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Abstract

Maximizing the utilization of an available source serves as the ideal

approach, provided that only technical factors are considered. For sources

with low heat flux, however, cost‐effective solutions are more suitable due

to the minimal net power generated, regardless of the effectiveness of the

energy conversion. In such cases, utilizing low‐threshold technology may

be the most fitting solution, the layout of these cycles should be simple and

inexpensive. In the case of organic Rankine cycles (ORCs)‐based power

cycles, this means the omission of superheaters or recuperative heat

exchangers and the use of simple expanders and small heat exchangers.

Simplifying the design, however, requires additional considerations about

the elementary steps of the cycle. This work presents a procedure to select

favorable working fluids for ORC while considering the expander's internal

efficiency. The criteria for favourability is to have a nonideal expansion

process starting and ending in (or very near) saturated vapor states to avoid

problems related to wetness/dryness between the given maximal and

minimal expansion temperatures. It is demonstrated that the design can be

simplified under the simultaneous working fluid and expander selection

method presented in this study, regardless of the type and isentropic

efficiency of the expander. The resulting methodology applies the novel

classification of working fluids using the sequences of their characteristic

points on temperature‐entropy space. The proposed approach is illustrated

with a case study finding optimal working fluid for an ORC system fitted to

industrial waste heat, a low‐temperature geothermal, and a cryogenic heat

source.
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1 | INTRODUCTION

Organic Rankine cycles (ORC) transfer heat into shaft
work or further to electricity if required. The cycle layout
is similar to the one used by Rankine cycles (RC), but the
operating conditions are different. ORC is applied under
circumstances where it outperforms RC, typically for
heat sources below 350°C (such as waste heat, geo-
thermal heat, solar ponds, or biomass‐based heat) and in
the low power range (produced electricity only rarely
exceeds the 20 MWe

1). Therefore, the construction of the
units and the cycle's working fluid is also different.
Because the most significant differences stem from the
applied working fluids, many research papers address the
issue of designing a new fluid2 or selecting it from an
already‐known database.

The selection procedure is a multicriterion optimiza-
tion problem whose criteria include, among many others,
physical and thermodynamic properties, chemical stabil-
ity and compatibility, safety (including toxicity and
flammability), production costs, availability, previous
experience with the material or with similar compounds,
and environmental impacts.2–4 Some of the properties
comprise many parameters, such as thermodynamic
properties require the investigation of liquid and vapor
density,5 latent heat of vaporization, liquid heat capac-
ity,6 viscosity,7 thermal conductivity,8 melting point
temperature,9 critical temperature, and pressure. In
contrast, environmental impact is described only with
ozone depletion potential (ODP) and global warming
potential (GWP).10,11

The number of describing parameters shows that the
thermodynamic optimum is perhaps the most complex
problem to address.12–14 Preferences may change the key
factors slightly, yet fundamental properties influencing
the outcomes are easily identifiable, regardless of the
circumstances. Even though the optimum behavior of an
ORC is not directly connected to the isentropic behavior
of the fluids,15 the shape of the saturated vapor line of the
selected fluid in the T–s diagram plays an important
role16 when the purpose is to maximize the power output
or when cycle efficiency is to be improved.17,18 Namely
directly affecting the layout and indirectly affecting the
investment and operational costs.

As the shape of the saturated vapor line among the
indicators that form the basis of the comprehensive
analysis is heavily weighted in the evaluation,19 the
present work focuses on the fluid selection based on its
saturated vapor line.

Although the focus on increasing energy efficiency
puts the utilization of low‐flux heat sources in the
spotlight, only a limited amount of energy can be
extracted from such sources. As the expected net power

is small, the costs that can be considered reasonable and
justified are limited. To ensure the profitability of such
investments, an ORC unit providing only a few kW of
power cannot cost more than a few thousand euros.
Therefore, in many cases, a simplified ORC layout—
containing a pump, a liquid heater/evaporator, a simple
expander, and a small condenser with no superheater or
recuperative heat exchanger or droplet‐resistant
expander—is more important than even a significant
improvement in the thermal efficiency, if it would lead to
a considerable increase in investment costs. This study
introduces a simple method to find a working fluid
(identified by name/chemical identifier) and a fitting
expander (characterized by internal efficiency) which—if
a suitable fluid database is available—guarantees a
simplified layout under a given inlet–outlet expansion
temperature pair. The selection procedure assists with
thermodynamic solutions that may exploit low‐flux heat
sources, even at low technical content and investment
costs.

2 | IMPORTANCE OF THE SHAPE
OF THE SATURATED VAPOR LINE
IN THE T–S DIAGRAM

Based on the established criteria of Tabor and Bronicki,20

working fluids are either wet, isentropic, or dry types,
depending on whether the final state of an isentropic
expansion, starting from a saturated vapor phase, is in
the two‐phase region, saturated, or superheated vapor
states, respectively.

As water is a wet fluid, the layout of a simple Rankine
cycle is similar to an ORC using a wet working fluid
(Figure 1A,B). After leaving the condenser in a saturated
liquid state (1), the pump compresses the liquid (2). Then
heat is transferred to the fluid through an economizer
until reaching a saturated liquid state (3), an evaporator
until reaching a saturated vapor state (4), and a
superheater until reaching a superheated vapor state
(5). The superheated vapor expands in the expander
before reaching the condenser in a two‐phase region (6).
Higher moisture content in the exit of the expander
increases the risk of droplet erosion which can be
reduced by a superheater (6*→ 6).

