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Guidelines for Optimal Selection of Working Fluid for an Organic Rankine Cycle in
Relation to Waste Heat Recovery

J. Heervig®*, K. Sgrensen®, T.J. Condra®

@ Aalborg University, Department of Energy Technology, Pontoppidanstrede 111, DK-9220 Aalborg, Denmark

Abstract

General guidelines on how to choose the optimal working fluid based on the hot source temperature available are
reported. Based on a systematic approach, 26 commonly used working fluids are investigated by optimisations at hot
source temperatures in the range 50-280 °C at intervals of 5 K. The genetic optimisation algorithm is used to optimise
net power output by an optimal combination of turbine inlet pressure and temperature, condenser pressure, hot fluid
outlet temperature, and mixture composition for mixtures.

The results suggest that the optimum working fluid in terms of maximum net power output has a critical temperature
approximately 30-50 K above the hot source temperature. When two or more fluids with the same critical temperature are
available, the ones with a positive slope of vapour saturation line are generally favoured. When mixtures are considered,
the optimal mixture composition should be chosen so that the critical temperature of mixture is approximately 30-50
K below the hot source temperature and the temperature glide during condensing should approximate the temperature

rise of the cold source.
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1. Introduction

To help reduce the consumption of fossil fuels, some cur-
rently non-utilised low-grade heat sources can be used.
Heat sources with temperatures in the range 50-280 °C
are found in numerous places ranging from geothermal
sources to waste heat from process industries to marine
vessels. For these purposes, the Rankine cycle can be im-
plemented to convert thermal energy into mechanical or
electrical power. Traditionally, water has been used as
working fluid due to the fact that it is both chemically
stable, non-toxic, non-flammable, environmental friendly,
cheap, and widely available [1]. Organic fluid alternatives
do however exhibit thermodynamic properties that make
them highly suited for extracting energy at low tempera-
tures. As pointed out by Tchanche et al. [1] these include
a lower heat of vapourisation, lower temperature and pres-
sure for the evaporation process, an expansion process that
ends up in the vapour region, and a lower pressure ratio be-
tween evaporation and condensation resulting in a smaller
turbine requirements. Other important thermodynamic
properties include significantly lower critical temperatures
and pressures, lower specific volume and different trans-
port properties resulting generally in worse heat trans-
fer characteristics and therefore different heat exchanger
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requirements. Furthermore, characteristics such as toxic-
ity, lammability, fluid cost, ozone depletion potential, and
global warming potential should be considered as well.

Due to the above mentioned differences, much research
has already been carried out on ORC (organic Rankine
cycles) for utilising low-grade energy with temperatures in
the range 50-280 °C. Some studies mainly focus on cycle
design or working parameters while others focus mainly
on working fluid selection. Some limit their research to a
particular application with a single hot source tempera-
ture while other study different cases having different hot
source temperatures. The literature overview by Bao and
Zhao [2] gives a great overview of the amount of litera-
ture dealing with working fluid selection. Furthermore,
the study sums up the recommendations for working fluid
selection for different hot source temperature ranges pre-
sented in the literature.

While some studies investigate and optimise the molecu-
lar composition of the working fluid by CAMD (computer
aided molecular design) [3], other studies focus on more or
less sophisticated equations of state to predict the prop-
erties of pure fluids and mixtures to model the cycles and
compare the fluids in terms of first or second law efficiency,
net power output, or total irreversibility. Saleh et al. [4]
used the BACKONE equation of state to screen the ther-
modynamic properties of 31 pure component working flu-
ids resulting in a set of general guidelines on cycle de-
sign depending on the type of fluid. These guidelines sug-
gest that the highest amount of energy can be transferred
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to super-critical fluid whereas the high temperature sub-
critical fluid provides the worst heat transfer. In terms of
thermodynamic efficiency, the highest values are obtained
for high boiling substances with overhanging saturation
domes operated at sub-critical conditions. Newer studies
do however typically rely on the state-of-the-art commer-
cially available REFPROP library by Lemmon et al. [5] to
estimate thermodynamic and transport properties of both
pure fluids and mixtures. This thermodynamic database
relies on experimentally obtained equations of state.

Studies on zeotropic mixtures include Heberle et al.
[6], Radulovic and Castaneda [7] who reports second law
increments of up to 15 % by utilising mixtures instead of
the pure fluids involved. Studies such as Li et al. [8], An-
dreasen et al. [9] point out how the temperature glide re-
sults in a better thermal match between the hot source and
working fluid but results in larger heat exchanger areas as
well. The study by Prasad et al. [10] does however sug-
gest the required expander size to decrease when zeotropic
mixtures are utilised.

