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applications using the principles of natural selection
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Abstract

Power cycles using alternative working fluids are currently receiving significant attention. Selection of working fluid
among many candidates is a key topic and guidelines have been presented. A general problem is that the selection is
based on numerous criteria, such as thermodynamic performance, boundary conditions, hazard levels and environmental
concerns. A generally applicable methodology, based on the principles of natural selection, is presented and used to
determine the optimum working fluid, boiler pressure and Rankine cycle process layout for scenarios related to marine
engine heat recovery. Included in the solution domain are 109 fluids in sub- and supercritical processes, and the process
is adapted to the properties of the individual fluid. The efficiency losses caused by imposing process constraints are
investigated to help propose a suitable process layout. Hydrocarbon dry type fluids in recuperated processes produced
the highest efficiencies, while wet and isentropic fluids were superior in non-recuperated processes. The results suggested
that at design point, the requirements of process simplicity, low operating pressure and low hazard resulted in cumulative
reductions in cycle efficiency. Furthermore, the results indicated that non-flammable fluids were able to produce near
optimum efficiency in recuperated high pressure processes.
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1. Introduction

There is a strong motivation in the marine sector for
increasing the propulsion system energy efficiency, mainly
because of increasing fuel prices and stricter upcoming reg-
ulations. Therefore technologies suitable for converting
low grade heat into power are currently being studied. One
of the most promising technologies is the organic Rankine
cycle (ORC), which is a relatively simple power cycle with
good flexibility, in terms of efficient utilization of various
heat sources. The main reason is that the working fluid
can be selected to suit given temperature conditions of the
heat source(s) and sink(s). Selecting the optimum working
fluid is a complex task and the topic has received signifi-
cant attention in the scientific literature. Recently, Wang
et al. [1] presented a method for selection among 13 fluids
based on a multi-objective optimisation model. In 2012
Wang et al. [2] presented a study on fluid selection for
a small scale ORC plant applied for waste heat recovery
from a combustion engine.

Seemingly no single fluid can fully meet the numer-
ous requirements for the ideal working fluid in an ORC
process [3, 4]. Foremost, the fluid should be thermody-
namically suitable, such as having appropriate evapora-
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tion and condensation properties. Heat transfer proper-
ties, such as viscosity and thermal conductivity, are also
highly relevant. Among non-thermodynamic concerns are
environmental measures such as Global Warming Poten-
tial (GWP), corrosiveness, chemical stability over the rel-
evant temperature range, toxicity, flammability, explosive-
ness, general industrial acceptance, lubrication properties
and cost. Therefore the fluid evaluation process is a mat-
ter of finding the candidate that best meets multiple re-
quirements, weighted according to their (subjective) im-
portance in the application.

In the literature, guidelines on fluid selection based on
thermodynamic properties have been proposed. A recur-
ring focus is the slope of the saturated vapour line in a
temperature-entropy fluid property plot, which categorises
the fluids as wet, isentropic or dry. In order to avoid low
vapour quality in the expander, wet fluids require super-
heating in the process, whereas isentropic and dry fluids
do not [5]. Dry fluids, however, require an internal heat
exchanger (recuperator) in order to avoid wasting the in-
herent fluid energy at the outlet of the expander [4]. Also
frequently discussed in the literature is the critical point
of the fluids. The main advantage of operating at super-
critical pressure is that the heat uptake is non-isothermal,
thus potentially raising the average temperature during
heat uptake and resulting in a higher thermal efficiency
[6]. Recently Kuo et al. presented promising results con-



Nomenclature

Acronyms
EOS Equations of state
FOM  Figure of Merit

GA Genetic Algorithm

GWP  Global Warming Potential

HMIS Hazardous Materials Identification System
IMO International Maritime Organization

LP Recuperated process 20 bar pressure limit
NIST  National Institute of Standards and Technology
NO Recuperated process 120 bar pressure limit
ODP Ozone Depletion Potential

ORC Organic Rankine Cycle

PP Pinch point

SI Non-recuperated process 120 bar pressure limit

SOLAS International Convention for the Safety of Life At Sea
Symbols
m Mass flow rate (kg/s)

Cp Average constant pressure specific heat (kJ/kg-K)
h Specific enthalpy (kJ/kg)
Ja Jacob number (-)

P Pressure (Bar)

T Temperature (°C)
Subscripts

c Cold stream

co Condensation

e Evaporation

ext External

h Hot stream

i Inlet

int Internal

max Maximum

[¢) Outlet

pp Pinch point

sh Superheater approach

cerning the Figure of Merit (FOM) which is a figure able
to predict the ORC plant thermal efficiency based on the
ratio of the sensible and latent heat [7].