Nevertheless, if dry fluid is used (Figure 1C,D), the
expansion terminates in the superheated vapor region
(6), requiring no superheater. The drawback of this
solution is the increasing heat load in the condenser,
requiring a recuperative heat exchanger (6, 7) before
condensation.

However, the ideal solution is to use isentropic fluids
where—at least theoretically—a finite part of the
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saturated vapor branch is a straight line with an infinite
slope. In this case, expansion starts (4) and terminates (5)
in a saturated vapor state, requiring neither superheater
nor recuperator, enabling a cost‐effective and reliable
operation. A similar process can be achieved in the given
temperature range with the so‐called real isentropic
fluids (Figure 1E,F) having inverse S‐shaped saturated
vapor lines.21,22

In the following, a method is presented that recom-
mends working fluids from a publicly available, high‐
accuracy working fluid database, taken from the NIST
Chemistry WebBook23 and RefProp 9.1,24 for a given heat
source and heat sink temperature pairs at which the

expansion starts and terminates in a saturated vapor
state. Although there are numerous other potential
working fluids and other—mostly commercial—
databases, the NIST‐based ones were preferred due to
the undoubted accuracy of the reported data.

Most fluids in the database are traditionally classified
as dry or wet.25 At the same time, only a significantly
smaller proportion has the inverse S‐shaped saturated
vapor branch, where all kinds of expansion processes
(reaching wet or dry region or saturation state) can be
realized, depending on the initial point and the length of
the expansion. However, in this work, for more precise
classification, subclasses are used, introduced by Györke

FIGURE 1 T–s diagrams and corresponding ORC layouts for wet (A, B), isentropic (C, D), and dry (E, F) working fluids. H, SH, EVAP,
ECO, P, C, E, R, and G stand for heat source, superheater, evaporator, liquid heater (economizer), pump, condenser, expander, recuperative
heat exchanger, and generator, respectively.
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et al.21 when establishing novel classifications. These
subclasses are distinguished by their characteristic points
on the saturated curve: A is the initial point of the
saturated liquid curve, C denotes the critical point, M
indicates the local entropy maxima, N represents the
local entropy minima, while Z is the closing point of the
curve. According to this classification, the diagrams in
Figure 1. may be classified as ACZ (Figure 1A), AZCM
(Figure 1C), or ANCMZ (Figure 1E) types.

3 | SELECTION OF WORKING
FLUIDS FOR ISENTROPIC
EXPANSION

As has been already mentioned, isentropic working fluids—
in the sense of having an infinite slope in a finite part of the
vapor branch of the T–s diagram—do not exist, yet
isentropic processes from saturated vapor to another
saturated vapor state can be realized in some working
fluids. An illustrative example is given for the case of 2,2‐
dichloro‐1,1,1‐trifluoro‐Ethane, often referred to as Freon‐
123 or R‐123 and identified in chemical databases as CAS
306‐83‐2. This case can be seen in Figure 2A, where
isentropic expansion occurs between points 1 and 2; the
expansion proceeds through dry states, therefore, prob-
lems related to droplet formation are eliminated.
Since the expansion terminates in a saturated vapor

state (point 2), condensation can be started immediately.
In this way, problems related to residual heat (like for
state 6 in Figure 1C)—efficiency loss, excess heat load for
condenser—are also eliminated. This expansion process
can be labeled as “from saturated vapor state to another
saturated vapor state through dry states” type one.

Since not all fluids included in the database have a
refrigerant (R) number (e.g., toluene), it is not possible to
provide a consistent identification applying this nomen-
clature. Instead, the well‐established and routinely used
CAS Registry Number identifier was used. A table
presenting the common names, the CAS numbers, and
the R‐numbers (where available) is to be found in
Appendix A.

The diagram shown in Figure 2. a is a so‐called
ACNMZ‐type, where these letters correspond to the five
characteristic points of the curve ranked by their entropy
values.13 It is important to mention that from point 1,
only point 2 can be reached this way. Therefore, having
an inlet‐outlet expansion temperature diagram, one point
(given by a temperature pair) represents this scenario
(Figure 2B, point (1;2)). This is not the only route;
moving from 3 to 4 or 5 to 6 through isentropic steps is
also possible. By plotting all points representing these
isentropic expansion processes, a material‐specific curve
is obtained in the maximal–minimal expansion tempera-
ture diagram.22,26,27 For R‐123 (the material described by
the T–s diagram of Figure 2A) this curve is shown in

FIGURE 2 (A) T–s diagrams of Freon‐
123, marking four various ideal expansion
routes and the diagram showing the
potential maximal–minimal pairs of “from
saturated vapor state to another saturated
vapor state through dry states” expansion
processes (B). Corresponding expansion
routes are marked by the same colors.
Here—as well as later—the bracketed
expansion processes (e.g., (1;2) are marked
as initial‐final states instead of
corresponding temperature values).
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Figure 2B. The lower endpoint of the curve represents
the shortest expansion possible, with the initial state at
TN + δ and the final state at TN− δ, where TN is the
temperature for point N and δ is an infinitesimally small
temperature difference, approaching zero. It is similar to
where the inlet and outlet expander temperatures—or
maximal and minimal cycle temperatures when an ideal
cycle is investigated—are identical. Thus, there will be
neither temperature difference nor utilizable energy.

Regarding the structure and design of the maximal‐
minimal temperature diagram, a more detailed explana-
tion is given in Section 5. This characteristic expansion
curve can be prepared for all materials showing a reverse
S‐shaped saturated vapor branch on the T–s diagram.
Using the NIST Webbook,23 this has been done for nearly
30 pure compounds. The result22 can be seen in Figure 3.

