiency called the isentropic efficiency. 

 

Consequently, the first part of the expansion is corresponding to the built-in volume ratio of 

the expansion machine and is modeled as an isentropic process. The specific work is 

calculated according to equation (3) as the enthalpy difference between the supply point and 

an intermediate point during the expansion process. The intermediate point has the same 
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entropy as in the supply, but the specific volume corresponds to the expansion machine’s 

exhaust volume, see equation(4).  

 
1 sup intw h h   (3) 

 

 
ex

v

sup

v
R

v
  (4) 

The built-in volume ratios seldom exceed 5 for scroll expanders (Quoilin et al., 2012). Scroll 

compressors used in heating, ventilating and air-conditioning (HVAC) applications have 

built-in volume ratios that range between 1.5 to 3.5 and they can go up to 4 for air 

compressors (Lemort et al., 2013), a maximum value of 4 is assumed to apply for the scroll 

expanders in this study. For pistons the built-in volume ratios are usually larger, around 6-14 

(Lemort et al., 2013). In the model, the expander is assumed to always run at design point; 

this means that the built-in volume ratio is optimized for each case. The optimum expansion 

efficiency is obtained when the volume ratio of the whole expansion process matches the 

built-in volume ratio of the expander. The algorithm for this optimization takes its basis from 

the input of the condensing pressure. 

 

For a specific input of condensing pressure, the algorithm tries to match the built-in volume 

ratio of the expander to the volume ratio in the cycle. However, the type of expander is also 

an input value that constrains the possible values that the built-in volume ratio can adopt. 

Consequently, for an input of a very high pressure ratio and a scroll expander, the built-in 

volume ratio will adopt the maximum value for scrolls which is 4. On the contrary the logics 

apply all the same; for low pressure ratios and piston expanders the built-in volume ratio will 

adopt the lowest value for pistons, 6. More beneficial is of course when the pressure ratio 

matches the selected type of expander, the built-in volume ratio will then assume the cycle’s 

ratio and the volumetric efficiency is at its optimum. 

 

The second step of the expansion process is performed at constant volume, meaning that the 

specific volume at the adiabatic point is the same as at the expander exhaust. The specific 

work for this step is negative in case of over-expansion and positive in case of under-

expansion, it is calculated by equation(5). The total work is the sum of the specific works in 

equation(3) and equation(5). The losses due to over- or under-expansion are considered by the 

volumetric efficiency that can be calculated by equation(6). To compensate for the simple 

method used for the volumetric efficiency an additional efficiency is introduced. This is called 

the isentropic efficiency is introduced to represent all losses except for the volumetric ones 

and this value is 0.85 by default but can be altered by the user. 
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6.4.4 Thermodynamic equation solver 

After the expansion process is modeled, all state points in the cycle are known and the 

specific works performed by pump and expander along with the specific heat of evaporation 

and condensation can be calculated. Figure 9 presents the cycle layout for a dry and a wet 

fluid.  
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Figure 9 Definition of the state points in the cycle 

 

The specific energies can be calculated by equation(7)-(10), with the indexes referring to the 

state points as described in the figure. To clarify the quantities; the specific heat of 

condensation and evaporation, equation(8) and equation(10), include the amount of 

desuperheat for the dry fluids and the superheat for the wet fluids. 

 

 
3 4exp,intw h h   (7) 

 
4 1condq h h   (8) 

 
2 1pump,intw h h   (9) 

 
3 2evapq h h   (10) 

 

It is important to analyze the amount of power consumed by each of the components but in 

order to do so the mass flow in the cycle must also be determined. An equation system is 

formulated by a global energy balance, see equation(11)a, an electric energy balance in 

equation(11)h, and a relation for each component that states that its power is equal to the mass 

flow multiplied by its specific energy equation(11)b-g. The desired output is referred to as the 

net electric output. 
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The equation system consists of eight equations and eight unknowns where the mass flow and 

seven more variables, designated by uppercase letters are unknown. These represent the 

component internal powers, the pump and expander electrical powers and the net electrical 

output. The lowercase letters are efficiencies and specific energies which are directly 

calculated in Excel VBA with thermodynamics from Refprop. 

 

The equation system is solved by the standard Excel solver, which is a numerical method that 

is called the generalized reduced gradient algorithm, (GRG). The solver add-in in Excel can 

only manage equation systems formulated in a spreadsheet; the required data is therefore 

printed in a spreadsheet and the solutions are later read from the spreadsheet and defined as 

new variables in the VBA. 

 

6.4.2 Selection of expander-generator pair 

In a synchronous generator there is a relation between number of poles, frequency and 

rotational speed. Also, the output voltage is proportional to the number of turns, meaning that 

a specific generator have a limited number of combinations of rotational speed and number of 

poles that yield the desired frequency of 50 Hz. The generator output power is a function of 

its rotational speed. The operational points provided by the manufacturer are assumed to be a 

continuous function within their specified range of rotational speed. Figure 10 shows curves 

for three generators and their operational points which are later being parameterized to a 

continuous curve that connects the points in the figure. (Heinzmann, 2015) 

 

 
Figure 10 Visualization of three generator curves 

 

The first step in the expander-generator selection process is to match the desired electrical 

output to a suitable generator. The generators have a recommended rotational speed of 1500 

to 4500 or 6000 rpm according to the manufacturer (Heinzmann, 2015). Six sizes of 

generators are required in order to cover the whole capacity range of 0.1-3 kW. Still, some 

smaller intervals within the range are not covered by any generator, which can be seen as a 

gap between two curves. For some other intervals two generators can provide the desired 
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output power, which occurs where two generator curves overlap each other. Both of these 

scenarios are seen in Figure 10. 

 

Since gaps in the output power range are undesirable, modifications in the generator curves 

are needed in order to cover the whole capacity range. Gaps are covered by extrapolating the 

endpoint of the larger generator’s curve until the gap in power output is covered. This means 

that the minimum rotational speed will be reduced from 1500 rpm to a lower value that 

corresponds to a power output that overlap the smaller generator’s maximum value. The 

dashed line in Figure 10 indicates the extrapolation. 

 

The second problematic scenario displayed in Figure 10 is that there might be two possible 

generators that match a specific power output. In such a case, the generator that yields the 

smallest possible expander will be selected if its rotational speed can be matched to the 

expander’s rotational speed without the need for gearing. This is determined according to the 

following procedure. The first step for matching the expander-generator pair is to choose a 

suitable generator based on the desired electrical power output. If the desired power output at 

this point only matches to one generator, one out of the six generators is chosen and thereby 

its weight and volume are known.  

 

The generator curves are quadratic equations which mean that one power output can be 

obtained at two different rotational speeds. Following, one of the two possible rotational 

speeds for the generator needs to be matched to the expander’s speed. The basis for this step 

is primarily to match the rotational speeds exactly and thereby avoid gearing completely. The 

second priority is that the pair should yield the smallest possible expander. The operation 

point of the expander-generator pair should also be within the limitations of rotational speed 

for the generator, for the expander and within the expander’s limitations of displacement 

volume. 

 

To control that the solution is within all of these restrictions, the following procedure is 

conducted: firstly the maximum allowable rotational speed for the current expander is 

identified. Then, the two possible rotational speeds are calculated as quadratic roots for the 

given power output, if any root is larger than 6000 rpm it is outside of the generators 

limitations and is therefore discarded. If both roots are less than 6000 rpm a performance 

factor is calculated for both roots according to equation(12). 

 

  1
max,expN

PF
N

   (12) 

 

The performance factor is a measure to determine which of the roots that lie closer to the 

expander’s maximum rotational speed. It is desirable to be close to the maximum expander 

speed since this will yield the smallest displacement volume and thereby also the smallest 

expander. This is valid for each particular case since the required mass flow for the expansion 

is given from the cycle pressures and output power. For example, if the displacement volume 

is small, the rotational speed needs to be high in order to provide the necessary mass flow.  

 

When the rotational speed is determined, the displacement volume is calculated and a control 

is performed to ensure that it is within the tolerable range. If this control is approved the 

expander-generator pair is selected. The relation between the expander’s rotational speed and 

displacement is shown in equation(13). 
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The upper limit for the displacement volumes is very high and it is unlikely that this boundary 

will be exceeded. However, it is probable that for some scenarios the generator will need a 

rotational speed so high that it would require the expander to have a displacement volume 

below its minimum level in order for them to match. In these cases, the expander rotational 

speed is set to its maximum while the generator speed is retained; instead the rotational 

speeds are matched by introducing a theoretical gear. The gear is said to be theoretical since 

neither its performance nor size is considered. 

 

6.4.5 Size calculations 

The size calculations are based on manufacturer data for commercial products of the specific 

technology deemed appropriate for the application. Information is gathered from products 

with deliverables in the right range, and this data is later parameterized with volume and 

weight as dependent variables, and the independent variable is different for each component. 

 

The mass is usually a straightforward measure given in the technical specifications of each 

product. The volumes, however, are calculated as rectangular blocks with the outer 

dimensions from the product’s drawings. The boiler and the generator also have 

parameterized functions of the efficiency. 

 

The size of the evaporator is the most accurate estimation since it is designed for the correct 

fluid, pressure and temperatures. The design is performed by the manufacturer and three 

operation cases for each fluid is considered; 3, 1 and 0.1 kW. The design is performed for the 

normal case, at 30 bar evaporation pressure, 20 °C superheat for water and water/methanol 

and a different mass flow for each fluid that is required to yield the wanted output. The heat 

demand for evaporation is naturally different for the fluids and this is also considered. The 

size and efficiency curves are constructed from this data as functions of the electric output 

power. 

 

The expanders investigated are of scroll and piston type. The independent variable for the size 

curves in these cases is the displacement volume rather than the output power. This is 

considered to be a better measure since the output powers specified by the manufacturers are 

based on other working fluids. The displacement on the other hand is based on the geometry 

of the expander chamber and therefore closely related to its size. During the simulations it is 

likely to get small displacement volumes, and the commercial availability of scroll expanders 

is limited and it might not be possible to find such small scroll expanders. Therefore, the size 

curves for scroll expanders might need to be extrapolated in order to match the scenario with 

smallest displacement volumes. 

 

A selection program provided by the manufacturer evaluates the size of the condensers. The 

intended area of application for the software is air conditioning by condensation of refrigerant 

fluids. This is exactly the wanted function for the condenser, with a slight change of focus 

from the air to the refrigerant side. By using the software without setting an outlet temperature 

for the air but instead the desired cooling capacity, the software provides a suitable product 

and its size specifications. The software contains two of the four fluids that are investigated in 

this study and it is assumed that the size polynomials based on the dry fluid will represent 
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both dry fluids and the same applies for the wet fluids. The data for the polynomial fit of the 

condenser sizes is generated with the reference ambient temperature of 20 °C but a weighting 

equation is also developed in order to assess the impact of varying ambient temperature, see 

equation(14). 
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The reference air temperature is determined by assuming an ideal heat exchange between the 

air and the condensing fluid. This means that the outlet air temperature has assumed the 

fluid’s condensing temperature at the current condensing pressure. The manufacturer’s 

selection software also provides the necessary airflow and pressure drop for the air side of the 

condenser. This is used as a basis for determining the required fan electricity and size. 

 

The pump and generator sizes are simply handled; their volumes and weights are 

parameterized from manufacturer data. The pump’s size functions are dependent of the fluid 

volume flow rate and the generator size is determined by the electric output power. 

 

6.4.6 Application handiness 

As previously said, the modeling tool is written in Excel VBA since the customer requests 

this. To provide guidance to the user during the operation of the program, a graphic interface 

is constructed where the possible inputs can be varied in an easy manner. Special concern is 

also put into the decision of the amount of inputs needed to run the model. It should allow 

flexibility to investigate many different cases but it cannot require too many inputs since it 

will then be impractical to use. The solution to this is that some default values are set and not 

required to input for each run, however they are easily monitored and changed if so is the 

wish. Guiding comments are also added about these parameters when they are edited. For 

example, only values within a specific range are tolerated as inputs and the recommended 

range is also provided for each parameter. 

 

Five inputs are required; working fluid, electrical power output, condensing pressure, type of 

expander and the amount of hours of continuous operation. The other inputs such as 

efficiencies, outdoor temperature or amount of superheat is set to fixed values as a default. 

The graphical user interface is shown in Figure 11. 
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Figure 11 The graphical user interface in the developed computer model 
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7 Results and discussion 
In this chapter the aforementioned methodology is followed to generate results in forms of the 

screening of working fluids, suitable components and numerical results generated by the 

model. Some special scenarios are also investigated in order to test the sensitivity of these 

results and to thereby gain a sense of the model’s robustness. As a final step, the model 

verification is presented which is performed by comparing calculations performed by the 

current model to the results in other, similar studies. 

7.1 Model validation 
The developed ORC model is validated with published reference data. Since the size 

assessment part of this study is unique it is excluded from the validation. Consequently it is 

the equation system describing the thermodynamics of the system that is validated. Two 

studies are used as reference in order to enclose as many fluids as possible. The input 

parameters of this study’s model are set according to the reference input data. A few key 

output parameters are then compared and discussed. 

 

Lai et al. studied the working fluid influence on the thermal efficiency for a few cycle 

configurations. Among the investigated fluids, toluene and cyclopentane are included. Their 

model considers component efficiencies in a simplified manner. The overall efficiency of the 

pump and expander are set to 65 and 85 percent respectively. The expander’s net outputs 

equal to 1000 kW (Lai et al., 2011). In Table 1 the operating pressures are seen and in Table 2 

the modeling outputs from the reference and this study’s model. All efficiencies in this 

study’s model are set to one except those mentioned above. 

 

Table 1 Model validation input parameters for toluene and cyclopentane (Lai et al., 2011) 

Case Fluid Evaporation 

pressure [bar] 

Condensation 

pressure [bar] 

1 Toluene 16.7 0.46 

2 Toluene 32.2 0.46 

3 Toluene 5.3 0.46 

4 Cyclopentane 33.4 2.9 

 

Table 2 Model validation output values for toluene and cyclopentane (Lai et al., 2011) 

  Case 1  Case 2  Case 3  Case 4 

Parameter  Lai et 

al. 

Model  Lai et 

al. 

Model  Lai et 

al. 

Model  Lai et 

al. 