With the ongoing research within formulation of equa-
tions of state (EOS) and the successive development of
available EOS software packages, the number of fluids ac-
cessible for theoretical calculations is increasing. A need
thus arises for a methodology to evaluate a large number
of fluids and an even larger number of mixtures of two or
more fluids systematically. Drescher et al. [8] presented a
method used for a screening of about 700 fluids based on
the plant thermal efficiency. The results from thermody-
namic screening of 304 fluids have been presented by Saleh
et al. [9] and Chen et al. [4]. Tchanche et al. [10] pre-
sented a methodology of evaluation by awarding each can-
didate fluid either a plus or a minus sign to signify whether
or not the fluid is favoured regarding a number of criteria:
pressure levels, expander volume, thermal and second law
efficiencies, irreversibilities, toxicity, lammability, Ozone
Depletion Potential (ODP) and GWP. Twenty fluids were
evaluated in a ORC process with no super heating or re-
cuperator. Dai et al. [11] used the genetic algorithm in a
parametric study to determine the optimum fluid among
ten in a suberitical ORC process. Papadopoulos et al. [12]
used an unconventional multi-objective approach which
aims at designing the molecule of ORC working fluids by
looking at the resulting heat exchanger area, cost, toxic-
ity, flammability, environmental and thermodynamic per-
formances of a subcritical ORC process.

This paper presents a generally applicable methodol-
ogy for determining the optimum Rankine process layout
and working fluid based on given boundary conditions and
requirements. The method builds on the principles of nat-
ural selection using the genetic algorithm (GA) and, com-

pared with previous work, this methodology is pioneering
in the sense that it includes at the same time both the
process layout and working fluid selection. The evaluation
is based on a number of rules which penalise solutions in
order to remove thermodynamically inconsistent results.
The method determines the optimal fluid among any num-
ber of working fluids (and also mixtures of fluids though
this is not included in this work), while optimising the pro-
cess layout to the thermodynamic properties of the fluid.
Fluids are evaluated across a chosen pressure range includ-
ing supercritical states. All possible solutions are included
in the solution domain, i.e. wet, isentropic and dry fluids
with the enabling of superheating and recuperation when
thermodynamically feasible. Also included in the evalua-
tion are requirements for physical, fire and health hazard
levels.

The method is used to propose the best fluid alter-
natives across a relevant temperature range (180-360°C)
useful for exhaust heat recovery in large ships. Focus is
then on the engine design point at 255°C and the reduction
of the potentially highest work output caused by imposing
various constraints on the process and fluid.

A description of the proposed methodology in details
is covered in section 2. Section 3 presents the findings
from using the methodology. Further analysis of the re-
sults is discussed in section 4, and the main conclusions
are outlined in section 5.

2. Methodology

In this section objectives, features and details of the
applied methodology are explained. As the aim is to find
the optimum process layout and fluid under varying con-
straints, the method includes processes: a) at sub- and



supercritical pressures, b) with any degree of superheat-
ing, ¢) with or without internal recuperator and d) with
and without preheater. The methodology can be divided
into three parts: a flexible ORC process model, a set of
weights to confine the solutions and a genetic algorithm to
find the optimum solutions.

2.1. Process

Modelling the Rankine cycle was done with Matlab
R2010b using systems of equations representing each com-
ponent in the cycle while using equations of state (EOS)
procedures from NIST Refprop 9.0 [13] to obtain thermo-
dynamic states. All fluid candidates and their full chemical
names can be found in the appendix. A sketch of the pro-
cess is shown in Figure 1. As mentioned, the recuperator
is optional depending on the fluid properties.

Expander
Boiler

Heat
—

Recuperator

'S

Pump Condenser

Figure 1: Sketch of the ORC process

Heat is delivered to the boiler with a heat transfer fluid
called DOWthermQ@), which is heated by exhaust gas from
a large marine engine. This precaution is taken to avoid
fire hazards in the boiler. DOWthermQ was modelled us-
ing a polynomial function which reproduces the properties
of the fluid as in Ref. [14]. The working fluid is (pos-
sibly) preheated, evaporated and (possibly) superheated
in the boiler at high pressure and is then injected in the
expander. After the expander the hot low pressure fluid
enters an internal heat exchanger (Recuperator) to heat up
the cooler fluid from the pump. In the case the recupera-
tor can heat the working fluid to reach a two-phase state,
there is an elimination of the preheater heat exchanger.
This is inherent in the equation systems. After the re-
cuperator, the fluid is condensed in the condenser before
entering the pump.

Table 1 lists the process conditions used. The heat
source outlet temperature was defined to prevent conden-
sation of sulphuric acid in the exhaust gas to heat transfer
fluid heat exchanger. A temperature of 129°C of the heat
transfer fluid is adequate to cool the exhaust gas down to
160°C. No liquid was allowed in the expander, to ensure
long life and low service requirements of this component. It
is stated by Chen et al. [4] that some liquid can be allowed
in the expander hence investigations were also made where
vapour qualities down to 85% were allowed. Allowing this

Table 1: Modelling conditions

Property Value Unit
Heat source outlet temperature 129 °C
Polytropic efficiency, expander 0.80 -
Isentropic efficiency, pump 0.80 -
Evaporator min. temperature difference 10 °C
Superheater approach (minimum) 20 °C
Recuperator min. temperature difference 15 °C
Condenser outlet temperature 25 °C
Minimum vapour quality, expander 1.00 -

lower limit did not however lead to higher efficiencies or
other significantly changed results in general.