These curves can be referred to as isentropic
expansion route curves, constructed from individual
points, representing isentropic expansion processes from
saturated vapor to another saturated vapor state. The
straight orange line connecting the endpoints (NN)
represents the case where the maximal and minimal
expansion temperatures are identical. Below this line, the
minimum temperature would be above the maximal one;
therefore, this region would represent physically
impossible processes. The working fluids are marked by
their CAS number and colored according to their
classes.21

A heat source‐heat sink pair with well‐defined
temperatures can give a fair estimate for the maximal
and minimal expansion temperatures. Therefore, any

given heat source–heat sink pair can be represented by a
point on the inlet–outlet expansion diagram (Figure 3).
Two minimal–maximal temperature pairs are marked,
one for (213 and 293 K), labeled as CA (related to
cryogenic cold side and environmental air “hot” side)
and one for (300 and 472 K), labeled as AW (related to
cold air cold side and medium waste heat hot side),
marking situations for two different heat recovery
scenarios. In the first case, a cryogenic liquid—for
example, LNG—can be used as heat sink and the
environment as the heat source.28,29 The heat source
could be a flue gas in the second case, while the heat sink
is the environment.30,31

For the cryogenic process (cryogenic heat recovery,
also called cold energy recovery, where the heat sink is a
low‐temperature, cryogenic fluid), working fluids are
easily found with the exact—or nearly exact—saturated
vapor to saturated vapor isentropic expansions. This is
true not only for the marked CW case; as the densely
spaced curves show in this temperature field (Figure 3),
heat sink temperatures should be chosen in the cryogenic
range. In the CW case, the optimal working fluid for a
simple configuration design would be 1,1,1,3,3,
3‐Hexafluoropropane (R236fa, CAS 690‐39‐1). At slightly
higher heat sink temperatures, lines are more numerous;
therefore, more than one suitable working fluid candi-
date is available in that cases.

Concerning the other waste heat recovery scenario
AW (where cold air can be used as a heat sink), the
nearest curves are very far; therefore, this method cannot
find an adequate candidate, even though existing
nominees have not been preselected for other criteria.
Increasing the number of potential working fluids could
help. Unfortunately, very accurate, well‐established T–s
data do not exist with a high amount of pure fluids;
commercial software for ORC design often uses simpli-
fied models with low‐accuracy equation of states to
estimate entropy, and they might yield erroneous data.
Therefore this research relies on a highly accurate NIST
database, where the number of fluids is limited. There
are two other ways to solve the expansion of the
temperature range covered by the expansion route
curves, which will be explained in the following passages.

4 | PARTIAL EXPANSION IN THE
WET REGION

If, during expansion, the working fluid enters the wet
region, the risk of droplet formation and erosion
increases, as well as the mechanical loss due to the
breaking effect on the rotor caused by the liquid
impingements. At the same time, the expansion,

FIGURE 3 The curves represent potential “from saturated
vapor state to another saturated vapor state through dry states”
expansion processes for 29 working fluids. Materials are identified
by their CAS numbers. Colors mark classes of working fluids. Two
heat sink—heat source scenarios are marked (see text).
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terminated to the superheated region, also limits the
range of applicability of the working fluid and the
maximum power output. The figures show two cycles
(hatched in the figure). The expansion starts and
terminates in saturated vapor states in both cases, yet
the difference between the two expansions is significant.
While the isentropic expansion in the first case (gray‐
hatched) goes through the saturated and the superheated
vapor region only (1, 2, 3, 4, 5), in the second case (red‐
hatched), it proceeds the other with expansion through
the wet region (1, 2, 3*, 4*, 5).

In Figure 4, three different isentropic expansion
routes are identifiable; they all start and terminate in
saturated vapor states (4*, 4, 5). The first one is the “wet
region only” expansion process (4*, 4) because it
proceeds through wet states. It resembles in some sense
to the ones seen in wet fluids except for terminating in
the saturated vapor state instead of the wet region. Also,
in a traditional wet expansion (in a wet working fluid),
the liquid ratio increases continuously as the expansion
proceeds in the mixed‐phase, while in this case, the
initial increase will be followed by a decrease, and at the
end of the expansion, the working fluid will be in a
saturated vapor state once again. However, this expan-
sion process, being the second and third types better, is
not considered for real isentropic fluids in this study.

The second is the superheated vapor region expan-
sion process (4, 5) discussed in the previous passage; they
are the preferred expansion scenario for ORC technology.

Finally, the third one, the partially wet, partially
superheated expansion process (4*, 5), which requires
some further scrutiny. Only the initial part of the fast
expansion process takes place in the wet region. Due to
the fastness of the process—which is general for

adiabatic expansions—the time for the fluid spent in
the wet region is very limited. Droplets might be formed
in this region, causing some wetness‐related problems,
but the wetness forms and disappears very quickly;
therefore, the caused problems might be negligible.
Additionally, it could be assumed that the working fluid
remains in a metastable vapor state,32,33 avoiding droplet
formation. This is analogous to the process seen in the
Wilson‐zone of steam Rankine cycle. For water (and
similarly, for other materials, too), the superheated vapor
does not necessarily have time to condense when
entering the two‐phase region during expansion. The
process terminates without creating a liquid phase and
discharging latent heat of evaporation. Nevertheless, the
temperature of the subcooled vapor drops below the
saturation temperature. The probability of subcooling
depends on the velocity of expansion of the vapor:

 p p p τ̇ = −1/ · / , where τ is time.34

It should be emphasized that the subcooled vapor
state is metastable in the Wilson region and disappears
when thermodynamic equilibrium is reached.

