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Abstract 

New and old data on screw expanders operating with 2-phase mixtures in the 
admission line has been combined to enable the first public correlation of 
adiabatic expansion efficiency as a function of entry vapour fraction. 

Although not yet perfected, these findings have enabled an entirely new 
approach to the design and optimisation of Organic Rankine Cycles, ORCs. By 
allowing a continuous variation of vapour fraction at expander entry optima 
for thermal efficiency, second law efficiency and cost efficiency can be found. 
Consequently one can also find also maxima for power output in the same 
dimension. This research describes a means of adapting cycle characteristics 
to various heat sources by varying expander inlet conditions from pure liquid 
expansion, through mixed fluid and saturated gas expansion, to superheated 
gas. 

Thermodynamic analysis and comparison of the above optimisations were a 
challenge. As most terms of merit for power cycles have been developed for 
high temperature applications they are often simplified by assuming infinite 
heat sinks. In many cases they also require specific assumptions on e.g. pinch 
temperatures, saturation conditions, critical temperatures etc, making 
accurate systematic comparison between cycles difficult. As low temperature 
power cycles are more sensitive to the ‘finiteness’ of source and sink than 
those operating with high temperatures, a substantial need arises for an 
investigation on which term of merit to use.  

Along with an investigation on terms of merit, the definition of high level 
reversible reference also needed revision. Second law efficiency, in the form of 
exergy efficiency, turned out to be impractical and of little use for several 
reasons. A numerical approach, based on a combination of first and second 
law, had more useful characteristics.  

A theory and method for the above is described. Eventually all published low 
temperature power cycle test data available was compiled systematically. 
Despite differences in fluid, cycle, temperature levels and power levels the 
data correlated well enough to allow for a generalised, rough correlation on 
which thermal efficiency to expect as a function of utilization of source and 
sink availability. 

The correlation on thermal efficiency was used to create a graphical method 
to pre-estimate key economic factors for low temperature site potential in a 
very simple manner. 
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One major consequence from the findings of this thesis is the reduced 
dependency on unique choices of process fluid to match heat source 
characteristics. This development significantly simplifies industrial 
standardisation, and thereby potentially improves cost efficiency of 
commercial ORC power generators. 

Finally the above methodology was recommended to ASME IGTI ORC 2015 
as industry standard for rating real ORCs. It should be noted that the British 
governmental organisation, UK Carbon Commission, is currently reviewing 
this methodology for legislative purposes regarding public financial support 
to novel carbon emission-free power generators. 
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1. General introduction 
 
The Universe, defined as ‘containing all’, is a manifestation of a perfectly adia-
batic control volume. As such it provides an explanatory model for the first law 
of thermodynamics by conservation of energy. In this way, all energy must be 
defined as re-used, or ‘waste energy’. However, with such generalization we 
have already encountered a divergence between common terminology and 
physics. The notion of any fundamental difference between primary heat and 
waste heat is of course non-physical. It is clear to most readers that these 
types of divergences occur frequently when practicing thermodynamics and 
engineering in the field of technology for ‘energy production’. 
 
In a more fathomable control volume than the Universe, containing Earth and 
its atmosphere, second law effects dominate the energy balance. The other ef-
fect, gravitation in the form of mass transfer, adds energy in the form of dust 
at a rate of some 100 ton/year. Though locally disastrous it is negligible to the 
energy balance. High exergy solar radiation in-flow and lower exergy IR-radia-
tion out-flow are the two main components of the control volume of the Earth 
and its atmosphere. 
 
Local storage terms, such as atmospheric warming/cooling, trapped organic 
compounds, accelerated streams of air or water and radioactive decomposition 
create local concentration of energy within the control volume. Although vari-
ations in the storage terms have marginal effects in terms of the total energy 
balance, they have a huge impact on the comfort and survivability of human 
life. The magnitude of human activities has approached a level where we have 
markedly started to affect some of the storage terms. Therefore we need to 
study the physics of the Earth’s energy balance in greater detail in order to un-
derstand the storage terms and control them in a sustainable manner should it 
be necessary. 
 
Despite common references to various terms of energy crisis, energy is not a 
bottleneck for a growth of human societies and improved standard of living. 
An abundance of energy is at our disposal, but we prefer to consume certain 
forms of energy, such as electricity and shaft power. In order to produce these 
forms of energy we have developed technologies which are more effective in 
terms of affecting the storage terms, than actually providing the demanded 
power. Looking at total input-to-output efficiency few practical power genera-
tion systems can even reach a modest 50%, meaning that storage depletion is 
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larger than power generation. Figure 1 illustrates a prediction of the growth in 
supply of electric power from 2010 to 2030. The proportions of this prediction 
are gargantuan. Supplying such magnitude of electric energy by changing the 
storage terms will have significant effects on our habitat, such as carbon emis-
sions, risks of fatal radioactive contamination, and ecological depletion from 
damming rivers. Even wind mills, powered by the storage term of accelerated 
atmospheric air, creates habitat effects rarely mentioned such as the depletion 
of endangered bat species and, for humans, loss of useable land. 
 

 
Figure 1. Global power generation capacity and yearly generation according to 

Breeze (2014) 
 
Concentrating our efforts to find new ‘sources of energy’, meaning  ways of 
producing electric energy from the Earths storage terms, will undoubtedly lead 
to new effects on our habitat and increased fragility of life on Earth. If we ac-
cept the prediction of a constantly increasing demand for electric energy, then 
we are faced with two alternatives: 

� Develop new sources of energy, which means depleting yet untapped 
storage terms; 

� Develop technologies which utilize the naturally occurring flow of en-
ergy in order to produce power without changing the storage terms. 

Putting large amounts of resources into the first alternative inevitably pro-
duces increased fragility, as it is explained by Taleb (2012), of human life. The 
second alternative is likely the only sustainable way to maintain our habitat. 
As such it has been a strong driver for the Author to perform this work.  
 
Using the main flow of energy, starting with an inflow of solar radiation and 
ending with low temperature radiation outflow into interstellar space, we 
could hypothetically avoid tampering with the Earth’s storage terms. The use 
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of solar radiation activated panels and Rankine cycles are technological steps 
going in this direction which have already been implemented in small but 
growing magnitudes. Such examples could be called high temperature power 
cycles though no proper definition of ‘high temperature’ is available to us. An 
alternative term could be ‘high temperature difference’ power cycles. Another 
type of technologies is often called ‘low temperature’ power cycles, or ‘low 
temperature difference’ power cycles, sometimes abbreviated to LTPCs. Such 
technologies may offer cost-efficient methods for heat-to-power processes us-
ing temperature ranges not yet fully utilized. The successful utilization of such 
power generation could potentially fulfil demands of reduced dependence on 
the Earth’s energy storage terms. They offer an opportunity to utilize the en-
ergy flow passing through other processes which output energy at a lower rate 
of exergy/energy than that of solar irradiation. This type of low temperature 
difference power cycles are often referred to a waste heat recovery power cy-
cles. The research behind this thesis intends to clarify, give new perspectives 
on, and refine the use and implementation of some such technological pro-
cesses. The overall ambition of this research is to identify and explain novel 
opportunities through combining the latest findings about multiphase expan-
sion with the current knowledge about low temperature power cycles. 

1.1. Background 
 
In 1620 Francis Bacon argued in Novum Organum Scientiarum that ‘[t]he 
real test of knowledge is not whether it is true, but whether it empowers us’, as 
translated by Yuval Noah Harari in Sapiens, 2014. This statement is a suitable  
paraphrase of engineering science. This work contains inductive logic in the 
spirit of the above statement, a practice essential to any engineer. Conven-
tional deductive logic, in the form of classical thermodynamics, has also been 
used wherever possible to present the work in a scientific context. 
 
My experience from some 25 years of developing and introducing novel tech-
nology to the global industry of gas compression and expansion is that there 
are tremendous opportunities for new solutions to improved energy efficiency. 
Another insight is that technical and economic explanations are often insuffi-
cient to promote the use of such new solutions due to decision-makers lacking 
confidence in abstract physical terminology. Therefore the philosophy of this 
work has been to use explanatory models as close to observable entities as pos-
sible. 
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When presenting the results from the development of the liquid ex-
pander/compressor described in Öhman (2004) I realised that the scientific 
knowledge on multi-phase expansion was surprisingly low. Not understanding 
why at the time, this research has forced me to specifically address this issue. 
 
The original goal of this work was to investigate the potential of using two-
phase expansion, such as allowed by Lysholm Turbines or screw expanders, in 
ORC-like power cycles. A second goal was to investigate the possibilities of re-
ducing the sensitivity to choice of fluid in ORC performance optimization. 
Tests on a 113mm semi-hermetic screw expander, using R134a and oil as fluid, 
provided empirical as well as a tacit understanding of the more elusive aspects 
of two-phase expansion. Combined with previously published data the results 
allowed for a correlation of adiabatic expansion efficiency as a function of inlet 
vapour fraction to the expansion. Hereby conventional power cycle models 
could easily be modified to simulate performance characteristics during in-
completely vaporised expansion inlet conditions. One such model was used to 
simulate the optimal power generation, energy efficiency and cost efficiency 
for specific applications. Chronologically that research constitutes the first 
part of this work. 
 
The second part of the research was necessitated by the understanding that 
common methodology, and terms of merit, did not easily allow for a fair and 
practical comparison of performance between different types of low tempera-
ture difference power cycles. A second goal of the research therefore became to 
find, or develop, a methodology starting with basic thermodynamic re-defini-
tions decoupled from cycle properties. A methodology to organise empirical 
data relative to such re-defined thermodynamic entities was developed in or-
der to allow for any type of low temperature power cycle to be fairly compared 
with any others using identical definitions. To simplify pre-estimations for ge-
othermal well’s power generation potential, or any other low temperature dif-
ference application, a 2-dimensional tool was developed as part of the second 
research goal.  
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1.2. Structure of the thesis 
 
The initial research question which was addressed in the research was: What 
are the characteristics of multiphase expansion machines and the implications 
on system performance if integrated in Low Temperature Power Cycles? Im-
mediately a consequential second research question occurred: How can we 
compare the performance of different variations of low temperature power cy-
cles, operating in different applications? 
 
For this reason this thesis is divided in two sections: 

� The first part of the dissertation addresses the second research question 
and explains how to compare results from different low temperature 
power cycles. In Section 2 a general discussion on thermodynamic de-
scriptions of various power cycles is introduced in order to present an 
overview, as well as an understanding, of the many fields of technical 
solutions available in low temperature difference power cycle technol-
ogy. Section 3 describes the complexity of application variations to pro-
mote understanding and discussion. This is followed by an explanation 
of a proposed methodology to compare and generalise performance 
data from different types of power cycles while taking the variability of 
application into account. 

� The second part of the dissertation addresses the original research 
question on multiphase expansion machines. Novel empirical data as 
well as a correlation of performance as a function of vapour quality are 
presented. The correlation is based on all available empirical perfor-
mance data in the literature. The correlation allows for detailed analysis 
of system effects from using multiphase expansion machines in low 
temperature difference power cycles. In Sections 4 and 5 multi-phase 
expansion in Lysholm Turbines, or screw expanders, is discussed as 
well as the implications on ORC performance characteristics. Section 6 
briefly describes some potential economic implications of the above. 

 
The Conclusions section highlights the accomplishments of this work. 
The Reference section contains direct references in the thesis. It should be 
noted that the publications on which the thesis is based sometimes use com-
plementary references. A bibliography was created as part of this research, 
however the reader should bear in mind the enormous amount of articles pub-
lished yearly on this subject. Therefore new important findings continuously 
become reported and any bibliographies tend to quickly become redundant. 
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1.3. Conventions 
 
Figures showing graphs of temperature or pressure as a function of some other 
parameter always indicate power cycles operating clockwise. See Figures 3-8, 
12, 20 and 25. 
 
Heat sinks and heat sources are mostly shown as organised in parallel flow as 
in Figures 12, 20-23 and 26. The reason for this is to simplify understanding of 
the thermodynamic potentials and interactions with a cycle operating between 
source and sink. In reality counterflow of source and sink is often arranged. 
Performance of a power cycle always depends on how source and sink flows 
are arranged relative to each other. Reversible thermodynamic potential how-
ever is not affected as long as Utilization is =<1. Process cases with Utilization 
>1 always require the assumption of counterflow arrangement. The term Utili-
zation is explained in Section 3.1.2. 
 
In equations heat flow terms and work terms are to be understood in absolute 
values. The term Carnot efficiency is frequently used and should be inter-
preted as the thermal efficiency, or 1st law efficiency of a Carnot cycle. 

1.4. A philosophical perspective on thermodynamic 
process evaluation 

 
Thermodynamic analysis of power cycles is a well-established practice. Large 
power plant analysis is a common procedure, and performance and other 
characteristics can be modelled and predicted with high accuracy. Such analy-
sis is time-consuming and requires highly-educated specialists. Typically de-
tailed exergy destruction models and/or entropy generation models are built 
and analysed by trained specialists. In large power plants advanced thermody-
namic optimization is profitable due to the scale of the potential improve-
ments thereby identified. Absolute economic value of improvements by opti-
mization in a small-scale power plants is however rather limited. Low temper-
ature difference power cycles are typically small scale compared to coal/gas 
plants, nuclear plants or even most hydropower plants. For that reason de-
tailed thermodynamic analysis can seldom be commercially motivated. Unfor-
tunately adaptation to specific conditions is often critical in order to create at-
tractive investment cases. Simplified models are therefore required in order to 
achieve practical economic opportunities. 
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Another reason why conventional thermodynamic analysis is not always im-
plemented is the nature of the industries suitable for using of low temperature 
difference power cycles. Practitioners are typically not accustomed to power 
plant design and have little or no experience in evaluating advice from ther-
modynamics specialists. Instead they typically rely on ‘house’ consultants, who 
sometimes lack detailed understanding of advanced thermodynamics. Such 
stakeholders are desperately in need of simplified and reliable, but still unbi-
ased, evaluation models. 
 
Commonly used, simplified models are ‘rule-of-thumb’ estimations often 
based on percent of Carnot efficiency calculated from entry temperatures of 
heat source and heat sink respectively. Such simplifications are easy to com-
municate. However reasonable comparisons of performance between systems 
operating at very different conditions becomes erroneous and biased by the 
logic of the compromise itself. This leads to a situation where it is difficult to 
learn from previous experiences in a constructive way. We need not only sim-
plified models, but also stringent and simplified terminology. What difference 
does thermodynamics do if only a fraction of the practitioners can under-
stand the terminology used? 
 
Another ‘rule-of-thumb’ strategy to handle comparisons is referring only to the 
internal performance of LTPCs. This is a common task for students of thermo-
dynamics. Such calculations are excellent in improving understanding of ther-
modynamic cycles. Such studies are often made in a scientific manner. Alt-
hough they can be useful for generalised experiences, unfortunately their use 
often leads to inconclusive attempts to determine ‘the best’ cycle, fluid or some 
other part of the system. Such ranking inevitably leads to ‘over-generalised’ 
conclusions which are easily falsified  when considering operating conditions 
outside of the particular analysis. 
 