Model 

Thermal 

efficiency [%] 

 
19 19  20.7 20.6  14.6 14.5  15.8 15.6 

Mass flow rate 

[kg/s] 

 
8.7 8.8  7.4 7.5  - -  - - 

Evaporating 

power [kg/s] 

 
- -  - -  6840 6897  6320 6393 

Exp. exhaust 

temperature [°C] 

 
432.82 431.33  450.31 446.52  - -  - - 

Exp. supply 

volume flow [l/s] 

 
182 176  64 60  882 906  121 118 

Exp. exhaust 

volume flow [l/s] 

 
7289 7351  6430 6527  10266 10415  1937 1966 
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In the table, three cases for toluene and one case for cyclopentane are seen. These cases 

represent the output from Lai et al. where subcritical cycles without superheat are employed. 

From the table it is evident that this study’s model output reproduces the output from Lai et 

al. very well. The largest relative deviations are seen for the expander supply volume flow 

rate. This is seen in the second toluene case Lai et al. predicted 64 liter per second while this 

model has an output value of 60 liter per second. This is equal to a relative difference of 5.5 

percent and the largest relative deviation seen in the comparison. Lai et al. solved their 

equations with PC-SAFT’s equations of state (Lai et al., 2011). In this study NIST provides 

the equations of state and it is likely that the differences between the models are a 

consequence of that (E.W. Lemmon, 2007).  

 

The net output power in the model presented by Lai et al. is significantly higher than what 

this study’s model is intended for. Nevertheless, the system of energy balance equations is 

still valid and therefore the comparison can be justified.     

 

Tchanche investigated the performance of approximately 20 working fluids, for applications 

in small-scale solar driven ORCs. The study concerns low-temperature solar applications but 

its main focus is on the screening process of the fluids. This makes it interesting in this study 

as well, especially since Tchanche treated both water and methanol along with several 

refrigerant fluids. (Tchanche, 2010) 

 

To be able to assess the accuracy of the model, minor adjustments are made to match 

Tchanche’s inputs.  Both the water and methanol case deliver 2 kW electric outputs and have 

no superheating. Also, the pump efficiency is set to 80 percent, the isentropic expansion 

efficiency is 70 percent and the mechanical expansion efficiency is 63 percent for both cases. 

The operating pressures are presented in Table 3. From these inputs, six outputs are calculated 

and compared to the results gained by Tchanche. This comparison is shown in Table 4. 

(Tchanche, 2010) 

Table 3 Model validation input parameters for methanol and water (Tchanche, 2010) 

Case Fluid Evaporation 

pressure [bar] 

Condensation 

pressure [bar] 

1 Methanol 1.51 0.38 

2 Water 0.28 0.05 

 

Table 4 Model validation output values for methanol and water (Tchanche, 2010) 

  Case 1  Case 2 

Parameter  Tchanche Model  Tchanche Model 

Thermal 

efficiency [%] 

 
4.845 4.83  4.899 4.92 

Mass flow rate 

[kg/s] 

 
0.034 0.035  0.016 0.0163 

Evaporating 

power [kg/s] 

 
41.14 41.42  40.81 40.61 

Exp. exhaust 

quality [%] 

 
95.2 95.3  94.9 94.99 

Exp. supply 

volume flow [l/s] 

 
19.76 19.48  67.86 68.16 

Exp. exhaust 

volume flow [l/s] 

 
93.36 91.87  392.5 435.6 
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The deviations seen in the table indicate that the numbers consist very well with the literature. 

In average, the disparity is one percent between the current model and Tchanche’s model. 

However, one point has a major difference of 11 percent and this is the volume flow rate at 

the expander outlet. Both models are calculated by thermodynamic data from NIST, but the 

relatively large difference of 11 percent in the volume flow might be because of variations of 

density (E.W. Lemmon, 2007). Small changes in for example the temperature of the fluid at 

the expander outlet leads to relatively large differences in density and thereby also in the 

volume.  

7.2 Block 1: Fluid selection 
Among the 102 fluids subject for evaluation only 20 have a freezing point lower than -30 C 

and are liquid at normal conditions. Alcohols, alkanes, siloxanes, a few refrigerants and 

acetone compose the working fluid candidates after the first selection step. In the second step 

the refrigerants are excluded due to current and future prohibitions of HFC and HCFC (Dincer 

and Kanoglu, 2010). The siloxanes are excluded due to their high reactivity. Ethylbenzene 

and m-Xylene are excluded since they are carcinogenic. 

 

After the three first steps in the selection process there are only 12 fluids left. Consequently, 

the thermodynamic performance of these fluids is investigated. Water is reintroduced as a 

reference. The ideal cycle model produces condenser UA-values and cycle thermal 

efficiencies at operation conditions specified in Appendix C. In Table 5 the fluids subject to 

this comparison are listed along with their optimal operation pressures with regards to cycle 

efficiency and condenser UA-value. 

 

Table 5 Optimal operating pressures for the investigated fluids along with their condenser UA-value and overall cycle 

efficiency 

Fluid Evaporating 

pressure [bar] 

Condensing 

pressure [bar] 

Condenser UA 

[W/K] 

Thermal efficiency 

[%] 

Water 30.0 2.9 130.8 16.9 

Toluene 30.0 6.8 138.8 11.0 

Acetone 30.0 4.9 190.8 14.7 

Methanol 30.0 3.3 207.6 15.6 

Ethanol 30.0 3.8 194.4 13.8 

Cyclopentane 30.0 6.1 209.0 12.9 

n-Hexane 25.1 6.0 221.8 10.1 

n-Heptane 23.7 6.0 206.9 8.7 

n-Nonane 20.5 5.7 186.4 7.1 

n-Pentane 25.0 5.4 296.8 11.7 

Isohexane 24.1 6.0 246.8 10.0 

n-Octane 24.3 6.9 200.4 7.2 

Isopentane 27.0 6.5 314.0 11.3 

 

In order to rank the fluids two non-dimensional parameters are introduced based on the 

condenser UA and thermal cycle efficiency. The parameters in Table 5 are normalized with 

the best UA and thermal efficiency among all fluids and operating pressures. Water provides 

both of these; the UA reference value is 128.1 W/K obtained at a condensing pressure of 4 bar 

and the cycle efficiency reference value is 18.1 percent obtained at a condensing pressure of 

1.1 bar. The normalized condenser UA-value and cycle thermal efficiency are listed for all 

fluids at their optimum operation pressures in Table 6. 
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Table 6 Non-dimensional ranking parameters evaluated at the investigated fluid’s optimum operating pressures 

Fluid Non-dimensional 

condenser UA [%] 

Non-dimensional 

thermal efficiency [%] 

Sum [%] 

Water 98.0 93.3 191.3 

Toluene 92.4 60.7 153.1 

Acetone 67.2 81.0 148.2 

Methanol 61.8 85.7 147.5 

Ethanol 65.9 76.2 142.2 

Cyclopentane 61.3 71.1 132.5 

n-Hexane 57.8 55.9 113.7 

n-Heptane 62.0 47.7 109.7 

n-Nonane 68.8 39.2 108.0 

n-Pentane 43.2 64.7 107.9 

Isohexane 51.9 55.1 107.1 

n-Octane 64.0 39.9 103.9 

Isopentane 40.8 62.1 103.0 

 

In Table 6 the remaining fluids are ordered according the sum of the two non-dimensional 

parameters. Water is the indisputable winner but cannot be utilized due to its high freezing 

point. Although the references for the non-dimensional UA and efficiency origin from water 

the sum is not 200 percent. This indicates that the highest efficiency and lowest UA are 

achieved at different operation pressures. It is actually valid for all of the fluids, since the 

efficiency is rewarded for high pressure ratios in the ideal model according to the Carnot 

efficiency. On the other hand, the condenser UA is penalized by a high pressure ratio since a 

lower condensing pressure for example means a lower condensing temperature and thereby a 

lower driving force for cooling. 

 

Water is superior compared to the other fluids due to two reasons. As mentioned the high heat 

source temperature enables efficient steam cycles. Furthermore, at the considered pressure 

levels the saturation temperature of water is higher than for most of the other fluids. Thus, the 

temperature difference between the working fluid and ambient air is high for water. This high 

driving force for cooling in combination with a low condensing power leads to a low 

condenser UA for water.   

 

The alcohols and acetone are ranked higher than all of the alkanes. All of them have a 

comparably high thermal efficiency while the UA-values are significantly poorer than for 

toluene and water. Among the five best fluids, water included, toluene is the only dry fluid. 

To further compare the fluids, other characteristics of the fluids are considered such as health 

aspects for example. All of the five fluids have a flammability rating of 3 and reactivity rating 

of 0 according to NFPA. Concerning the toxicity there are differences. Toluene has a rating of 

2, while ethanol has 0 and the other top five fluids 1. Nevertheless, these aspects cannot 

exclude any of the fluids at this stage. 

 

In order to maintain a high fluid diversity in the continued modeling process some additional 

fluids are included together with the highest ranked ones. As mentioned, dry fluids have the 

advantage of not posing any risk for liquid formation in the expander. Therefore, two of the 

highest performing dry fluids are proposed: the aromatic hydrocarbon toluene and the alkane 

cyclopentane. Water serves as a reference throughout the calculations in this study due to its 

superior properties. Two wet fluids are also proposed: the top-ranked acetone and a mixture 

of methanol-water. The latter fluid is not included in the performance analysis but its 
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constituents are evaluated separately and both are ranked among the top five. Methanol is 

fully miscible with water and the mixture’s freezing point is a function of the concentration. 

The considered concentration is 40 percent by weight and is sufficient to lower the freezing 

point below -30 ºC. Furthermore, the flammability of the mixture is lower than for pure 

methanol (Vidal et al., 2006). It is assumed that the thermodynamic performance of the 

mixture is similar to the pure constituents and could thereby be labeled as suitable. The 

proposed fluids are summarized in Table 7. 

 

Table 7 The proposed fluids for the investigated cycle together with freezing point and hazard rating 

Fluid Freezing point 

[°C] 

Toxicity Flammability Reactivity 

Water-Methanol* -95 1 3 0 

Acetone -94 1 3 0 

Toluene -40 2 3 0 

Cyclopentane -95 1 3 0 

Water** 0 - - - 

*  40%-wt. methanol, NFPA rating for pure methanol 

** Reference 

 

The question whether the two performance parameters actually indicates the size of the 

components remains unanswered until the more realistic model is developed. While the 

reasoning about the importance of the thermal efficiency can be considered intuitive, the 

importance of the condenser UA-value might be more difficult to comprehend. For instance, 

if the overall heat transfer coefficient varies significantly between the different fluids the UA-

value is a weak indicator of the actual condenser size. However, many handbooks suggest that 

the overall U-value for air-cooled condensers is similar regardless of fluid (Couper et al., 

2005b, Serth and Lestina, 2014). One of them actually neglects the differences as a rule of 

thumb in the heat exchanger design process (Couper et al., 2005a). Therefore, these ranking 

parameters should give an estimation of the size requirement. 

7.3 Block 2: Component selection 
The component selection process is based on commercial products in order to find suitable 

components for the ORC system. The technology for each component is determined by 

literature reviews and for further information such as size and efficiency, a specific 

manufacturer is selected to represent the whole technology. In Table 8 the suggested 

technology is presented along with its manufacturer and normal area of application. 

 

Table 8 The suggested technology for each component in the system together with normal application and manufacturer 

Component Type Application Manufacturer 

Generator Synchronous AC Block heaters Heinzmann 

Expander 
Scroll HVAC Air Squared 

Piston Model aircraft YS Engine/OS engine 

Condenser Condensing/steam coils HVAC Luvata 

Pump Axial piston Hydraulic Parker 

Evaporator Catalytic combustion 
Water/air/gas heating and 

steam production  
Catator 

 

It is beneficial to base the selection on commercial products since available components 

enable a faster and simpler realization of the item. Although, this invokes a generalization of 
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the technologies that might be unfavorable since the products’ characteristics can actually 

differ significantly among the manufacturers. To emphasize; the results from the component 

selection process is to recommend a specific branch of technology.   

 

7.3.1 Generator 

The proposed generators are synchronous generators from a German manufacturer. Six of 

their smallest generators cover the right capacity range and deemed appropriate due to their 

compact design and rotational speeds that are not too high (Heinzmann, 2015). AC generators 

are most common and almost all electrical appliances run on alternate current. So is the case 

with the fan and the pump that are both required in the system, this makes it a straight forward 

task to choose an AC generator.  

 

The size, volume and efficiency of these generators all increase with the electric power 

output. From the wanted power output one of the six generators are selected. This means that 

no parameterization is needed to calculate the size since a real generator is always selected 

hence volume and weight is taken directly from product data. The efficiency is dependent of 

the rotational speed as a quadratic function. Also, the efficiency increases with the size of the 

generator. A function for the efficiency is developed from the basis of a simplifying 

assumption that the efficiency is only dependent of the electric power provided by the 

generator. From this, a linear equation can be developed within the power range of 0.1 to 3 

kW where the efficiency increases from 75 percent to 95 percent.  

 

Other characteristics given to the cycle from this component is the boundaries for the 

rotational speed. The allowable range is between 1500 rpm to 4500 rpm for some of the 

generators and 6000 rpm for the rest. However, special concern is needed for the minimum 

limits for the rotational speed. This is because of the gaps in output power that occurs with the 

given set of generators. Figure 12 represents all of the generators and their variations in output 

depending of the rotational speed. This shows how the efficiency for one generator peaks at 

one rotational speed in the middle of the range. Also, the figure illustrates the gaps in output 

power, these emerge between generator 1 and 2 and between number 5 and 6. A small gap 

also exists between generators 3 and 4 but this gap is smaller than the resolution for the output 

power (0.1 kW) which means that nothing needs to be done for this particular case. 
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Figure 12 Representation of the six generators’ performances and ranges of rotational speeds  

As described in the methodology section, allowing the minimum rotational speed to decrease 

below 1500 rpm covers the gaps. In Table 9 the generators are labeled by their product names, 

for each of them the corresponding weight, volume and efficiency are presented. 

Additionally, the original limits alongside with the new modified limits for the rotational 

speed are presented.  