The study by Maraver et al. [11] presents a systematic
approach where cycles with R134a, R245fa, Solkatherm,
m-Pentane, Octamethyltrisiloxane, and Toluene are opti-
mised. Based on these optimisations, guidelines on how to
maximise the exergy efficiency are given. One conclusion
is that the heat capacity flow of the hot source should be
similar to the heat capacity flow of the working fluid. Fur-
thermore, the working fluids whose critical temperature
is much lower than the hot source temperature result in
lower thermodynamic performance. The results presented
by Braimakis et al. [12] for hot source temperatures in the
range between 150 and 300 °C suggest the optimal flu-
ids in terms of exergy efficiency to be mixtures when the
hot sources temperature exceeds 170 °C. Furthermore, the
study concludes that at below 170 °C, pure fluids in trans-
critical cycles perform better.

Common for most fluid selection studies in relation to
organic Rankine cycles is that they typically consider a sin-
gle or set of cases with a specific hot source temperatures.
As pointed put by the literature review by Lecompte et al.
[13], the difference in boundary conditions, makes a direct
comparison between the studies a challenge. Therefore, a
recent trend in ORC studies is to propose more general
guidelines whenever possible. Xu and Yu [14] screened 57
fluid candidates to be used with a flue gas hot source. The
study suggests that the optimal fluids candidates in terms
of thermal efficiency have critical temperature in the range
of 20-30 K below to 100 K above the hot source temper-
ature. Other recent studies report optimal and constant
values of Tcrit/Thf,in ~ 0.5 [9], Tcrit/Thf,in ~ 0.8 [15}, which
focus on two or three hot source temperatures respectively.
The recent fluid selection study by Vivian et al. [16] in-
vestigated three different hot source temperatures of 120
°C, 150 °C, and 180 °C. Based on the results given in this
study, the optimal fluids have T¢;it — Thein ~ 35 °C, which
is quite different from the previous studies.

By varying the hot source temperature and investigating
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Figure 1: Schematic of the Rankine cycle considered along with an-
notations used in this study.

a high number of commonly used working fluids, the pur-
pose of this study is to establish a set of guidelines which
can be used as preliminary design tool when a Rankine
cycle is to be designed for a specific purpose. These guide-
lines extend the ones by [16] and gives a secondary selec-
tion criterion that can be used, when more fluids have ap-
proximately the same critical temperature. First the appli-
cability of the working fluid selection guideline presented
by Vivian et al. [16] is extended to the temperature range
50°C to 280°C as this interval covers most low tempera-
tures ranging from geothermal sources at 50°C to exhaust
gas from marine engines at 280°C. Secondly, it is shown
that the slope of vapour saturation line can be used to
choose between two fluids having the approximately same
critical temperature, both fulfilling the guideline presented
by Vivian et al. [16]. Lastly, a set of mixtures are inves-
tigated to show that the already presented guidelines are
shown to be applicable for mixtures as well.

2. Modelling Approach

2.1. System and Parameter Overview

The basic Rankine cycle consisting of a pump, pre-
heater, evaporator, super-heater, turbine, and a condenser
illustrated in figure 1 is considered. The working fluid
leaves the condenser as saturated liquid (point 1), is
pumped to a higher pressure (point 2), is heated at con-
stant pressure in the boiler to a given temperature to ei-
ther saturated vapour or superheated vapour (point 3),
is expanded in a turbine (point 4), and is condensed be-
fore entering the pump again (point 1). Depending on the
fluid and hot source temperature considered, the cycles are
either sub-critical or trans-critical depending on how the
maximum net power output can be obtained.

The parameter of interest in this study is mainly the net
work output defined by:

Whet = Mt (hg — hg — ha + h1) , (1)

This parameter describes how much power the given Rank-
ine cycle is able to produce under the given conditions. Ta-
ble 1 lists the conditions and parameters used in the study
and if they are independent, dependent, or constant values
throughout the analysis. The parameters are chosen to re-



Table 1: Modelling parameters in the analysis.

Parameter Symbol  Value
Hot source

Hot fluid Dry air
Hot source inlet temperature Tht,in [50;280] °C
Hot source outlet temperature Thf,out indep.
Hot source pressure Pt 1.5 bar
Pinch point temperature in boiler  Tpp boil 10 K
Hot source mass flow rate Mht 150 kg/s
Cold source

Cold fluid Water
Cold source inlet temperature Tet,in 15 °C
Cold source outlet temperature Tet,0ut 20 °C
Cold source pressure Pt 1.5 bar
Pinch temperature in condenser Top,cona 5K
Cold source mass flow rate Mt depen.
Cycle parameters

Turbine inlet temperature Tiurb,in indep.
Working fluid mass flow rate Mt depen.
Boiling pressure Pion indep.
Condensation pressure Prond indep.
Working fluid composition X indep.
Pump isentropic efficiency Npump 0.8
Turbine isentropic efficiency Nturb 0.8
Number of boil. discretisations Nboil 40
Number of cond. discretisations TNecond 40

semble the conditions in waste heat recovery systems. To
be able to compare the results to other systems using dif-
ferent hot sources than dry flue gas, the heat capacity rate
¢p = 1 - cp is used as a unique parameter. This parameter
defines the rate at which temperature changes as energy is
transferred. Estimating ¢, based on the hot source mass
flow of 150 kg/s, the heat capacity rate is almost constant
at values between 151 kJ/(K-s) and 156 kJ/(K-s) for inlet
temperatures in the range between 50 °C and 280 °C.