Yet another strategy for communicating results from thermodynamic analysis 
is exclusively discussing performance with fixated details of the source and 
sink. Vendors typically use this strategy as they are legally bound to perfor-
mance offerings and therefore are only interested in committing to perfor-
mances at exactly defined conditions. To be attractive on the market vendors 
tend to disclose data at operating conditions which are the most favourable for 
their product. As with the previous examples this distorts generalisations and 
makes comparisons difficult. 
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Maybe the largest cause for misconception of comparative results is general-
ised, first law-type engineering intuition. It tells us that if a machine has 25% 
thermal efficiency the remaining 75% must be losses. For some processes this 
may be true, but for LTPCs it certainly is not. 
 
With this situation in mind a simplified, yet unbiased, model for LTPC perfor-
mance characterisation was presented in III. Öhman and Lundqvist (2012) 
and further developed in V. Öhman and Lundqvist (2013a). 
 
Expressed in a highly-simplified manner, the two main branches of modelling 
heat-driven power cycles can be traced. 

� One is the Tekne side, or practical engineering/induction side of ther-
modynamics. Even Heron’s engineering services in Alexandria knew 
the technology of turning heat into power by use of boiling water. 
Thomas Newcomen and others continued the development where ‘good 
enough’ and confidentiality of details has led us to commercial nuclear 
power plants and space propulsion. Even William Rankine could be 
considered here, although mostly seen as someone who combined 
Tekne and Logos. His ground-breaking work of theoretically explaining 
steam cycles in thermodynamic terms are fundamental to our under-
standing. Yet, his approach was to start from practical systems and 
transform them into theoretical models in order to analyse them math-
ematically. Obviously the ideal Rankine cycle never existed in reality, 
but it fulfilled two important criteria: allowing mathematical integra-
tion of the cycle while being practical enough to render the results rele-
vant to the engineering community. An immense body of literature is 
available in this tradition, generally focusing on finding fluids, or defi-
nitions of the thermodynamic cycles, allowing optimization in a partic-
ular range of applications. 

 
� Another side is the Logos, or theoretical/deductive side of thermody-

namics. We could begin with Sadi Carnot’s idea of the ‘ideal cycle’, a 
purely theoretical entity without a need to be practical. Although there 
are ideas on how to actually build Carnot Cycles, that is not where the 
importance of the concept lies. Instead it is a type of optimal reference, 
or loss free, or ideal power cycle. Many followers, such as Lorentz and 
Bejan, have achieved great progress with this approach. Bejan (1996) 
almost managed to combine Tekne and Logos entirely by defining the 
thermodynamic efficiency in exchanging heat between a source and a 
sink with a power cycle, until reaching equilibrium between source and 
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sink. The historically interested reader can find more details and refer-
ences in Öhman (2014). 

 
An important part of this dissertation is the formulation of a reversible refer-
ence model in the same spirit as that of Carnot and Lorentz, but expanded to 
become more practically useful. A numerical approach explained in Ibrahim 
and Klein (1996) offered a suitable foundation for the formulation. Properly 
used the reference model can provide practical access to pre-analysis of poten-
tial low temperature difference applications which are too small to allow the 
expense of conventional thermodynamic analysis. 
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A Carnot cycle, as depicted in Figure 3, is a combination of two adiabatic pro-
cesses and two isothermal heat transfer processes. As a purely ideal cycle it has 
proven to be the most efficient conceivable thermodynamic cycle provided that 
the source and sink are infinite. As such it can be used as a benchmark to com-
pare technical results. Unfortunately Sadi Carnot had to compromise some-
thing when creating it, namely its practicality. 
 

 
Figure 3. A Carnot cycle operating between finite source and sink. 

 
In reality no source or sink is infinite. Instead the source and the sink will de-
scribe temperature gradients as a function of the heat transfer to and from the 
technical cycle. Lorentz (1894) described the Lorentz cycle as seen in Figure 4,  
using two isentropic and two polytrophic processes, the Lorentz cycle. Since an 
adiabatic process is a particular version of a polytrophic one,  Chen, Gan, and 
Jiang (2002) elegantly showed that the Carnot Cycle is a particular version of 
a Lorentz Cycle. 
 

 
Figure 4. A Lorentz cycle operating between finite source and sink. 
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Figures 3 and 4 show a Carnot Cycle and a Lorentz Cycle in diagrams, which 
also indicate a random choice of finite source and sink. It is obvious from the 
figures, yet non-intuitive, that although the cycles can achieve the same ideal 
efficiency their performance would differ significantly if applied to a real, finite 
case. 
 
So, the benefit of the Lorentz Cycle is that it is more applicable to reality while 
still defining an ideal cycle. Unfortunately it does so at a very high cost: each 
polytrophic process in the cycle can be defined in multiple ways. Hence the Lo-
rentz Cycle cannot be used as a benchmark unless described in detail, and this 
opens it up to misuse and easy confusion. In literature the ‘Lorentz-efficiency’ 
of a system can be claimed without defining the polytropes and is therefore 
useless. 
 
As mentioned earlier Bejan (1996) - based on Chambadal (1957), Novikov 
(1958) and Curzon and Ahlborn (1975) - explained the ideal first law efficiency 
of a power cycle using finite source and sink to their equilibrium, or maximum 
power generation. This could be seen as the perfect benchmark for comparing 
our technical results. Unfortunately this approach would indicate that if the 
equilibrium is not reached our technically-measured result will show an in-
crease in efficiency as the power cycle becomes smaller relative to the finite-
ness of the source and sink. The measured efficiency of a very small power cy-
cle can then exceed the ideal efficiency of the benchmark, which would be 
highly non-intuitive. The ‘unused’ part of the potential heat exchange could be 
seen as a separate loss of the power cycle, as Bejan reasoned. However, this 
means that comparing the efficiency of two power cycles with different sepa-
rate losses becomes difficult. Figure 5 indicates the effects on efficiency by 
changing the separate loss. 
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Figure 5. Two Carnot power cycles operating between a finite source and a finite 

sink vs. heat flow from the heat sink. Solid line: Relatively small capacity cycle.     
Dotted line: Relatively large capacity cycle. 

 
Low temperature power cycles are discussed in an innumerable array of theo-
retical investigations of cycle descriptions and comparisons. The value of 
many of those publications is sometimes questionable due to the common 
practice of defining a particular application from a thermodynamic perspec-
tive internal to the processes, rather than a more practical external perspective 
on the application. Furthermore the authors tend to be biased towards their 
own ‘pet’ idea, comparing the results from arbitrarily chosen boundary condi-
tions. A common error is to compare analyses of an optimized version of the 
‘pet’ cycle to some ‘standard’ version of other cycles where such ‘standard’ def-
inition is made with little knowledge of that particular cycle. Hence a strong 
bias is created. Furthermore this creates significant confusion for the reader 
when trying to understand the opportunities offered to optimize output. 
Some cycles have actually been built and tested in lab/pilot arrangements and 
a few have been commissioned in commercial applications. Often the high 
hopes of results from a particular cycle have been moderated once all the de-
tails of a real application have been taken into account. Later we will explain 
how similar the performances of real systems tend to behave regardless of 
which thermodynamic cycle is used, see Section 3.7. 
 
Generally cycles can be grouped as closed or open. Of the closed cycles by far 
the most common are modified Rankine cycles, MRCs. Also a number of semi-
continuous cycles operating with pressure/temperature swing methods exist. 
Some of the more renowned thermodynamic cycles for low temperature power 

T
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generation are explained below, although please bear in mind that these are 
merely examples. 

2.1. Closed cycles 
 

2.1.1.                Carnot Cycle 
The Carnot Cycle can be arranged in several ways. It serves as a model for 
ideal power cycles operating with defined boundary conditions. As such it is 
well-suited for increasing the knowledge and understanding of thermodynam-
ics, see Figure 3(p12). The Carnot Cycle in its original form has little practical 
use. Its main advantage is as a theoretical reference model for the evaluation 
of, and comparison with, real cycles. 
 

2.1.2.                Rankine Cycles 
The Rankine Cycle, RC, first described by William Rankine, became impera-
tive in modelling and improving steam engine systems. The simplest of Ran-
kine Cycles, curve a (such as in Figure 6), has hardly ever come into practical 
use. Instead a multitude of modified versions exist. Curves b and c, in Figure 
6, indicate some examples, although many others exist. In order to distinguish 
between different types of modified Rankine cycles different terminologies 
have been used. No common practice exists though some terms are used more 
often than others. 
 

 
Figure 6 T-S diagram with Rankine cycle, a, and some modifications b, and c. Fluid 

saturation lines indicated (dotted line). 
 

a b c
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Several comprehensive studies on the implications of the choice of fluid have 
been published, see for example Saleh (2007), Nouman (2012) and Quoilin, 
van den Broeck, Declaye, Dewallef, and Lemort (2013). Many more will be-
come published as knowledge increases as well as the number of available 
working fluids. Particularly the use of trans-, or supercritical, fluid conditions 
Walraven, Laenen, and D’haeseleer (2013) as well as the use of fluid mixtures 
Guardone, Colonna, Casati, and Rinaldi (2014) and two-phase expansion VII. 
Öhman and Lundqvist (2014a) tend to offset prior rules-of-thumb regarding 
the importance, and relevance, of optimizing the process by choice of fluid/flu-
ids. 
 
ORC-units have been in commercial operation for decades. In recent years 
several suppliers have released standardised products allowing for more fa-
vourable investment cases and an increased market penetration. Some such 
suppliers are Turboden/Hitachi, Electratherm/Howden, Opcon/Fujian-Snow-
man, Kaisheng and Triogen. These Cycles contain some basic sub-processes, 
as seen in Figure 9. A pump transports liquid from a low temperature/low 
pressure condition to a subcooled/high pressure condition. Preheating liquid 
to its saturated condition follows in sequence. Thereafter a boiler evaporates 
fluid, followed by an expansion machine transporting high temperature/high 
pressure to a lower pressure. Optionally a recuperator for internal heat trans-
fer can be used and a condenser returning the fluid to a liquid state before sub-
mitting it to the pump and closing the cycle. 
 
As heat exchangers are costly several processes are often integrated into one 
component, allowing for different functions. Preheater-boiler-superheater is a 
common combination when the distinct boundaries between the processes can 
be difficult to define and may vary with operating conditions. The recuperator, 
functionally indicated in Figure 10, is by definition a combination of a gas 
cooler and a liquid preheater while the condenser sometimes contains a gas 
cooling process before starting any condensation. 
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                 A)                     B) 

 

 

 
 
 
 

Figure 12. (First part) 
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              C)                      D) 

 

 

 
 

Figure 12. (Continued) Schematic T-s diagrams of ORC-type cycles with different flu-
ids. Rate of heat transfer from source, entry conditions of source and sink and pro-
cess component efficiencies are similar. Left to right: A)Trilateral Flash Cycle, B)Hy-
brid ORC, C)Saturated ORC, D)Superheated ORC. Top to bottom: R717, R245fa, 

R134a. 
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The variations of ORC configurations relate to which sub-processes and corre-
sponding components that the cycle is composed of. An extreme version would 
be an ORC operating with saturated gas expansion inlet conditions, Figure 
8(p16), while the other extreme would be a Trilateral Flash Cycle, TFC operat-
ing with saturated liquid expansion inlet conditions, Figure 7(p16). 
There has been little market penetration of TFC although some test units have 
been reported. TFC has the advantage of using a steep rise in fluid tempera-
ture during heat rejection from the heat source. This allows for good optimiza-
tion when using heat sources with low thermal capacity, such as flue gas and 
combustion engine exhaust gas. Kanno and Shikazono (2014) investigated this 
benefit of TFC, comparing it to Rankine and Transcritical Cycles. Supercritical 
and Transcritical Cycles, as indicated in Figure 11(p17), offer similar ad-
vantages.   
 
Figure 12(p19-20) shows a thermodynamic representation of four versions of 
ORCs in a specific application using similar source and sink characteristics, 
process component efficiencies and rate of heat transfer from the source. 
Some effects of using three fundamentally different fluids can also be seen in 
the same figure.  
 
ORCs which operate with mixed liquid/vapour flow to expansion entry, as 
identified in Figure 12(p19-20), are poorly described in literature since they 
are hybrids of ORC and TFC. Therefore we call them Hybrid ORCs, another 
term is Partly Evaporated Organic Rankine Cycles, PEORC. Though often en-
countered as a practical problem during transient conditions few operating 
systems use this principle. VII. Öhman and Lundqvist (2014a) showed that 
such cycles offer optimization alternatives reducing the importance of using a 
particular fluid. VI. Öhman and Lundqvist (2013b) developed an empirical 
correlation on how to estimate adiabatic efficiency of screw expanders using 
two-phase entry conditions, based on measured or simulated adiabatic effi-
ciency during dry conditions. With that information modelling Hybrid ORC’s 
performance becomes trivial. 
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3. Comparison of reversible and irreversible ther-
mal efficiencies 

 
Conventional thermodynamics is a fully capable tool to analyse low tempera-
ture power cycles. However general rules of thumb do not apply in the same 
manner as to high temperature power cycles, such as power plants and com-
bustion engines. Classic thermodynamics offer highly sophisticated methods 
to describe and analyse thermal conversion systems. The scientific develop-
ment of these methods has gradually improved our understanding to a level 
where we assume that they always give us a ‘correct’ impression of the system 
we are studying. As ‘correct’ is not a defined term there is some room for mod-
ifications of the methods and terminology if new factors become important. 
Öhman (2014) provides ample references on the development of the current 
paradigm. One such factor is how the communication of the thermodynamic 
analysis results is affecting the reader’s impression of ‘correctness’. 
 
The theoretical modelling in this chapter is presented with the goal to satisfy 
1st and 2nd law analysis in such a manner that it is correct according to physics 
but also intuitively explainable to practitioners who actually perform the tech-
nical development. Terms such as entropy, availability and exergy tend to al-
ienate the persons who benefit from this work. For that reason a modified ter-
minology based on Carnot efficiency is introduced. 
 

3.1. Reversible thermal efficiency for common appli-
cations 

 
Thermal efficiency of power cycles, such as shown in Chapter 2, alone cannot 
explain all effects of their performance. In order to properly explain cycle per-
formance the combined characteristics of source and sink must also be taken 
into account. One of the reasons for much confusion when comparing thermo-
dynamic cycles, fluids and novelty sub-arrangements in the literature is a lack 
of clarity in defining the boundary conditions. Furthermore sensitivity to vari-
ations in such boundary conditions is seldom investigated systematically. In 
order to allow a systematic analysis an inventory and nomenclature follows. In 
the explanations below the term Case is used for a type of combination of heat 
source and heat sink, constituting the application characteristics. A summary 
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of the typical Cases can be found in Table 1, which will be discussed in detail 
later. 
 