In order to optimise the process layout for the individ-
ual fluids, a degree of freedom for the superheater approach
(AT,y) was included. The ATy, was defined as the differ-
ence between temperatures of the heat source at the inlet
to the boiler and the working fluid at the outlet (before
the expander). This enables the optimisation of the pinch
points (PP) in the boiler with four possible outcomes in
terms of the limiting factor in the optimisation of the cy-
cle: A) the PP is at evaporator inlet being at the minimum
allowable temperature difference, B) the minimum allow-
able superheater approach is reached, C) the recuperator
minimum temperature difference is met, or D) none of the
above in which case it is the minimum expander vapour
quality which limits further optimisation.

By investigating the net work output of the process ver-
sus the pinch point temperature difference (AT),), it was
found that the optimum work output was not synonymous
with having the lowest allowable AT,,. Thus an optimi-
sation of the AT, for each individual case was justified to
find the true optimum in the large solution domain.

2.2. Governing equations

In this subsection are described the main equation sys-
tems of the methodology. The expander was modelled
using the assumed polytropic efficiency, expander inlet en-
thalpy (h;) and pressure at inlet (P;) and outlet (P,). Due
to the very wide range of expander pressure ratios inves-
tigated using the optimisation algorithm, it was chosen
to use a polytropic efficiency in order to have a compa-
rable level of cost and technology of the expander. The
outlet enthalpy was found by dividing the expander into
an adequate number of stages (500) such that the result-
ing isentropic efficiency was independent of the number of
stages.

In order to make sure that solutions were limited to
ones with acceptable vapour quality in the expander, the
quality (z) was tested at all stages in the expander us-
ing EOS calls = x(h, p). The pump was modelled using
an assumed isentropic efficiency. A polytropic efficiency
would be preferred, but to reduce computational time and
since this margin is of minor influence on the cycle effi-
ciency, this simplification was accepted.

In the recuperator there are two temperature differ-
ences which may limit the heat transfer from the stream



entering from the expander to the cold stream entering
from the pump: firstly, the internal difference (ATj.¢)
between the entering cold stream (7. ;) and the exiting
hot stream (T},,), and secondly, the external difference
(AT,;:) that allows the heat transfer fluid to be cooled
down to a specific temperature thereby limiting the inlet
temperature of working fluid to the boiler. The inlet con-
ditions to the recuperator are known from the pump and
expander equations, and with no pressure loss applied, the
recuperator was described by:

Thi=T(Pn,hn,;) (1)
Tei=T(P.;, he) (2)
Tho="Tei+ ATt (3)
hho = h(Pho, Th,o) (4)
Ahmaz = hhi — hio (5)
heo = hei + Ahpag (6)
Teo =T(P.o,heo) (7)
if T, > Thi — ATy (8)
then T, = Th; — AT 9)
if T, > T o — ATuuy (10)
then ., =Ty, — ATy (11)

where h is specific enthalpy, P is pressure, subscript ¢
is inlet and o is outlet. Depending on the conditions, h.
was updated according to the temperature T¢ ,. Following
this procedure, the second law of thermodynamics is not
violated and recuperation will happen to the maximum
possible degree.

Figure 2: Sketch of heat exchangers with numbering

Modelling the boiler economiser, evaporator and su-
perheater was done as one heat exchanger divided into n
divisions, in the presented cases n = 30. The number of 30
was found to be a reasonable compromise between accu-
racy in the determination of the pinch point temperature
difference and the computational time for the optimisa-
tion. Figure 2 is a sketch of the boiler heat exchangers
with numbering. The heat source enters at the upper left
and exits at the lower right, while the working fluid enters
at the bottom and leaves at the top. With j =2,3, ..., n+1:

hei = hpo (
Teo=Th— ATy (
hent1 = h(Pes, Teo) (
hhnt1 = h(Phi, Th,i) (
Ahgtep = (henr — hep)/n (
hej =hei+ (5 —1)Ahgiep (
Tej =T (Peyis he,j) (
hn,j = b1 — (mic/mn)(he,j11 — he ) (19
Th,j =T (Phi, bn,j) (
Th1 =T (Pni,hn) (
Ten =T(P.s, hen) (
AT; =Ty —T.; (
AT pin, = fMin(AT)) (
(

mc(hc,nJrl - hc,l) - mh(hh,n+1 - hh,l) =0

where fMin is a Matlab function that finds the min-
imum value in an array of values. Subscript ¢ is cold
stream, h is hot stream, and min is minimum. Subscript
p is the stream from the pump. To find the optimum
superheater approach, a Matlab fminbnd optimisation al-
gorithm was applied, using the Golden section search and
Parabolic interpolation methods [15].