As shown in table 1, a constant mass flow rate of 150
kg/s is used in this study. It is however important to
note that it does not affect the guidelines presented in this
study. That is, a unit mass flow rate could have been used
as well, resulting in the exact same guidelines. The mass
flow rates of the working fluid and cold source and the net
power output are simply scaled accordingly.

2.2. Heat Transfer Modelling

The energy transferred in the heat exchangers can be
estimated by the overall heat transfer coefficient U, the
heat transfer area A, and the mean temperature difference
at which energy is transferred:

Q = UAAT, (2)

where details on how the temperature difference is evalu-
ated are given in subsection 2.3. Instead of applying partly
validated correlations for U to cover all the different flu-
ids, conditions, and mixtures considered in this study, U A
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Figure 2: Comparison of T-Q profiles for ammonia being heated by
a hot source at 100°C with different number of discretisations n in:
(a) Boiler with n = 5, - - -, n = 10,000, —; (b) Condenser with
n =2>5,---, n=10,000, .

values are reported. The UA value for a heat exchanger
is a measure of the required heat exchanger size. For this
study, where the hot source is flue gas with a low Prandtl
number, the heat transfer in the boiler is limited by the flue
gas side heat transfer as stated by Roetzel and Spang [17].
When mixtures are considered, the boiling and condensing
heat transfer coefficients differ significantly as described by
Cheng and Mewes [18]. For this study transient effects due
to fouling and start-up of the system are not considered.
As U A values are reported, the reader can use their own
heat exchangers with known U A values to get the results
reported.

2.3. Heat FExchanger Discretisation

As already pointed out by Maraver et al. [11], the heat
exchanger discretisation is important to resolve the heat
transfer process. For this study, where fixed pinch points
in the boiler and condenser are used, the pinch point lo-
cation is unknown before modelling the process. Further-
more, as the additional computational time is proportional
to the number of discretisations, it is a important in or-
der to keep the overall computational time of the opti-
misations as low as possible low. Therefore, a discretisa-
tion analysis is carried out in the present study to find a
reasonable number of discretisation for a typical heat ex-
changer process. The trans-critical process having almost
parallel T-@Q profiles for the hot source and working fluid
does not require a high number of discretisations to resolve
the process. Therefore, focus is on the sub-critical boiling
and condensation processes. Figure 2(a) and (b) show ex-
amples of a sub-critical boiling process and condensation
process using ammonia as the working fluid being heated
by hot source at 100 °C. The pressure levels and turbine
inlet temperature, and hot source outlet temperature are
found by the optimisation process presented in this study.
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Figure 3: The influence of number of discretisations on the mean tem-
perature difference between hot/cold source and the working fluid
being ammonia and hot source at 100 °C in this example: Boiler,
——, condenser, - - -.

Each process is discretised with n = 5 and n = 10,000
to illustrate the difference between a coarse and very fine
discretisation.

As the figure shows, the discretisation used influences
the amount of energy extracted from the hot source. To
quantify the effect of discretisation, figure 3 shows the
mean temperature difference with different number of dis-
cretisations in the range [5;2560] normalised by the mean
temperature difference with 5 discretisations.

Based on the results in figure 3, the heat exchangers
are discretised into 40 sections. These discretisations are
both used when evaluating the pinch point location using
T-@Q profiles and when calculating the mean temperature
difference ATy, by:

1 n
ATy, = — AT;
Wty @

i=1

2.4. Working Fluids and Their Thermodynamic Proper-
ties

A list containing the 26 fluids candidates considered in
this study is given in table 2. These fluids investigated are
fluids commonly reported in literature.

Along with the critical temperature and pressure, the in-
verse of the slope of vapour saturation line £ = ds/dT on
the T-s diagram is given. This parameter, first proposed
by Liu et al. [37] has been suggested in other studies along
with the critical point to be key parameters when deter-
mining the maximum potential of a given fluid at a given
hot source temperature. In this study, £ is evaluated at
ds?/dT? = 0 for dry fluids and at 20°C for wet fluids cor-
responding to approximately the condensing temperature.
If ds?/dT? = 0 does not exist between 20°C and Ty,
then it is evaluated at 20°C for dry fluids as well. This
approach has been used for all the fluid candidates inves-
tigated in this study and is found to give representative
values of xi for the cycles considered. Examples are given
in figure 4 with pentane and propane as dry and wet fluids
respectively. The figure shows both the pure fluids and
how the saturation dome is altered by different mixture
compositions.