3.1.1.                Thermal efficiency 
Thermal efficiency is the most commonly used term of merit for thermal 
power systems, and a discussion on equations of thermal efficiency in various 
Cases will follow later. Case is to be understood as a particular set of defined 
heat sources and heat sinks assuming a reversible power cycle operating be-
tween them. However, in order to describe the typical heat sink and heat 
source combinations the following line of reasoning is required: 
Thermal efficiency of a reversible power cycle is dependent on the ratio of ab-
solute temperatures of heat sink and heat source. This ratio can be varied in a 
multitude of manners leading to alternative ways of deriving thermal effi-
ciency. Such derivations are based on some assumptions. Obviously this leads 
to a high risk of misinterpretations, ambiguity and, in the worst case, dubious 
conclusions. However, consistent for all are Eq. 1 and Eq. 2 as of Figure 2(p11). 
Definition of thermal efficiency: 
 

thQW ��� 1
��     Eq. 1 

 
and with efficiency dependent on heat transfer from the heat source 
 

� ���
1

0
1,

1

1 Q

localthth Qd
Q

�

�
� ��    Eq. 2 

 
The fact that solving the integral analytically is not apparent for common ap-
plications is often a cause for frustration. In Table 1 therefore a list of applica-
tion Cases are listed and also how thermal efficiency can be determined. 
 

3.1.2.                Utilization 
In order to organise the data in a manner suitable for comparing power cycle 
efficiency the Author had to create a help variable. Utilization, U� , is a dimen-

sionless number indicating how well we choose to utilize the potential benefit 
of transferring heat from the source to the sink by use of a power cycle. If all 
potential is utilized then 1�U�  and exit temperatures of the source and sink 

are equalised by a fully reversible power cycle. If Utilization is less than some 
potential still remains, and if it is more we have a negative potential as the sink 
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Sections 3.4 and 3.7 further explain the importance of defining a dimension-
less entity representing heat transfer from the heat source while taking ac-
count of the coupled effects on the heat sink. 
 

3.1.3.                Carnot Case 
The most simplistic case is the one we used to define the Carnot efficiency. A 
reversible power cycle, operating between two infinite thermal reservoirs, will 
produce work with the thermal efficiency of Eq. 4 according to Carnot. Figure 
3(p12) could illustrate the Case if we assume constant temperatures in source 
and sink. 
 

Centryentryth TT �� ��� ,1,21    Eq. 4 

 
Utilization is per definition zero for a Carnot case. 
The important practicality of Carnot efficiency is as a meta-physical, logos-
type, ideal reference, as discussed in Chapter 1. 
 

3.1.4.                Curzon-Ahlborn Case 
Curzon-Ahlborn efficiency, as of Eq. 5, is a tekne-type term of merit, typically 
used as the reversible reference for plant efficiency, or the term of merit for 
producing work while using 100% of the availability of the heat source and 
heat sink combined. Therefore it is practical to use it for the definition of a 
specific Case. All the following Cases can also be a tekne-type. Eq. 5 is a com-
mon reference for the thermal efficiency of a reversible power cycle operating 
at maximum work output with defined and finite source and sink, as indicated 
in Figure 22 (p19-20), curves b. Though preceded by Chambadal (1957) and 
Novikov (1958), Curzon and Ahlborn (1975) derived Eq. 5 without explicit lim-
itations on the characteristics of source and sink. Bejan (1996) derived the 
same equation in several ways, with the explicit assumption of finite source 
and sink. However it seems they implicitly assumed constant apparent heat 
capacity as we will conclude from the logic of the Semi-Carnot Case 2 and the 
Non-linear Cases, see Figure 21(p34). 
 

CAentryentryth TTQW �� ���� ,1,21 1��     Eq. 5 

 
The method for deducing Eq.5 is further discussed in Section 3.3 and detailed 
in Appendix A. Since the Curzon-Ahlborn efficiency is defined at maximum re-
versible work output it coincides with the definition of 1�U� , and so we have 
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chosen to call it a fully Utilized Case. The attractiveness of using the Curzon-
Ahlborn efficiency as reference is the versatility of its use in almost all cases 
with constant apparent heat capacity of the sink and source streams. 
 

3.1.5.                Semi-Carnot Case 1 
If the Case is fully Utilized and has an infinite heat source and finite, constant 
apparent heat capacity heat sink, as in Figure 21, thermal efficiency is defined 
according to Eq. 5. Note that 	 
12 QT �  is non-linear. 
Semi-Carnot Case 1 is highly uncommon as a reference but could be illustrated 
as thermal power cycles using almost pure exergy in the heat source.  
 

3.1.6.                Semi-Carnot Case 2 
If the Case is fully Utilized and has a finite, constant heat capacity heat source 
and infinite heat sink, as in Figure 21, thermal efficiency is according to Eq. 6.  
 

	 
 ��
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2 ln1�       Eq. 6 

 
Deduction of Eq.6 can be found in Appendix a.  
Note that if the apparent heat capacity is constant 	 
11 QT �  is linear while 	 
12 QT �  
is non-linear as long as the heat sink is finite. Also note that the difference be-
tween Eq. 5 and Eq. 6 is relatively small for practical purposes. 
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used as an ideal reference to determine power generator efficiency in Non-lin-
ear Cases. 

3.1.12. General Reversible Case 
From the explanations above we have highlighted a need for a general defini-
tion of the reversibly achievable thermal efficiency to a General Reversible 
Case with arbitrary Utilization. To understand that reference efficiency of 
power generation systems in Non-linear Cases need to be addressed is rela-
tively straight-forward. However the dependence on Utilization is less obvious. 
When studying accomplishments in the field it becomes more apparent. Rela-
tively few low temperature power systems are reported with complete sets of 
boundary conditions. In the few reports with reasonably complete data LTPCs 
tend to operate at different degrees of Utilization, power levels and tempera-
ture levels etc. Integrated Carnot Efficiency provides a definition of reversible 
thermal efficiency useful for almost all of the Cases discussed. This is in con-
trast to the alternative formulations of reversible thermal efficiency which only 
apply to particular sets of real Cases. 
 

Table 1. Application characteristics and definitions of reversible thermal efficiency. 
 

Case 
U�  1�  2�  th�  Fig Usage 

Carnot 0 0 0 
121 TT�  2 Meta-physi-

cal 
Curzon-
Ahlborn 

1 >0, 
const 

>0, 
const 121 TT�  22b Plant effi-

ciency 
Semi-Car-

not 1 
1 0 >0, 

const 121 TT�  19 None 

Semi-Car-
not 2 

1 >0, 
const 

0 

	 
 ��
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19 Historical 

Linear, un-
der Uti-

lized 

<1 >0, 
const 

>0, 
const 

	 
ndboundarycoIlC ,�  22a Ideal refer-
ence, plant 
efficiency 

Linear, 
over Uti-

lized 

>1 >0, 
const 

>0, 
const 

	 
ndboundarycoIlC ,�  22c Ideal refer-
ence for 

real cycle 
Non-linear, 
under Uti-

lized 

<1 	 
1Tf
 

	 
2Tf  	 
ndboundarycoIlC ,�  - Ideal refer-
ence for 

real cycle 
Non-linear, 

fully Uti-
lized 

1 	 
1Tf
 

	 
2Tf  	 
ndboundarycoIlC ,�  23 Ideal refer-
ence, plant 
efficiency 

Non-linear, 
over Uti-

lized 

>1 	 
1Tf  	 
2Tf  	 
ndboundarycoIlC ,�  - Ideal refer-
ence for 

real cycle 
General 

Case 
��� U�0

 

	 
1Tf  	 
2Tf  	 
ndboundarycoIlC ,�  25 Generaliza-
tion 
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Finiteness, based on apparent heat capacity, of source and sink is defined as: 
 

Qd
dT

Cpm ��
�

�
�

1�     Eq. 7 

 
The reason for using an ‘inverse’ definition of apparent heat capacity is its 
practicality when we investigate effects of pinch points in various thermody-
namic cycles. 
 
Table 1 summarises the above Cases and their reversibly obtainable thermal 
efficiency. We can then make the conclusion that if we are to compare the effi-
ciency of real LTPCs we need to refer to either the same type of Case, which is 
usually not according to reality, or to the General Reversible Case as always 
being relevant. Comparing the relative merits of different technologies is then 
possible, independent of Utilization.  An example of the practicality of this 
method was shown in V. Öhman and Lundqvist (2013a) where the perfor-
mance of the studied real units tended to correlate with Utilization regardless 
of other parameters. Due to the universal nature of reference we can therefore 
compare LTPCs of vastly different characteristics, such as indicated previ-
ously. 
 

3.2. Analysis of a reversible LTPC 
 
Above we have illustrated the variability of cycles used in power generation 
systems and the variability of boundary conditions encountered. Through re-
peating the fundamental principles we can explain the analysis of such a 
power generation system as follows. 
 
In order to produce work we need a heat source, a heat sink and a power cycle 
utilizing the flow of heat from the source to the sink. Figure 2(p11) shows the 
schematics of a low temperature, power generation system. 
 
If defined with adiabatic outer limitations we can express thermal efficiency of 
this system as in Eq. 8 regardless of whether the system is reversible or not. 
 

	 
 1211 QQQQWth
����� ����        Eq. 8 
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We need a model to describe the reference, ideal, performance independent of 
the characteristics of the power cycle in order to avoid biasing the comparison 
between performances of different types of power cycles. This means we will 
leave out any assumptions on pinch points, heat transfer temperature differ-
ences or other factors causing irreversibilities. However, even if we consider 
the system as entirely reversible we also need to define how large part of the 
thermal potential between source and sink to consider. The reference must be 
a total Utilization - meaning a complete equalization of exit flow temperatures 
in source and sink. This is by no means obvious since many power cycle appli-
cations cannot technically operate at full equalization. 
 

3.2.1.                Exergy and entropy analysis of the reversible systems 
A natural approach to thermal systems analysis is using exergy destruction 
analysis. This is an excellent way to identify 2nd law losses in technical sys-
tems. However when discussing thermal efficiency of reversible systems, ex-
ergy is preserved and setting up an equation for the exergy flow in source, sink 
and produced work tend to collapse into a 1st law energy equation, as is de-
duced in Appendix A. Later on we will argue that exergy can be used for the 
analysis but that it will not offer any advantages compared to using integrated 
local Carnot efficiency. 
 
Entropy generation analysis offers an equally attractive approach when ana-
lysing thermal systems. However, applying zero entropy generation to the dif-
ferential in Eq. 2 is actually a classic way to deduce the Carnot efficiency. 
Therefore that equation is by definition the consequence of Entropy analysis. 
 
The boundary conditions of a Case is defined if Utilization, entry temperatures 
and �  are known for the two flows respectively. The term � is easy to attain if 
constant, either from flow specifications or from measurements of heat flow 
and source/sink flow temperatures. Utilization is sometimes a free choice and 
sometimes not. If source and sink are finite, then unfortunately 

	 
122 ,,
1

QTTfQ �� � and 	 
22 QfT ��  meaning that the integration in Eq. 2 is path 

dependent, therefore not apparently solvable. If we have a Linear Case, ac-
cording to Table 1, with constant �  in source and sink, we can find solutions. 
However, with variable �  we will have to use a numerical approach instead of 
integrating Eq. 2. If generally applicable such numerical method could hypo-
thetically make all other definitions redundant when comparing thermal effi-
ciencies of LTPCs.  
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3.2.2. A numerical approach to thermal efficiency 
An alternative approach would be to solve the integration in Eq. 2 for reversi-
bly obtainable thermal efficiency by using discrete summation of very small 
Carnot cycles. Due to the fact that Carnot efficiency is a 2nd law efficiency, 
while also being the 1st law efficiency of a Carnot cycle, we can combine both 
the 1st and 2nd law into one summation.  
 
Such methods have been used by several authors, and Ibrahim and Klein 
(1996) express it well by using the term Maximum Power Cycle and MP-Cycle. 
By dividing the work output rate from the MP-Cycle by the input heat rate we 
receive the reversible thermal efficiency, here called Integrated Local Carnot 
Efficiency. Graphs such as Figures 21(p34), 22(p35), 25(p44) and 27(p48) can 
then be constructed in different ways to explain the outcome of Eq. 2 as a 
function of Utilization, thereby not only becoming simple to explain but also 
making it dimensionless. The details can be found in V. Öhman and Lundqvist 
(2013a). Integrated Local Carnot Efficiency is a practical way to establish re-
versible thermal efficiency when apparent heat capacity of source and sink is 
not constant. It can also be used to explain how the relative finiteness of the 
heat source and heat sink affect the reversibly obtainable work in a power cy-
cle. Section 3.5 further develops the concept. A detailed explanation of the 
methodology can be found in Appendix A as well as some representative mag-
nitudes. 
 

3.2.3. Summing up choices of efficiency terms 
When comparing methods describing a physical change the mere fact that they 
give the same result is only a minor factor. More important is in which context 
the methods are used and how we intend to use the results.  
 
When comparing power cycles, operating at different conditions, we cannot 
base the outcome on the assumption that full Utilization would be the ideal 
condition. That would mix up the performance of the power cycle with the 
choice of Utilization of the plant. Instead we need to relate the performance of 
the power cycle to the reversible performance at the choice of Utilization. The 
integrated local Carnot efficiency is a good choice for that purpose. However, 
when total plant efficiency is investigated, entropy analysis, as discussed by 
Bejan, is suitable.  
 
As indicated in Table 1 it is often useful to implement different reference defi-
nitions for the different Cases. However, care should be taken to ensure that 
the assumptions made are valid. Some further perspectives on the above can 





42 
 

In this manner the finiteness of source and sink can be seen as implicitly re-
placed by the irreversibility of the heat exchange. Temperature differences 
across heat exchangers can then be used to express: 
 

	 
highentry TTUAQ ��� ,111
�

   Eq. 9 
 

	 
entrylow TTUAQ ,222 ����
    Eq. 10 

 
Rate of work is expressed as 
 

	 
 ���� 21 UAUAW�     Eq. 11 
 
provided that we use temperatures according to Figure 24 and make the sim-
plification of 
 

	 
 	 
entrylowhighentry TTTT ,2,1 �����   Eq. 12 
 
With a small temperature difference in the heat exchangers the internal tem-
perature difference of the power cycle can be kept high, but the rate of heat 
transferred will be small with minimal work produced. On the contrary, a large 
temperature difference in the heat exchangers will maximise the rate of heat 
transfer but minimise internal temperature differences within the power cycle. 
Therefore output work would approach zero. A maxima could be expected 
somewhere between the two extremes.  
 
Eq. 11 would indicate an endless increase in rate of work with an increased 
temperature difference. However, by also taking into consideration the effects 
on thermal efficiency of the Carnot Cycle, we need Eq. 13. 
 

CQW ��� 1
��     Eq. 13 

 
Where thermal efficiency of the Carnot Cycle is 
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Finding the maximum at 0�
�d
Wd �

 and integrating allows the finding of the 

thermal efficiency in a Curzon-Ahlborn Case. The original detail deduction 
has been included in Appendix A. 
 
This method was described in detail by Curzon-Ahlborn, though preceded by 
Chambadal and Novikov, to explain the impact of the finite heat exchanger in-
ventory. Additionally the result can be used to calculate the efficiency of a re-
versible power cycle, at maximum work output, operating between a finite 
source and finite sink, as in Eq. 5. However, it means that we need to make a 
technical assumption on heat exchanger capacity when analysing the thermo-
dynamic potential. 
 