 

Table 9 Specifications for the suggested generator 

No. Product 

name 

Power 

range [kW] 

Weight 

[kg] 

Volume 

[liter] 

Efficiency 

range [%] 

Max rpm Min rpm/modified 

rpm 

1 PGS060F 0.1−0.3 1.5 0.8 75.0−76.2 6000 1500 

2 PGS080 0.4−0.6 3.8 2.1 76.9−78.7 6000 1500/1000 

3 PGS100F 0.4−0.7 5.5 3.8 77.3−79.2 4500 1500 

4 PGS100 0.8−1.5 7.2 4.1 79.5−85.0 6000 1500 

5 PGS120F 1.2−1.8 10.0 6.7 82.6−86.9 4500 1500 

6 PGS120 2.0−3.6 12.3 6.6 88.1−99.2 6000 1500/1300 

 

The increase in weight and volume is not equally steep for the whole range but is declining 

for the larger generators. In other words this means that for the larger generators, the size does 

not need to increase as much for a given increase in power output. This is explained by the 

simultaneous increase in efficiency.  

 

7.3.2 Expander 

The ORC requires a high pressure ratio in order to have sufficiently high thermal efficiency, 

all in line with Carnot. The different ratios in this case are between 30 and 4 and to be able to 

operate within the current range, a positive displacement expander is beneficial. They are also 

considered more suitable in ORCs with small power outputs. By investigating current 
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research about ORCs; scroll and piston expanders are considered most suitable. Scroll 

expanders are more frequently discussed in previous research of ORC and due to their 

working principle of continuous rotation they have potential to be quiet and vibration free. 

Pistons are interesting because they are also appropriate for high pressure ratios. Moreover 

they are commercially available in small sizes.  

 

Scroll machines are quite new on the expander market and almost all existing scroll expanders 

are modified compressors. One of few scroll-expander manufacturers present three different 

scroll expanders for ORCs operated with two different refrigerant medias that provide; 1, 5 

and 10 kW in nominal power. Their maximum rotational speed is 3600 rpm (Air Squared, 

2015). The volume of the expanders is calculated by drawings provided for each of the 

products, the weight however is only provided for one of the machines. A constant mass-to-

volume ratio is therefore assumed for all three machines, and the weights are calculated for 

the remaining two. The weight and volume equations are put together as functions of the 

displacement volume. The trend is almost linear but is matched by a second degree 

polynomial which gives a perfect accuracy for the coefficient of determination equal to one. 

The plots of volume and weight and their corresponding trend curve can be seen in Figure 13. 

 

 
Figure 13 Volume (a) and weight (b) functions of the scroll expander 

 

As mentioned, the three points in the figures correspond to 1, 5 and 10 kW nominal power 

and 12, 74 and 155 cm
3
/rev in displacement volumes. However, these specifications are for 

their operation with another working fluid than what is intended in this study. Their power 

output is therefore not representative to this desired power output, which also is much lower 

than their specifications. Because of this, the displacement volume is considered instead of 

the power outputs since this could be seen as a geometrical aspect of the expanders. 

Nevertheless, the displacement volumes in this study will likely need to be much smaller than 

12 cm
3
/rev since the mass flows are small. Therefore, an extrapolation of the curve in Figure 

13 is required in order to yield a size output for all cases. Furthermore, it is seen that 

according to the current relations for volume and weight, it would not be possible to build a 

scroll expander smaller than 12 liters and 7 kg. This is of course due to the size of the 

expander’s additional parts such as the casing.  

 

The same manufacturer that provides the three expanders has also developed the world’s 

smallest scroll compressor for air compression. It is developed to provide small capacity; 

lightweight and noise free appliances and will function as an expander if driven in reverse. 
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The size of the mini-compressor is 5 cm diameter and 7 cm long which corresponds to 0.14 

liters(Air Squared, 2011). This is comparably smaller than the other expanders and it is 

therefore likely that expanders can be manufactured with smaller displacement volumes than 

what is indicated in the figure. With support from this, the displacement volumes are allowed 

to a minimum of 3 cm
3
/rev in the modeling process in this study and it is likely that the 

estimations of the sizes of these are somewhat over-estimated.  

 

The pistons selected for the analysis are internal combustion engines for model aircrafts. Two 

different manufacturers are found upon whose products the parameterization has been 

conducted. The relations are assumed to be linear and the equations of the mass are based on 

both manufacturers engines, the volume however is only based on the data of one of them 

(OS Engines, 2015, YS Engines, 2010). The volume and weight parameterizations can be 

seen in Figure 14. 

 

 
Figure 14 Volume (b) and weight (b) functions of the piston expander 

The suitability of piston expanders is confirmed in other studies; however they normally 

concern bulky equipment and not this type of model aircraft engines. The potential in this 

type of piston is that it is extremely small which is beneficial for two different reasons. 

Firstly, it helps to keep the bulk volume of the whole system down. Secondly, the small 

displacement volumes yield higher rotational speeds which in its turn increase the efficiency 

of the generator.  

 

The aircraft engines points out that it is possible to build small and lightweight pistons. 

Nonetheless, the main concern for this technology in an ORC application is that the working 

fluids are heavier and more viscous than the product gases in an ICE. This will in turn cause a 

lower rotational speed which, for a specific power output, will lead to a higher torque on the 

crankshaft. It should be pointed out that the practical range of the pistons’ rotational speeds 

are given somewhere around 2000 – 18000 rpm. This differs a lot from the speeds achieved in 

this application, where 6000 rpm is the maximum value allowed, but rotational speeds below 

2000 rpm is common. This indicates that the design of these particular pistons is not intended 

for this application and might not be strong enough for it. The risk is thereby that these 

engines need to be redesigned for another working media and will likely not be as small. 

 

To follow up on the durability discussion it should be said that the structural integrity is not 

evaluated for any of the components in the system. Although, regarding all other components, 

the commercial application is the same or very similar to the application for which it is 
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intended in this study. This does not apply for the piston and a thorough analysis of its 

durability in the given application is deemed to be crucial before further studies are 

performed.  

 

7.3.3 Condenser 

Air conditioning units that heat the air by condensing a working fluid are provided by the 

condenser manufacturer. However, this application does not aim to condition the air but rather 

to condense the media within the component. The specific product among their variety is 

chosen by using their own selection software. Two of the working fluids for this project are 

represented in the software, namely cyclopentane and water. The results from these two fluids 

are assumed to represent all other dry and wet fluids respectively. For a number of different 

operation cases for the cycle, the respective cooling loads are used as inputs in the software. 

Controls are made simultaneously that the velocity of the air is within the recommended 

values of 3 – 4 m/s. The output from each simulation gives both weight and volume as well as 

pressure losses and the required airflow for the cooling. (Luvata, 2015, Coils selection 

software) 

 

From the simulations that are made, the electricity requirements are calculated from the 

pressure losses and air flows according to equation(15) (Gill, 2008). This is taken in relation 

to the electrical net power output and it is seen that the fan electricity percentage varies from 

below 1 percent up to 7 percent. The average relative fan consumption is 2 percent of the net 

power output and therefore this is applied in the model.  

 

 
0.65

air air
fan

V p
W


  (15) 

 

Three factors that affect the condensing power are evaluated: the net power output, the 

condensing pressure and the temperature of the ambient air. At the first stage of the 

evaluation, the normal temperature of 20 ºC is assumed to be constant. Nine combinations of 

the condensing pressure and output power are investigated for each expander type and fluid. 

The operational range for the condensing pressure is between 1 and 7 bar and the output 

power between is 0.1-3 kW. The selected examination points are evenly distributed within 

these ranges which mean 2, 4 and 6 bar and 0.58, 1.55 and 2.52 kW. The results from this 

analysis are shown in Figure 15 and Figure 16. 
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Figure 15 Results for scroll expander. Volume (a) weight (b) of the condenser for three different condensing pressures and 

power outputs  

 
Figure 16 Results for piston expander. Volume (a) weight (b) of the condenser for three different condensing pressures and 

power outputs 

 

In the bar graphs it is noticed that the three bars corresponding to a certain power output is 

equally high, regardless of the pressure. The three bars seem follow each other in a stepwise 

manner when the output power is increased. From this it can be concluded that the 

condensing pressure does not affect volume or weight of the condenser significantly. The 

electric net power output has a much larger impact on the sizes. A few minor discrepancies 

exist for some cases when the size seems to increase significantly with respect to the 

surrounding points. Two possible reasons for the quick size increase is 1) the cooling demand 

increased above the deliverable level for the current product a bigger one has to be selected or 

2) the air velocity is outside its limits and a larger condenser is needed to reduce its speed. 

Both of these scenarios require a change in geometry which gives the rapid change of size. 

 

The latent heat of condensation of a fluid decreases with an increased pressure. Intuitively this 

would mean that a higher condensing pressure always leads to a decreased cooling demand in 

a power cycle. Theoretically this is true if the mass flow in the cycle is constant. However, if 

so is the case, the power output would vary significantly. In this model, the mass flow is 

adapted to always provide the desired net output. Consequently, with the electric net power as 
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a fundamental quantity, the increased mass flow outweighs the decreased heat of 

condensation that comes with higher pressures and the cooling requirement increases. Hence, 

an increase in condensing power does not necessarily mean an increase in condenser size. 

However, an elevated condensing pressure also leads to a higher temperature difference 

between the ambient air and the working fluid. Thereby the driving force for heat transfer is 

also increased.  

 

At this point, two of the three previously mentioned factors that affect the condenser size are 

evaluated; the output power and the condensing pressure. A strong relation is seen that an 

increased power output also brings a higher condensing power requirement. Furthermore it is 

noted that the increase in condensing pressure also yields a higher cooling requirement. 

However this increase is not by far as large as the previous. The air flow rate affects the 

cooling capacity of a specific condenser. Thus, for small alterations in the cooling demand, 

such as the change caused by varying condensing pressure, one single condenser can provide 

the desired cooling capacity by changing the air flow rate. In reality this would lead to 

different fan electricity requirements, however this is assumed as a constant percentage of the 

electric net power output as previously described.  

 

The third factor influencing the condenser’s size and power is the ambient air temperature. 

This is evaluated with a starting point in a simplified heat exchanger equation, see 

equation(16). 

 

 ( )cond cond ambQ UA T T    (16) 

 

The equation is idealized in the sense that the ambient air is assumed to have the same 

temperature as the working fluid after the heat exchange. The first step is to assume that the 

volume and mass are proportional to Q. This can be justified by the fact that Q is proportional 

to the heat exchanger area, A, according to equation(16). Moreover, considering a specific 

state point the mass and volume are proportional to each other. The volume of the condenser 

is proportional to A according to Lee and hence the mass and the volume are proportional to 

Q (Lee, 2010). The purpose of this reasoning is to realize that the size of the condenser 

thereby could be expressed as a constant multiplied by the right hand side of equation(16). 

The logical sequence is expressed according to: 
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The results state that for a constant ambient temperature an increase in the condensing 

pressure yield no change in size. A constant size also means a constant heat exchanger area 

and hence, the result must be yielded by a decrease in the U-value. Subsequently, the U-value 

is assumed to only depend on the condensing temperature and not the ambient temperature. 

This means that for a specific condensing pressure and output power, Tcond, U and Q are 

constant and the only variants are the ambient temperature and the heat exchanger area. Thus, 

the only impact on the condenser size for this operation point is the ambient temperature. The 

impact of the ambient temperature is that a higher temperature will give a larger heat 

exchanger area. This is consistent with theory since the temperature difference between the 

medias is the driving force for the heat exchange and the larger it is, the better the heat 

exchange will be and the lesser the surface is needed. Additionally, this reasoning implies that 
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the size calculations for the fluids not included in the simulation software can be estimated 

from the relations generated by water and cyclopentane.  

 

In conclusion, the condenser size is mostly affected by the electric net power output and 

ambient temperature. Therefore, the condenser size curves are parameterizations in the form 

of polynomials instead of surfaces. The size and weight are functions of the average cooling 

capacity for the three pressure levels. Also, the cooling capacity that is used as the input in the 

size calculations is weighted by the ambient temperature. 

 

As for the equations, linear fits are sufficiently good for both volume and weight and an 

equation for pistons and one for scrolls are developed for water and cyclopentane 

respectively. 

 

7.3.4 Pump 

The main challenge for the pump in this system is to be able to provide the required pressure 

increase whilst working with a small fluid flow. The suggestion is in this case a miniature 

hydraulic piston pump. Such pumps are intended for oil pumping, but also exist for less 

viscous fluids such as in this case (Parker Hannifin Corp, 2015). The boundary conditions of 

the suggested pump are summarized in Table 10. 

Table 10 Operating limitations of the suggested pump 

Pressure 

[bar] 

Displacement 

[cm
3
/rev] 

Fluid temperature 

[°C] 

Kin. viscosity 

[mm
2
/s] 

Rotational 

speed [rpm] 

≤276 0.156−0.865 -40−149 ≥ 1 1200−3500 

 

The majority of the possible operational cases for the cycle are within the ranges presented in 

the table. Some extreme values do however end up outside the pump’s restrictions. The 

volume flows that the pump can handle can be calculated by multiplying the displacement 

volume and the rotational speed, consequently they should be between 0.2 and 2.6 lpm. For 

the 0.1 kW case, water and the water-methanol mixture have volume flows of 0.02 and 0.11 

lpm, both smaller than allowed. When increasing the power output, the volume flow increase 

above 2.6 lpm in several cases for all fluids except water and water methanol.  

 

Also, the temperature of toluene amounts to as much as 196 ºC during the worst case scenario 

of 7 bar condensing pressure. Furthermore, at condensing pressures of 7 bar the kinematic 

viscosity of toluene (0.6 mm
2
/s), acetone (0.7 mm

2
/s) and cyclopentane (0.7 mm

2
/s) is smaller 

than the minimum value of 1 mm
2
/s. Actions are taken to address the issue of too large 

volume flows by introducing one more pump in parallel to increase the fluid flow (Mory, 

2013). The other violations of the values in the pump’s recommended ranges are not being 

considered but recommended to further investigation. This miniature axial piston hydraulic 

pump is still considered to be appropriate since it matches the majority of all operational 

cases, the extreme values in the cycle that violate can be designed for or those operational 

cases can be avoided. 

 

There are two main concerns for this hydraulic pump model; firstly the current pump is 

designed for open systems which will cause problems in the closed system in this study. 

Secondly, the lubrication characteristics for the fluids in this study are poor in comparison 

with oil. However the overall characteristics of the pump match very well with the operational 

demands of the cycle, wherefore it is recommended with the assumption that an equivalent 

closed-cycle pump can be constructed.  
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The size of the pump is constant regardless of the cycle’s operation; 2.1 liters and 2.8 kg 

including the electric motor. For some cases two pumps are required. 