As research still goes on to improve the equation of
states for the different fluids, the references for the equa-
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Figure 4: Saturation domes for a propane-pentane mixture of com-
positions 0/1 (pure pentane), 0.25/0.75, 0.50/0.50, 0.75/0.25, and
1/0 (pure propane). The slope of vapour saturation lines £ evalu-
ated at the evaluation criterion used in this study are shown as well.
Note that the lines shown correspond to £ =1 = dT'/ds.
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Figure 5: Critical temperature as function of slope of vapour satu-
ration line for the pure fluid candidates considered in this study.

tions of states used in this study are given in the last col-
umn in table 2.

To visualise the slope of vapour saturation line and crit-
ical temperatures of the fluids considered, figure 5 is used.
To evaluate thermodynamic properties for the fluids the
extensive REFPROP library by Lemmon et al. [5] is used,
as reviews of thermodynamic databases such as Ziviani
et al. [38] suggests the REFPROP library to be the most
complete in terms of available fluids and accuracy. Typ-
ical accuracies are 0.1% in densities, 1% in heat capaci-
ties, 1% in speed of sound, and 0.2% in vapour pressure.
The uncertainties do however vary by small amounts for
the different fluids and for some fluids the exact uncer-



Table 2: Working fluids considered in this study along with their critical point, inverse slope of vapour saturation line, and chemical name

and listed by their ASHRAE number.

Number Chemical name Terit [°C]  Puis [bar] € [J/(kg K?)] Equation of state

R22 chlorodifluoromethane 96.2 5.0 -1.32 Kamei et al. [19]

R23 trifluoromethane 26.1 4.8 -8.87 Penoncello et al. [20]

R32 difluoromethane 78.1 57.8 -3.55 Tillner-Roth and Yokozeki [21]
R41 fluoromethane 44.1 59.0 -8.05 Lemmon and Span [22]
R123 2,2-dichloro-1,1,1-trifluoroethane 183.7 36.6 0.41 Younglove and McLinden [23]
R124 2-chloro-1,1,1,2-tetrafluoroethane 122.3 36.2 0.24 de Vries et al. [24]

R125 pentafluoroethane 66.0 36.2 -0.23 Lemmon and Jacobsen [25]
R134a 1,1,1,2-tetrafluoroethane 101.1 40.6 -0.37 Tillner-Roth and Baehr [26]
R141b 1,1-dichloro-1-fluoroethane 204.4 42.1 0.35 Lemmon and Span [22]
R142b 1-chloro-1,1-difluoroethane 137.1 40.6 0.03 Lemmon and Span [22]
R143a 1,1,1-trifluoroethane 72.7 37.6 -0.75 Lemmon and Jacobsen [27]
R152a 1,1-difluoroethane 113.3 45.2 -1.29 Outcalt and McLinden [28]
R170 ethane 32.2 48.7 -9.86 Buecker and Wagner [29]
R218 octafluoropropane 71.9 26.4 0.89 Lemmon and Span [22]
R227ea 1,1,1,2,3,3,3-heptafluoropropan 101.8 30.0 0.79 Lemmon and Span [22]
R236ea 1,1,1,2,3,3-hexafluoropropane 139.3 35.0 0.78 Huber and Ely [30]

R245ca 1,1,2,2,3-pentafluoropropane 174.4 39.3 0.77 Huber and Ely [30]

R245fa 1,1,1,3,3-pentafluoropropane 154.0 36.5 0.61 Lemmon and Span [22]
R290 propane 96.7 42.5 -0.76 Lemmon et al. [31]

R600 butane 152.0 38.0 1.19 Buecker and Wagner [32]
R600a isobutane 134.7 36.3 1.07 Buecker and Wagner [32]
R601 pentane 196.6 33.7 2.07 Jaeschke and Schley [33]
R601a ipentane 187.2 33.8 2.09 Lemmon and Span [22]
R717 ammonia 132.3 113.3 -11.52 Tillner-Roth and Baehr [34]
R744 carbon dioxide 31.0 73.8 -9.58 Span and Wagner [35]
R7146 sulfur Hexaflouride (SF6) 45.6 37.6 -0.41 Guder and Wagner [36]

tainty remains undocumented. Transport properties are
not modelled as neither the heat exchangers nor the pres-
sure loss is modelled.

To model exact T-s profiles, temperature dependent
heat capacities are taken into account for both sources.
The hot source is modelled as a combination of 21% oxy-
gen, 78% nitrogen, and 1% argon on mole basis, which cor-
responds to atmospheric air, as atmospheric air and flue
gas contains almost the same thermodynamic properties
(within 2-3 %). The cold source is modelled as pure wa-
ter according to the equation of state presented by Wag-
ner and Pruss [39] and implemented in the REFPROP
library.