As explained earlier Eq. 5 is not always correct which is why care is required to 
check its suitability in a specific analysis. However, the error is small in most 
practical low temperature difference applications as long as the apparent heat 
capacity of source and sink is constant. When the latter is not constant, as in 
cases with multiple heat sources or phase change, then the Integrated Local 
Carnot efficiency is a better alternative. 
 
Unfortunately the analogy of Curzon-Ahlborn does not provide us with an an-
swer for non-Utilized Cases. In such Cases we can use the Integrated Local 
Carnot efficiency to solve Eq. 2.  

 
Using the Integrated Local Carnot Efficiency, rather than the analogies of 
Chambadal, Novikov and Curzon-Ahlborn, provides a more intuitive model to 
explain the impact of temperature variations in source and sink. As most tech-
nical cycles create pinch points there is a particular advantage that the method 
explicitly supplies local temperatures in source and sink. 
 

3.4. How to compare performances when conditions 
are unequal 

 
A real power cycle is unlikely to operate at the condition 1�U�  . Yet we must 

define a reversible thermal efficiency at the actual boundary conditions of the 
power cycle. For general comparison of fundamentally different types of power 
cycles, we need to cluster all irreversibilities to avoid the confusion of specific 
technical assumptions on component characteristics. A method for this was 





45 
 

 

1�U�  is shown in Figure 25 and indicates where the rate of heat transfer from 

the heat source would result in equalised temperatures in source and sink, as-
suming a reversible power generation system. The definition of Utilization 
means that this equalised, temperature can be found at 1�U� . We chose to 

call it Curzon-Ahlborn temperature, CAT . Simplifying this by assuming a Cur-

zon-Ahlborn Case we can then use the Curzon-Ahlborn efficiency in Eq. 5, 
combined with the energy equation to determine the common exit tempera-
ture of source and sink after passing a fully Utilized, reversible power cycle as 
in Eq. 15. For detail deductions see Appendix A. 
 

�
�
�


�
�
�

�
��

�
�
�


�
�
�

�
��

��

1,

,2

1

2

,1

,2

1

2

,1

,2

,1

1
entry

entry

entry

entry

entry

entry

entryCA

T
T

T
T

T
T

TT

�
�

�
�

          Eq. 15 
 
Note that Eq. 15 can only provide an approximation of the temperature. The 
inexactness is caused by the previously discussed weakness in Eq. 5. However, 
as the error is small for typical low temperature difference applications it was 
chosen due to its clear definition. An alternative definition would be a numeri-
cal simulation of this temperature. This would be physically correct but would 
be open to ambiguous effects of variations in numerical accuracy. Hence that 
alternative was aborted. Also note that the Curzon-Ahlborn temperature is 
only defined for a Curzon-Ahlborn Case, i.e. fully reversible. 
 
Actual rate of heat rejection from the heat source at full Utilization and using a 
reversible power cycle is expressed as Eq. 16. Further details are worked out in 
V. Öhman and Lundqvist (2013a). 
 

	 
 1,1 �CAentryCA TTQ ���
    Eq. 16 

 
With this definition, we have a reference for determining the Utilization of 
over- or under-Utilized Cases with finite heat source and heat sink. To deter-
mine irreversibilities, or Fraction of Carnot, we further need an understanding 
of Integrated Local Carnot efficiency at the particular Utilization. 
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Note that the above explicit method is only applicable for Cases where Curzon-
Ahlborn efficiency is relevant. Analysing other types of Cases require different 
suitable solutions to Eq. 2 although the methodology is the same.  

3.5.  Integrated Local Carnot Efficiency 
 
A small, finite Carnot cycle, operating between a finite source and a finite sink 
would absorb a very small but finite rate of heat from the source. Imagine a 
second Carnot cycle, downstream of the first one in the source flow and up-
stream of the first one in the sink flow. The Carnot efficiency of the second cy-
cle will be less as the temperature of the source is slightly reduced, however 
that effect is somewhat neutralised by the lower temperature of the sink. 
Carnot efficiency of the local temperatures of the small Carnot cycle equals the 
thermal efficiency of that small cycle, call local Carnot cycle, as in Eq.17 
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where lT ,1  is the locally available temperature in the heat source and lT ,2  is the 

locally available temperature in the heat sink, thus considering a small, finite 
power cycle, i.e. 01 �Qd � . For such very small Carnot Cycle lc,�  is the local, re-

versible thermal efficiency.  
 
To find a solution to Eq. 2 we can integrate the Carnot efficiency over the arbi-
trary rate of heat transfer from the source in order to get the reversible effi-
ciency at that rate of heat transfer. 
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Unfortunately the entry temperature of the sink in the first Carnot cycle is de-
pendent on the rate of heat rejected from the second cycle which in turn is de-
pendent on the Carnot efficiency of the second cycle. This means that 	 
nT l,2  is 

dependent on 	 
1, �nlC�  and the integration cannot be solved, except for a par-

ticular Case. Therefore a numerical solution is defined as: 
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         Eq. 19 
 
Where i is a small finite power cycle in a series of n and lT ,2  and lT ,1  are arith-

metic mean temperature within each small finite power cycle. A more detailed 
deduction can be found in Appendix A. Each of the small finite power cycles 
absorb the same finite amount of heat from the heat source but reject a differ-
ent amount of heat to the heat sink. 
 
Local Carnot efficiency is schematically shown in Figure 26 with a process 
transporting heat from the source from 200°C to 70°C. Simultaneously the 
heat sink absorbs all heat not converted to work, starting at 0°C and ending at 
70°C, i.e. with a Utilization of 1�U� . Average net thermal efficiency of the 

process is the integrated value of local Carnot efficiencies according to Eq. 2. 
As local efficiency at any point along the curve is dependent on temperature 
ratio between source and sink the integration becomes path dependent. There-
fore a numerical summation, as in Eq. 19, has to replace the integral. 

 

 
Figure 26. Schematic diagram of a fully Utilized sample power cycle process starting 
at point A and ending at point B. Heat source is cooled from 200˚C to 70˚C and heat 

sink is heated from 0˚C to 70˚C. 
 

 
Figure 27 shows schematically the different behaviour of Local Carnot effi-
ciency and Integrated Local Carnot efficiency in a diagram similar to Figure 
25. Note that even though Local Carnot efficiency is zero at full Utilization the 
Integrated Local Carnot efficiency is not. This explains why a positive thermal 
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would require formulation of unique Polytrophic processes for every applica-
tion. Communication errors, and biased modelling, can be expected when us-
ing such an approach. 

3.6. Irreversible thermal efficiency and Fraction of 
Carnot 

 
Integrated Local Carnot efficiency defines the potential thermal efficiency of 
any specific application and at any Utilization. Technically we can apply any 
version of power cycle to the application, but we will then introduce losses or 
irreversibilities. When we wish to compare result from real power generators 
using different cycles and different Utilizations we cannot divide the different 
losses into their details. Instead we need to use one, collective term for all irre-
versibilities in each power generator. With knowledge of thermal efficiency, 
measured or simulated, we can determine a term of merit for any specific 
power generator regardless of application differences. Fraction of Carnot, de-
fined as in Eq.20 provides the required term of merit: 
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    Eq. 20 

 
The term Fraction of Carnot indicates that it is derived from Carnot cycles. It 
has a practical  use and implies an intuitive relation to the idea of ideal, logos-
type reference cycles as discussed in Chapter 1, in relation to the tekne-type ir-
reversibilities. Using the term Fraction of Carnot overcomes the dual complex-
ity of combining the multitude of thermodynamic cycles, as described in Chap-
ter 2, with the multitude of application characteristics as described in Section 
3.1. 
 
Note that FoC  is sometimes misrepresented in literature. It is then typically 
defined as the ratio of thermal efficiency to Carnot efficiency of the entry con-
ditions. Such definitions are ambiguous due to neglecting the effects of Utiliza-
tion. This type of error is common not only in thermodynamic evaluation of 
power cycles but also in the field of refrigeration cycles. 
 
With the definition in Eq. 20 meta-analysis of any power generator perfor-
mance is possible without making technical assumptions on component effi-
ciencies, cycle specifics or working fluid characteristics. As will be shown in 
Section 3.7 this allows drawing new conclusions from already existing data 
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sets on power generator efficiencies. In particular low temperature difference 
power generator technology requires such cross-technology comparison to im-
prove. 

3.7.  Fraction of Carnot as Term of Merit in real sys-
tems 

 
In the attempt to investigate how different types of low temperature difference 
power cycles compare a number of observations were made. As discussed in 
IX. Öhman and Lundqvist (2015a) conventional first- and second law terms of 
merit appear to create bias in real comparisons. Once that was overcome, with 
the formulation of FoC  , the next observation was that very few publications 
disclose a full set of thermodynamic boundary conditions. It came as a sur-
prise to the Author that the vast majority of scientific authors forget to disclose 
the very data critical to investigate net effect of the studied objects. Simulation 
results were considered irrelevant for this investigation. The reason being was 
that in comparing cross-technological alternatives any model used for perfor-
mance simulations needs to be validated by test data. With the evaluation 
model taking differences in application characteristics into account it is better 
to use the validation data directly and avoid simulated results wherever possi-
ble. The Author also observed that in articles on simulation, the thermody-
namic boundaries are often left out which makes comparisons to other solu-
tions vulnerable to bias and ambiguity. 
 
Reviewing articles on low temperature difference power cycles showed that 
only few contained enough data to be analysed. Therefore information from 
real operating power generation systems, not yet described in the literature, 
was included by asking owner/operators of real units for monitored data. To 
increase the amount of data, we also added performance data provided by sup-
pliers in legal quotations and in product marketing to the investigation. De-
spite this broad inclusion criteria of source information the data sample was 
small. This made the analysis of statistical significance inaccurate and unable 
to be used as a filter. All details of data, assumptions and sources was there-
fore disclosed in V. Öhman and Lundqvist (2013a). Note the fact that the sam-
ple was comprised of different types of cycles, application characteristics, 
working fluids, nominal power and geographical markets. Furthermore no sig-
nificant difference between scientific and commercial data could be identified. 
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the factors behind the correlation are not known to the Author. In combina-
tion with rational tekno-economic factors having effects we can expect less ra-
tional ones such as lack of knowledge, immature technical solutions, market 
incentive backfires and inadequate business models to affect how any particu-
lar application of a low temperature power generator is designed. 
 
Two sets of data had to be excluded from the correlation. Reasons for this are 
explained in the article. It should be pointed out that outliers generally should 
be excluded from correlations to avoid unreasonable distortions.   
 
Note that after publishing the correlation in Figure 29 some complementary 
data have been made available to the Author, supporting validity of the corre-
lation.  

� Chinese supplier Hanbell published marketing data (2015) offering a 
range of ORC power generators of 30 kW to 300 kW output with 

50.048.0 ��FoC   at 45.0�U�  

� Based on preliminary tests Dom (2015) predicted the performance of an 
Exencotech cycle power generator very close to Eq. 21 

� In Hammerschmid, Stallinger, Obernberger, and Piatowski (2004) a 
low temperature saturated Rankine cycle was reported with a perfor-
mance of 21.0�FoC  at 95.0�U�  

� Tijani (2012) reported a measured thermo-acoustic power cycle perfor-
mance of 42.0�FoC  at 65.0�U�  

 
Also note that reports of less results than the correlation in Figure 29 are fre-
quently reported, such as laboratory tests in Bianchi (2015). This is to be ex-
pected as several novel designs need time to mature and to reach commercial 
cost efficiency. The Author has not been able to find test data significantly bet-
ter than the correlation in Figure 29. 
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and only an estimation of optimal Utilization, expected power output and opti-
mal heat exchange can be done in a simple diagram. This way economic out-
put and the magnitude of equipment cost involved can be pre-estimated with-
out expert knowledge. Figure 41(p81) exemplifies how the correlation in Fig-
ure 29 can be used. 
 
One has to be very careful in extrapolating the correlation outside of the range 
of Utilization indicated, 0.15 to 0.8 as unknown real world effects may have 
significant impacts at the extremes. It is critically important to understand 
that FoC relates to Integrated Local Carnot efficiency, conceptually containing 
multiple small Carnot cycles or a perfectly adopted Lorentz cycle. At Utiliza-
tions > 1 only multiple Carnot cycles should be used for explanations. 
 
Figure 29 indicates quite high numbers of Fraction of Carnot, considering 
losses in e.g. expansion machines, heat exchangers, and generators. Due to the 
ambiguity of efficiencies reported in the literature, explained above, the values 
of Fraction of Carnot are difficult to relate to something intuitive. Experiences 
from my own ORC power generation systems showed that the ratio of meas-
ured thermal efficiency divided by Carnot efficiency of Source and Sink entry 
conditions was often in the range of 30% to 40%. That is a vague indication 
that the levels shown in Figure 29 may be realistic. 

3.8.  A simplified expression of expected work output 
based on correlated power generator efficiencies 

 
The most common term of merit for power cycles is thermal efficiency, defined 
as the relation between produced work and the heat ejected from the heat 
source, as expressed in Eq. 1. That definition however does not tell us if the ef-
ficiency is affected by losses, irreversibilities, or by nature, i.e. second law ef-
fects. Therefore practically it is an ambiguous definition by the reason of per-
ception. Many readers will implicitly understand th��1  as losses, a common 

misconception often only implicitly identified. Having a completely reversible 
system with 1�th�  there are obviously no losses. Though sometimes ambigu-

ous we need some efficiency term to estimate the good of a power cycle rela-
tive to its potential. 
 
The methodology of using exergy to define efficiency terms is sometimes even 
more ambiguous than using Eq. 1. Often exergy efficiency, ex�   is defined as  
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 exexitentry eemW ����� ,1,11�
�     Eq. 23 

 
Where exite ,1  is the exergy of the heat source flow at the exit temperature of ir-

reversible, actual operating conditions. It does not take into account what the 
exit exergy would have been, had the operating condition been reversible. 
Though this equation seems to be a 2nd law restriction it does not take into ac-
count the 2nd law restrictions posed by the heating up of the sink. Also the 
term plant efficiency is sometimes used, meaning the exergy efficiency where 

exite ,1  is the exergy of the heat source after being cooled to a ‘dead state’, most 

often the temperature of the environment. Once again this completely leaves 
restrictions by the heating up of the sink undetected. To make it more ambigu-
ous the ‘dead state’ can be defined at will, leaving us with the problem of un-
derstanding that very different levels of plant efficiency can be derived from 
the same set of measuring data. 
 
A more comprehensive definition of exergy efficiency is shown in Eq. 24. 
 

	 
 	 
� � exexitemtryexitentry eemeemW �������� ,2,22,1,11 ���   Eq. 24 

 
If indexes 1 and 2 indicate source and sink flow respectively this becomes a 
correct second law limitation. Unfortunately the freedom for anyone to define 
exergy efficiency at his/her own will has created a genuinely sceptical attitude 
to the term. Consequently we can expect poor penetration to practitioners if 
we use it. 
 
As explained in III. Öhman and Lundqvist (2012) and Section 3.7 we can bet-
ter express output rate of work using the integrated, local Carnot efficiency 
and Fraction of Carnot. 
 