When the expansion starts from or near the saturated
vapor state, the medium does not have time to accelerate
and enters the metastable zone as a wet fluid. Regardless,
there will be no erosion in the rotor if the fluid reaches
the saturated vapor phase before leaving the inlet valve.
The outcome depends on the type of expander, the
working fluid, and the operating conditions, especially
from the relative position of the initial state between the
critical point and local entropy maxima and the average
value of p.̇ The notion of enlarging the media's scope in
this manner may seem counterintuitive. However,
energy conversion systems such as the organic flash
cycle (OFC) are based on two‐phase expansion.35 Thus,
the possibility of partial wet expansion in the inlet will
also be considered in the following parts.

5 | DESIGN OF TL–TU DIAGRAMS
FOR EXTENDED ISENTROPIC
EXPANSION PROCESSES IN THE
TWO ‐PHASE REGION

Based on the novel classification,21 pure working fluids
are categorized by the entropy sequences of their primary
and secondary characteristic points on their saturation
line in the T–s diagram:

(1) Points A and Z: initial and final points on the
saturation line with the triple point temperature.

(2) Point C: critical point with the highest temperature
value, separating the saturated liquid (A–C) and
vapor lines (C–Z).

FIGURE 4 Comparison of the schematic T–s diagram of two
reversible cycles, one with the expansion in the superheated vapor
region only (1, 2, 3, 4, 5), the other with the expansion in a partially
wet, partially superheated region (1, 2, 3*, 4*, 5).
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(3) Points M and N: local or global entropy extrema.

As primary characteristic points, A, Z, and C can be
found in all pure fluids. Among the secondary ones, M is
found for dry and isentropic, while N is only for
isentropic ones.

Among the eight possible sequences, ACZ represents
wet, ACZM, and AZCM dry, while ANZCM, ANCZM,
ANCMZ, ACNMZ, and ACNZM represent “real” isen-
tropic fluids. Real refers to the fact that these classes have
reverse S‐shaped saturated vapor lines; therefore, it is
possible to have an isentropic “saturated vapor state to
another saturated vapor state” transition with them,
described in Section 3. Neither ACZM nor ACNZM fluids
have been found so far.21,36 Subjects of the current
investigation are the “real” isentropic fluids when
expansion is assumed to be reversible and adiabatic,
but in later passages, wet fluids under real expansion
conditions will also be studied.

The T–s diagram of a traditional ACMNZ working
fluid (Freon 123, already investigated in Section 3) is
shown in Figure 5. It is possible to construct isentropic
expansion processes initiated and terminated on the
saturation vapor line; two of them are marked by
straight lines. The blue one (4, 5) starts from the local
entropy maxima (point M) and proceeds throughout
the superheated vapor region (solid line), while the red
one (1, 3) enters the two‐phase region in the high‐
pressure section of the expansion (dashed line) and
goes through the superheated vapor region before

reaching the saturated vapor state (solid line). Each
expansion can be clearly described by the temperature
at which the process starts (TU) and the temperature at
which it ends (TL). Suppose all possible expansion
processes of working fluid are plotted with tempera-
ture point pairs; a single curve will represent the given
material—the extended version of the curves shown in
Figure 2—on an upper and lower temperature diagram
(Figure 5B).

All ideal expansion routes of freon 123, initiating
above and terminating below the N point, on the
saturated vapor line, are shown in Figure 5B. The blue
marker represents a superheated vapor region expansion
process (from 423 to 225 K), with the highest upper
temperature possible, separating partly or entirely wet
expansions (dashed line) from superheated vapor region
expansion processes (solid line). The red marker with
solid fill (2, 3) represents an expansion taking place in the
superheated vapor region from 353 to 245 K. Finally, the
red marker without fill (1, 3) denotes an expansion in the
partially wet, partially superheated region; dashed line
represents all similar point pairs. Expansions in the wet
region only (1, 2) have high TU and TL temperatures and
are located on the upper right side of the dashed line
outside the section (TL = 353 K; TU = 453 K) shown in the
TL–TU field; being unfavorable ones, they are not
shown here.

The four different T–s diagrams of the four different
isentropic subclass working fluids are shown in Figure 6
with four representative samples: ACNMZ—freon 123

FIGURE 5 Isentropic expansion processes
for freon 123 (306‐83‐2). (A) Extended adiabatic
and reversible expansion processes in the two‐
phase region (B) Possible expansions with given
starting (upper) and ending (lower) temperature;
dashed part where the initial points of the
processes are in the C–M section of the saturated
vapor curve, while the solid ones represent the
expansions started in the M–N section. Points
(2;3), (4;5), and (1;3) represent the expansion
processes from 353 to 245 K; 423 to 225 K, and
453 to 245 K, respectively.
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(A), ANCZM—benzene (B), ANCMZ—pentane (C),
ANZCM—heptane (D). The extent to which the applica-
bility of a working fluid is raised when expansion in the
wet region is considered depends on how far apart the
temperatures of points C and M are. For freon 123 and
benzene, the distance is significant enough to be worth
considering, but not in the case of pentane or heptane.
Also, for pentane and heptane, the M point is close to the
critical point; therefore, an expansion initiated from the
C–M part of the saturation curve could cause anomalies
due to the proximity of the critical point.37 Since the
entropy of Z is just slightly above the value of C, only
the immediate vicinity of point C could be considered as
the starting point for the expansion; therefore, similar
problems related to critical anomalies would emerge for
benzene.