This approach is essential for the methodology because
it accommodates all types of process scenarios. In subcrit-
ical cases the AT}, between the hot and cold sides will be
at the start of evaporation. In supercritical cases and when
using mixtures, the location of the pinch point cannot be as
easily predicted (to the authors’ knowledge). Additionally,
the approach does not distinguish between cases with or
without preheater and with or without superheater, which
provides the freedom to test processes and fluids without
committing to a specific scenario.

As the approach presented here aims at providing a
generic approach not dependent on the physical design of
the heat exchangers, the optimisation was simplified by
assuming zero pressure losses in the cycles.

2.3. Objective weights

Potentially weights may be defined for the optimisa-
tion process to provide a weighted compromise solution
enabling multiple objectives. Alternatively, a Pareto front
may be the desired result of an optimisation using two ob-
jectives. In the present work, weights were applied simply
to discard inconsistent or unwanted solutions. The follow-
ing weights were implemented:

e The physical, health and fire hazard levels of the
fluid must meet requirements of the process design.

e The expander vapour quality was checked to be above
a specified minimum.



Table 2: Genetic algorithm parameters

Parameter Setting

Generations 15

Sub-populations 15

Individuals  Pre-scan

Cross-over rate 1

Generation gap 0.8

Mutation rate 0.5

Insertion rate 0.9

Migration rate 0.2

Generations between migration 2

e Supercritical solutions are optional and so is the in-
ternal recuperator.

The effects on thermal efficiency of imposing require-
ments on health, fire and physical hazards were studied by
using the HMIS (Hazardous Materials Identification Sys-
tem) framework [16]. At hazard level four the fluid is life
threatening in case of exposure(s); it may ignite sponta-
neously with air and is able to chemically react in an explo-
sive manner. At hazard level one the fluid may only cause
irritation upon exposure; it will only burn if preheated and
is chemically stable under normal conditions.

2.4. The Genetic Algorithm

Building on the principles of natural selection, the Ge-
netic Algorithm (GA) [17] is an optimisation algorithm
which optimises parameters for any given model. The pa-
rameters are emulated as genes of individuals which are
part of a population. The fittest individuals are combined,
as in nature, to form subsequent generations of individu-
als. The GA uses a stochastic approach to form the first
generation of individuals. In the presented work, the genes
were parameters (fluid and boiler pressure) to be evaluated
(by the net work output) in order to obtain the inputs that
result in optimal performance for the modelled system.

The number of individuals was set based on balanc-
ing between low computing time and high accuracy, and
due to having 109 different possible working fluids, a large
number of individuals was required. Table 2 lists the GA
parameters used [17]. To reduce the number of individuals,
a preliminary scanning was applied consisting of discard-
ing fluids for which the condensation pressure could not be
determined as well as those where the condensation pres-
sure was higher than the maximum pressure of the cycle.
Also discarded were fluid candidates which were unable to
comply with the required hazard levels, as well as fluids
banned or about to be banned in the near future (R115,
R124, R141B, R142B, R11, R12, R21, R22, R113, R114
and R123 [4]).

3. Results

3.1. General influence of the heat source inlet temperature

Results from optimisation of the process, fluid and
pressure are presented. A range of temperatures which are
relevant to the heat recovery of large marine diesel engines

in general, was investigated. Figure 3 presents the three
fluid candidates which result in the highest cycle efficiency,
at their respective optimum processes and pressures ver-
sus the heat source inlet temperature. The boiler pressure
is the optimum in the range of 5 to 120 bar, the upper
limit being considered the maximum feasible for this type
of application.
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| benzene (47.6)
] toluene (40.7)

360

| c-pentane (56.7)
] hexane (51.2)
| heptane (25.4)
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| pentane (33.4)
] i-pentane (33.7)

240
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180 | i-hexane (7.8)
[ hexane (5.8)
| | |

Heat source temperature °C

|
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Figure 3: Optimum fluid and pressure (bar) at temperatures from
180 to 360°C with no constraints.

It is clear that the optimum pressures do not approach
the upper limit of 120 bar in any of the cases. All the fluids
in Figure 3 are fluids of the dry organic type, i.e. hydro-
carbons with 5-7 carbon atoms and a molecular weight
of 70-100 g/mol except R365mfc which contains fluor and
weighs 148 g/mol.

An investigation was made of the effects on process,
fluid type and pressure, and resulting efficiency caused by
simplifying the cycle by removing the recuperator. In Fig-
ure 4 results show that the maximum efficiency is about
6% lower at 180°C and ranging up to 12% lower at 360°C,
in comparison with recuperated cycles. Regarding the sec-
ond and third best options, the decrease is higher. With
the simple process layout the best fluids are not of the dry
type exclusively, but instead wet (ethanol) and isentropic
(acetone) while ¢2-butene is vaguely dry. This indicates
that dry fluids are dependent on a recuperator to achieve
superior efficiency. However, the difference in efficiency be-
tween the best fluid and the two other (dry) alternatives
is minor (3-5%).