 FoCQW IlC ��� ,1 ���      Eq.25 

 
where the first factor is the limitation according to the 1st law. The second fac-
tor is the limitation according to the 2nd law and the 3rd factor is the limitation 
implied by the irreversibilities of the system. 
 



56 
 

For a practitioner with limited experience in thermodynamics, the expression 
of work in Eq. 26 may still be too abstract. To avoid the need for a computer-
ised numerical calculation a more simplified equation was explained in VIII. 
Öhman and Lundqvist (2014b).  
 

	 
UaspecCAQW �,��� ��       Eq. 26 

 
The first factor is only determined by the characteristics of the application, or 
the Case as of previous explanations, while the second is determined by how 
well we can be expected to use them.  
 
The definition of Application specific work factor is expressed in Eq. 27. 
 

 	 
 	 
 	 
UUIlcUUaspec FoC ����� ���� ,,    Eq. 27 

 
Application specific work factor is expressed graphically in Figure 30 while 

CAQ�  is calculated using Eq. 16. 

 
The reason for introducing this definition is to create a dimensionless entity 
suitable for a 2-dimensional calculations diagram as in Figure 30. We can ex-
plain Application specific work factor as the ratio of real expected power 
output, using average market product quality, to the theoretical heat transport 
from the heat source in order to reach the Curzon-Ahlborn temperature. Note 
that the first factor in Eq. 27 shows how intensively we use the application, the 
second shows the reversibly available thermal efficiency, according to the 2nd 
law, and the third factor shows how irreversible our system can be expected to 
be using an average market quality, real power generation system. Note that a 
sensitivity study, reported in VIII. Öhman and Lundqvist (2014b), showed that 
Eq. 27 can only be valid if entry temperature ratio of sink and source < 0.7 and 
if apparent heat capacity constCpm ��� . If any of these restrictions are sur-
passed Eqs. 26 and 27 need to be numerically calculated from Eqs. 17 to 21. 
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cooling water flow will result in a range of output electric power from 61 kW to 
107 kW. The evaporator of an ORC should be capable of transferring heat in a 
range from 1.4 MW to 2.5 MW at the defined conditions. With this infor-
mation it is easier for the entrepreneur to assess the allowable investment ex-
penditure and to evaluate vendors proposing a particular power generator so-
lution for the site 

 One should bear in mind that pump losses for the river water, as well as for 
the brine, are site dependent entities and therefore not included in the correla-
tion of Eq.21. Such losses need to be assessed when more detailed information 
about geographical conditions become known. 

Table 2. Example of simplified pre-estimation of potential power generation and mag-
nitude of heat exchange in a potential geothermal well, power generation site. See 

also Figure 30. 

 Low flow Medium 
flow 

High 
flow Units Equation 

Brine temp, 
entryT ,1  65 65 65 ˚C (-) 

Brine flow 100 100 100 m3/h (-) 
River water tem-
perature, entryT ,2  12 12 12 ˚C (-) 

River water flow 50 100 150 m3/h (-) 

1� 8.6 8.6 8.6 K/MW Eq. 9 

entryentry TT ,1,2  0.84 0.84 0.84 (-) (-) 

2� 17.2 8.6 5.7 K/MW Eq. 8 

CAQ�  2173 3213 3831 kW Eq. 3 

CAT  46.3 37.4 32.0 ˚C Eq. 15 

Optimal U�  0.64 0.64 0.64 (-) Figure 30 

aspec,�  0.0279 0.0279 0.0279 (-) Figure 30 

Expected Power 

Output, W�  
61 90 107 kW Eq. 27 

Required hot side 

heat exchange, 1Q�  
1391 2056 2452 kW UCAQ ���  

Required cold 
side heat ex-
change, 2Q�  

1330 1966 2345 kW eUCA WQ �� ���  

Brine return tem-
perature 53.0 47.3 43.9 ˚C 11,1 ���QT entry

�
 

River water re-
turn temperature 34.9 28.9 25.4 ˚C 22,2 ���QT entry

�
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To conclude there seems to be a generic level of performance of real, low tem-
perature difference power cycles, independent of the technology used. That in-
formation can be formulated as a correlation in the domain of Utilization. The 
practical implications of having access to such information can be significant 
in economic terms. 

The nature of low temperature heat sources is that they tend to be distributed 
in geography. As a consequence the amount of available heat is limited on each 
site. If the magnitude of a low temperature heat source is big enough we can 
afford to spend expert thermodynamic resources on determining its potential. 
If that magnitude is small we cannot economically assess its potential due to 
the cost of such expert thermodynamic resources. The simplified pre-estima-
tion of potential power generation and heat transport rate may allow for eco-
nomic assessment of the vast number of low-magnitude low temperature heat 
sources yet un-investigated. It is inevitable that some of those economically 
assessed sites will offer economically favourable investment cases and there-
fore a provision of electric power, badly needed according to the situation de-
scribed in Chapter 1. 

A further use of the described method for estimating power output and re-
quired heat transfer between source and sink is to check the realism in claims 
made by stake holders such as vendors or enthusiasts. By calculating FoC and 
comparing this to Eq.21 a proposition can rather easily be evaluated on a gen-
eral level as being realistic or not. In this respect the described method offers a 
similar functionality as terms of merit based on experience in other technolo-
gies. COP (Coefficient of Performance) is a well-defined term in refrigeration 
and heat pump technology. Due to its simplicity, and suitability for generalisa-
tion, experience from the field has led to the acceptance of COP to determine 
realistic performances as a rule of thumb. Similarly automotive fuel efficiency, 
in litre/kilometre, or first law efficiency of large coal plants have been general-
ised to a degree where it is commonly accepted, and practical, to make non-bi-
ased comparisons between different solutions based on terms of merit. 

If low temperature difference power generators are to reach market penetra-
tion, comparable to automotive engines and ordinary power generators, such 
simplified rules of thumb are necessary for customer acceptance. It is the am-
bition of the Author to provide such a method, which is well-defined and easy 
to use for comparing low temperature difference power generators. 
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4. Multi-phase screw expanders and performance 
modelling 

 
The science of screw machines has mainly been developed within confidential 
environments. Therefore scientists without access to the standard nomencla-
ture definitions tend to cause some confusion when publishing their findings 
using different terms and definitions. It is not the intent of this thesis to pre-
scribe a certain nomenclature. However, the Author has consequently used 
terminology as defined in a standard document issued by SRM AB and cur-
rently owned by Opcon Energy Systems AB. That document is not public but 
has provided a practical convention of terminology and definitions of rotor 
profiles, compressor design practices and functional entities. This standard 
nomenclature is used by the vast majority of all industrial parties involved in 
screw machine development and manufacture. Due to its strict confidentiality 
to licensed manufacturers of Opcon Energy Systems AB the Author has not 
been allowed to refer formally to the document, and publishing any parts of 
the document is prohibited. 

4.1.  Background to helical screw expanders 
 
Helical screw geometries have intrigued artists, engineers and scientists since 
the dawn of time. Hundreds of millions of years ago Nautilus pompilius devel-
oped perfectly helical shell geometries. Immensely complex information cap-
sules, such as DNA molecules, describe regular helical shapes. Three-dimen-
sional helical vortices can be observed as local, systematic behaviour in seem-
ingly chaotic viscous flow. The helical Archimedes screw is considered to be a 
brilliant innovation although it is more than 2000 years old. It is not a coinci-
dence that the helical screw rotor of Olofsson (1976) is visually similar to some 
of the most iconic architectural elements in history: the pillars of the main al-
tar in the basilica of St. Peter in Rome. Despite their probable origin in pre-
Christian Jewish/Arabian culture, the magical helical shape was powerful 
enough to be re-engineered to represent the holiest entity in Christianity. Gen-
erations of architects and designers have since re-used the concept. Appar-
ently the mathematical beauty of certain helical functions stimulates creativity 
and awe in brilliant human minds regardless of time. Though eminent in ar-
chitecture, helical twin screw rotors do not appear in writing until Krigar 
(1879) patented a twin helical screw machine. The used term ‘presse’ would be 
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similar to the modern term ‘blower’, i.e. a gas compressor without internal 
compression. 
 
In the 1920s Chief Engineer Alf Lysholm, at Aktiebolaget Ljungströms Ång-
turbin AB (ALÅ) in Stockholm, managed the development of the first air borne 
jet engines. The jet engine prototypes were unreliable and suffered from 
pumping in the multi-stage radial compression turbines. In the late 1920s 
Lysholm began shifting jet engine dynamic compressor stages to a family of 
twin screw compressor designs. This creative solution circumvented the jet en-
gine problem and was the origin of the industry of twin screw compressors. In 
1935, upon venturing into commercialising the spin-offs of the jet engines, 
Lysholm patented a fully industrialised technology of oil-free screw compres-
sors, see Lysholm and Boestad (1935). As commercial interest was healthy a 
design manual was published, based on thermodynamic equations correlated 
by graphs from dimensionless test data from several different designs. The 
Screw Compressor System ALÅ, as of Aktiebolaget-Ljungströms-Ångturbin 
(1937) was very successful in enhancing product development among a fleet of 
licensed manufacturers. The sophistication of 1930s Lysholm screw compres-
sor designs is exemplified by the 1936 airborne jet engine screw compressors 
shown in Lysholm (1947).The industrial development of screw compressors 
can be studied in Timuska and Öhman (2008) and Svenningsson, Sjölin, and 
Öhman (2010). Obviously the idea of using screw machines as expansion de-
vices was immediately apparent to Alf Lysholm and his collaborators, as well 
as already being apparent to Krigar. However, it was not until 1953 that 
Schibbye and Wagenius (1953) published a design manual for screw expand-
ers. However, even before publishing the manual, knowledge on screw ex-
panders had already developed to such a level that designs in the manual are 
still competitive, and sometimes superior, to current designs based on con-
verted screw compressors. 
 
In the 1920s Carl Montelius initiated a parallel track in screw machine devel-
opment. His inventions on screw pumps Montelius (1928) and screw pump ro-
tor profiles Montelius (1927) took place at the same time and in a similar geo-
graphical location as Alf Lysholm’s work. Therefore it is reasonable to assume 
that some level of knowledge sharing probably occurred. Although used as a 
metering device, overall the use of screw pumps for expansion has been very 
limited. 
 
At this point it is necessary to briefly discuss the late Swedish engineering 
company ALÅ AB, renamed in 1947 to SRM AB, from 1908-2011. Helical screw 
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machines were only one of the many innovations developed and industrialised 
by SRM. Their strategy to license the manufacturing to large industrial compa-
nies globally led to two important consequences. Firstly the organisational 
power of established industrial companies made global market penetration 
much faster than any start-up company could master. Secondly the royalties, 
paid to SRM on successful product sales could be reinvested into developing 
technology further without the strenuous effort of mass production build-up. 
Due to these events screw compressors came to revolutionise major industrial 
fields such as pneumatic air, refrigeration, air conditioning, automotive com-
bustion engines and fuel cell power plants. Innumerable other applications 
also used screw compressors with great success. Because of the large impact 
on global power consumption screw compressors have been investigated by 
science in many publications. 
 
An example of the strong impact on market penetration for screw machines 
was the recurring conferences allowing in depth technical/scientific collabora-
tion between all the major competing screw compressor manufacturers. In the 
SRM Screw Compressor Conference October 19-23, 1953 in Stockholm, Swe-
den a series of standard rotor dimensions was proposed to reduce manufactur-
ing cost and secure supplies of rotors. Standardised Male rotor diameters and 
fixed length to diameter ratios where agreed upon as a compromise to cover 
the air compressor market needs while fitting to existing electric motor stand-
ard sizes. Some of the most successful standard sizes were 112mm, 127mm, 
143mm, 165mm, 204mm, 255mm and 316mm Male diameter. All standard 
rotors had a lobe combination of 4+6 (M+F). SRM agreed to keep redundant 
tooling available, and all manufacturers adhered to the new standard. Every 
manufacturer could hereby compete on housing designs and packaging while 
enjoying the low cost of standardised rotor tooling. Still, more than 60 years 
later, a huge amount of screw compressors produced use Male diameters and 
rotor length to diameter ratios as agreed upon in 1953. Due to this event many 
screw expanders on the market are designed to the same basic rotor dimen-
sions. 
 
The applications for screw expanders were always of insignificant commercial 
magnitude compared to the gas compressors. Therefore they have attracted 
little interest from science until recently. Nevertheless the royalty arrange-
ments described above allowed SRM to develop commercial screw expander 
products for a large number of applications. Cooling turbines in fighter air-
craft, variable speed steam expansion drives, fuel cell pressure recovery, inte-
grated pneumatic vacuum compressors/expanders, air cycle heat pumps and 
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Figure 32. Schematic volume curve of a typical screw expander.  
Volume at closing the feed line is indicated. Volume at chamber opening is 100%. 

 
Alternative design concepts of screw expanders, such as the cylindrical, in-
verted Female rotor-type, as of Olofsson (1976) in Figure 33; the conical, in-
verted Female rotor-type, as of Olofsson (1989) Figure 34; the triple rotor type 
as of Shaw (1995) as in Figure 35; the Zimmern, single helix rotor/twin gate 
rotor type of Figure 36 from the same reference; and the Herring bone type of 
Figure 37, follow the same process as described above. Loss distribution and 
design challenges however are unique to each concept. 
 

 
 

Figure 33. Cylindrical, inverted Female type, rotor combination concept. 
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Figure 34. Conical, inverted Female type, rotor combination concept. 

 

 
 

Figure 35. Triple rotor type screw machine. Variants of up to 6 Female rotors  
have been proposed. 

 

 
 

Figure 36. Single helix rotor/twin gate rotor type screw machine. 
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Figure 37. Typical Herringbone rotor design. Japanese sketch from 1960s.  

Inlet from above and split discharge below. 

4.3.  Basic design principles of twin screw expanders 
 
The original general design manual for screw compressors, Aktiebolaget-
Ljungströms-Ångturbin (1937), is often, in combination with the correlated 
mathematical performance model in Schibbye (1950), referred to by industrial 
practitioners as the compressor bible. It was distributed to all licensed manu-
facturers of screw compressors but is difficult to find today due to its age. 
Works built on the principles of the compressor bible are easier to find, such 
as Rinder (1979). As applications for screw expanders started to become com-
mercially interesting a mathematical model Schibbye and Wagenius (1953), 
the expander bible, was issued to allow design optimisation within the same 
paradigm as for the screw compressors. Fairchild Industries issued a more de-
veloped screw expander design manual Fairchild-Hiller (1957) mainly in-
tended for airborne screw expander applications and the Elliot marine en-
gines. As computers were not available at the time the design manuals were 
constructed as mathematical models using some characteristic test results, 
combined with extrapolations based on assumed physical relations. The pow-
erful approach used in the expander bible is such that one can design a screw 
expander accordingly and come up with a product competitive on current 
markets. Naturally current designs are developed using advanced computer 
tools, allowing more challenging applications, though the end result in con-
ventional applications is not significantly better today than 60 years ago. Mod-
els for single-phase screw expander performance optimisation are well de-
scribed and can be found as early as Platell (1993). A well-proven methodology 
on how to use such models for machine optimisation is described in Grieb and 
Bruemmer (2014). 
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Housings containing bearing supports, shaft seals and injection/rejection 
ports are easy to manufacture with conventional machining technologies. The 
rotors however need uniquely developed manufacturing technologies. The 
most common are single index milling, profile grinding, multiple thread hob-
bing and full form moulding. However other methods such as Isostatic Press-
ing, extrusion, whirling and turning exist in specific set-ups. The detail design 
of the rotor profiles depend on manufacturing technology, rotor materials, 
choice of fluid, pressures, temperatures, bearing characteristics and load vari-
ations. Regardless if rotor-to-rotor torque transfer is conducted by external 
synchronisation gear wheels or by lubricated direct contact, combinations of 
liquid and gas injection cause not only large differences in thermodynamic 
conditions but also in mechanical loads. Yet all rotor profiles have the conflict-
ing demands of Table 3 in common. A complete explanation of all rotor profile 
entities is not provided in this thesis. 
 