Figure 6 shows two ideal (isentropic) expansion
routes on three of the four T–s diagrams. The ones
starting in M–N section are marked with solid lines and
red initial and final points, and the ones related to the
C–M section have dashed lines and blue initial and final
points. It has to be noted that ANZCM fluids have only
adiabatic and reversible expansion routes initiating from
the C–M section, which run entirely in the wet region
due to their relative position to the other characteristic
points. Thus, the applicability of the ANZCM fluids is not
influenced by the C–M section. Nonetheless, it is
beneficial to take the whole C–Z section into account
when concerning the examination of the expansion
routes.

TL–TU curves are not always continuous; there could
be some discontinuity between parts representing

FIGURE 6 Four potential isentropic expansion routes for working fluids classified as ACNMZ (A: freon 123, CAS 306‐83‐2), ANCZM
(B: benzene, CAS 71‐43‐2), ANCMZ (C: Pentane, CAS 109‐66‐0), ANZCM (D: heptane, CAS 142‐82‐5). Dashed lines mark expansion routes
starting in C–M, and expansion routes starting in M–N are marked by solid lines.
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partially wet (1,3 in Figure 5B) and entirely superheated
(2,3 or 4,5 in Figure 5B) expansions. Whether there is a
gap in the curve depends mainly on the relative positions
of the primary and secondary characteristic points, that
is, the subclasses these materials belong to. Figure 7
shows a reduced TL–TU diagram with the example fluids
taken from the previous example. Reduced scales are
routinely used when properties or behavior of chemically
different materials are to be presented on the same scale.
Each curve shows one material, identified by its chemical
identifier (CAS number), and just like earlier, a point on
a curve describes one expansion process with a given
starting (upper) and ending (lower) temperature. The
dashed parts of the curves are expansion processes with
initial points in the C–M section of the saturated vapor
curve, while the solid part represents the expansions
started in the M–N section.

Freon 123, as an ACNMZ type fluid, is a fine example
of a continuous line (red line), just like ANCMZ pentane
(black line). Isentropic expansion from the C–M section
is not limited to ANCMZ fluids, but for the ACNMZ
subclass, expansions cannot be initiated from a point
lower than the entropy at characteristic point N. As Z has
lower entropy than M, ANCZM fluids show gaps, as
demonstrated by benzene (blue line). Since Z has lower
entropy than C, ANZCM fluids, like heptane (green line),
cannot initiate an isentropic expansion from the C–Z
section, terminating in a saturated vapor state.

One can construct an expansion diagram for all
materials available in the NIST database23,38 similar to
the one shown in Figure 3, extending the methodol-
ogy's usability by including expansions starting on the

part of the saturated vapor line located between points
M and C. The minimal–maximal temperature pairs
representing expansions through the superheated (dry)
region are located below, while the wet‐dry mixed
expansions are located above the TU minima of the
curves in Figure 8.

FIGURE 7 Potential expansion routes on reduced TL–TU diagram for four working fluids, identified by their CAS number. 306‐83‐2:
freon 123, 71‐43‐2: benzene, 109‐66‐0: pentane, 142‐82‐5: heptane. Each curve shows one material, identified by its chemical identifier (CAS
number), and a point on a curve describes one expansion process with a given starting (upper) and ending (lower) temperature. The dashed
parts of the curves are expansion processes with initial points in the C–M section of the saturated vapor line, while the solid part represents
the expansions started in the M–N section.

FIGURE 8 The curves represent potential “from saturated
vapor state to another saturated vapor state through dry states”
expansion processes for 28 working fluids (similar to Figure 3),
including initially wet expansion processes. Materials are identified
by their CAS numbers. Colors mark classes of working fluids. The
two heat sink—heat source scenarios—for cryogenic case
(213 K;293 K), labeled as CA, and for waste heat case (300 K;
472 K), labeled as AW—are marked. In both cases, perfectly
matching working fluid can be found.
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With the extended methodology, a suitable working
fluid may be found for the waste heat recovery scenario,
labeled AW and described in Section 3, without
extending the databases. Namely, the extended tempera-
ture sets include the R140b (CAS 1717‐00‐6, 1,1‐
Dichloro‐1‐fluoroethane) running in the vicinity of point
AW, representing a—from a thermodynamic point of
view—potentially favorable solution.

6 | DESIGN OF TL–TU DIAGRAMS
FOR IRREVERSIBLE EXPANSION
PROCESSES

Even though this extension provides a broader tempera-
ture range covered by potential expansion routes, high‐
temperature cases are still underrepresented. Addition-
ally, all the cases investigated so far were ideal (i.e., all
expansions were isentropic). Real expanders have inter-
nal efficiencies (below 100%), showing deviation from
ideal expansions. Among the turbines utilized for low‐
temperature heat recovery, only axial turbines operating
in the MWe power range exceeds the internal efficiency
of 90%. Conversely, other turbine types operating in the
kWe range demonstrate significantly lower isentropic
efficiencies. Table 1 presents the isentropic efficiencies of
different expanders in the kWe range, based on experi-
mental results. Three expansions shown on the T–s
diagram of Isopentane (2‐methyl‐Butane, CAS 78‐78‐4, a
typical ANCMZ‐type working fluid) are in Figure 9A. It
can be seen that expansions with lower internal
efficiencies are terminating at higher entropies than
expansions with higher internal efficiencies. This devia-
tion gives a new opportunity to find matching

minimal–maximal temperature pairs with expander
efficiencies below 100%. In this case, even wet working
fluids might be suitable candidates for “saturated vapor
to saturated vapor” type expansions, going through a
region with relatively low wetness.27,40

Novel expansion route maps can be drawn for the
working fluids (shown in Figure 9) with any given
external efficiency value. Figure 9B shows the new
curves representing 100%, 80%, and 60% internal
efficiencies. All points between the 100% and 60% curves
represent a case where an exact “saturated vapor state to
another saturated vapor state expansion” can be found
for a given working fluid (isopentane) with a given
internal expander efficiency. Therefore, with this
method, the cases will be more realistic (real expansion
processes with less than 100% internal efficiency), and
the temperature range covered by the curves will be
broader. Thus, internal efficiency as a new variable
allows for a more accurate working fluid selection for
various heat sink–heat source pairs.