 

7.3.5 Evaporator 

The evaporator design is performed by a Swedish manufacturer based on operational 

characteristics such as mass flow, heating demand, input and output temperature and pressure. 

Their products are catalytic combustion boilers which enable a very compact design and fuel 

flexibility. (Catator, 2015) 

 

The required combustion for the evaporator is provided by a fan which normally requires 

around 30 to 50 W electric power (Silversand, 2015). In percentage of the net power output of 

the system this is comparative to the fan used for the cooling on the condenser side but in 

contrast to the condenser fan, the evaporator fan is neglected. 

 

 

An initial investigation results in a better cycle performance for higher evaporating pressures. 

Because of this, the boiler’s maximum pressure of 30 bar is used in all cases. Three cases are 

investigated for each fluid; inputs corresponding to 0.1, 1 and 3 kW electric power output. For 

each case the required number of plates, the total volume and weight and the efficiency of the 

boiler are evaluated. 

 

It is noted that Methanol has the highest efficiency and Toluene has the lowest. For the 

volume and weight all fluids require the same sizes for the three power outputs, except for 

toluene which need to be larger. Due to the closely located curves it is chosen to put together 

an average curve that represents all fluids. The average curves are shown in Figure 17 and 

Figure 18. 

 

 
Figure 17 Volume (a) and weight (b) of five working fluids and the curvefit of the average  
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Figure 18 Efficiency of five working fluids and the curvefit of the average 

 

The volumes vary between 0.5 to 4 liters and the mass of the boilers varies between 0.5 to 4.3 

kg. The boiler is evidently very compact and will not be a critical component for the overall 

size of the ORC engine. 

7.4 Block 3: Modeling 
Numerical results are generated in this section, for the standard scenarios that are considered 

to be default. This does for example concern a fixed evaporating pressure, superheat and 

ambient temperature to name some. The other default parameters have been defined in the 

report and if not otherwise stated those parameters are used to produce the model output. The 

default parameters are summarized in Table 11. 

 

Table 11 Default model parameters for the results in the current section 

Parameter Value 

Evaporating pressure [bar] 30 

Operating time [h] 1 

Ambient temperature [°C] 20 

Degree of superheat [°C] 20 

Isentropic efficiencies [%] 20 

Mechanical efficiencies [%] 85  

Pump motor efficiency [%] 85  

 

The influence on the cycle performance and the size that the operating conditions and the 

different working fluids lead to is investigated. It is assumed that the overall cycle efficiency 

is correlated to the total size of the components. In Figure 19 the thermal efficiency of the 

cycle is seen as a function of the condensing pressure. Two cases are seen; one equipped with 

a scroll expander and the other with a piston expander. Both cases are evaluated at a net 

electric output of 3 kW. 
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Figure 19 Thermal efficiency as a function of the condensing pressure for (a) scroll expander and (b) piston expander 

 

From Figure 19 it is evident that the maximum cycle efficiency is achieved for piston 

expanders at the lowest possible condensing pressure, independent of fluid. Considering scroll 

expanders the thermal efficiency is decreasing at an accelerating rate for water and water-

methanol. The three other fluids have an optimum efficiency at 2 or 3 bar. However, it is 

likely that water and water-methanol have an optimum if the condensing pressure range is 

extended even lower. According to the ideal theory of Carnot the efficiency curves are 

supposed to be decreasing convex functions. However, the efficiency curves for the scroll 

expanders are quadratic functions; increasing in some regions and decreasing in others. This 

has to do with the volumetric efficiency of the expander which is restricted by the built-in-

volume ratio. For scroll expanders the maximum built-in-volume ratio is 4. The curves are 

indicating that the volumetric efficiency of the scroll expander is low in the increasing 

regions. The optimum condensing pressure occurs at different condensing pressures because 

of fundamental differences of the fluids. For water and water-methanol the volume ratio of 

the expansion is approximately 20 for evaporating and condensing pressures of 30 and 1 bar 

respectively.  At the same operating pressures the volume ratio of expansion is close to 40 for 

the other fluids. Consequently, the volumetric expansion efficiency increases when the 

condensing pressure is increased, since the volume ratio of the whole expansion process then 

decreases. Thus, the thermal efficiency of the cycle is a trade-off between a high efficiency of 

the expander and a high Carnot efficiency. 

 

The same reasoning applies for piston expanders even though that the shape of the curves are 

different. For cyclopentane, acetone and toluene the thermal efficiency curves are flattening 

out for condensing pressures of 4 bar and above. From that point, the shape of the curves 

follows the Carnot efficiency. This indicates the volumetric efficiency is 100 percent for 

pressures above 4 bar and thereby does not affect the shape of the curves. For condensing 

pressures lower than 4 bar the cycle efficiency is determined from the trade-off mentioned 

before. The piston curves for water and water-methanol are decreasing convex function 

similar to the shape of Carnot efficiency curves. Of course, the absolute values are lower than 

Carnot due to other efficiencies included in the model but those are independent of the 

condensing pressure. Thereby it can be concluded that the volumetric efficiency is close to its 

maximum for those two fluids. 
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Another interesting observation is that the piston expander is the most suitable for acetone, 

cyclopentane and toluene independent of condensing pressure. For water and water-methanol 

the piston expander provides the highest thermal efficiency at condensing pressures lower 

than 4 bar. At higher condensing pressures the scroll expander is the most favorable. 

Furthermore, these results are independent of the electric net output. In Figure 20 the thermal 

efficiency is seen as a function of the electric net output. 

 

 
Figure 20 Thermal efficiency as a function of the electric net output for a cycle with (a) scroll expander, (b) piston expander 

 

For higher condensing pressures the result is similar; the fluids’ curves never cross each other. 

Thus, it can be concluded that the fluid that provides the highest thermal efficiency is water, 

independent of electric net output and condensing pressure. Since water only serve as a 

reference fluid, the second best fluid, water-methanol, is considered to be the most suitable 

with regards to the cycle thermal efficiency. However, the main objective of this report is to 

assess the size of an actual system. It is assumed that the size is proportional to the thermal 

efficiency. This assumption is confirmed in Figure 21. 

 

 
Figure 21 Estimated size of the system (a) weight, (b) volume 

 

Firstly it can be observed that the shapes of the curves in Figure 21 are very similar; the order 

of the fluids is the same and the trends in the two graphs resemble each other. Additionally, 
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the trends in the size curves can be traced back to the corresponding thermal efficiency curves 

seen in Figure 19. Acetone, cyclopentane and toluene have distinct minimum points at 2, 2 

and 3 bar respectively. These minimum points are corresponding to the points of maximum 

efficiency seen above. Furthermore, the water-methanol mixture presents an increasing size 

with the condensing pressure – inversely proportional to the curve for thermal efficiency. For 

lower electric net outputs the result is the same.  

 

The rotational speed of the expanders is a function of the working fluid mass flow and the 

displacement volume of the expander. The displacement volume is restricted to a range 

corresponding to real products. However, there are no restrictions on the rotational speed for 

piston expanders in the model despite the specified range is between 2000 and 18000 rpm. 

For electric net outputs lower than 0.4 kW, independent of fluid, condensing pressure and 

expander type, the rotational speed of the expander is lower than 2000 rpm in general. 

Furthermore, the expander-generator selection algorithm tend to favor expanders in the lower 

part of the allowed displacement range. Pistons with small displacements are designed for 

rated speeds around18000 rpm. In this study, the rotational speed is more in the range of 2000 

rpm. Thus, it is likely that torques higher than the material allows would be delivered to the 

crankshaft if a piston expander was utilized. Concerning scroll expanders no minimum 

rotational speed is specified by the manufacturer and the maximum rotational speed is 3600 

rpm. Thereby, the scrolls provide a more robust solution. Another advantage is that scroll 

compressors, that can be rebuilt to function as expanders, are developed for similar 

applications: heat pumps. In contrast to pistons, commercial scrolls are adapted to fluids and 

pressure levels similar to those of concern in this report. 

 

For different operational cases in electric net power output or condensing pressure, both 

performance and size of the cycle are influenced. In fact, their results are connected in the 

way that if a fluid’s cycle performance is high the total size of the device will be small and 

vice versa. Concerning the actual performance of the working fluids, water-methanol presents 

the best results. In general, the thermal efficiencies are in line with the Carnot efficiency. 

Also, the volumetric efficiency of the expander has little impact on the thermal efficiency but 

can explain the small deviations from Carnot. For most of the cases a piston expander 

provides the highest thermal efficiency. However, there are doubts whether small piston 

expanders can operate at the low rotational speeds required for this application and thereby 

the more robust scroll technology is suggested.  

 

7.4.1 Total size 

The size evaluation is a crucial part of this study. In this section the physical size is evaluated 

for different power outputs. The proportion of each component in relation to the system’s 

total size is also evaluated. Firstly, one way to visualize the weight of the machine is to relate 

it to the power output by calculating the power-to-weight ratio. In Figure 22 this is plotted for 

the recommended case, water-methanol with a scroll compressor. 
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Figure 22 Power-to-weight ratio for a function of the electric net output for a system with water-methanol and a scroll 

expander 

In quantitative figures the weight increases from 18.7 to 41.6 kg which is a little more than a 

twofold increase. The power on the other hand increases from 0.1 to 3 kW. Looking at these 

two factors combined, a significant power densification is seen. The highest power density is 

72 W/kg which is a figure that is nearly competitive with existing ICEs, this will be further 

touched upon in the section 7.6 Comparison to commercial ICE generators. However it 

should be pointed out that this figure is a too optimistic since no packing degree, frame or 

piping is considered. Nevertheless, the power densification is explained by higher thermal 

efficiency for the high-power cases. This means that the size of the components does not need 

to increase as much to generate higher power. The curve for power-to-volume ratio has the 

same appearance as the power-to-weight ratio.  

 

The individual development of the volume and weight for the components is plotted as a 

function of power output. See Figure 23. 

 
Figure 23 Volume (a) and weight (b) of the system with water-methanol and a scroll expander 

 

For each component, the same overall shapes can be observed for both the volume and weight 

curves. The pump is constant since the same pump can provide the whole range. The 

evaporator and condenser sizes both have fairly linear increases with the power. The 
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generator weight increases much more than its volume, which is simply because it is a very 

dense product made of heavy materials. The peculiar shape of the expander size is due to 

variations in rotational speed and displacement volumes for the different power outputs. The 

size of the expander is a function of the displacement volume which varies with the rotational 

speed and therefore the size varies more than for the other components.  

 

The single-handedly heaviest component is the 3 kW-condenser which weighs about 12 kg. 

The 2 kW-expander occupies around 19 liters of space and is the bulkiest of the components. 

However, in order to understand whether its size is unreasonably big it is interesting to look at 

the proportion to the total weight and volume. Another interesting aspect is to investigate this 

proportion for the whole power range to see whether or not it is the same component that, in 

percentage terms, is largest for all cases. This is performed in Figure 24. 

 

 

 

Figure 24 Each component’s percentage of volume (a)-(c) and weight (d)-(f) for three different electric net outputs  

 

First of all, for the smaller power outputs the expander is the largest component, seen to both 

volume and weight. Secondly, the condenser is the largest component seen to both volume 

and weight for the 3 kW case. Consequently, the critical component is not the same for small 

and large power outputs.  

 



58 

 

To keep in mind is that all components increase in size for higher power outputs, except for 

the pump which is constant as previously shown. This is why its percentage decreases 

however its relative size is already small from the beginning. 

 

Furthermore, the generator weight is not to underestimate for higher power outputs where it 

amounts to as much as 29 percent of the total weight at 3 kW. For medium power outputs, 1.5 

kW, the weight is evenly distributed between generator, expander and condenser. The volume 

on the other hand is largest for the expander.  

 

When looking at 0.1 kW, the scroll expander has a very distinctive volume in comparison to 

the other components. It occupies 13 liter, which is more than three times as large as the 

condenser which is the second biggest component. To argue on behalf of this result, it is 

likely that its included parts have limits to how small they can be built, meaning that it is 

logical that the size cannot be reduced further. On the other hand, the size calculations for the 

scroll expander are the only calculations performed from extrapolated data and this might 

cause uncertainties.  

 

Another observation is that although the condenser is one of the largest components seen to 

both size and weight, it is not as large as expected. The type of condenser used in this study is 

a condenser coil which is normally used to heat air by condensing a working media. They are 

not generally used for this application wherefore the results are hard to verify in this case. As 

a comparison, regular air cooled condensers are significantly bigger than this particular one. 

This can be seen as an indication that the condenser size is underestimated have to be further 

investigated.  

 

A concluding remark is that two components exists whose sizes are significantly larger than 

the other components; the condenser and the expander. Secondly, for powers of 1.5 kW and 

higher the generator weight is nearly one third of the whole system. Finally, higher electrical 

power outputs yield higher power-to-weight ratios since the majority of the components have 

higher efficiencies for those cases. 

 

7.4.2 Reliable power range 

The investigated power range from 0.1 to 3 kW is a large interval that evokes big differences 

to the cycle’s operation. The results indicate higher efficiency of a cycle located in the higher 

power range. Moreover, research regarding ORCs for capacities as low as 0.1 kW is highly 

uncommon. In extension, this explains the difficulty of finding commercial components 

appropriate for those small systems. 

 

In order to produce results for all power outputs in the range of 0.1 to 3 kW, component data 

for the scroll expander and the generator are extrapolated. Extrapolations are more 

problematic for some components and the pump and expander are examples of this. For the 

condenser or evaporator a change in operation is easier, for example it can be achieved by 

changing the air or fuel flow. It is also reasonable to assume that a condenser or evaporator 

for a smaller capacity output is relatively easy to manufacture since it is mostly dependent of 

the heat surface. The manufacture of small displacement machines is more problematic since 

the demands of high structural integrity and low leakages are essential.  

 

As previously stated, the size of the expander is near proportional to its displacement volume. 

In this study the matching process of expander and generator is performed by a 

comprehensive algorithm, which includes the displacement volume of the expander. In Figure 
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25 the results from this process are visualized, and the expander displacement volume is 

plotted against the electric power output.  

 

 

Figure 25 Displacement volume as a function of the rotational speed for the generators in the model 

The appearance of several parallel lines with declining slopes can be observed in the diagram. 