Several sources mention the importance of having a
reduced boiler pressure. Drescher et al. [8] mention 20 bar
due to safety and cost concerns. Lai et al. [18] mention
that the 20 bar limit has come from legal prescriptions in
certain countries. Kuo et al. [7] argue for a limit of 25
bar in order to keep material costs down (for small scale
systems). The consequences of a 20 bar limit on the cycle
are up to 2.5% lower efficiency for the best fluids and up
to 6% for the third best fluids compared to when the limit
is 120 bar; see Figure 5. The largest decreases are seen at
higher source temperatures. All fluids are of the dry type,
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Figure 4: Optimum fluid and pressure (bar) at temperatures from
180 to 360°C with no recuperator.

and pressures are below their respective critical pressures.
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Figure 5: Optimum fluid and pressure (bar) at temperatures from
180 to 360°C with limit of 20 bar on high pressure.

3.2. Engine design point

An optimisation of the process at the expected design
point conditions for a MAN Diesel and Turbo low speed
two-stroke diesel engine is presented in the following case.
The heat source is 284°C hot exhaust gas which leaves the
system at 160°C to prevent excessive corrosion in heat ex-
changers. The resulting heat transfer fluid temperatures
are 255°C at the inlet and 129°C at the outlet of the boiler.
The engine data shown in Table 3 was acquired from the
MAN engine room dimensioning software [19] and the cor-
responding engine project guide [20].

The exhaust gas composition was found using a marine
engine model derived in previous work of the authors [21],
which uses a methodology derived by Rakopoulus et al.
[22]. For the sake of computational efficiency, only the
main species were included in the calculation of exhaust

Table 3: Engine parameters

Property Value Unit

Engine type 12K98ME-C7 -

Engine tuning method Part load -
Load 100 %

Cylinders 12 -

Bore 0.98 m

Stroke 2.40 m

Turbocharger type  High efficiency -

Mean effective pressure 19.2 bar
Nominal engine speed 104 rpm
Maximum continuous rating 72240 kW
Maximum pressure 151 bar

Mean effective pressure 19.2 bar
Fuel lower heating value 42700  kJ/kg
Air flow rate 169.6 kg/s

Scavenge air pressure 4.10 bar
Scavenge air temperature 37.0 °C
Exhaust flow rate 173.1 kg/s

Fuel flow rate 3.5 kg/s

Exhaust temperature after turbocharger 284 °C
Cylinder cooling load 8570 kW

gas enthalpy and the mass composition used was: 12.2%
02, 72.8% .NQ7 9.4% COQ and 5.5% HQO.

Fluid candidates were discarded from the solution do-
main if one of the hazard types was at a higher level than
a specified maximum. Figure 6 shows the cycle thermal
efficiency for each of the hazard levels under the follow-
ing constraints: NO) a high pressure limit of 120 bar with
recuperator, LP) a high pressure limit of 20 bar with recu-
perator, SI) a simple plant layout without recuperator and
a pressure limit of 120 bar and LP+SI) where the simple
plant is limited to 20 bar.
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Figure 6: Effects of constraints and hazard levels

As shown in the figure, the thermal efficiencies, across
constraints, are generally decreasing as the allowed hazard
levels are decreasing. In general, no significant decreases
are observed when moving from hazard level 4 to 3. At
hazard level 2 the thermal efficiencies are markedly lower
under all constraints and the same pattern is seen when
moving to hazard level 1.



Requiring a limited maximum pressure of 20 bar is seen
to cause modestly reduced efficiencies compared to the SI
constraint. At levels 4 and 3, the LP constraint reduces
efficiency by about 2%, while at levels 2 and 1 reductions
of 7% and 14%, respectively, are seen. Under the SI con-
straint, the reduction is about 8% at levels 4 and 3; while at
levels 2 and 1, 22% and 28% have been found, respectively.
With the LP and SI constraints combined, an cumulative
effect is found only at hazard levels 2 and 1, where the
reductions in efficiencies are 34% and 44%, respectively.

Results of the optimisation for hazard levels up to 3
are shown in Table 4. Fluids at level 4 do not seem to
be relevant, since they do not offer higher efficiencies and
are extremely hazardous. The best three fluids under each
of the constraints are shown in order to present alterna-
tives with similar net work output. Again the fluid type
is notably different when one compares the process with
and without recuperator. The range of efficiencies among
optimised processes and fluids at hazard level 3 is seen to
be within about 11%.

Results from imposing hazard level 2 as the maximum
are presented in Table 5. All the fluids in the table except
cyclo-propane are compounds containing fluor atoms and
are associated with a high global warming potential [23].
The efficiencies are strongly influenced by the constraints.
It is seen that there are relatively large differences between
the best fluids and the second and the third best (within
the same constraints).

For cases at hazard level 1 the fluids are of the same
type as for hazard level 2, with similar pressure levels,
although efficiencies are lower in general.