Allowing nonideal expansion routes and accepting
that even though the expansion starts and terminates in
saturated vapor states, it will proceed through a
moderately wet region,27,40 like the ones represented by
the dashed lines in Figure 7, some of the wet (ACZ‐type)
working fluids can be included in the selection pool. For
these materials, ideal (100% internal expander efficiency)
expansion processes cannot be constructed between two
saturated states, but it is possible to do that with nonideal
expansion processes. Examples of dichlorodifluoro-
methane (CAS 75‐71‐8, R12) are shown in Figure 10. a,
with two different internal efficiencies (80% and 60%),
both well below 100%. The temperature pairs for a given
internal efficiency value are also forming curves; they are

TABLE 1 Efficiency and power range of different types of ORC expanders.39

Radial turbines Scroll expander Screw expander

Working
fluid

Output
power (kWe)

Efficiency
(%)

Working
fluid

Output
power (kWe)

Efficiency
(%)

Working
fluid

Output
power (kWe)

Efficiency
(%)

R123 6.07 58.53 R123 0.75 38 R218 20 60

R123 8.33 48–63 R123 1.54 86 R123 6.58 42.53

R123 534 84.3 R123 2.78 85,17 R123 8.35 73

R143a 400 82 R134a 0.557 78 R123 10.38 73.25

R134a 641.2 79.9 R245fa ‐ 84,9 R123 100–300 60–88

R245fa ~35 ~65 R245fa 1.016 77,74 R134a 193.75 70.82

R245fa 177.4 68.1 R245fa 1.8 75,7 R245fa ‐ ~79

R245fa 250 63.7 R245fa 2.3 73 R245fa ~7 ~60

R245fa ~1000 ~85 R245fa ~8.5 60
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shown (for this working fluid) in Figure 10B. With the
inclusion of wet working fluids, the pool of potential
working fluids increased from 28 (real isentropic ones) to
69 (real isentropic and wet ones), concerning only the
ones having high‐accuracy temperature‐entropy data
obtained from the NIST database.38

The TL–TU diagram of irreversible expansion routes is
assembled similarly to the reversible one, with consider-
ation of the internal efficiencies of the expander units.
Figure 11 shows the expansion processes from saturated
vapor to saturated vapor states between 100% and 55%
internal efficiencies with a 15% decline (shown in % in
the bottom left corner). To construct the TL–TU diagrams,

the properties of 69 materials were taken from the NIST
database.27 The color codes for each subclasses are
identical to those used in the previous figures.

Figure 11A shows theoretically possible, adiabatic,
and reversible (100%) expansion routes for multiple
working fluids as a benchmark (identical to Figure 8). It
is prominent that only real isentropic fluids are on the
diagram. Subclass ACNMZ and ANCMZ materials are
predominant, while ANCZM is represented by one fluid
only, corresponding to the proportion of the isentropic
subclasses in the database (10% ANCMZ, 16% ACNMZ,
13% ANZCM, 2% ANCZM, and 59% ACZ). In Figure 11B,
presenting 85% isentropic efficiency expansions, wet

FIGURE 9 (A) The relevant part of the T–s diagram of 2‐methyl‐Butane (CAS 78‐78‐4), a typical ANCMZ‐type working fluid, showing
an ideal (red, 100% expander internal efficiency) and two real (80% [blue] and 60% [green] expander internal efficiencies, respectively),
starting from the same initial saturated vapor state but terminating in different saturated vapor states. (B) The potential expansion routes of
the same material with these three different internal efficiencies. Colored dots mark the expansion processes shown in part A.

FIGURE 10 (A) The relevant part of the T–s diagram of Dichlorodifluoromethane (CAS 75‐71‐8, R12) is an ACZ‐type nearly isentropic
working fluid, showing two real expansion processes (80% [blue] and 60% [green] expander internal efficiencies, respectively), starting from
the same initial saturated vapor state but terminating in different saturated vapor states. (B) The potential expansion routes of the same
material at different temperatures with these two internal efficiencies. Colored dots mark the expansion processes shown in part A.
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fluids (ACZ) appear in small quantities, while the
number of ANZCM fluids drops significantly. For the
70% efficiency in Figure 11C, only three classes
(ANCMZ, ACNMZ, and ACZ) remain, among which
the solutions offered by ACNMZ are mostly expansion
routes in the partially wet, partially superheated region.
Wet fluids dominate the lowest 55% efficiency map in
Figure 11D; other class offers no real alternative.

As a general rule, it can be stated that with decreasing
isentropic efficiency, isentropic fluids detach from the
enveloping curve (orange line) and become shorter while
the presence of ACZ substances increases and become
dominant in the TU–TL field. This conclusion is consist-
ent with the proposal of Shahrooz et al.,40 who suggested

that ACZ fluids should not be eliminated from the
candidate list just due to their types. When alternative
expanders with lower isentropic efficiency are applied, it
can reduce the superheat load on the evaporator without
terminating the expansion process in the wet region, yet
it also decreases the shaft work.