3. Optimisation

3.1. Definition of Optimisation Problems

The optimisation problem considered will be to max-
imise the net work output by optimal combination of tur-
bine inlet temperature and pressure, hot source outlet tem-
perature, and condensing pressure. For mixtures, the mix-
ture composition x is optimised as well. A set of con-
straints is set up to allow only thermodynamically feasible
designs that do not violate the specific minimum pinch
point temperatures given in table 1. As the optimisation

is carried out for different fluid candidates and different hot
source temperatures, the constraints vary for every opti-
misation. For example the minimum condenser pressure
depends on the saturation pressure, which is fluid depen-
dent. The following expresses the optimisation in a general
manner:

maximise: Wnet = f (Tturb,iym Pturb7in7 Thf,outa Pcond> X) )
ch,in + Tpp,cond < Tturb,in < Thf,in - Tpp,boih

ch,in + Tpp,cond + Tpp,boil S Thf,out < Thf,in7

subject to:

PS&t@T=ch,m < Peona < Pturb,in, (4)
Pcond S Pturb,in S 200 bar,
0<x <1,

1 < Lturb,out s

where x denotes the mass fraction of the first-mentioned
substance for a given mixture and Tyurb,out i the quality
of the fluid at the outlet of the turbine. This optimisation
process described by (4) is carried out of every fluid in ta-
ble 2 at hot source temperatures ranging from 50 to 280°C
at intervals of 5 K.

3.2. Considerations on Convergence

For the optimisations carried out in this study, the
MATLAB implementation of the genetic algorithm first



Table 3: Settings for the genetic algorithm used for optimisation.

Parameter Value
Maximum number of generations 300
Maximum number of stalled generations 50
Maximum tolerance within stalled generations 10719
Population size 50
Crossover fraction 0.8
Elite count 2

presented by Holland [40] is used. By using the genetic al-
gorithm, the global optimum is found by a successive series
of cross-over and mutation operations. For this study, con-
vergence is assumed when the average relative change in
net power output is 1071 over 50 stalled generations. This
criterion is chosen to ensure the true optimum is found.
Table 3 gives an overview of the settings used for genetic
algorithm.

Running the same optimisation multiple times with the
settings in table 3 is found to give consistent results. This
suggests that the optimisation algorithm has successfully
found the true optimum.

3.8. Validation of Results Obtained

To make sure that the results obtained by the thermo-
dynamic models are accurate, and that the optimisation
process convergences to the optimum with reasonable ac-
curacy, the results are compared to results reported in lit-
erature. To ensure sufficient convergence is obtained for
both optimisation algorithms, the modelling parameters in
table 1 are changed to fit those in other studies and the
results are compared. Andreasen et al. [9] presents results
for Thtin = 120 °C and Thgin = 90 °C for the simple ORC
for both pure fluids and mixtures. The results obtained by
the model in this study deviate less than 3% when compar-
ing quantities such as boiler and condenser pressure, and
turbine inlet temperature. Other studies used for compar-
ison include Walraven et al. [41], Dai et al. [42], and Chys
et al. [43].

3.4. Visualisation of Parameters and Objective Function

As multiple parameters are considered in this optimi-
sation, a way to visualise the results of the optimisations
is required. Figure 6 visualises the results of the opti-
misation by relating the different parameters and the ob-
jective at a hot source temperature of 200 °C. For most
fluid candidates, the almost parallel lines between the hot
source outlet temperature, turbine inlet temperature, boil-
ing pressure, and condensation pressure suggests these to
be directly related. Four fluid candidates, namely R141b,
R123, R245ca, and ammonia, the relation between hot
source outlet temperature and turbine inlet temperature
differs significantly. Inspection of the cycles for R141b,
R123, and R245ca shows that these are all operated sub-
critically with a distinct evaporation process. The more

39.50 )
Thf,out [ C] turb,in

CO2 R142b R236ea — — —SF6 v pentane
R123 —-—-— R143a —-—-— R23 ammonia propane
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R125 R218 — — —R245fa - ethane
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Figure 6: Paralle coordinates showing the how the parameters are
linked to the objective function for the optimised cycles using the
different fluid candidates at a hot source temperature of 200 °C.

dry fluids fluids having high critical temperatures like pen-
tane and ipentane are expanded directly through the sat-
uration dome after pre-heating resulting in the tri-lateral
cycle, which is discussed in details in details in Fischer [44]
and Ajimotokan and Sher [45].