3.3. Efficiencies across the solution domain

As argued by Kuo et al. [7] no single fluid property
seems to allow the prediction of the fluid performance in
the Rankine process. However, Kuo et al. found that the
ratio of sensible heat transfer to latent heat of evapora-
tion, called the Jacob number, Ja = ¢,AT/h,, is a good
indicator of the performance of the fluid in an ORC pro-
cess. Cp is the average specific heat at constant pressure,
AT is the temperature difference during heating and h,
is the latent heat of evaporation [7]. In order to general-
ize the prediction ability, Kuo et al. proposed the Figure
of Merit (FOM) using the condensation and evaporation
temperatures (T,): FOM = Ja’Y(T,,/T.)"8.

For the optimised results shown in Figures 3, 4 and
5, the FOM was found; see Figure 7. Excluded are re-
sults with supercritical pressures since FOM cannot be
calculated in those cases.

It is seen from the figure that a linear trend can be
made with very good approximation having an R? value
(the coeflicient of determination) of about 0.90. This is re-
markable because the optimised cases are of very different
fluids, with a relatively large range of pressures and dif-
ferent process configurations (with or without preheating,
superheating and recuperation).
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Figure 7: Thermal efficiency vs. Figure of Merit at temperatures
from 180 to 360°C

The optimum thermal efficiencies across all the types
of Rankine processes, fluids and pressures treated in the
present work, are shown in Figure 8 along with results
obtained at additional temperature levels.
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Figure 8: Thermal efficiency vs. heat source temperature

The graphs present strong correlations between the ef-
ficiencies and the temperatures for each of the treated con-
straints (NO, ST and LP). Thus it seems that the maximum
obtainable efficiency can be predicted from the tempera-
ture alone, with the given boundary conditions.

4. Discussion

4.1. General influence of the heat source inlet temperature

In the optimisation of the individual fluid at optimum
pressure and process in each of the cases shown in Figures
3, 4 and 5, the trend was that the dry fluids were opti-
mised with the evaporator PP as the limiting factor. This



Table 4: Simulation results - hazard level 3

Fluid (pressure in bar)

Fire hazard

Health hazard Physical hazard Nth

NO I-hexane (29.4) 3 2 0 259
Hexane (20.8) 3 2 0 251
MM (9.9) 3 2 1 254
LP I-hexane (20.0) 3 2 0 255
Hexane (18.9) 3 2 0 255
MM (9.9) 3 2 1 254
SI Ethanol (19.0) 3 2 0 240
Acetone (23.1) 3 2 0 235
Benzene (12.0) 3 2 0 231
LP+SI Ethanol (19.2) 3 2 0 24.0
Benzene (12.0) 3 2 0 232
Acetone (20.0) 3 2 0 232

Table 5: Simulation results - hazard level 2
Fluid (pressure in bar) Fire hazard Health hazard Physical hazard Nth
NO R245ca (37.0) 1 2 0 245
R236ea (57.7) 0 1 1 23.6
RC318 (97.2) 0 1 2 234
LP R245ca (20.0) 1 2 0 22.7
C5F12 (20.0) 2 ? 7 208
R236ea (19.9) 0 1 1 203
SI C-Propane (99.7) 2 2 0 19.1
R245ca (37.1) 1 2 0 18.3
R245fa (39.6) 0 2 1 17.0
LP+SI R245ca (20) 1 2 0 16.3
R245fa (20) 0 2 1 149
R236ea (19.9) 0 1 1 13.3

was the case in 20 of 36 cases. In 13 cases, the evapora-
tor AT, was larger than the minimum allowable, and the
limit for the superheater approach limited further optimi-
sation. Those cases were mostly wet or isentropic fluids.
In three cases the recuperator PP was the limiting fac-
tor, and the evaporator PP and the ATy, were larger than
the minimum allowable. Generally the evaporator AT},
was within a few degrees of the limit for subcritical opti-
mised cases, while the optimum efficiency was found while
having up to 10 degrees larger than the minimum allowed
evaporator AT, for some of the optimised supercritical
cases.

In the ORC process with no constraints (Figure 3) the
trend was that the optimum pressures were found at lower
pressures when the heat source temperature was lower.
The same trend was found in the constrained scenarios.
At a heat source temperature of 180°C, pressures were all
subcritical; while at 240°C and above, pressures were in all
cases very near to the critical pressure or above. This indi-
cates that supercritical processes are not beneficial when
the heat source is cooler than about 240°C for this ex-
tensive group of fluid candidates, and conversely that su-
percritical processes are more efficient at this temperature
and above.

This was not the case when looking at the ORC pro-
cess without recuperator (Figure 4). Here, all of the cases
below 360°C except one, had their optimum pressures be-
low the critical points. Overall, the optimum pressures
were slightly lower. It seems therefore that supercritical

pressures do not benefit the simple ORC process when the
heat source is below 360°C.

Further analysis of the large body of simulations sug-
gests that the consequence of not allowing the pressure to
exceed the critical pressure is about one percentage point
lower maximum net work output in comparison.