One can visualize that by marking a case with a given
TU–TL pair and scrolling from 100% down to 50%,
occasionally, some lines could intercept or give a near hit
for the given point. Each hit marks a matching (working
fluid; expander) pair for the case. At the end of the scroll,
it is possible to use the set of these hits as a basis for
further evaluation (environmental effect, production
costs, availability, etc.), or if preselection has occurred

FIGURE 11 Potential expansion routes of different working fluid classes initiating and terminating in saturated vapor states under
varying internal efficiencies; (A) adiabatic and reversible expansions; (B) expansions with 85% internal efficiency; (C) expansions with 70%
internal efficiency; (D) expansions with 55% internal efficiency.
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and the database only includes materials that meet all
other required criteria, then the resulting fluids will be
appropriate for practical use.

Based on the method, a Working Fluid Selector
algorithm has been constructed to select the suitable
working fluid for a given heat source and sink—
characterized by their temperatures—from the point of
view of (or simultaneously with) the expansion process.
Figures 8, 9B, 10B, and 11 were produced with this
program, and the results shown in the following case
studies are obtained using it. Detailed information about
the program can be seen in Appendix B and a video
showing a real selection process can be found in the
Supporting Information Materials.

In the following passage, three cases are investigated
with realistic expander input–output temperature pairs
to show the potential of this novel selection method.

7 | CASE STUDIES

ORC is always installed based on three fundamental
information: heat source temperature (Tsource), heat sink
temperature (Tenvironment), and quantity of the available
heat. However, when working fluid is selected for a
tailor‐made real cycle, heat transfer and expansion losses
must be considered. Figure 12 compares an ideal (1, 2, 3,
4; blue) and a real (1*, 2*, 3*, 4*; red) ORC cycle using a
schematic T–s diagram of an ANCMZ‐type working fluid.
Yellow and green lines represent the temperature profile
of the heat source and heat sink, respectively.

Losses influencing the temperature range of opera-
tion for real cycles are the following: irreversibility in the
pump (1*, 2*), and the expander (3*, 4*), pressure drop in
the evaporator (2*, 3*) and condenser (4*, 1*), the need
of subcooling the saturated liquid (1*) before the

low‐pressure side of the pump impeller to prevent onset
cavitation.

Therefore, the upper‐temperature limit (TU) for the
expansion, might be calculated as:

∆ ∆T T T T p= − − ( ),U source u e (1)

where ∆Tu represents the temperature difference
between heat source inlet and evaporation, while
∆T p( )e is the temperature change due to pressure drop
caused by flow resistance; both are characteristic values
for the heat exchanger.

The lower temperature limit is determined similarly,
using the temperature difference between heat sink inlet
and condenser (lower ∆Tl) and the pressure‐dependent
temperature change of the condenser ∆T p( )c :

∆ ∆T T T T p= + + ( ),L source l c (2)

This (TU, TL) temperature pair is to be used in
Figure 11 as a characteristic point to select the most
suitable working fluid after the isentropic efficiency of
the expander is estimated based on vendor data (catalog),
type, size, and other working conditions. As working
fluids influence internal efficiencies, the estimation
might require iteration.

The following examples are not real cases but only
approximate models illustrating a favorable working
fluid and expander selection procedure. Different heat
sources and heat sinks are represented with different,
realistic temperature limits, while the different types of
expanders are represented with different isentropic
efficiencies. However, in reality, a heat source's heat flux
and temperature may vary depending on its type,
constant temperatures, and heat fluxes were assumed
for simplicity in the outlined cases. While this may be a
reasonable assumption for a geothermal well or a three‐
shift industrial process, it has to be noted that real‐world
scenarios may be more complex.

As the main goal was to identify suitable working
fluids for reaching the low‐threshold technology, and the
publicly available, high‐accuracy database only consists
of 69 potential options, no pre‐screening was conducted.
Therefore, the results presented below may not offer a
realistic alternative due to additional constraints that
could impede their implementation. Nonetheless, by
expanding the database and preselecting the media based
on additional criteria, it is possible to significantly
narrow down the options for real ideal working fluids.

It should also be noted that expander efficiency is
influenced not only by the expander's type, size, and
geometry but also by the working fluid and the external
conditions (mainly the temperature range). Therefore, a

FIGURE 12 Comparison of real and ideal ORC cycles for given
conditions.
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rough estimate for the internal efficiency might be given
based on the expanders' type, size, and geometry, but the
exact value has to be determined for every application
specifically.41,42

7.1 | Case 1—cryogenic source

First, the working fluid selection for an ORC installed
on a cryogenic cycle is shown with TL = 193 K =−80°C
and TU = 300 = 27°C for maximal (upper) and minimal
(lower) expansion temperatures. The lower tempera-
ture limit might be reached when utilizing the “cold
energy” from an LNG regasification process, where
temperatures can be as low as −162°C. However, such
low‐temperature heat cannot be used directly in an
ORC due to the threat of brittle failure. With liquid
natural gas as a coolant, reducing the temperature of
the working fluid only to a moderate level (e.g., −80°C)
and applying the appropriate material (in this case,
austenitic stainless steel), the problem can be
addressed.43

The radial turbine is a commonly used expander for
cryogenic sources. Table 1 shows that its isentropic
efficiency varies widely depending on the working fluid
and power output, therefore, it has been set at 70%.
Figure 13A shows part of the TL–TU diagram at 70%
isentropic efficiency, with the gray star symbolizing the
maximal–minimal temperature pair. This operating point
is located in the immediate vicinity of the ACZ type
R134a (811‐97‐2), which makes this working fluid
favorable for the given conditions. Figure 13B, displaying
the T–s diagram of R134a, shows the expansion through
the superheated vapor region only before terminating in
the saturated vapor state at 193 K (−80°C).