4. General Considerations on Optimal Fluids

Based on Optimisation

4.1. Pure Fluid Candidates

Figure 7 shows the maximum potential in terms of net
power output Wy for some of the pure working fluid can-
didates at a varying hot source temperature Ti¢i, in the
range [50;280] °C with 5 K intervals. That is, each point
in the figure corresponds to an optimal solution found by
the genetic algorithm.

The results in the figure 7 shows how the maximum net
power output in general increases with higher hot source
temperatures. The maximum net power output that can
be obtained for a given fluid increases exponentially at low
hot source temperatures. At a certain transition point, the
net power output begins to increase linearly with increas-
ing hot source temperature. This critical point is observed
to be fluid dependent and is found to occur when the opti-
mal cycle changes from being sub-critical to trans-critical.
When comparing the different fluids, the figure suggests
that each fluid only has a single and limited range in which
it is optimal. That is, a fluid resulting in high net power
output at low temperatures will not perform as good at



Table 4: The optimal working fluids in terms of net power output in
different hot source temperature ranges.
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Figure 7: Optimal designs in terms otransferedf net power output
for different working fluid at a varying hot source temperature in the
range [50;280] °C.
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Figure 8: Optimal designs visualised by the net power output nor-
malised by ammonia for different working fluids at a varying hot
source temperature in the range [50;280] °C.

high temperatures when compared to other fluids. To bet-
ter compare the results in figure 7, the optimised net power
output is normalised by the optimised net power output for
ammonia at the same hot source temperature. The nor-
malised results are shown in figure 8. Using this approach,
the different fluids have a certain hot source temperature
at which the ratio Whet/Whet.ammonia 1S maximum. Am-
monia is chosen for comparison because it is a commonly
used fluid in various cycles.

The figure shows how ammonia is outperformed or out-
performs the different fluid candidates in terms of net
power output at different hot source temperatures in the
range [50;280] °C. If another fluid was used for compari-

Hot source temp. Fluid Critical
range [°C] candidate temperature [°C]
[50;60] R23 26.1
[65;70] ethane 32.2
[75;90] R7146 45.6
[95;120] R218 71.9
[125;160] R227ea 101.8
[165;170] R124 122.3
[175;185] R236ea 139.3
[190;190] R245fa, 154.0
[195;200] ipentane 187.2
[205;235] pentane 196.6
[240;255] R123 183.7
[260;280] R141b 204.4
140 : : : : .
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Figure 9: Optimal cycles for R218 with hot source temperatures in
the range [75;140] °C with intervals of 5 K.

son, this figure would look different, but the relative dif-
ference between the working fluid candidates would still
be same. To investigate whether there is a correlation
between the optimal fluid in the different hot source tem-
perature intervals and their critical temperature, table 4
is used. This table lists the optimal working fluid candi-
dates in terms of net power output in different hot source
temperature ranges along with their critical temperature.

Table 4 shows how the best fluid candidates all should
be operated at hot source temperatures above their critical
temperature, which can be explained by a better thermal
match with hot source temperature allowing for a better
hot source utilisation. As an example, figure 9 shows the
optimal cycles for R218 when the hot source temperature
is varied between 75 °C and 140 °C. The figure shows that
when the Thein = 95 °C (approximately 25 K above the
critical point) the optimal cycle is trans-critical resulting
in a significantly better thermal match between the hot
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Figure 10: Optimal designs by net work output shown with net power output per heat exchanger U A-value for the condenser and boiler at a

varying hot source temperature in the range [50;280] °C.

source temperature and working fluid. The result is a high
net work output and consequently a low mean temperature
difference. As heat is transferred at a lower mean temper-
ature difference, the required heat exchanger size will be
significantly higher. Figure 10 shows the net power output
to heat exchanger U A-value for the boiler in 10(a) and con-
denser in 10(b) for the designs in figure 7. The results in
figure 10(a) suggest the net power to boiler heat exchanger
U A-value to increase with hot source temperature, until a
certain hot source temperature where the ratio drops dras-
tically. This sudden drop in net power to heat exchanger
UA-value ratio can be explained by the optimal cycles go-
ing from sub-critical to trans-critical. Furthermore, the
results suggest this sudden drop to be more evident for
dry fluids having £ < 0. On the other hand, fluids having
¢ < 0 such as ammonia, ethane, COs, R23, and R41 do
not show this behaviour. The results in figure 10(b) sug-
gest the net power to condenser heat exchanger U A-value
to increase throughout the hot source temperature range.
This can be explained by the increasing net power output
and the condenser U A-value being almost constant due to
fixed conditions for the cold source.