The results seen in figures 3, 4 and 5 may represent
a relatively wide range of power and thus a difference in
the scale of the ORC plant. Accordingly, the typology
and efficiency of the expander (in a final process design)
may be different at each end of this scale. For the appli-
cation and scale in the present work, a suitable expander
may be a highly efficient axial turbine. Kang et al. [24]
calculated isentropic efficiencies of around 80% from small
scale, low temperature ORC experimental data. Colonna
et al. [25] stated that a typical isentropic efficiency design
value is 87%, for ORC turbines operating at the high end
of the temperature range investigated in the present work.
The assumed polytropic efficiency of 80% therefore seems
to be reasonable for comparison within the temperature
range investigated, since this value results in isentropic ef-
ficiencies of 80-82% depending on fluid and pressure ratio.

4.2. Engine design point

Regarding minimizing the hazard levels, perhaps most
importantly the fire hazard in the marine application, there
seems to be a clear trend in the results (Figure 6). The
results suggest that there is no single fluid that can satisfy
the demand for safety and high efficiency. However, the



means to obtaining both objectives seems to be to allow
relatively high pressures and design the ORC process with
a recuperator.

The IMO SOLAS regulations state that the flash point
of a fluid in a machinery space may not be lower than 60°C.
This represents a significant reduction in the number of
feasible fluid candidates. Hence all the hydrocarbons can
be excluded as solutions. RC318, R245fa and R236ea are
all non-flammable and can as such be used. However, they
have a relatively high GWP, especially RC318 with a value
of 10,900 on a 100-years time horizon (COq-equivalent).
R245fa and R236ea have GWP values of 1,020 and 1,350
respectively [26]. Domingues et al. [27] recently investi-
gated R245fa as ORC working fluid applied to recover heat
from a combustion engine. It was found that the proper-
ties of R245fa lead to high heat exchanger effectiveness
and that the fluid was suitable for the application.

Other non-flammable fluids among the tested are: de-
cafluorobutane with a GWP1gg of 7,000, sulfur fluoride
with a GWP1gg of 23,900 (among the highest for all sub-
stances) and nitrous oxide with a relatively low GWP1gg of
310 [23]. COg is another non-flammable alternative with a
low GWP. This fluid requires very high pressures to be effi-
cient though (optimum of 18.1% efficiency at 210 bar). No
other non-flammable fluids suitable for ORC were found.

Further analysis of the simulations suggested that if a
fluid fire hazard level of 3 could be accepted, a simplified
process without superheater could achieve efficiencies as
high as the highest found in this study. Within this group
the siloxane fluid MM is likely a good candidate with high
efficiency at a low maximum pressure and low GWP. A
drawback is the relatively low condensing pressure (0.06
bar at 25°C). Bombarda et al. [28] state that MM has
been proposed in the literature and is in use currently
as working fluid for Rankine cycles recovering heat from
combustion engines. One of the leading ORC companies
uses siloxanes in the same type of application [29]. This
indicates that this fluid has also proven its durability and
usefulness in this context.

Another fluid worth emphasizing is ethanol, which was
superior within a large temperature range. Possibly mixed
with water to increase the flash point (55°C) ethanol might
be a good candidate as working fluid in a low pressure
Rankine process with no recuperator. The maximum effi-
ciency is nearly as good as the highest in this investigation,
and the environmental profile also is good with low GWP
and ODP, as well as low ecotoxicity.

4.3. Thermal stability

Toluene is already in use in the industry by a Dutch
company in high temperature applications. It was selected
due to its high chemical stability at elevated temperatures
[30]. The stability is a key point, while information on
these characteristics is only available for a few of the fluids
considered in this work. Andersen et al. [31] tested the
decomposition rate of normal-pentane, iso-pentane, neo-
pentane, toulene and benzene under conditions relevant

to high temperature ORC processes, i.e. up to 315°C and
41 bar. Benzene was found to be the most stable fluid, but
decomposition was found after only a few days, though in
small amounts. A 50% loss of the fluids was predicted to be
in a time frame within the order of years for all of the fluids.
The Andersen study highlights the need for further studies
on fluid stability, as the long term consequences of using
many of the ORC fluids are not described adequately. As
in the present study, benzene was also found to be the best
among candidates in a recent study by Vaja et al. [32]
investigating a combustion engine and high temperature
ORC combined cycle.

5. Conclusions

A generally applicable methodology, based on the prin-
ciples of natural selection, was presented and used to deter-
mine the optimum working fluid, boiler pressure and Rank-
ine process layout for scenarios related to marine engine
heat recovery. Different solutions were obtained according
to the heat source inlet temperature. The dry type organic
fluids (toluene, pentanes, hexanes and heptanes) showed
to be leading to the highest efficiencies in recuperated pro-
cesses. In non-recuperated cycles, wet and isentropic flu-
ids presented higher efficiencies, especially ethanol showed
promising properties within the temperature range 240-
360°C. Imposing a pressure limit of 20 bar on the ORC
process resulted in slightly lower cycle efficiency. Super-
critical pressures did result in higher efficiencies, but only
with heat sources of about 300°C and hotter.