Each line represents one of the six generators included in the study. Also notable is the 

declining trend for the points located on a single generator line. A higher power output cause 

for an increase in both mass flow and rotational speed. Although, the rotational speed increase 

more and since the relation between displacement and rotational speed is inversely 

proportional this appearance is caused. At certain points on the x-axis the output power 

exceeds the current generator capacity and a larger generator is required. It is also seen in 

these points of generator exchange that the displacement volume increases significantly. This 

is because the larger generator does not require as high rotational speed as the smaller one. 

The rotational speed of the expander can therefore be lowered and thereby the displacement 

volume increases. 

 

In Figure 25, gearing between the generator and expander is required in four cases; for 0.1 – 

0.2 kW and 1.6 – 1.7 kW. For the first case, the displacement volume is the limiting factor 

since the expander cannot match thee generator’s rotational speed because this would cause a 

displacement volume smaller than accepted. In the second case, for 1.6 and 1.7 kW the 

generator is the same as for 1.5 kW; however the matching algorithm cannot find a solution 

without gearing that matches all the criteria. To repeat the conditions that need to be fulfilled; 

the rotational speeds of both expander and generator need to be within the tolerable ranges, 

rotational speed and displacement volume for the expander must correspond to each other for 

the specific case, the displacement volume cannot be too small, the rotational speed must be a 

root to the specific generator curve and power output. All of these terms must be fulfilled 

otherwise a gear is introduced. 
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Returning to the discussion about the reliable range of solutions for the ORC in this study, the 

basis comes from the availability of the scroll expanders. The expander data is collected from 

an American manufacturer. Their smallest scroll expander has a displacement volume of 12 

cm
3
/rev. This is also considered the most critical component in terms of availability. Due to 

this, the operational range corresponding to 12 cm
3
/rev or more is evaluated and according to 

Figure 25 it is determined to 1.8 – 3 kW. 

 

As a conclusion, the power range should be within 1.8 – 3 kW for a realization of the system 

today. This is to ensure that the function and size provided by the model is achievable by 

available components. Below 1.8 kW the results should be seen as a specification of 

requirements for the manufacture of the components. Additionally it should be seen as the 

potential performance of the machine, presupposed that the components could be 

manufactured to those specifications.  

7.5 Sensitivity analysis 
As previously explained, some parameters are assumed or evaluated in different ways in order 

to work as a foundation for the cycle calculations. These are efficiencies for some 

components, the evaporating pressure, ambient temperature and the amount of superheat for 

the wet fluids. Of these parameters, four cases are interesting to evaluate more closely and 

this is the evaporating pressure, ambient temperature, pump and expander efficiencies and the 

degree of superheat.  

 

7.5.1 Influence of the evaporating pressure 

The upper pressure limit is set to 30 bar as default, in accordance with Carnot that states that a 

higher thermal efficiency is obtained with higher pressure ratio. The level of 30 bar is due to 

the limitations of the boiler. An interesting aspect to investigate is how the thermal efficiency 

is affected if the boiler’s pressure limit is disregarded. Thus, two scenarios are put together to 

evaluate higher and lower evaporating pressures than the case of 30 bar. The condensing 

pressure is 1.1 bar for all cases, and the thermal efficiency is evaluated for the whole range of 

electric power outputs.  

 

As previously concluded, pistons are more suitable than scrolls for higher pressure ratios due 

to larger built-in volume ratios. This can be compared to the idealized expander that is 

visualized in Figure 26b, where the built in volume ratio does not inhibit the expansion 

efficiency. In that figure, it is seen that the thermal efficiency of the system continue to 

increase for higher evaporating pressures, however with decreasing speed. In Figure 26a the 

actual system (with a scroll expander) is modeled with different evaporating pressures. 
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Figure 26 Thermal efficiency of the current system (a) and a system with an idealized expander (b) as a function of the 
electric output 

Three important observations are made from the figure. Firstly, the analogy with Carnot is 

confirmed by observing the trend in Figure 26b between high evaporating pressure and high 

efficiency. However, in Figure 26a this effect is reduced by a simultaneous reduction in 

expansion efficiency. More closely, according to Carnot the thermal efficiency would 

increase the further apart the pressure levels are. Nevertheless, the expansion efficiency is 

also affected by an increasing pressure ratio. The influence arises when the built-in volume 

ratio of the expander is exceeded, then the expansion efficiency quickly deteriorates with 

increasing pressure ratios. In other words, an increase in the pressure ratio acquires a trade-off 

between higher Carnot potential and less efficient expansion. The further away the from the 

built-in volume ratio the expansion takes place, the less increase can be seen by higher 

evaporating pressures.  

 

To visualize this phenomenon Figure 26a can be examined in detail. Notably, the thermal 

efficiency is lower for the case with 90 bar evaporating pressure, than for 30 bar. This is 

because the trend that is shown in Figure 26b, that the speed with which the thermal 

efficiency increases, declines for higher pressure ratios. Additionally, the volumetric 

expansion efficiency gets lower which in total has a negative effect on the overall cycle 

efficiency. As an example the 10, 30 and 90 bar cases can be compared for 1.5 kW power 

output. The thermal efficiencies for these cases are: 8.2, 9.5 and 9.2 percent respectively and 

the expansion efficiencies for the same cases amount to: 80.3, 65.6 and 52.3 percent.  

 

Since the expansion efficiency is decided by the pressure ratio and the built-in volume ratio of 

the specific expander, each power output of one data series has the same expansion efficiency. 

The variation in thermal efficiency yielded by the power output is instead a result from the 

increased generator efficiency. 

  

7.5.2 Influence of the ambient temperature 

When the ambient temperature changes it affects the condenser size by changing the 

temperature difference to the working fluid since this is driving force for the heat transfer. 

Logically a higher driving force gives rise to a better heat exchange hence, a smaller heat 

transfer area is required. Figure 27 illustrates volume and weight for 3 and 1.8 kW power 

output.  
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Figure 27 Total volume (a) and weight (b) of the system as a function of ambient temperature, for 1.8 and 3 kW electric net 

output  

The investigated air temperature range is based on Swedish climate, from -20 to 20 ºC. The 

default case is 20 ºC which means that the variations in this scenario all give higher 

temperature differences and thereby smaller condensers. For the operational point of 3 kW 

electric power output, the size of the condenser can be reduced from 18.1 to 14.0 liters and 

from 12.4 to 10.7 kg by operating in a 40 ºC lower ambient temperature. Respectively the 

same temperature difference for the 1.8 kW case yields an improvement from 13.1 to 10.4 

liter and 10.3 to 9.1 kg.  

 

The sizes increase slightly faster for the 3 kW case. This is because of the mathematical 

expression for the change in cooling demand that is the basis for the size calculation. The 

expression can be seen as a percentage of the reference cooling demand which logically is 

higher for higher output powers.  

 

7.5.3 Influence of the pump and expander efficiency 

A simplified approach for the expander and pump efficiencies are applied in the model. For 

the expander all losses on the fluid side, except the volumetric losses, are lumped together 

into one single parameter – the expander isentropic efficiency. For the pump all losses on the 

working fluid side are included in the pump isentropic efficiency. These losses can for 

example be heat losses and friction losses. In the model, these losses are assumed to be 

constant regardless of the power output. However, it is likely that the losses for small outputs 

would be relatively larger than for higher outputs. Nevertheless, it is assumed that such 

scaling effects have little impact on the overall cycle performance. In Figure 28 the expander 

and pump isentropic efficiencies are varied between 70 and 100 percent. The impact on the 

thermal efficiency is visualized for water-methanol and a scroll expander.  
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Figure 28 Thermal efficiency of the system as a function of the isentropic expansion efficiency (a) and the isentropic pump 

efficiency (b) 

 

First of all it can be observed in Figure 28b that the pump isentropic efficiency has negligible 

impact on the thermal efficiency. For an increase in the pump isentropic efficiency of 30 

percent the overall efficiency increases with less than 0.1 percent. Furthermore, for the pump 

as well as the expander the differences between the 1.8 and 3 kW cases are very small. In 

Figure 28a it is seen that the expander isentropic efficiency yield a more distinct difference on 

the thermal efficiency. When the expander isentropic efficiency increases with 30 percent the 

cycle thermal efficiency increases with 4 percent. As previously concluded this yields a 

corresponding impact on the total size as well. However, the observed change is relatively 

small and for the purposes of this study a more thorough investigation is not necessary. 

 

Concerning the variation between the different electric net outputs it is likely that the 

expansion efficiency would drop for smaller devices. For instance a 0.1 kW unit would have 

lower expansion efficiency than a 3 kW unit. However, from a more fundamental standpoint, 

this study has already concluded that units with capacities lower than 1.8 kW are non-

realizable with the considered components. To perform a reliable analysis of how the 

expander efficiency is influenced by the size, tests with the particular fluids of concern should 

be executed. Regardless if such an analysis is included or not, the main impact on the cycle 

efficiency is the operating pressures. 

 

7.5.4 Influence of the degree of superheat 

For any Rankine cycle utilizing a wet fluid, the amount of superheat has a positive effect on 

the thermal efficiency. If the pressure levels are fixed and the expansion efficiency is 100 

percent the thermal efficiency is an increasing concave down function of the amount of 

superheat (McBirnie, 1980). However, in this study the expansion efficiency increases with 

the amount of superheat. In Figure 29 a nearly linear relationship between the two parameters 

can be seen. The evaluated case is for water-methanol, 3 kW electric net output with a scroll 

expander.  
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Figure 29 Thermal efficiency of the system as a function of the degree of superheat for a system with water-methanol and a 

scroll expander 

The expansion efficiency increases since it leads to a somewhat higher specific volume of the 

fluid at the inlet of the expander. Thereby, a better match between the scroll’s built-in-volume 

ratio and the volume ratio of the fluid can be provided, leading to a higher volumetric 

efficiency of the expander. A higher efficiency of the expansion leads to a lower working 

fluid mass flow and also a lower evaporating power. Therefore it can be concluded that the 

more superheat provided to the expander, the better thermal efficiency. However, the amount 

of superheat also influences the supply temperature of the expander and it cannot be above the 

operational limitations of the device. Since the market for scroll expanders is somewhat 

limited it is likely that a scroll compressor has to be rebuilt if this project is going to be 

realized. Lemort et. al highlighted that operation temperature for scrolls available today 

should not exceed 250 C (Lemort et al., 2013). Furthermore, some amount of superheat is 

necessary to avoid a too high fraction of liquid in the expander. In Table 12 the discussed 

parameters are seen as a function of the degree of superheat. The evaluated case is the same as 

above. 

Table 12 The superheat influence for water-methanol on specific volume and supply temperature at the expander inlet and 
vapor content at expander outlet. 

Degree of 

superheat [°C] 

Specific volume at 

expander inlet [m
3
/kg] 

Supply temperature to 

the expander [°C] 

Vapor content at 

expander outlet [%] 

0 5.1E-2 222 91.7  

10 5.4E-2 232 93.5  

20 5.6E-2 242 94.8  

30 5.8E-2 252 96.0  

40 6.0E-2 262 97.0 

 

 

From the table it is evident that the degree of superheat cannot exceed 30 C at an evaporating 

pressure of 30 bar since the supply temperature to the expander is very close the limits of 

operation. Concerning the vapor content at the expander outlet it can be seen that it increases 

with the degree of superheat despite the increased expander efficiency seen in Figure 29. 

Since turbines generally accept a vapor contents above 85 percent it is assumed that scrolls 

can handle at least that amount of liquid. This is because they have a higher tolerance to 

droplets than turbines. Thereby, the main concern is the supply temperature of the expander. 
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For water-methanol cases with lower electric net outputs the vapor content remains above 90 

percent. Thus, it can be stated that no superheat is required for water-methanol but that it 

increases the thermal efficiency of the cycle.  Regarding the other fluids, acetone and water 

are the ones that might require superheat. Toluene and cyclopentane are dry fluids and can 

thereby be expanded directly from the saturated vapor line. In Table 13 the expander supply 

temperature is shown for the remaining fluids at the maximum possible evaporating pressure 

that is allowed in order to stay below the tolerable temperature of 250 C. 

 

Table 13 The maximum evaporating pressure with respect to the cycle limitations; either boiler pressure or expander 

temperature poses this limit of operation. 

Fluid Evaporating pressure 

[bar] 

Expander supply 

temperature [°C] 

Acetone 30 205 

Water 30 234 

Toluene 17 251 

Cyclopentane 30 208 

 

Notable in the table is that the evaporating pressure for toluene is significantly lower than the 

maximum allowed pressure. Thereby, the fluid can be rejected as a candidate for this system. 

Of all fluids, toluene has the lowest thermal efficiency and this result is generated at an 

evaporating pressure of 30 bar. If the pressure is lowered to 17 bar the thermal efficiency 

would be even lower. Additionally, toluene is one of the fluids that are related to the worse 

hazards. For acetone and water it can be seen that a few degrees of superheat are allowed 

before they reach 250 C. For cyclopentane, the evaporating pressure could be increased with 

respect to the allowed temperature but not with consideration to the boiler’s maximum 

pressure which is 30 bar. Therefore no higher pressures are considered in this study. 

 

7.6 Comparison to commercial ICE generators 
The proposed ORC system is supposed to replace small-scale military diesel generators. 

Therefore it is important to compare the results from this study to the existing technology. 

The size of the system, i.e. weight and volume, are the parameters included in this 

comparison. Commercial generators serve as reference points since their specifications are 

easily accessed and not subject to any confidentially.  

 

This study provides volumes and weight for all of the main components in the ORC system. 

However, a couple of necessary parts of the system are not considered, parts that would 

contribute to the total weight and volume of the system. Those include; pipes and fittings, a 

support frame, a liquid receiver, and the refrigerant charge itself. Pipes, fittings and the 

working fluid charge mainly contribute to the total weight of the ORC while the liquid 

receiver and the support frame increase both weight and volume. As an example Tchanche 

equipped a 2 kW system with an 8 liter liquid receiver (Tchanche, 2010). The resulting total 

volume from the model represents the sum of the main components’ volumes. In other words: 

no spacing between the components is considered in the modeling output. In an actual system 

some amount of spacing is of course required. For instance, the air path of the condenser 

cannot be covered by any component. Furthermore, none of the components are traditionally 

shaped as cubes and thus, it is impossible to mount them without spacing. Concerning the 

positioning of the components in the system it is outside the scope of this study. Additionally, 

there are concerns whether or not the condenser volume is underestimated and the tank 

volume is calculated from the fuel need of one hour of continuous operation. Also, many 
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parallels can be drawn to air-source heat pumps (ASHP). Both include two heat exchangers, 

whereof at least one is air-driven. Furthermore, the suggested scroll expander is similar to the 

scroll compressor seen in many ASHPs. In a typical layout of an air-source heat pump at least 

half of the volume consists of spacing between the components. Therefore, it is reasonable to 

assume that a realized ORC unit would require at least twice the volume suggested from the 

model. Concerning the weight, the increased spacing that is needed for the mounting does not 

have any significant impact. The estimation of the weight is therefore better than the 

estimation of the volume. For the commercial generators serving as reference-objects, sizes 

and weights have been evaluated for 43 models. Both petrol and diesel fueled generators have 

been considered in order to provide references for small power outputs, below 3 kW. In 

Figure 30 the weight and volumes of the commercial generators are seen as functions of the 

electric power output. 