Table 3. Design requirements for rotor profiles from four main perspectives. Other 
requirements occur due to specific manufacturing methods and applications. 

 
 Geometric 

require-
ments 

Requirements 
from 

Manufacturing 

Requirement 
For cost rea-

sons 

Requirements 
for 

functionality 
Outer diameters Irrelevant Large Small Large 
Root diameter Irrelevant Large Large Small 

Generation Irrelevant Travelling point Point genera-
tion 

Travelling point 

Helix Small Small Small Large 
Mesh seal length Large Large Small Small 
Mesh seal height Large Large Large Small 

Tip seal width Small Large Large Small 
Tip seal height Small Large Large Small 
Tip seal strip Large Small Small Small 

Centre distance Irrelevant Large Small Small 
Contact band 

width 
Irrelevant Large Small Large 

Contact angle Irrelevant Irrelevant Irrelevant Large 
Transferred 

torque 
Large Irrelevant Small Small 

Idling lobe Yes No No Yes 
Radii of curva-

ture 
Irrelevant Large Small Large 

Trapped pocket Large Irrelevant Irrelevant Small 
Lobe thickness Large Large Small Small 

Addendum Large Small Small Large 
Dedendum Large Small Small Large 
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A profile can be defined by a 2-dimensional rack-equation, as in Litvin, Feng, 
Lagutin, Townsend, and Sep (1999) or as a 3-dimensional sealing line, indi-
cated in Figure 38, or as two independent sets of rotor coordinates and a de-
fined centre distance. Regardless of method the rotors mesh together with 
hypo-cycloids and epi-cycloids successively generating geometries of the mat-
ing rotor. Two main principles for generation exists: point generation, where a 
point on one rotor generates a continuous line on the other, and travelling 
point generation, where each point on one rotor generates only one point on 
the other. Astberg (1981) provided a major breakthrough in rotor profile the-
ory by being the first to explain how to solve the mathematical problem of de-
signing a rotor profile without any point generation at all. Hereby sensitivity to 
tooling errors and wear could be minimised and performance maintained with 
improved cost efficiency. 
 

 
Figure 38. Schematic of sealing line, between two screw expander rotors,  
projected onto the Male rotor profile. Modified image from Edström (1989). 

 
The macro-parameters of the rotor bodies, such as length, number of lobes on 
each rotor, helix angle and root diameters are typically set prior to the rotor 
profile design. They play a major role in bending stiffness, rotor dynamics, 
bearing life, port velocities, lubrication characteristics and volume flow. 
Further degrees of design freedom are offered by multi staging, variable pro-
file diameter, variable helix and design solutions allowing variation of cham-
ber volume ratio during operation. To obtain correct functionality the design 
of rotors, in combination with the housings, create flow ports and a chamber 
volume ratio controlling the fluid expansion. As the expansion is partly static 
and partly dynamic the exact balance of design parameters is unique for every 
design. Often auxiliary ports are located half-way down the expansion either 



70 
 

rejecting fluid or injecting fluid, in order to create the preferred expansion 
process. Such ports typically mix liquid and gaseous fluid flows. 
The degrees of freedom in the design of screw expanders are used to control 
the internal flow patterns. The examples above are far from all possible con-
cepts and solutions. Clearances between moving surfaces are required in order 
to prevent seizing or premature wear. The chamber seals, created by rotor and 
casing surfaces, are subjected to pressure differences and therefore allow for 
leakages in unfavourable manners. Four main factors affect the magnitude of 
the clearances: 

� Component tolerances, determined by design, manufacturing technol-
ogy and simplicity of assembly, have a substantial impact on the mini-
mum allowable clearance magnitudes. 

� Rotor deflections, caused by fluid forces and external gear forces, in-
crease the design clearances along the sealing line, see Figure 38, while 
decreasing clearances between rotor tips and casing in the quadrant op-
posite to the fluid forces. Due to the fact that the angular direction of 
fluid forces on the rotors vary with load conditions, an unfavourably 
large rotor tip clearance may have to be designed in all quadrants, sig-
nificantly affecting leakage flows. 

� Elastic deformations in rotor contacts/synchronisation gears, as well as 
in bearings and casings, create complex chains of 3-dimensional trans-
lations of the rotors increasing or decreasing local clearances in all ar-
eas of the machine. 

� Dynamic effects of fluid pressure pulsations, bearing stiffness and peri-
odic variations of rotor deflection angle will cause wear or seizure if ap-
propriate clearances are not present. 

 
Note that in multi-phase screw expanders temperature gradients are usually 
limited. Hence deformation by thermal elongation is typically of low im-
portance. Sensitivity to such deformations is however considerable, and care 
must always be taken to assess if they affect efficiency in any particular appli-
cation. For multi-phase expansion viscous losses of the fluid must also be min-
imised by design. That is the reason why running screw compressors, obvi-
ously designed for compression, in reverse seldom provide expanders with 
good efficiency. 
 
Using multi-physics type of approaches to model the mechanical characteris-
tics of the system typically fail on computational limitations. The reason for 
this is that a very small change in a clearance dimension can have major ef-
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fects on the flow pattern through it. This major effect on flow pattern has nota-
ble effects on chamber pressure distribution and consequently affects the flow 
pattern in all connected clearances. Due to dynamic effects pressure differ-
ences across the clearances vary substantially. Also clearance geometries are 
typically designed to hinder leakage flows by innovative combinations of sur-
face radii or surface patterns. In the case of two-phase flow the non-quasi 
static nature of the fluid further makes modelling of viscous losses and clear-
ance flow losses even more challenging. 
 
Clearances can only be defined as an effect of the combinations of compo-
nents. Due to the complexity, clearance classes for rotor pairs have been suc-
cessful in manufacturing quality control. Edström (1989) described a grouped 
clearance methodology similar to practise in gear technology. Unfortunately 
no accepted standard for grouped clearances also containing casings exist, 
therefore every analyst is left to investigate a machine on its own specific set of 
clearances, making generalisations difficult. 
 
A detail description of performance behaviour of screw expanders is too com-
prehensive to include in this thesis. However there are a few generic character-
istics commonly used to evaluate all screw expanders. By using these stand-
ardised entities and relating them to tip speed we can compare results from 
evaluations of different screw expanders. 
 
Filling factor, according to Eq. 28, indicates the inlet line fluid flow, 
 

nomin VVf ���     Eq. 28 

 
Where inV�  is the real inlet volume flow and nomV�  is defined according to Eq. 29 

 

	 
 idpnom VVnV ���
    Eq. 29 

 
Here n  is the rotational speed of the drive shaft, dpV  is the swept volume used 

as compressor and iV  is defined in Eq. 30 

 

ini VVV max�     Eq. 30 
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maxV  is the maximum volume of one chamber, corresponding to 100% in Fig-

ure 32. inV  is the chamber volume at the rotational position of closing the 

chamber towards the inlet line, also indicated in Figure 32(p65). 
 
Adiabatic efficiency, according to Eq. 31 indicates the shaft power relative to 
an adiabatic and isentropic expansion of the actual fluid flow. 
 

                       
    Eq. 31 

 
m�  is measured mass flow, ish�  is the enthalpy drop defined by adiabatic and 

isentropic expansion from entry conditions to exit pressure. shaftT  is measured 

torque on the drive shaft and �  is the rotational speed in rad/s. Note that 
when an electric generator is physically integrated into an expander the nu-
merator in Eq. 31 is often replaced by measured electric power output. 
 
It is to be noted that in standard convention for screw compressor and ex-
pander adiabatic, efficiency is not the same as in standard convention for 
turbo machines. An example of the care required in understanding screw ma-
chine efficiencies is Myers, Deis, and Shell (1986) where a single phase screw 
expander is investigated. In that article adiabatic efficiency, defined according 
to turbo machine conventions, is identical to the term temperature efficiency, 
defined according to screw machine conventions. The equivalent to Eq. 31 is in 
that article called overall efficiency. The reader should be aware of such differ-
ences to avoid being confused by conflicting data. 
 
Typically efficiencies are expressed against the two most characteristic entities 
of screw expanders, tip speed of the Male rotor and pressure ratio. Such effi-
ciency curves describe some generic shapes fundamentally similar to all 
known screw expander designs. To experienced practitioners measured devia-
tions from such generic shapes provide a powerful tool for quality evaluations 
and for identifying opportunities of improvements. 

4.4. Modelling and performance optimisation 
 
The geometrical parameters of a screw machine can be varied in countless 
manners. As internal functions, such as leakage, pressure change, tempera-

is
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T
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tures and accelerations, are unsuitable to separate in real validation tests mod-
elling and performance optimisation requires some specific approaches. Mod-
ern 3-dimensional (3D), Computer Fluid Dynamics (CFD) fail in the respect of 
allowing practical design optimisation and performance prediction due to the 
fact that the large differences in geometries require unique validations. Not 
only is the 3D, CFD expensive due to large amount of data handling, but they 
also require validation testing unavailable when considering design concepts 
not yet built. There are two main advantages of using CFD: creating a general 
understanding of the processes within the machine and allowing detail design 
optimisation within the bounds of a given macro geometry. In global perfor-
mance optimisation 3D, CFD is still to be perfected. Such a conclusion is sup-
ported in that the Author has been unable to find any evidence of a modern 
screw expander design showing significantly better efficiency or reliability 
compared to those designed before the advent of CFD. 
 
The first described models intended to simulate performance using different 
geometries, Aktiebolaget-Ljungströms-Ångturbin (1937) and Schibbye and 
Wagenius (1953),  were based on dimensionless geometrical and thermody-
namic parameters, correlated by some empirical testing assumed representa-
tive. Others, like Fairchild-Hiller (1957) and Brown (1984) used signal-pro-
cessing methods, or curve-fitting methods, to extrapolate functional parame-
ters in various dimensions. Such models tend to age quickly as they are de-
pendent on particular macro geometry assumptions. During the 1970s and 
1980s works on computerised modelling strategies for screw compressors 
were published. Margolis (1978) introduced modern analytical methods for 
performance prediction. Persson (1986) made important contributions de-
scribing the heat transfer between liquid and gas in oil injected screw com-
pressors, methods conveniently used in screw expander modelling. 
 Jonsson (1991) described a fully modern three-dimensional geometrical 
model coupled with a one-dimensional thermodynamic model allowing total 
freedom of geometric choice. He also included effects of liquid coolant/lubri-
cant in the compression or expansion process. Platell (1993) further modern-
ised this concept by introducing real gas data from freely chosen equations of 
state for the fluid in screw expander models. Sångfors (1998) explained how 
phase change within the chamber model can be modelled. Recent attempts on 
two-phase entry, such as Read, Smith, and Stocik (2014) is promising but has 
yet to find data for validation. Significant research has also been conducted at 
Strathclyde University under Professor Fleming, Dortmund University under 
Professor Kauder, KTH under Professor Persson and City University under 
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Professors Smith and Stocik. However, scientific publications of modelling im-
provements have not yet shown any novel or improved functionality of real 
world screw expanders. A potential novelty, related to expansion of sub-cooled 
liquid, was presented by Kliem (2005) including inlet port nozzles. However, 
they have not yet proven successful in commercial applications.  
 
It is to be noted that there are published models describing the expansion pro-
cess when starting with variable mixed flow at expansion entry. However the 
Author has not been able to find any of those correlated against test data. 
Hence it is questionable to use them to simulate effects on ORCs. 
 

4.5.  Multi-phase expansion in screw expanders 
 
Multi-phase expansion can be divided into three distinctly different types: 

� The simplest type is when gas is expanded from a superheated state, or 
saturated state, into the wet region, as in Figure 12(p19-20), columns C) 
and D). Droplets are then formed on cold surfaces and eventually in the 
midst of the gas. Such applications are well known from final stage 
steam turbines. Most types of expansion machines can mechanically 
handle this situation though dynamic turbines are known to lose effi-
ciency if droplet formation disturbs the flow field through the machine. 
If droplets occur in unfavourable locations severe wear on blades and 
guide vanes will occur due to high collision surface forces. There is an 
abundance of literature on this subject, such as Kim, Peroomian, and 
Yang (2015), as well as commercial software for simulation and optimi-
sation of the expansion, mainly focused on steam expansion. Screw ex-
panders are commonly used in such conditions and due to relatively 
low flow velocities wear of internal surfaces are uncommon. On some 
occasions 3-phase expansion will take place, as in Schibbye (1959). 
Some applications utilise 3-phase expansion for crystallization of gase-
ous mercury at -80˚C in contaminated combustion gases. The three 
phases then consists of gaseous air, liquid water and a combination of 
solid ice and crystalline Mercury.  

� A significantly more complex type of multi-phase expansion is when 
saturated liquid is expanded into the wet region, such as in Figure 
12(p19-20), column A). The liquid then becomes superheated by the ex-
pansion. Therefore it evaporates and gas bubbles tend to flash within 
the liquid. Some devices exist for such application, see Steidel, Pankow, 
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and Berger (1981), Brasz (2003) and I. Öhman (2004), though little de-
tail test data is published. Kliem (2005) reported on an experiment on 
filling mechanisms of such screw expanders. Simulation of the expan-
sion process is not very well described, mainly due to the notorious dif-
ficulty of predicting heat transfer within the gas and liquid while in a 
non-ordered, non-quasi static flow condition. This type of expansion is 
implemented in Trilateral Flash Cycles, see I. K Smith, Stosic, and Aldis 
(1994); in geothermal direct brine expansion cycles, McKay (1982); and 
in refrigeration systems, I. Öhman (2004). Research on dynamic flash 
evaporation is improving our knowledge on such processes, see 
Polanco, Holdø, and Munday (2010). An embryonic, and important, 
contribution to  understanding this process in work-producing machin-
ery was recently presented by  Kanno and Shikazono (2015). Large 
parts of this process is however still unknown. 

� The third and most complex type of multi-phase expansion is when a 
mixture of gas and liquid, both at saturated conditions, are admitted to 
the expansion process simultaneously, as shown in Figure 12(p19-20), 
column B). As is explained in VI. Öhman and Lundqvist (2013b) both 
flashing of gas bubbles and condensation is expected to occur simulta-
neously. Except for screw expanders, and for low power scroll expand-
ers, few types of expansion devices are mechanically suited for such 
conditions. Literature shows only detail experimental data using screw 
expanders though tests with scroll and single screw expanders have 
been mentioned. Few, but significant, works on direct expansion of var-
iable vapour fraction geothermal brine have been published, see McKay 
(1982). I K Smith, Stošič, and Aldis (1996) presented data on R113 and 
claim that modelling two-phase expansion accurately would require 
more refined models. With VI. Öhman and Lundqvist (2013b) data on 
expansion of R134a, as well as oil injected gas expansion, has also be-
come available in the literature. 