At the engine design point condition with a heat trans-
fer fluid temperature of 255°C, the effects of pressure, pro-
cess constraints and fluid hazard level were studied. Re-
sults suggested that no single fluid can be used in an ORC
process satisfying the requirements of process simplicity,
low pressure, high efficiency, low hazard and low environ-
mental impact. The requirements were shown to cause
accumulated reductions in the maximum achievable cycle
efficiency. The high fire hazard and low flash point of the
organic dry fluid type may not be accepted within the ma-
rine regulations, and only a few options remain among the
studied fluids. However, R245fa and R236ea seem feasible
with low hazard and near optimal efficiency at reasonable
pressures, but the high GWP represents a drawback envi-
ronmentally.
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Appendix - List of available fluids in the Refprop
library

11



Short name

Chemical name

acetone
ammonia

argon

benzene

butane

butene

carbon dioxide
carbon monoxide
carbonyl sulfide
cis-butene
cyclohexane
cyclopentane
cyclopropane
D4

D5

D6

decane
deuterium
dimethyl carbonate
dimethylether
dodecane
ethane

ethanol
ethylene
fluorine

heavy water
helium

heptane

hexane
hydrogen (normal)
hydrogen sulfide
isobutane
isobutene
isohexane
isopentane
krypton

md2m

md3m

md4m

mdm

methane
methanol

propanone
ammonia

argon

benzene

n-butane

1-butene

carbon dioxide

carbon monoxide

carbon oxide sulfide
cis-2-butene

cyclohexane

cyclopentane

cyclopropane
octamethylcyclotetrasiloxane
decamethylcyclopentasiloxane
dodecamethylcyclohexasiloxane
decane

deuterium

dimethyl ester carbonic acid
methoxymethane

dodecane

ethane

ethyl alcohol

ethene

fluorine

deuterium oxide

helium-4

heptane

hexane

hydrogen (normal)

hydrogen sulfide
2-methylpropane
2-methyl-1-propene
2-methylpentane
2-methylbutane

krypton
decamethyltetrasiloxane
dodecamethylpentasiloxane
tetradecamethylhexasiloxane
octamethyltrisiloxane
methane

methanol
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Short name

Chemical name

methyl linoleate
methyl linolenate

methyl oleate
methyl palmitate
methyl stearate
methylcyclohexane

neon
neopentane
nitrogen

nitrogen trifluoride
nitrous oxide
nonane

octane
orthohydrogen
oxygen
parahydrogen
pentane
perfluorobutane
perfluoropentane
propane
propylcyclohexane
propylene

propyne

sulfur dioxide
sulfur hexafluoride
toluene
trans-butene
trifluoroiodomethane
water

xenon

R11

R12

R13

R14

R21

R22

R23

R32

R41

R113

R114

methyl (2,2)-9,12-
octadecadienoate
methyl (2,2,2)-9,12,15-
octadecatrienoate

methyl cis-9-octadecenoate
methyl hexadecanoate
methyl octadecanoate
methylcyclohexane
hexamethyldisiloxane
neon
2,2-dimethylpropane
nitrogen

nitrogen trifluoride
dinitrogen monoxide
nonane

octane

orthohydrogen

oxygen

parahydrogen
pentane
decafluorobutane
dodecafluoropentane
propane
n-propylcyclohexane
propene

propyne

sulfur dioxide

sulfur hexafluoride
methylbenzene
trans-2-butene
trifluoroiodomethane
water

xenon
trichlorofluoromethane
dichlorodifluoromethane
chlorotrifluoromethane
tetrafluoromethane
dichlorofluoromethane
chlorodifluoromethane
trifluoromethane
difluoromethane
fluoromethane
1,1,2-trichloro-1,2,2-
trifluoroethane
1,2-dichloro-1,1,2,2-
tetrafluoroethane

Short name

Chemical name

R115
R116
R123

R1234yf
R1234ze
R124

R125
R134a
R141b
R142b
R143a
R152a
R161
R218
R227ea
R236ea
R236fa
R245ca
R245fa
R365mfc
RC318

chloropentafluoroethane
hexafluoroethane
2,2-dichloro-1,1,1-
trifluoroethane
2,3,3,3-tetrafluoroprop-1-ene
trans-1,3,3,3-tetrafluoropropene
1-chloro-1,2,2,2-
tetrafluoroethane
pentafluoroethane
1,1,1,2-tetrafluoroethane
1,1-dichloro-1-fluoroethane
1-chloro-1,1-difluoroethane
1,1,1-trifluoroethane
1,1-difluoroethane
fluoroethane
octafluoropropane
1,1,1,2,3,3,3-heptafluoropropane
1,1,1,2,3,3-hexafluoropropane
1,1,1,3,3,3-hexafluoropropane
1,1,2,2,3-pentafluoropropane
1,1,1,3,3-pentafluoropropane
1,1,1,3,3-pentafluorobutane
octafluorocyclobutane
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