 

 
Figure 30 Volume (a) and weight (b) of commercial ICE generators 

 

In Figure 30 it can be seen that the weight and volume correlates to the electric power output, 

especially in the lower range where most of the petrol fueled generators are located. In 

general it can be said that the volume seldom exceeds 150 liter for units smaller than 3 kW. 

The weight of commercial units smaller than 3 kW ranges from approximately 25 to 75 kg. In 

Table 14 the weights and volumes of the ORC unit are seen for water-methanol at three 

different electric output powers.  

 

Table 14 The electric net output influence on the unit size for water-methanol 

Electric net 

output [kW] 

Total weight 

[kg] 

Total volume 

[liter] 

1.8 39.2 44.0 

2.4 40.6 46.3 

3.0 41.6 48.2 

 

In the table it can be seen that both weights and volumes are lower for the ORC system than 

for the commercial generators. However, with the considerations mentioned above it is not 

unrealistic that such an ORC unit could be built in sizes comparable to those of the 

commercial systems. However, the weights for the commercial systems rapidly decrease with 

electric net output while the change for the proposed system is very small. The weight of the 

1.8 kW case is 39 kg which is fairly close to a corresponding commercial unit. For the 3 kW 



67 

 

case the weight is significantly lower than the weight for a commercial generator. If this trend 

is valid it indicates that larger ORCs could be the more light-weight alternative. Regarding the 

volume an analogous slow increase can be seen for the ORC system with higher power 

outputs. The concluding remark in this section is that there are indications that an ORC 

system can be constructed in weights and volumes comparable to the generators available 

today. Additionally, regarding the size-to-power ratio units with higher power outputs are 

more likely to be competitive. 

 

7.7 Final recommendations 
To summarize the results from this study Table 15 presents the recommended operating 

parameters and the key results obtained implementing those.   

 

Table 15 Recommended operating parameters and key results 

Parameter Value 

Working fluid  Water-methanol 

Reliable power range [kW] 1.8-3.0 

Operating pressures [bar] 30:1 

Expander type Scroll 

Thermal efficiency [%] 9.8-11.0 

Total volume [liter] 44-48 

Total weight [kg] 39-42 

 

The best results are achieved with a water-methanol mixture as working fluid and the 

operating pressures of 30 to 1 bar. If the system is equipped with a scroll expander the 

thermal efficiency can be between 9.8 and 11.0 percent. It is also found that the power range 

of 1.8 to 3.0 kW yields the highest performance and allows for a faster realization of the 

system.  

7.8 Evaluation of the methodology 
The actual methodology of the work can be discussed as well as the actual outcomes. Firstly, 

the hypothesis that the cooling demand could lead to a problematic size of the condenser 

turned out to be partly true. The results from the size assessment show that the condenser is 

the largest component, however not as large as expected. However, one approach in the 

methodology for the fluid selection process was to evaluate the cooling effectiveness by a 

simplified UA-approach. The goal was to be able to sort the fluids on that criterion. This did 

not work as well as expected because in the final stage the fluids’ cooling demands and 

corresponding condenser sizes ended up in a differently. Most likely the screening criterion 

that was performed based on the thermal efficiency would have been sufficient to sort out the 

suitable fluids. 

 

Furthermore, the size assessment of the each component in this study is based on the products 

from one or two manufacturers. In order to construct a statistical model, the number of 

products upon which the size data is based should be significantly higher. The problematic 

aspect regarding this is however that the area of application of this system is new and the 

availability of components in the right size is very limited. The size assessments should 

therefore be seen as indications rather than facts and to yield the exact sizes of the system; a 

comprehensive design work is needed.  
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Regarding the actual modeling tool, it is a very flexible model that allows the used to control 

a lot of the input variables. Of course it would be even more accurate if all efficiencies were 

thoroughly examined and included in the model as functions of the inputs of the specific 

products, such as the case with the evaporator efficiency for example. At this stage, with the 

component information yielded solely by manufacturer data, this would not add any 

significant value to the model in comparison to the uncertainties that it would entail. 

Moreover, the practical aspects of being able to use and modify the model, necessitates a 

certain level of programming skills of the user since it consists of a graphical user interface in 

Excel VBA. Additionally, it is rather important that a certain background of applied 

thermodynamics is possessed before altering any crucial calculations in the model.   

 

The computer model that is constructed requires the thermodynamic software Refprop to be 

installed on the computer and a certain procedure to be performed in order to operate the 

existing Excel-Refrop interface. Also, a problematic aspect is that different versions of Excel 

are not equally compatible with this interface wherefore a model is constructed for both Excel 

2007 and 2013. 
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8 Conclusions 
This work is performed in order to provide a basis for future studies in the field of small-scale 

ORCs in military applications. The relationship between size and performance is investigated 

thoroughly since it has great importance for mobile applications. From this study, the 

following conclusions are made: 

 

 It is likely that the system can be built in competitive sizes compared to commercial 

gensets 

 The recommended power range for realization of the system is 1.8 to 3 kW 

 A historical background of the contributing causes to the regression of the steam 

engine in the mobile sector is given 

o The superior efficiency of the ICE technology led to lower operating costs 

compared to the steam engine 

o Standardized components and production techniques of diesel locomotives and 

gasoline cars led to economic advantages 

 Water-methanol, cyclopentane, acetone and toluene are suitable working fluids for this 

application 

o Water-methanol has the best thermal efficiency  

o Thermal efficiency is proportional to the size of the system 

 Suitable technologies are suggested for this application 

o Scroll expanders due to their performance, availability and durability 

o Piston pumps since they can provide the required pressure and flow 

o Catalytic combustion boilers are proportionally small in relation to the total 

system, for the whole power range 

o HVAC condensing coils since they have potential to be small 

 A realistic model is developed and validated through reference data 

o The thermal efficiency is mainly affected by the pressure levels and volumetric 

efficiency of the expander  

o Optimum pressure levels for the proposed configuration is 30 and 1 bar 

o The condenser and the expander are the largest components for the whole 

power range 

o The power-to-size ratios increase for higher power outputs 
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9 Future work 
From this study a comprehensive model that delivers reliable thermodynamic quantities and 

also an assessment of the component sizes is developed. However, the size results should be 

seen as approximations. Therefore, the proposed ORC system is not yet ready for realization. 

Before a prototype can be built a few key steps in the development process have to be taken. 

The size functions should be improved, for example by contacting manufacturers that can 

make design their components with the thermodynamic output produced by this model as a 

basis. Furthermore, the piston expander presents a very compact solution but it is not 

evaluated whether such small pistons can withstand the substantial torques developed in the 

system. The condenser size is surprisingly compact thanks to the large temperature increase of 

the cooling air. Lastly, if power outputs lower than 1.8 kW are desired, a more thorough 

examination of the minimum displacement of the pump and expander has to be conducted.   

In order to build a demonstrator, a few more factors need to be considered. When the 

component sizes are definitely determined, there are three steps left in the construction 

process; the components have to be positioned in relation to each other, the pipes connecting 

the components have to be dimensioned and auxiliary components, such as valves and the 

liquid receiver, have to be introduced to the system.  

In order to get a more comprehensive understanding of the ORC’s performance, it is 

recommended to study the transient and off-design behavior of the system. This study lacks 

this area completely since it provides output for continuous and stationary operation at the 

design point. A computer model for purpose should preferably be developed after the 

construction of the demonstrator. In that case the model can be calibrated from experimental 

data that is generated by the demonstrator. Consequently, the logical procedure after this 

study is to perform a detailed design of each component for the operational characteristics 

given by this study. Thereafter a demonstrator could be built and the transient and off-design 

behavior of the system could be studied.   



71 

 

10 References 
Air Squared. 2011. Miniature Compressor Development Complete [Online]. Available: 

http://airsquared.com/news/mini-compressor-development-complete/ [Accessed 06-11 

2015]. 

Air Squared. 2015. Expanders [Online]. Available: http://airsquared.com/products/expanders/ 

[Accessed 03-10 2015]. 

Anderson, C. D. & Anderson, J. 2010. Electric and Hybrid Cars: A History. 2nd ed.: 

McFarland. 

Badr, O., Naik, S., Callaghan, P. W. & Probert, S. D. 1991. Expansion machine for a low 

power- output steam Rankine- cycle engine. Applied Energy, 39, 93-116. 

Bao, J. & Zhao, L. 2013. A review of working fluid and expander selections for organic 

Rankine cycle. Renewable and Sustainable Energy Reviews, 24, 325-342. 

Barbieri, E. S., Spina, P. R. & Venturini, M. 2012. Analysis of innovative micro-CHP 

systems to meet household energy demands. Applied Energy, 97, 723-733. 

Bianchi, M., De Pascale, A. & Spina, P. R. 2012. Guidelines for residential micro-CHP 

systems design. Applied Energy, 97, 673-685. 

Breeze, P. 2005. 1 - Introduction to electricity generation. In: Breeze, P. (ed.) Power 

Generation Technologies. Oxford: Newnes. 

Capata, R. & Zangrillo, E. 2014. Preliminary Design of Compact Condenser in an Organic 

Rankine Cycle System for the Low Grade Waste Heat Recovery. Energies, 7, 8008. 

Catator. 2015. C-Combustion [Online]. Available: http://www.catator.se/?page_id=210 

[Accessed 03-10 2015]. 

Chen, H., Goswami, D. Y. & Stefanakos, E. K. 2010. A review of thermodynamic cycles and 

working fluids for the conversion of low-grade heat. Renewable and Sustainable 

Energy Reviews, 14, 3059-3067. 

Churella, A. J. 1998. From Steam to Diesel: Managerial Customs and Organizational 

Capabilities in the Twentieth-Century American Locomotive Industry, Princeton 

University Press. 

Coils selection software. Software developed by Luvata [Online]. Available: 

http://www.luvata.com/en/About-Luvata/Locations/Coiltech/Coils-selection-software/ 

[Accessed 04-21 2015]. 

Colonna, P., Casati, E., Trapp, C., Mathijssen, T., Larjola, J., Turunen-Saaresti, T. & 

Uusitalo, A. 2015. Organic Rankine Cycle Power Systems: From the Concept to 

Current Technology, Applications, and an Outlook to the Future. Journal of 

Engineering for Gas Turbines and Power, 137, 100801-100801. 

Couper, J. R., Penney, W. R., Fair, J. R. & Walas, S. M. 2005a. Chapter 0 - Rules of Thumb: 

Summary. Chemical Process Equipment (Second Edition). Burlington: Gulf 

Professional Publishing. 

Couper, J. R., Penney, W. R., Fair, J. R. & Walas, S. M. 2005b. Chapter 8 - Heat Transfer and 

Heat Exchangers. Chemical Process Equipment (Second Edition). Burlington: Gulf 

Professional Publishing. 

Cross, A. 2010. Air-Cooled versus Water-Cooled Steam Condensers for Power Boilers. 

Knovel. 

Davies, P. & Orfi, J. 2014. Self-Powered Desalination of Geothermal Saline Groundwater: 

Technical Feasibility. Water, 6, 3409. 

Dickinson, H. W. 1938. A short history of the steam engine, Cambridge, Cambridge. 

Dincer, I. & Kanoglu, M. 2010. Refrigeration Systems and Applications (2nd Edition), 

Hoboken, NJ, USA, John Wiley & Sons. 

Division of Heat and Power Technology. 2010a. 114.1 Organic Rankine Cycle [Online]. 

Department of Energy Technology: Kungliga Tekniska högskolan. Available: 

http://airsquared.com/news/mini-compressor-development-complete/
http://airsquared.com/products/expanders/
http://www.catator.se/?page_id=210
http://www.luvata.com/en/About-Luvata/Locations/Coiltech/Coils-selection-software/


72 

 

http://www.energy.kth.se/compedu/webcompedu/WebHelp/index.html [Accessed 06-

06 2015]. 

Division of Heat and Power Technology. 2010b. 114.3 ORC Expansion and Evaporation 

[Online]. Department of Energy Technology: Kungliga Tekniska Högskolan. 

Available: http://www.energy.kth.se/compedu/webcompedu/WebHelp/ [Accessed 06-

06 2015]. 

Division of Heat and Power Technology. 2010c. Generator [Online]. Department of Energy 

Technology: Kungliga Tekniska Högskolan. Available: 

http://www.energy.kth.se/compedu/webcompedu/WebHelp/ [Accessed 06-08 2015]. 

Drescher, U. & Brüggemann, D. 2007. Fluid selection for the Organic Rankine Cycle (ORC) 

in biomass power and heat plants. Applied Thermal Engineering, 27, 223-228. 

E.W. Lemmon, M. L. H., M.O. McLinden 2007. REFPROP, reference fluid thermodynamic 

and transport properties. NIST standard reference database 23, version 8.0. 

Washington DC: U.S. Department of Commerce. 

EES 2015. Software developed by F-chart Box 44042, Madison, WI 53744. 

Erhart, T. G., Eicker, U. & Infield, D. 2013. Influence of condenser conditions on organic 

rankine cycle load characteristics. Journal of Engineering for Gas Turbines and 

Power, 135. 

F. Tchanche, B., Pétrissans, M. & Papadakis, G. 2014. Heat resources and organic Rankine 

cycle machines. Renewable and Sustainable Energy Reviews, 39, 1185-1199. 

Farrokhi, M., Noie, S. H. & Akbarzadeh, A. A. 2014. Preliminary experimental investigation 

of a natural gas-fired ORC-based micro-CHP system for residential buildings. Applied 

Thermal Engineering, 69, 221-229. 

Flink, J. J. 1970. America adopts the automobile, 1895-1910, Cambridge, Mass., Cambridge, 

Mass. : MIT Press. 