 
The most common type of device known in practical use for expanding liq-
uid/gas mixes is screw expanders. Note that they are also called Lysholm Tur-
bines or Lysholm Expanders, after the inventor Alf Lysholm, Screw Motors, 
Lysholm Motors and Twin Screw Expanders. Sometimes the term Expander 
indicates screw expanders applied to open systems, and the term Turbine indi-
cates screw expanders applied to closed systems. However no generally ac-
cepted convention on the terminology has been determined.  
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A common reason for confusion is the term two-phase turbines, often used in 
Liquefied Natural Gas applications. Such machines are dynamic turbines oper-
ating with saturated entry conditions and two-phase exit conditions. As no liq-
uid enters the machine, and the droplets forms after the sensitive turbine 
blades, the term two-phase turbine is deceptive. However since the term is 
well-established great care must be taken to clarify the definition of the term.  
 
Though multi-phase screw expanders can be described as industrially availa-
ble, scientific investigations of real machines are few and inconclusive. In VI. 
Öhman and Lundqvist (2013b) and X. Öhman and Lundqvist (2015b) all avail-
able test data is accounted for. A correlation for performance predictions at 
wet expansion entry conditions, according to Eq. 32, is suggested based on 
published measurements.  
 

	 
 	 
 1012, ����� entryphasesatadentryad XX ���   Eq. 32 

 
Where the correlation can be expressed as Eq. 33 
 

09.015.0 ,2 ����� peakadentryadphase dXd ���   Eq. 33 

 
The correlation describes the relative impact of variable vapour fraction at ex-
pansion entry, graphically shown in Figure 39. However, the absolute level has 
to be determined by tests, or simulations, in dry entry conditions. The correla-
tion is more easily expressed in Eq. 34, using the fact that adiabatic efficiency 
of a screw expander is insensitive to the degree of entry superheat. 
 

	 
 	 
 1012, ����� entryphasepeakadentryad XX ���   Eq. 34 

 
There are two linear approximations in the correlation. Firstly the gradient 

entryad dXd� is assumed constant if Male rotor tip speed, choice of fluid and en-

try/exit-pressures are constant using a particular design. This assumption is 
supported by the test data in McKay (1982) and VI. Öhman and Lundqvist 
(2013b). Secondly the adiabatic efficiency is assumed to describe a linear de-
pendency on absolute peak adiabatic efficiency at dry inlet conditions, as ex-
plained in VI. Öhman and Lundqvist (2013b), see Figure 40(p78). 
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Figure 39. Performance gradient correlation for an arbitrary twin screw expander, in-
dependent of type of fluid. 

 
The correlation in Eq. 33 indicates that differences in absolute level adiabatic 
efficiency tend to level out when reducing vapour fraction. Designs with poor 
peak efficiency tend to improve at low vapour fraction conditions while de-
signs with high peak efficiency become less efficient. This logic is graphically 
shown in Figure 40 for 3 different assumed levels of peak efficiency. 
 
Note that the existing literature data is too limited to support any practically 
useful correlation of the absolute level of efficiency. We can assume that a 
large array of parameters affect the absolute level, such as fluid characteristics, 
tip speed, machine design, pressure ratio and manufacturing quality. Un-
published peak adiabatic efficiencies of above 95% have been experienced, 
however it is the Author’s belief that such measurements could have easily 
been distorted by effects of warm oil containing significant amounts of dis-
solved fluid. Common market estimates typically vary between 50% and 85%. 
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  Figure 40. Adiabatic expansion efficiency vs. entry vapour fraction. Peak  
efficiencies; High: 9.0, �peakad� , Average: 75.0, �peakad� , Low: 6.0, �peakad� .  

As of VI. Öhman and Lundqvist (2013b). 
 
As explained in X. Öhman and Lundqvist (2015b), modelling of multi-phase 
expansion is still largely unknown. One reason for this is the dependency on 
real gas equations of state. By definition entities derived by real gas models are 
quasi-static. The most common methodology is to assume a local quasi-static 
condition in chamber models, or CFD-cells. By maintaining information on 
the state of each fluid particle over time the time constants for condensation 
and evaporation could be investigated. However, that would require enormous 
amounts of calculation power since a moving 3D cell grid is necessary to 
model flow field effects while a connected, and independently moving, particle 
grid would be required to maintain historical information about each particle. 
Furthermore performance testing of efficiencies in such conditions is notori-
ously difficult. Not only are temperature readings affected by the velocity of 
fluid but the vapour fraction itself is difficult to measure and maintain at a fix-
ated level during readings. Creating practically useful models of the process 
would require very large amounts of validation data to cover the multitude of 
variable combinations encountered in real machines. Therefore a correlation, 
such as in Eq. 33, comes in very handy to model processes where such expan-
sion can offer a potential benefit. The alternative of testing hardware, or mod-
elling the details of the expansion, is often prohibitively costly and time-con-
suming. 
 
 

	 
entryad X�  

entryX  
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4.6. Suitability of model types 
 
The first presented models, predicting screw expander performance, were typ-
ically semi-empirical equations based on limited test data and generalised in 
some physical dimension. Chamber models then enabled much better models 
to be created where macro-design parameters could be modelled and opti-
mised in a better way. With modern 3D/CFD models, micro-design parame-
ters one can model and optimise on a remarkably detailed level. 
 
Semi-empirical models, such as Eqs.21 and 34, have the benefit of generalising 
knowledge with access to very limited amounts of validation data. It makes 
them suitable when studying processes with phenomena that we cannot yet 
readily model. However the downside is low resolution and questionable accu-
racy. 
 
Chamber models offer accurate modelling of macro-design parameters. How-
ever, it is difficult to accurately model micro-design parameters, so they need 
more validation data. Nevertheless, accuracy is higher and macro-design pa-
rameters can be varied while maintaining validation data for similar micro-de-
sign parameters. This makes them very suitable for macro-design optimisation 
and layout design. 
 
3D/CFD models allow detailed modelling of both micro-design parameters 
and macro-design parameters. Unfortunately, they tend to become very com-
plex and require unique sets of validation data for each macro-design parame-
ter. Therefore such models are efficient for detail optimisation of existing, and 
tested, screw expander designs with fixed macro-parameters. 
 
It is clear that some combination of the types of models is always required. 
However, precisely which type should be used at a given moment in time is 
never entirely obvious. Some degree of ‘sense of practicality’, i.e. engineering 
judgment, will always be necessary. 
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5. Entry vapour fraction as variable in Hybrid ORC 
optimisation 

 
Recalling the historic advancement of technical applications for screw expand-
ers and new perspectives on ORC optimisation has ascended: 
 
1930s: Expansion of gases with dry entry and dry exit 

1940s: Dry entry gas and mixed flow exit (saturated steam/humid air) 

1950s: Two-phase expansion, air + oil, Wagenius (1958), 3-phase expansion of 

humid air to snow/ice, Schibbye (1959) 

1960s: First ORC applications, Behrendt (1970) 

1970s: Direct expansion of hot liquid water, McKay (1982) 

1990s: Direct expansion of hot liquid refrigerant, I. K Smith et al. (1994) 

2000s: Liquid expansion of cold liquid refrigerant, I. Öhman (2004) 

2010s: Expansion with mixed flow entry and exit+oil, VI. Öhman and 

Lundqvist (2013b) 

 
The perspective of using variable vapour fraction at expansion entry to opti-
mise ORC performance was rarely investigated due to a lack of suitable meth-
ods to estimate expansion efficiency at such applications. The improved un-
derstanding of such efficiencies now allows such a perspective, as explained in 
X. Öhman and Lundqvist (2015b). 
 
Allowing vapour fraction to vary continuously from zero, a Trilateral Flash Cy-
cle, to >1, a superheated ORC, means that the cycle can be more flexible in 
adapting to the nature of heat sources. By shifting vapour fraction evaporator 
side pinch points will shift as well as the 2nd law losses caused by exaggerated 
temperature differences between the process fluid and the heat source fluid. 
 
Current paradigms state that a uniquely chosen process fluid is required to 
achieve good system performance in a particular application. 
Figure 12(p19-20) indicates that variable vapour fraction at expansion entry 
can replace unique choices of process fluid to some extent. If that can be im-
plemented the cost of ORC power generators can be significantly reduced as 
standardisation to a limited number of process fluids match with industrial ca-
pacities. Some initial results were published in poster format Öhman and 
Lundqvist (2013c). A more detailed explanation was published in IX. Öhman 
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and Lundqvist (2014a). There we could show that the difference in optimised 
thermal efficiency was negligible between three fundamentally different pro-
cess fluids. 
 
Figure 41(p81) shows the result in a WHR application. Performance differ-
ences between the three process fluids are minimal at Utilizations commonly 
used, <0.6. Correlated Fraction of Carnot as in Section 3.6, is entered for com-
parison, showing that ‘average’ component efficiency would provide a thermal 
efficiency comparable to that of the ‘market’, as in V. Öhman and Lundqvist 
(2013a). Each calculated point is a unique process solution optimised on ex-
pansion inlet vapour fraction, see Figure 12(p19-20) for example solutions. 
 
In Figure 41 ‘Average’ component efficiency is defined as follows: 
Heat exchangers: 3K minimum temp difference at any pinch point 
Liquid pump: Total efficiency 75% (Including motor losses) 
Expansion process: Adiabatic efficiency 75% 
Electric generation: Total efficiency 95%  (Losses exit system) 
Recuperator: 90% of ‘recuperable’ heat (If recuperable process) 
Pressure drop: 1500Pa/MWthermal 
 
Note that Fraction of Carnot, using high efficiency components at the level of 
0.7 is unrealistic in commercial products. Some individual units in Figure 
29(p53) actually seem to perform at that level. They should however be con-
sidered as outliers and not representative for cost efficient products. For this 
reason, the correlated Fraction of Carnot is incorporated in Figure 41. 
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of optimisation of ORC. Further investigations of the effects are likely to pro-
duce new conclusions and are highly recommended. 
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6. Economic value of power generation from low 
temperature difference cases 

 
As electric power is close to a perfect commodity the value of a low tempera-
ture power generator operating on ‘free’ heat should be very easy to determine. 
Electric power can be assumed to be instantaneously sold at any time and dis-
tribution to the customer is accommodated by investments already made in 
grids. When powered by waste heat, however, they typically produce less 
power than the total consumption of the site, and the benefit of the power gen-
eration is sometimes explained as a negative electric load. As such the value 
added is to reduce power consumption of the industrial site. Economic benefit 
is then not the sales of power but a reduction in cost of purchased power and 
cost of distribution. The benefit is then more difficult to determine since pow-
erful tax effects interfere as well as non-linear cost effects in the power grid. If 
the grid is heavily loaded a local generation of power can offset the need for 
very costly investments in infrastructure. In an opposite situation an existing, 
over-invested grid, may tempt dominating utility companies to actively resist 
the introduction of local power generation. On top of non-linear values of 
power due to tekno-economic effects electricity markets tend to be exposed to 
heavy, and locally disparate, regulation. 
 
This means that generalised economic cost/benefit calculations become mean-
ingless. Though scientific analysis always needs economic analysis to be mean-
ingful, low temperature power cycles seem incompatible due to the above fac-
tors. Quoilin et al. (2013) is an example of good scientific research producing 
highly confusing results on cost distribution with a measured uncertainty of 
50%-100%. The comment on ‘good scientific research’ was chosen to empha-
sise that the result of the study can be assumed to be correct, although the un-
certainty is probably at the stated level.  
 
Accepting the situation with uncertain economic generalisations we will have 
to make localised economic cost/benefit calculations in every unique situation 
and evaluate it as a unique investment. That can be suitable for commercial 
stake holders while highly frustrating in science.  
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6.1. Cost of products 
 
In IX. Öhman and Lundqvist (2014a) a method for economic evaluation of dif-
ferent design solutions is shown. Though primitive, and unique to each appli-
cation, it provides a practical tool in economic optimisation of a design. 
Cost of low temperature power cycles is dominated by heat exchanger costs in 
two dimensions. Firstly the low thermal efficiency means that heat transferred 
in evaporator and condenser are very large compared to power output. Sec-
ondly the necessity of low temperature differences requires large heat ex-
changer areas and consequently large charge volumes of process fluid. On 
component level there is plenty of literature on heat exchanger cost but very 
little on expander and pump costs.  
 
Instead of focusing on real cost without reliable data a model to estimate cost 
efficiency according to Eq. 35 was used. A convenient rule-of-thumb is to con-
sider heat exchanger cost as 2/3 of total system cost. This allows for calculat-
ing cost efficiency optima as function of various parameters. Figure 42 shows a 
specific cost parameter as in Eq. 35, and power generation, for a particular op-
erating condition as of the method described in IX. Öhman and Lundqvist 
(2014a). Note that minimum specific cost does not coincide with maximum 
power generation. 
 
A major objection to such a simplistic approach, focused on heat exchanger 
cost, is that cost of different process fluids differs dramatically. II. Öhman 
(2011) showed a cost ratio of 1/40 between a few different fluids investigated. 
It is obvious that such large differences in fluid cost will have a significant im-
pact on heat exchanger size- and cost optimisation. Fluid choice therefore in-
directly influences system performance due to effects on cost efficiency opti-
misation. Without reliable data on the components of the system, fluid cost 
has been excluded from the estimations shown in Figure 42. 
 
In Figure 42 the results shown are simulated assuming an internally reversible 
ORC using R245fa and Utilization=0.75. (Heat transfer into, and out from, the 
cycle are irreversible due to temperature differences defined only by the as-
sumption of infinite heat exchanger capacity.) The term Vh is a computational 
tool indicating expansion entry vapour fraction. By defining

	 
 	 
inpreheatHPinpreheatinh hhhhV ,
"

,exp, ��� , Vh=0 will indicate expansion entry condi-

tion identical to pump/recuperator discharge condition. Vh=1 will indicate ex-
pansion entry condition identical to saturated gas condition. Vh>1 will indi-
cate superheated expansion entry conditions. Every value of Vh could be seen 
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as constituting a unique cycle. Figure 12(p19-20) shows a number of cycle so-
lutions used in the simulations. 
 

 
 

Figure 42. Net power output and Specific heat exchanger requirement vs. expansion 
entry vapour fraction. Internally reversible ORC in an industrial WHR application as in 

III. Öhman (2012). 
 

6.2. Cost efficiency of products 
 
One of the most important applications for ORCs is using waste heat to pro-
duce electric power. Then the cost of electric power produced is dominated by 
capital costs of the equipment. Electric power is a commodity with economic 
value well defined at any point in time. Therefore electric power from ORCs 
cannot be expected to be sold at a higher price than any other. Consequently 
any waste heat ORC business case is critically dependent on the cost efficiency 
of the product and installation - much more so than the energy efficiency 
which is of secondary importance. 
 