The results in table 4 suggest that an optimal pure work-
ing fluid should have a critical temperature 30-50 K below
the hot source temperature. As figure 8 suggested, all the
working fluids have a temperature range in which they
are significantly better than ammonia. For fluids having
low critical temperatures such as R23, CO2, and Ethane,
they outperform ammonia at low hot source temperatures.
Likewise do the fluids having high critical temperatures
such as R141b, pentane, ipentane, and R123 outperform
ammonia and high hot source temperatures. This state-
ment is in fact valid for all the working fluid candidates
investigated in this study. Figure 11 shows the normalised
net power output as function of temperature difference
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Figure 11: Normalised net power output as function of temperature
difference between the hot source and critical temperature of the
fluid candidates.

between the hot source inlet temperature and the critical
temperature. As the figure suggests, all the candidates
outperform ammonia when operated at a hot source tem-
perature approximately 30-50 K above their critical tem-
perature, that is Thin —Terie = [30; 50] K. For fluids having
& > 0 such as pentane and ipentane, Ti¢ in —Terit should be
slightly lower around Thyfin — Terie = [0; 15] K but still op-
erated at Thein > Teris. The results of this study therefore
suggests that there is not a single Thfin/Terit parameter
resulting in optimal performance. Instead, a optimal dif-
ference (Thtin — Terit) exists, such that the performance is
optimal for a given hot source temperature.

Two fluids candidates can however have the almost same
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Figure 12: Optimal working fluid candidates shown in a critical tem-
perature as function of slope of vapour saturation line chart.

critical temperature. Therefore, a criteria is set up to
choose between two fluids having the approximately same
critical temperature in order to obtain the maximum net
work output. Studies from literature have suggested the
the slope of vapour saturation line to play a major role
as super heating can be avoided for fluids with £ > 0.
Figure 12 shows the optimal fluids from table 4 listed by
their critical temperature and slope of vapour saturation
line. Ethane and R23 being the optimal fluids for hot
source temperatures in the range [50;70] have both £ < 0.
An alternative could have been R7146 (SF6) which only
has a slightly higher critical temperature but & ~ 0. This
result suggests the critical temperature to be more impor-
tant than the slope of vapour saturation line, when looking
for a working fluid for a given hot source temperature to
obtain the maximum net power output. If fluids having
critical temperatures similar to R23 and Ethane and slope
of vapour saturation line close to zero were included, these
are expected to perform better than R23 and Ethane. At
hot source temperatures in the range [95;190], fluids hav-
ing £ > 0 are favoured when more fluid candidates have
almost the same critical temperature, an example being
R218 and R143a where R218 has £ > 0 and R143a has
¢ < 0. For mixtures, the critical temperature and slope
of vapour saturation line depends on the mixture com-
position. In the following, considerations on the optimal
mixture are given.

4.2. Mizture Candidates

By considering mixtures with the mixture composition
as a design variable, the mixture composition y can be
used to alter the two parameters discussed until now. That
is the critical temperature T,y and slope of vapour sat-
uration line &. How the position in the T — & chart
is altered when the composition is shifted by 0.1 for the
mixtures is shown in figure 13. Furthermore, the mixtures
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Figure 13: Critical temperature as function of slope of vapour sat-
uration line for the mixtures considered in this study. Marks are
placed at changes in mixture composition of 0.1.

do as well introduce a temperature glide, which allows for
a better thermal match with the hot and cold sources.
This is especially important for the iso-thermal condensa-
tion and sub-critical boiling processes, which would other-
wise introduce large irreversibilities. Figure 14 shows the
temperature glide for the three mixtures as function of
mixture composition for condensation processes where the
mixtures leave the condenser at saturated liquid at 20 °C.
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Figure 14: Temperature glide of the mixtures during condensation
as function of the mixture composition when mixture leaves the con-
denser at saturated liquid at 20 °C.

Performing the optimisations for the mixtures with the
mixture composition as an additional design variable, the
results in figure 15 are obtained with the mixture compo-
sitions shown in figure 16.

As the mixture composition is found by optimisation,
the mixtures should at least perform as good as the pure
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Figure 16: Optimal mixture composition at varying hot source tem-
peratures in the range [50;280]°C with intervals of 10 K.

fluids used in the mixture. Figure 15 shows that this is
actually the case. Furthermore, the figure shows that the
mixtures in most cases perform better than the pure fluids
with the exception of the propane-pentane mixture, which
at hot source temperature above 200 °C perform similar to
pure pentane. Figure 16 shows that the optimal mixture
composition for the propane-pentane mixture is indeed 0
(corresponding to pure pentane) for Ty, > 200 °C. That
is, even though the condensation process can be improved
by a better thermal match by adding propane to pen-
tane, the lower critical temperature introduced by adding
Propane results in lower net power output.

For the propane-butane mixture, the net power output
is increased at all hot source temperatures, suggesting a
temperature glide to increase the net power output even
though the critical temperature is decreased slightly by
the addition of propane. At lower hot source temperatures
(Tin,in < 190 °C), the optimal mixtures contain Propane
fractions in the order of 0.8-0.9. At higher hot source tem-
peratures (Tin in > 190 °C) the optimal mixture composi-
tion changes radically to consist of mostly butane. In all
the hot source temperature interval, the mixture compo-
sition results in a temperature glide of approximately 5 K
resulting in a good thermal match with the cold source.