FMV. 2013. About Us [Online]. Available: http://www.fmv.se/en/About-FMV/ [Accessed 

2015-03-08. 

Garten, R. L., Betta, R. A. D. & Schlatter, J. C. 2008. Catalytic Combustion. Environmental 

Catalysis. Wiley-VCH Verlag GmbH. 

Georgano, G. N. 1985. Bilen 1885-1930 : historia, konstruktion, utveckling, Stockholm, 

Stockholm : Forum. 

Gill, F. 2008. Ventilation. 440--459. 

Grodinsky, J. 1937. The Steam Railroad Industry. The ANNALS of the American Academy of 

Political and Social Science, 193, 49-61. 

Groppi, G., Cristiani, C., Beretta, A. & Forzatti, P. 2009. Catalytic Combustion for the 

Production of Energy. Catalysis for Sustainable Energy Production. Wiley-VCH 

Verlag GmbH & Co. KGaA. 

Hansson, S. 1987. Teknik-historia : teknikhistorisk översikt från äldsta tid fram till 1900-talet, 

Luleå, Luleå : Centek. 

Hansson, S. 1996. Teknikhistoria : om tekniskt kunnande och dess betydelse för individ och 

samhälle, Lund, Lund : Studentlitteratur. 

Heinzmann, G. C. K. 2015. Synchronous Generators [Online]. Heinzmann GmbH & Co. KG. 

Available: http://www.heinzmann.com/en/electric-motors-and-hybrid-

drives/permanent-magnet-generator [Accessed 04-20 2015]. 

Honig, J. M. 2007. Thermodynamics : Principles Characterizing Physical and Chemical 

Processes (3rd Edition), Burlington, MA, USA, Academic Press. 

Hsu, S.-W., Chiang, H.-W. & Yen, C.-W. 2014. Experimental Investigation of the 

Performance of a Hermetic Screw-Expander Organic Rankine Cycle. Energies, 7, 

6172. 

IEA 2014. Key World Energy Statistics 2014, OECD Publishing. 

http://www.energy.kth.se/compedu/webcompedu/WebHelp/index.html
http://www.energy.kth.se/compedu/webcompedu/WebHelp/
http://www.energy.kth.se/compedu/webcompedu/WebHelp/
http://www.fmv.se/en/About-FMV/
http://www.heinzmann.com/en/electric-motors-and-hybrid-drives/permanent-magnet-generator
http://www.heinzmann.com/en/electric-motors-and-hybrid-drives/permanent-magnet-generator


73 

 

Invernizzi, C. M. 2013. Closed Power Cycles, Springer. 

Ion, B. 2005. Principles of Electric Generators. Synchronous Generators. CRC Press. 

Kuppan, T. 2013. Heat Exchanger Design Handbook, Second Edition, United Kingdom: CRC 

Press Inc. 

Kwak, D.-H., Binns, M. & Kim, J.-K. 2014. Integrated design and optimization of 

technologies for utilizing low grade heat in process industries. Applied Energy, 131, 

307-322. 

Lai, N. A., Wendland, M. & Fischer, J. 2011. Working fluids for high-temperature organic 

Rankine cycles. Energy, 36, 199-211. 

Larjola, J. 2011. 9 - Organic Rankine cycle (ORC) based waste heat/waste fuel recovery 

systems for small combined heat and power (CHP) applications. In: Beith, R. (ed.) 

Small and Micro Combined Heat and Power (CHP) Systems. Woodhead Publishing. 

Latz, G. 2013. Waste- Heat Recovery from Combustion Engines based on the Rankine Cycle. 

Lee, H. 2010. Compact Heat Exchangers. 240--381. 

Lee, Y.-R., Kuo, C.-R., Liu, C.-H., Fu, B.-R., Hsieh, J.-C. & Wang, C.-C. 2014. Dynamic 

Response of a 50 kW Organic Rankine Cycle System in Association with Evaporators. 

Energies, 7, 2436. 

Lemmon, E. W., Huber, M. L. & McLinden, M. O. 2007. REFPROP, reference fluid 

thermodynamic and transport properties. NIST standard reference database 23, 

version 8.0. Washington DC: U.S. Department of Commerce. 

Lemort, V., Declaye, S. & Quoilin, S. 2012. Experimental characterization of a hermetic 

scroll expander for use in a micro-scale Rankine cycle. Proceedings of the Institution 

of Mechanical Engineers, Part A: Journal of Power and Energy, 226, 126-136. 

Lemort, V., Guillaume, L., Legros, A., Declaye, S. & Quoilin, S. 2013. A comparison of 

piston, screw and scroll expanders for small scale Rankine cycle systems. 

Luvata. 2015. Värmeväxlare [Online]. Available: http://www.luvata.com/sv/About-

Luvata/Sweden/Produkt-kategorier/Varmevaxlare/Varmevaxlare/ [Accessed 04-20 

2015]. 

Lyrsell, O. 2015. RE: Personal communication. 

Madureira, N. L. 2010. Oil in the age of steam. Journal of Global History, 5, 75-94. 

McBirnie, S. C. 1980. 9 - Steam engine and turbine cycles and efficiencies. In: McBirnie, S. 

C. (ed.) Marine, Steam Engines, and Turbines (Fourth Edition). Butterworth-

Heinemann. 

McClellan, J. E., III 1999. Science and technology in world history : an introduction, 

Baltimore, Md., Baltimore, Md. : The Johns Hopkins Univ. Press. 

Meyer, D., Wong, C., Engel, F. & Krumdieck, D. S. DESIGN AND BUILD OF A 1 

KILOWATT ORGANIC RANKINE CYCLE POWER GENERATOR.  35th New 

Zealand Geothermal Workshop: 2013 Proceedings, 2013 Rotorua, New Zealand. 

Miller, D. R., Null, H. R. & Thompson, Q. E. 1973. Optimum working fluids for automotive 

Rankine engines. Volume I. Executive summary - APTD-1563. Monsanto Research 

Corp., St. Louis, Mo. (USA) 

Sundstrand Aviation, Rockford, Ill. (USA) 

Sponsoring Organization: Not Available. 

Mobley, R. K. 2000. Fluid Power Dynamics. Elsevier. 

Mom, G. 2004. The electric vehicle : technology and expectations in the automobile age, 

Baltimore, Baltimore : Johns Hopkins University Press. 

Mory, M. 2013. Pumps, Hoboken, NJ USA, Hoboken, NJ USA: John Wiley & Sons, Inc. 

Muller, M. R. 2005. The Return of the Steam Engine. American Council for an Energy-

Efficient Economy. 

http://www.luvata.com/sv/About-Luvata/Sweden/Produkt-kategorier/Varmevaxlare/Varmevaxlare/
http://www.luvata.com/sv/About-Luvata/Sweden/Produkt-kategorier/Varmevaxlare/Varmevaxlare/


74 

 

NFPA 2012. NFPA 704: Standard System for Identification of the Hazards of Materials for 

Emergency Response. Quincy, MA. 

Nuvolari, A. & Verspagen, B. 2009. Technical choice, innovation, and British steam 

engineering, 1800-50. Economic History Review, 62, 685-710. 

Onwubolu, G. 2005. Mechatronics : Principles and Applications, Jordan Hill, GBR, 

Butterworth-Heinemann. 

Oralli, E., Tarique, M. A., Zamfirescu, C. & Dincer, I. 2011. A study on scroll compressor 

conversion into expander for Rankine cycles. International Journal of Low-Carbon 

Technologies, 6, 200-206. 

OS Engines. 2015. Airplane engines [Online]. Available: http://www.osengines.com/engines-

airplane/index.html [Accessed 03-15 2015]. 

Padmanabhan, T. 2012. Dawn of science. Resonance, 17, 436-440. 

Parker Hannifin Corp. 2015. Oildyne miniature piston pumps [Online]. Available: 

http://www.parker.com/portal/site/PARKER/menuitem.de7b26ee6a659c147cf267102

37ad1ca/?vgnextoid=fcc9b5bbec622110VgnVCM10000032a71dacRCRD&vgnextfmt

=EN&vgnextdiv=&vgnextcatid=1850030&vgnextcat=OILDYNE+MINIATURE+PIS

TON+PUMPS&Wtky= [Accessed 05-10 2015]. 

Patil, A. S., Dubois, T. G., Sifer, N., Bostic, E., Gardner, K., Quah, M. & Bolton, C. 2004. 

Portable fuel cell systems for America’s army: technology transition to the field. 

Journal of Power Sources, 136, 220-225. 

Qiu, G. 2012. Selection of working fluids for micro-CHP systems with ORC. Renewable 

Energy, 48, 565-570. 

Qiu, G., Liu, H. & Riffat, S. 2011. Expanders for micro-CHP systems with organic Rankine 

cycle. Applied Thermal Engineering, 31, 3301-3307. 

Quoilin, S., Broek, M. V. D., Declaye, S., Dewallef, P. & Lemort, V. 2013. Techno-economic 

survey of Organic Rankine Cycle (ORC) systems. Renewable and Sustainable Energy 

Reviews, 22, 168-186. 

Quoilin, S., Declaye, S., Legros, A., Guillaume, L. & Lemort, V. 2012. Working fluid 

selection and operating maps for Organic Rankine Cycle expansion machines. 

Quoilin, S. & Lemort, V. 2011. The Organic Rankine Cycle: Thermodynamics, Applications 

and Optimization. 

Quoilin, S., Orosz, M., Hemond, H. & Lemort, V. 2011. Performance and design optimization 

of a low-cost solar organic Rankine cycle for remote power generation. Solar Energy, 

85, 955-966. 

Raju, K. S. N. 2011a. Compact Heat Exchangers, Regenerators, and Recuperators. 395--423. 

Raju, K. S. N. 2011b. Pumps, Ejectors, Blowers, and Compressors. 101--162. 

Rolt, L. T. C. 1977. The steam engine of Thomas Newcomen, Hartington, Hartington : 

Moorland. 

Rosander, K. & Hermanson, B. 2005. Järnvägen 150 år : 1856-2006, Stockholm, Stockholm 

: Informationsförlaget. 

Saadatfar, B., Fakhrai, R. & Fransson, T. 2014. Exergo-environmental Analysis of Nano 

Fluid ORC Low-grade Waste Heat Recovery for Hybrid Trigeneration System. 

Energy Procedia, 61, 1879-1882. 

Sanchez, J., Veganzones, C., Martinez, S., Blazquez, F., Herrero, N. & Wilhelmi, Jr. 2008. 

Dynamic model of wind energy conversion systems with variable speed synchronous 

generator and full-size power converter for large-scale power system stability studies. 

Renew. Energy, 33, 1186-1198. 

Sandberg, R., Karlsson, P.-A., Molin, K. & Ohlander, A.-S. 2006. Epos Historia, Stockholm, 

Almqvist & Wiksell. 

http://www.osengines.com/engines-airplane/index.html
http://www.osengines.com/engines-airplane/index.html
http://www.parker.com/portal/site/PARKER/menuitem.de7b26ee6a659c147cf26710237ad1ca/?vgnextoid=fcc9b5bbec622110VgnVCM10000032a71dacRCRD&vgnextfmt=EN&vgnextdiv=&vgnextcatid=1850030&vgnextcat=OILDYNE+MINIATURE+PISTON+PUMPS&Wtky=
http://www.parker.com/portal/site/PARKER/menuitem.de7b26ee6a659c147cf26710237ad1ca/?vgnextoid=fcc9b5bbec622110VgnVCM10000032a71dacRCRD&vgnextfmt=EN&vgnextdiv=&vgnextcatid=1850030&vgnextcat=OILDYNE+MINIATURE+PISTON+PUMPS&Wtky=
http://www.parker.com/portal/site/PARKER/menuitem.de7b26ee6a659c147cf26710237ad1ca/?vgnextoid=fcc9b5bbec622110VgnVCM10000032a71dacRCRD&vgnextfmt=EN&vgnextdiv=&vgnextcatid=1850030&vgnextcat=OILDYNE+MINIATURE+PISTON+PUMPS&Wtky=
http://www.parker.com/portal/site/PARKER/menuitem.de7b26ee6a659c147cf26710237ad1ca/?vgnextoid=fcc9b5bbec622110VgnVCM10000032a71dacRCRD&vgnextfmt=EN&vgnextdiv=&vgnextcatid=1850030&vgnextcat=OILDYNE+MINIATURE+PISTON+PUMPS&Wtky=


75 

 

Schmidt, G., Zewen, H. & Moustafa, S. 1980. A solar farm with parabolic dishes (Kuwaiti-

German project). Electric Power Systems Research, 3, 65-76. 

Sekon, G. A. 1899. The evolution of the steam locomotive : (1803-1898), London, London. 

Serth, R. W. & Lestina, T. G. 2014. 12 - Air-Cooled Heat Exchangers. In: Lestina, R. W. S. 

G. (ed.) Process Heat Transfer (Second Edition). Boston: Academic Press. 

Shu, G., Li, X., Tian, H., Liang, X., Wei, H. & Wang, X. 2014. Alkanes as working fluids for 

high-temperature exhaust heat recovery of diesel engine using organic Rankine cycle. 

Applied Energy, 119, 204-217. 

Silversand, F. 2015. RE: Email correspondence. Type to Eriksson Kristina. 

Smil, V. 2010. Prime Movers of Globalization : The History and Impact of Diesel Engines 

and Gas Turbines, Cambridge, MA, USA, MIT Press. 

Smith, R., Inomata, H. & Peters, C. 2013. Chapter 1 - Chemical Vocabulary and Essentials. 

In: Richard Smith, H. I. a. C. P. (ed.) Supercritical Fluid Science and Technology. 

Elsevier. 

Sprooten, J. 2012. Thermal Power Generation. 233--269. 

Sterrer, R., Schidler, S., Schwandt, O., Franz, P. & Hammerschmid, A. 2013. Theoretical 

Analysis of the Combination of CSP with a Biomass CHP-plant Using ORC-

technology in Central Europe. Energy Procedia, 49, 1218-1227. 

Sørensen, B. 2010. 4. The Energy Conversion Processes. Renewable Energy - Physics, 

Engineering, Environmental Impacts, Economics and Planning (4th Edition). 

Elsevier. 

Tchanche, B. F. 2010. Low grade heat conversion into power using small scale organic 

rankine cycles. Doctorial, Agricultural University of Athens. 