An objective term, specific heat exchanger requirement, according to Eq. 35, 
was suggested in VII. Öhman and Lundqvist (2014a) in order to allow ORC 
system cost optimisation. 
 

WCHEX s
��     Eq. 35 

 
where C  is a generalised cost factor for the types of heat exchangers suitable, 
multiplied with a simulated heat exchanger requirement of a stated definition. 
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We can establish the first factor by generalisations of supplier quotation data, 
or information in the literature. Note that some technical assumptions on type 
of heat exchanger and the local nature of the heat exchange will always be re-
quired in order determine the cost factor. Hence such calculations are better 
suited for optimisation studies of a particular product than for general guide-
lines. For that reason no detailed cost calculation method is presented in this 
thesis. 
 
By using specific heat exchanger requirement the cost efficiency of any low 
temperature difference power generator can be maximised. This way commer-
cial products can be developed more rapidly and market penetration can be 
improved. Note that the reduced sensitivity to choice of process fluid, as de-
scribed in Chapter 5, may allow us to disregard the large differences in fluid 
cost. In such a case the objective term in Eq. 35 becomes a practical tool in op-
timisation of cost effective products, provided that we can create a generalised 
cost factor. 
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7. Conclusions and further research 
 

7.1. Screw expanders for mixed flow entry condi-
tions 

 
An explanation as to why the current state of art modelling of the expansion 
process in screw expanders is insufficient while using mixed inlet flow is pro-
vided. 
 
There is not yet sufficient available data to validate any reliable prediction of 
absolute performance level of general screw expanders with mixed entry flow, 
not even in combination with all published prior knowledge.  
However, available test data, when combined with prior knowledge, is suffi-
cient to create a correlation predicting relative adiabatic efficiency versus entry 
vapour fraction. 
 
A consequence of the correlation of relative adiabatic efficiency is having a 
new capability to optimise performance and cost efficiency of Hybrid ORCs.  
 
The choice of process fluid affecting the sensitivity and cost efficiency of ORC 
performance can be reduced somewhat through introducing the concept of 
Hybrid ORCs. 
 
The Author recommends to further explore the opportunities of Hybrid ORC 
optimisation using the modelling technique provided. More detailed work on 
maximising Hybrid ORC cost efficiency in typical waste heat applications has 
the potential to enhance the economic use of ORCs. 

7.2. Comparison of arbitrary low temperature power 
cycle performance 

 
A numerical method to determine reversible potential power generation for 
any application was found and refined for use. 
 

)(1
,

1
, i

n lC

n

i
IlC ��

�
��  
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A practical and dimensionless help variable, Utilization, was introduced quan-
tifying how well the combination of a heat source and a heat sink has been 
used. 
 

CAU QQ ��
1��  

 
A term of merit, Fraction of Carnot, was introduced as a thermodynamically 
sound term for comparing power generation systems using different combina-
tions of heat source and heat sink. 
 

IlC

thFoC
,�

�
�  

 
A study of real, low temperature power generation systems has shown a rough 
correlation of performance, independent of working fluid, plant size and appli-
cation conditions. The correlation is useful in the range of 8.015.0 �� U� . 

 
UeFoC ����� 874.0672.0  

 
A method to pre-estimate expected power output, and corresponding rates of 
heat exchange, without specific technical assumptions is explained. 
 

	 
UaspecCAQW �,��� ��  

 
The Author recommends further detailed research on improving the rough 
correlation of Fraction of Carnot versus Utilization. Explaining the character-
istics of the correlation will require detailed economic assessments and not yet 
available data, however it will lead to a better understanding of the require-
ments on cost efficiency and consequentially better products. 
Also exploring the characteristics of real heat pumps, expressed in the same 
manner, is potentially a method to increase understanding and which has not 
yet been researched. 
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8. Nomenclature 
 
WHR Waste Heat Recovery 
W�  Rate of work, power   (W) 

Q�  Rate of heat transport   (W) 

CAQ�  Curzon-Ahlborn heat transport rate  (W) 

CAT  Curzon-Ahlborn temperature  (K) 

T  Temperature   (K) 
�  Temperature difference   (K) 

lT  Local temperature   (K) 

0T  Arbitrary reference temperature  (K) 

U�  Utilization    (-) 

�  Inverse, apparent heat capacity  (K/W) 
Cp  Specific heat   (J/gr,K) 
m�  Mass flow    (kg/s) 
h  Specific enthalpy   (J/gr) 

"
HPh  Specific enthalpy of saturated fluid gas at evaporator pressure

 (J/gr) 
s  Specific entropy   (W/K) 
e  Specific exergy   (W/kg) 
UA Heat exchanger capacity   (W/K) 
FoC  Fraction of Carnot   (-) 

aspec,�  Application specific work factor  (-) 

sHEX  Specific heat exchanger requirement  (€/W) 

X  Vapour fraction   (-) 

phase2�  Correlation factor   (-) 

f  Filling factor   (-) 

dpV  Displacement volume   (l/rev) 

iV  Internal volume ratio of a screw expander (-) 

hV  Help variable defining expander inlet fluid state (-) 

th�  Thermal efficiency   (-) 

localth,�  Local thermal efficiency (minimal cycle) (-) 

C�  Carnot efficiency   (-) 
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Ci�  Internal Carnot efficiency  (-) 

CA�  Curzon-Ahlborn efficiency  (-) 

lC ,�  Local Carnot efficiency   (-) 

IlC ,�  Integrated local Carnot efficiency  (-) 

ex�  Exergy efficiency   (-) 

ad�  Adiabatic efficiency   (-) 

satad,�  Adiabatic efficiency, saturated inlet  (-) 

peakad,�  Peak adiabatic efficiency   (-) 

 
 
Subscripts 
1  Heat source 

2  Heat sink 

entry  Entering a control volume/system 

exit  Exiting a control volume/system 

exp  Expander 

preheat  Fluid side of preheater 
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( 2C  is the global heat transfer coefficient of for the heat transfer, 2t  is the time 
required, 2T  is the temperature of the heat sink, and wT2 is the temperature of 

the isothermal transport of heat from the cycle.) 
 
Assuming that the process is reversible i.e. 	 
 	 
ww TQTQ 2211 �  we can write 

 
	 

	 
ww

ww

TTTC
TTTC

t
t

1121

2212

2

1

���
���

�    Eq. A 3 

 
 
Output power can be expressed as: 
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The time taken to complete the adiabatic processes is 	 
 	 
211 tt ����  
 
Using Eq. A 3 to eliminate 21 tt  output power can be expressed as: 
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Output power is maximised by values of x  and y  satisfying the two equations 

0��� xP  and 0��y  respectively, which leads to: 
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2121122112 CCyxxTCyTCxyxTTyTC �����������������   Eq. A 6 
 
And 
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2121122121 CCyxxTCyTCyyxTTxTC �����������������  Eq. A 7 
 
From this we get: 
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2
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1221 TCTCxy ����     Eq. A 8 
 
Using this equation to eliminate y  from Eq. A 6 and introducing 1Tx��  we 
get the equation: 
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Since 1��  a physically relevant solution can be expressed as: 
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From Eq. A 8 we get: 
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The thermal efficiency of the Carnot engine is defined as: 
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Using Eqs. A10 and A11 to eliminate x  and y  we get the efficiency of a reversi-
ble power cycle operating at maximum power output, the Curzon-Ahlborn effi-
ciency. 
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Deduction of Curzon-Ahlborn temperature CAT  

Thermal efficiency of a reversible cycle operating between a finite source and a 
finite sink, at maximum power generation 
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Curzon-Ahlborn efficiency 
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So we can use the two definitions of thermal efficiency 
 

CAth �� �      Eq. A16 
 
1st law defines: 
 

 21 QQW ��� ��      Eq. A17 
 
The definition of constant apparent heat capacities can be written as Eq. A18 
 

	 

1

,1
1 �

CAentry TT
Q

�
��

     Eq. A18 
 

	 

2

,2
2 �

entryCA TT
Q

�
��

    Eq. A19 
 
Combining equations A14, A15, A16and A17 we can express Eq. A20 
 

entry

entry

T
T

Q
Q

,1

,2

1

2 ��

�

    Eq. A20 
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From equations A18 and A19 we can express Eq. A21 
 

	 

	 
 entry

entry

CAentry

entryCA

T
T

TT
TT

,1

,2

1

2

,1

,2 ��
�

�
�
�

   Eq. A21 
 
We then via 

 entry

entry
CA

entry

entry
entryentryCA T

T
T

T
T

TTT
,1

,2

1

2

,1

,2

1

2
,1,2 �������

�
�

�
�

  
and 

 
entry

entry

entry
entry

entry

entry
CA T

T
T

T
T
T

T ,2
,1

,2

1

2
,1

,1

,2

1

21 ����
�
�
�


�
�
�

�
���

�
�

�
�

  
 
we can express the Curzon-Ahlborn temperature as Eq. A22 
 

entry

entry

entry
entry

entry
entry

CA

T
T

T
T
T

T
T

,1

,2

1

2

,2
,1

,2

1

2
,1

1 ��

���

�

�
�

�
�

   Eq. A22 
 
A sometimes more convenient form of the equation is Eq. A23 
 

�
�
�


�
�
�

�
��

�
�
�


�
�
�

�
��

��

1,

,2

1

2

,1

,2

1

2

,1

,2

,1

1
entry

entry

entry

entry

entry

entry

entryCA

T
T

T
T

T
T

TT

�
�

�
�

   Eq. A23 
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Deduction of thermal efficiency in Semi-Carnot Case 2 
Infinite heat sink apparent heat capacity. 
Limitation: Apparent heat capacity of heat source is constant and expressed as 
in Eq. A24 
 

	 
 constQddT �� 111
��     Eq. A24 

 
Definition of thermal efficiency: 

1Q
W

th �

�
��      Eq. A25 

 

As the heat source is finite we understand that 	 
1Qfth
���  

 

	 


1

1
0

1

1

Q

QdQ
Q

th

th �

��

�

�
�
��

�
     Eq. A26 

 
Using Eq. A24: 
 

���
2

,1 1

1

1

1
T

T
thth

entry

dTd
Q �

��
�

    Eq. A27 
 

	 
 112
11

2

,1

11 dTTT
Q

T

T
th

entry

���
�

� ��
�

�
   Eq. A28 

 

� � 2

,1121
11

ln1 T
Tth entry

TTT
Q

���
�

�
�

�
�

   Eq. A29 

	 

11

2

,1
2

11

2,1

ln

��
�

�

��
�


��
�

�
�

�
�
�

�
Q

T
T

T

Q
TT

entry

entry
th ��

   Eq. A30 
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Entropy change in heat sink: 
 

�
�
�


�
�
�

�
���� �

entry

exit
exit

entry T
T

Cp
T

dQs
,2

,2
2

,2

,2

2
2 ln    Eq. A34 

 
Reversibility dictate that: 
 

021 ���� ss     Eq. A35 
 
If we use 2112 ���� CpCpconst we can express Eq. A35 as 
 

0lnln
,2

,2

,1

,1
1 �

 
 
!

"

#
#
$

%

�
�
�


�
�
�

�
�
�
�


�
�
�

�
���

�
�


�
�
�

�
�

entry

exit

entry

exit

T
T

k
T
T

Cp    Eq. A36 

 
Further developed into: 
 

�
�

�



�
�

�

�

�
�
�


�
�
�

�
����

�
�


�
�
�

�
��

�
�


�
�
�

�
const

exit

entry

entry

exit

const

entry

exit

entry

exit

T
T

T
T

T
T

T
T

,2

,2

,1

,1

,2

,2

,1

,1 ln0lnln  Eq. A37 

 
Or: 
 

1
,2

,2

,1

,1 ��
�
�


�
�
�

�
�

const

exit

entry

entry

exit

T
T

T
T

    Eq. A38 

 
Herby we can express: 
 

�
�


�
�
�

�
�
�


�
�
�

�
��

const

exit

entry
entryexit T

T
TT

1

,1

,1
,2,2    Eq. A39 

 
Using the definition for Curzon-Ahlborn temperature 
 

exitexitCA TTT ,2,1 ��      Eq. A40 

 
we get: 
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��
�

�
�

�
�
�


�
�
�

 
 
!

"

#
#
$

%
��

const
const

entryentryCA TTT
11

1
1

,1,2    Eq. A41 

 
 
Analytical formulation of thermal efficiency for a Curzon-Ahlborn 
Case. As of Prof. Eric Granryd and Jan-Erik Novacki 
Limitation: Apparent heat capacity in both heat source and heat sink must be 
constant. 
Using Figure A2 we can express heat transfer of heat source and heat sink re-
spectively: 
 

	 
exitentry TTCpQ ,1,111 ���    Eq. A42 

 
	 
entryexit TTCpQ ,2,222 ���    Eq. A43 

 
First law for the cycle dictates: 
 

21 QQW ��     Eq. A44 
 
Knowing the limitation of 2112 ���� CpCpconst  and using the definition of 
thermal efficiency we can express is as: 
 

	 
 	 

	 
exitentry

entryexitexitentry
th TT

TTconstTT
Q
W

,1,1

,2,2,1,1

1 �

����
���  Eq. A45 

 
Using the definition of Eq. A40 and Eq. A41 thermal efficiency can be ex-
pressed: 
 

	 

	 
CAentry

entryCA
th TT

TT
const

�

�
���

,1

,21�   Eq.46 
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Figure A3 indicates a non-utilized Case with a series of small, finite Carnot cy-
cles. Any of the source or sink, or both, may be non-linear i.e. apparent heat 
capacity can be a function of temperature. 
If each Carnot cycle is small enough the temperature of the sink and source 
can be approximated at the arithmetic mean value of temperature entering the 
cycle and temperature exiting the cycle. Thermal efficiency of the particular 
Carnot cycle is then expressed as  
 

	 
 	 
 	 

	 
iT
iT

ii
l

l
Clocalth

,1

,2
, 1�����    Eq. A8 

The necessary change in source and sink temperatures can be defined for the 
Carnot Cycle (i), in a series of n, if we postulate a minimal but constant heat 
transfer 	 
iQ1

�  into each Carnot Cycle. 
 
Local heat source temperature reduction: 
 

	 
 	 
 	 
iiQiT l 11,1 ���� �     Eq.49 

 
Using Eq. A49 we can express locally emitted heat in each Carnot cycle as: 
 

	 
 	 
 	 

	 
iT
iT

iQiQ
l

l

,1

,2
12 �� ��     Eq.50 

 
Local heat sink temperature increase, counter flow arrangement: 
 

	 
 	 
 	 
 	 

	 
1

1

,1

,2
21,2 �

�
����

iT
iT

iiQiT
l

l
l ��    Eq.51 

 
Local heat sink temperature increase, parallel flow arrangement: 
 

	 
 	 
 	 
 	 

	 
1

1

,1

,2
21,2 �

�
����

iT
iT

iiQiT
l

l
l ��    Eq.52 

 
With information about entry temperatures and apparent heat capacity of heat 
source and heat sink we are able to perform the summation in Eq. A53 to ob-
tain the reversible thermal efficiency of power cycle. 
 