For the propane-ethane mixture, the net power output is
again increased in all the hot source temperature interval
compared to the pure propane and ethane. Again a rad-
ical change in mixture composition is observed. For the
propane-ethane mixture this transition occurs at 140 °C,
where the optimal mixture composition changes from ap-
proximately 0.15/0.85 to 0.95/0.05. Both these mixture
compositions result in a temperature glide of 5 K as seen
in figure 14. As opposed to the other two mixtures, the
propane-ethane mixture favours propane at higher tem-
peratures (Thin > 140 °C). This can be explained by the
fact that propane has a higher critical temperature than
ethane.

To sum up, all three mixtures show that the net power
output can be increased by a mixture compared to the
corresponding pure fluids alternatives. The optimisations
furthermore suggest that the mixture composition should
results in a temperature glide approximately equal to the
temperature rise of the cold source. If two mixture compo-
sitions fulfil this criteria, the mixture composition should
be chosen to comply with the guideline for pure fluids.
That is the mixture composition should be changed from
consisting of mostly the low critical temperature fluid to
the higher critical temperature fluid, when the guideline of
Thtin — Torit = [30;50] K can be obtained using the higher
critical temperature fluid. In that case a small amount of
the lower temperature fluid should be added to make the
temperature glide in the condenser match the cold source
temperature rise.

5. Conclusion

In this study, the performance of an ORC system in its
simplest configuration is optimised with 26 pure fluids and
3 mixtures at hot source temperatures ranging from 50 to
280°C. By optimising the ORC at different hot source tem-
perature for a wide range of different fluid candidates with
different saturation curves, generals correlations have been
identified and described. By comparing the different work-
ing fluids candidates to ammonia in terms of net power
output, each fluid candidate has an optimal hot source in-
let temperature. By correlating this optimal hot source
temperature and the critical temperature of the different
fluid candidates, it is found that for a given hot source



temperature Tt in the optimal fluid has a critical tempera-
ture in the range [30;50] K below Th¢in. When more fluids
have almost the same critical temperature such as R218
(Terit = 71.9°C) and R143a (Teris = 72.7°C) the fluid the
the lowest £ has a higher net work output but is more lim-
ited to the hot source temperature being [30;50] K above
the critical temperature.

This optimal hot source temperature for each fluid can
be explained by a better thermal match to the working
fluid as the working cycles changes from sub-critical to
trans-critical. The hot source temperature where the op-
timal cycles change from sub-critical to trans-critical will
however require significantly higher heat transfer areas re-
sulting in a lower Wyt /A ratio. This statement is espe-
cially valid for fluids having slope of vapour saturation
lines £ > 0. On the other hand, fluids having ¢ < 0 do
not show a sudden decrease in Wyt /A ratio.

Furthermore, working fluid suggestions are given for dif-
ferent hot source temperature ranges. From a hot source
temperature of 50°C to 280°C, the optimal working flu-
ids in terms of net power output are R23, ethane, R7146
(SF6), R218, R227ea, R124, R236ea, R245fa, isopentane,
Pentane, R123, and R141b.

When mixtures are considered as potential working flu-
ids, the optimal mixtures all have compositions resulting
in a temperature glide approximating the cold source tem-
perature rise. Such a temperature rise is possible by either
low or high mass fractions, resulting in two possible solu-
tions. The solution giving the required temperature glide
and a critical temperature 30-50 K below the hot source
temperature should be chosen. When such critical temper-
ature cannot be obtained, the mass fraction of the mixture
should be changed radically to obtain a similar tempera-
ture glide and a critical temperature.
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Glossary

BN 30OYS 3FTS

Greek letters

U
X
§

Subscripts
1,2,3,4
cf

crit

g

hf

i

in

Im

out

pp

sat

wif

Nomenclature

Acronyms
ASHRAE

CAMD
ORC
REFPROP

Heat exchanger area, [m?

Specific heat capacity, [J/K kg]
Heat transfer coefficient, [W/m?K]
Mass flow rate, [kg/s]

Number of discretisations, [—]
Pressure, [Pa]

Heat transfer rate, [W]

Thermal resistance, [K/W]
Specific entropy, [J/K kg]
Temperature, [°C]

Overall heat transfer coefficient, [W/m?K]

Quahtya [_}

Efficiency, [—]
Mass fraction of first-mentioned fluid, [—]
Slope of vapour saturation line, [J/K?kg]

State points
Cold fluid
Critical state
Glide

Hot fluid

index

Inlet

Mean temperature difference
Outlet

Pinch point
Saturation state
Working fluid
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