Tchanche, B. F., Lambrinos, G., Frangoudakis, A. & Papadakis, G. 2011. Low-grade heat 

conversion into power using organic Rankine cycles – A review of various 

applications. Renewable and Sustainable Energy Reviews, 15, 3963-3979. 

Turns, S. R. 2000. An introduction to combustion : concepts and applications, Boston, Boston 

: McGraw-Hill. 

Vanslambrouck, B., Van Den Broek, M. & De Paepe, M. Organic rankine cycle versus steam 

cycle: a thermodynamic comparison. 2012. University of Applied Sciences Bremen, 

193–200. 

Vidal, M., Rogers, W. J. & Mannan, M. S. 2006. Prediction of Minimum Flash Point 

Behaviour for Binary Mixtures. Process Safety and Environmental Protection, 84, 1-

9. 

Volk, M. 2005. Pump Characteristics and Applications, Second Edition, Hoboken, Hoboken : 

Taylor and Francis. 

Wang, H., Peterson, R., Harada, K., Miller, E., Ingram-Goble, R., Fisher, L., Yih, J. & Ward, 

C. 2011. Performance of a combined organic Rankine cycle and vapor compression 

cycle for heat activated cooling. Energy, 36, 447-458. 

Windelspecht, M. 2001. Groundbreaking Scientific Experiments, Inventions & Discoveries of 

the 17th Century, Westport, CT, USA, Greenwood Press. 

Woodyard, D. 2009. Introduction: A Century of Diesel Progress. In: Woodyard, D. (ed.) 

Pounder's Marine Diesel Engines and Gas Turbines (Ninth Edition). Oxford: 

Butterworth-Heinemann. 

YS Engines. 2010. Products [Online]. Available: http://www.ysengines.net/category/5-

products/ [Accessed 03-15 2015]. 

Zappoli, B., Beysens, D. & Garrabos, Y. 2015. Heat Transfers and Related Effects in 

Supercritical Fluids, Springer. 

 

 

http://www.ysengines.net/category/5-products/
http://www.ysengines.net/category/5-products/


i 

 

 

  

A
p

p
en

d
ix

 A
 –

 s
u

m
m

a
ry

 o
f 

co
m

m
e
rc

ia
l 

p
o

w
er

 c
y

cl
es

 

 
T

a
b

le
 A

 1
 C

h
a

ra
ct

er
is

ti
c 

p
ro

p
er

ti
es

 f
o

r 
co

m
m

er
ci

a
l 

ty
p

es
 o

f 
in

te
rn

a
l 

co
m

b
u

st
io

n
 e

n
g

in
es

 

 
B

ra
y

to
n

 
D

ie
se

l 
O

tt
o
 

S
cu

d
er

i 
sp

li
t 

cy
cl

e 
A

tk
in

so
n

 
M

il
le

r 
H

ig
h

 e
ff

ic
ie

n
cy

 h
y

b
ri

d
 c

y
cl

e
 

 
 

 
O

tt
o

 e
n

g
in

e 
W

a
n

k
el

 

en
g

in
e
 

S
cu

d
er

i 

en
g

in
e
 

 
 

L
iq

u
id

 

P
is

to
n

 X
1

 

L
iq

u
id

 

P
is

to
n

 X
M

v
3
 

T
h
er

m
al

 

ef
fi

ci
en

c
y

 
2

1
-4

5
%

 
2

0
-4

8
%

 
2

1
-3

8
%

 

S
o

m
e
w

h
at

 

lo
w

er
 t

h
a
n
 

O
tt

o
 

3
2

%
 

p
re

d
ic

te
d
 

+
1

0
%

 

co
m

p
ar

ed
 t

o
 

O
tt

o
 

+
1

0
%

 

co
m

p
ar

ed
 t

o
 

O
tt

o
 

3
3

%
 

1
0

%
 

F
u
el

 t
y
p

e
 

N
at

u
ra

l 
G

as
/ 

L
iq

u
id

 f
u
e
l 

D
ie

se
l 

- 
- 

G
as

o
li

n
e
 

G
as

o
li

n
e
 

G
as

o
li

n
e/

 

D
ie

se
l 

D
ie

se
l 

G
as

o
li

n
e
 

P
o

w
er

 
d

en
si

ty
 

(k
W

/k
g
) 

 
0

.1
4

-0
.4

0
 

0
.1

5
-0

.5
0
 

0
.6

2
-1

.1
0
 

- 
- 

- 
- 

- 

W
o

rk
in

g
 f

lu
id

 
C

o
m

b
u

st
io

n
 

g
as

e
s 

C
o

m
b

u
st

io
n
 

g
as

e
s 

C
o

m
b

u
st

io
n
 

g
as

e
s 

C
o

m
b

u
st

io
n
 

g
as

e
s 

C
o

m
b

u
st

io
n
 

g
as

e
s 

C
o

m
b

u
st

io
n
 

g
as

e
s 

C
o

m
b

u
st

io
n
 

g
as

e
s 

C
o

m
b

u
st

io
n
 

g
as

e
s 

C
o

m
b

u
st

io
n
 

g
as

e
s 

A
p

p
li

ca
ti

o
n
 

M
o

b
/S

ta
t 

 

L
/M

/S
 

 

M
o

b
/S

ta
t 

L
/M

/S
 

 

M
o

b
/S

ta
t 

M
/S

 

 

M
o

b
/S

ta
t 

M
 

 

M
o

b
 

S
 

 

P
ro

to
ty

p
e 

 

M
o

b
 

S
 

- 

 

P
ro

to
ty

p
e 

S
 

 

P
ro

to
ty

p
e 

S
 

E
x
p

an
si

o
n
 d

ev
ic

e
 

T
u
rb

in
e 

R
ec

ip
ro

ca
ti

n
g
  

c
y
li

n
d

er
 

R
ec

ip
ro

ca
ti

n
g
  

c
y
li

n
d

er
 

R
o

ta
ry

 
R

ec
ip

ro
ca

ti
n
g
 

c
y
li

n
d

er
 

R
ec

ip
ro

ca
ti

n
g

 

c
y
li

n
d

er
 

R
ec

ip
ro

ca
ti

n
g
 

c
y
li

n
d

er
 

R
o

ta
ry

 
R

o
ta

ry
 

C
o

m
p

re
ss

io
n
 

ra
ti

o
 

3
5

-4
0
 

1
4

-2
5
 

1
2

-6
 

1
2

-6
 

1
2

-6
 

1
2

-6
 

- 
1

8
 

9
 

E
x
p

an
si

o
n
 r

at
io

 
3

5
-4

0
 

1
4

-2
5
 

1
2

-6
 

1
2

-6
 

1
5

.7
 

1
2

-1
7

.6
 

- 
2

7
 

1
1
 

M
ax

im
u

m
 

te
m

p
er

at
u
re

 [
ºC

] 
1

4
0

0
 

- 
- 

- 
L

o
w

er
 t

h
a
n
 

O
tt

o
 e

n
g
in

e
s 

- 
- 

S
a
m

e 
as

 

d
ie

se
l 

S
a
m

e 
as

 

g
as

o
li

n
e
 

E
x
h
a
u
st

 

te
m

p
er

at
u
re

 [
ºC

] 
7

0
0

-9
3

0
 

- 
- 

- 
- 

- 
- 

S
a
m

e 
as

 

d
ie

se
l 

S
a
m

e 
as

 

g
as

o
li

n
e
 



ii 

 

  
 

T
a

b
le

 A
 2

 C
h
a

ra
ct

er
is

ti
c 

p
ro

p
er

ti
es

 f
o

r 
co

m
m

er
ci

a
l 

ty
p

es
 o

f 
ex

te
rn

a
l 

co
m

b
u

st
io

n
 e

n
g

in
es

 a
n
d

 f
u

el
 c

el
ls

 

 
R

a
n

k
in

e
 

S
ti

rl
in

g
 

E
ri

cs
so

n
 

O
th

er
 

 
S

te
a
m

 P
o

w
er

 
O

R
C

 
 

 
F

u
el

 c
el

l 

T
h
er

m
al

 e
ff

ic
ie

n
c
y

 
3

0
-6

0
%

 (
1

0
-1

5
%

) 
2

-2
4

%
 

2
0

-5
0

%
 

4
0

-6
0

%
 (

th
eo

re
ti

ca
l)

 
4

0
-6

0
%

el
 

F
u
el

 t
y
p

e
 

- 
B

io
m

a
ss

/W
H

R
/ 

g
eo

th
er

m
al

/s
o

la
r 

al
l 

al
l 

- 

P
o

w
er

 
d

en
si

ty
 

[k
W

/k
g
] 

- 
"l

o
w

" 
3

.7
-6

.7
 

- 
- 

W
o

rk
in

g
 f

lu
id

 
S

te
a
m

 
A

m
m

o
n
ia

/e
th

a
n
o

l/
 

p
ro

p
an

e/
re

fr
ig

er
an

ts
 

et
c.

 

A
ir

/ 
h
el

iu
m

/ 

h
y
d

ro
g
e
n

 

A
ir

/ 
h
el

iu
m

/ 

h
y
d

ro
g
e
n

 

- 

A
p

p
li

ca
ti

o
n
  

M
o

b
/S

ta
t 

L
/M

/S
 

 

S
ta

t 

L
 

 

S
ta

t 

M
 

  S
 

  S
 

 

M
o

b
/s

ta
t 

S
/M

 

E
x
p

an
si

o
n
 d

ev
ic

e
 

T
u
rb

in
e/

d
is

p
la

ce
m

e
n
t 

T
u
rb

in
e/

d
is

p
la

ce
m

e
n
t 

P
is

to
n
 

P
is

to
n
/t

u
rb

in
e/

 

sc
ro

ll
 

- 

C
o

m
p

re
ss

io
n
 r

at
io

 
- 

- 
1

.6
-1

.8
 

- 
- 

E
x
p

an
si

o
n
 r

at
io

 
≈

 3
.5

 
- 

- 
- 

- 

M
ax

im
u

m
 

te
m

p
er

at
u
re

 [
°C

] 

 
1

0
0

-3
0

0
 

lo
w

: 
3

5
0

-5
0

0
 

h
ig

h
: 

7
0

0
-1

0
0

0
 

7
0

0
 

5
0

-7
0

0
 

E
x
h
a
u
st

  

te
m

p
er

at
u
re

 [
°C

] 

B
o

il
er

 a
n
d

 f
u
el

 t
y
p

e
 

3
0

-5
0
 

- 
- 

- 

 



iii 

 

Appendix B – NFPA STD 704 
 

 

Table B 1 Description of the hazard rating scale 

Hazard scale Health Flammability Reactivity 

4 

Severe 

Materials that under 

emergency conditions, 

can be lethal 

Materials that rapidly or 

completely vaporize at 

atmospheric pressure and normal 

ambient temperature or that are 

readily dispersed in are and burn 

readily 

Materials that in themselves 

are readily capable of 

detonation or explosive 

detonation or explosive 

decomposition or explosive 

reaction at normal 

temperatures and pressures 

3 

Serious 

Materials that under 

emergency conditions, 

can cause serious or 

permanent injury 

Liquids and solids (including 

finely divided suspended solids) 

that can be ignited under almost 

all ambient temperature 

conditions. Materials in this 

degree produce hazardous 

atmospheres with air under almost 

all ambient temperatures or, 

though unaffected by ambient 

temperatures, are readily ignited 

under almost all conditions 

Materials that in themselves 

are readily capable of 

detonation or explosive 

detonation or explosive 

decomposition or explosive 

reaction but that require a 

strong initiating source or 

must be heated under 

confinement before initiation 

2 

Moderate 

Materials that under 

emergency conditions, 

can cause temporary 

incapacitation or residual 

injury 

Materials that must be moderately 

heated or exposed to relatively 

high ambient temperatures before 

ignition can occur. Under normal 

conditions, these materials would 

not form hazardous atmospheres 

with air, but under high ambient 

temperature or under moderate 

heating they could release vapor 

in sufficient quantities to produce 

hazardous atmospheres with air. 

Materials that readily undergo 

violent chemical change at 

elevated temperatures and 

pressures 

1 

Slight 

Materials that under 

emergency conditions, 

can cause significant 

irritation 

Materials that must be preheated 

before ignition can occur. 

Materials in this degree require 

considerable preheating, under al 

ambient temperature conditions, 

before ignition and combustion 

can occur. 

Materials that in themselves 

are normally stable but that 

can become unstable at 

elevated temperatures and 

pressures 

0 

Minimal 

Materials that under 

emergency conditions, 

would offer no hazard 

beyond that of ordinary 

combustible materials 

Materials that will not burn under 

typical fire conditions, including 

intrinsically noncombustible 

materials such as concrete, stone, 

and sand 

Materials that in themselves 

are normally stable, even 

under fire conditions 

Adapted from: (NFPA, 2012) 
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Appendix C – EES ideal model 
Equations Y-1a through Y-1f constitutes the set of non-linear equations solved in EES. The 

thermal efficiency and UA-value of the condenser are parameters revealing the cycle 

performance with emphasis on size, especially the condenser size. In the last step of the fluid 

selection process these two parameters are used to rank the remaining fluids.  

 

 

 
evap wf evapQ m h   (C1) 

 
,exp wf exp is expW m h     (C2) 

 
cond wf condQ m h   (C3) 

 
,pump wf pump is pumpW m h    (C4) 

  th net evap pumpW Q W    (C5) 

  cond cond amb condUA T T Q   (C6) 

 

In order to solve the equations system above a few input parameters are required. These are 

summarized in Table C 1. The isentropic efficiency could be excluded but this standard 

assumption resembles the reality better. The upper and lower pressures of the cycle are set 

according to boundary conditions of the considered components. In this ideal cycle model, the 

output power should not affect the cycle performance and could therefore be set to any value. 

The upper limit of the range of interest is chosen. Concerning the ambient temperature, the 

standard 20 C is chosen. It is likely that this parameter has a great impact on the physical size 

of the condenser but should not mater for the fluid selection process. 

 

Table C 1 Operating conditions for the ideal model 

Parameter Value 

Isentropic efficiency of the expander and pump 85 percent 

Evaporating pressure 30 bar unless the critical pressure is lower, other cases: 

Wet fluids: 95 percent of the critical pressure 

Dry fluids: pressure corresponding to maximum 

entropy of vapor saturation line 

Condensing pressure Varied between 1 and 7 bar 

Power output 3 kW 

Ambient temperature 20 ºC 

 