Since selecting the working fluid is a multi-
dimensional optimization process, it is appropriate to
consider pressure as the following parameter. Although
R134a appears to be the best match based on the
selection method, the pressure at the endpoint of the
expansion (at 193 K) is only 3.63 kPa, which is lower than
the 5–10 kPa common in real power plants. Therefore,
another working fluid, which was found to be ideal based
on the selection procedure, was also investigated. The

FIGURE 13 (A) Magnified part of the potential expansion routes at 70% isentropic efficiency centered on the 193–300 K point. The
expansion process of R134a, CAS 811‐97‐2 (B) and R12, CAS 75‐71‐8 (C) on T–s diagram for a given TL–TU pair (193–300 K) with 70%
isentropic efficiency.
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curve representing R12 (CAS 75‐71‐8) in Figure 13A is
also in the vicinity of the operating point and, as can be
seen from the T–s diagram showing the expansion
(Figure 13C), the endpoint of the process is so close to
the saturation curve that no significant droplet formation
is expected. In this case, the pressure at the endpoint is
6.12 kPa, which is more acceptable. Nevertheless, it is
crucial to emphasize that while the material is beneficial
for achieving a straightforward layout and its low toxicity
and flammability make it appealing, it cannot be
considered a viable alternative for real‐life implementa-
tion due to its significantly high GWP and ODP.

7.2 | Case 2–geothermal source

In the second case, a shallow, low‐yielding geothermal
well is considered with natural water as a heat sink to
show results in which a technically superior solution
may not offset the expenses associated with the invest-
ment. The heat reservoir is assumed to have a tempera-
ture range between TL = 293 K = 20°C and TU = 403 K =
130°C. Due to the low expected capacity, a low‐efficiency
screw expander could be an appropriate choice. Based on
Table 1, for this case, 64% efficiency was set. The
operating point in Figure 14A with 64% isentropic
efficiency is slightly below the line representing the
ACZ type dichlorofluoromethane (75‐43‐4), which means
that the presented expansion ends in the wet region.
However, the endpoint of the expansion is so close to the
saturated vapor state—as shown in Figure 14B—that
neither cycle efficiency degradation nor blade erosion is a
genuine risk. Similar to the previous solution, while it
may possess desirable characteristics, it has also been

phased out in the past due to its highly detrimental
environmental effects, such as having an extremely high
GWP and ODP.

7.3 | Case 3—industrial waste heat
source

In the third case, a working fluid is selected for an ORC
to recover medium‐temperature industrial waste heat, for
example, from the ceramic, steel, or glass industry. The
operating point—marked with the gray star in
Figure 15A—is at TL = 290 K = 17°C and TU = 456 K =
183°C on the expansion route map.44 If the technology
requires the utilization of several MWth of waste heat, an
axial turbine could be a suitable option. While not listed
in Table 1, this type of turbine can attain significantly
greater efficiency than the alternatives mentioned in the
previous case. For this example, an 89% isentropic
efficiency was chosen, typical for an axial turbine. For
these parameters, the operating point on the TL–TU map
is slightly above the line representing the favorable
working fluid, ACNMZ type trichlorofluoromethane
(75‐69‐4). Regarding the T–s diagram of the chosen fluid
(Figure 15B), it is visible that the expansion initiates from
the C–M section of the saturated vapor curve; hence a
large part of the expansion is in the two‐phase region.
However, as mentioned above, blade erosion caused by
droplet formation is still not a substantial problem. The
endpoint of the expansion is in the superheated dry vapor
region but so close to the saturation curve that no
significant efficiency loss is expected. The temperature
gap between the endpoint and the saturation curve
reached by isentropic expansion is approximately 0,05 K,

FIGURE 14 (A) Magnified part of the potential expansion routes map at 64% isentropic efficiency centered on the 293–403 K point. (B)
Expansion process of dichlorofluoromethane, CAS 75‐43‐4 on T–s diagram for a given TL–TU = pair (293–403 K) with 64% isentropic
efficiency.
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which is practically within the measuring error range,
and therefore, no recuperative heat recovery is needed.

The substance was formerly employed as a refrigerant
in highly specialized cooling systems. However, similar
to the other two substances, it was also eliminated
because of its high GWP and ODP.

8 | SUMMARY

The ORC can be technically a suitable solution for
utilizing small flux heat sources. However, the produced
power—and, therefore, the income—can pose strict
limits for installation costs. One of the ways to minimize
this cost is by using the basic ORC layout—a pump, a
heat exchanger (for liquid heating and evaporation), an
expander, and a second heat exchanger (for condensa-
tion). This way, the installation of extra parts (like
superheater, recuperator) can be omitted. Additionally,
the amount of residual heat and the wetness of the
expanded steam have to be minimized to avoid
efficiency losses. Both goals can be achieved if the
expansion starts and terminates exactly in (or at least in
the very close vicinity of) saturated vapor states.
Theoretically, it can be done by using an isentropic
working fluid with an ideal expansion process, but none
of them—neither an isentropic working fluid nor an
ideal expansion process—exist.

This paper described a novel working fluid selection
where potential working fluids and real expansion
processes (given by the expander internal efficiency
values) could be obtained simultaneously by giving an
expander input‐output temperature pair. The results are

based on the previous classification scheme of T–s
diagrams of Györke et al.21,22

Software and a database were created for this process;
presently, the expandable database contains a pool of 69
potential working fluids taken from the NIST Chemistry
Webbook.38 Some working fluids are from the so‐called
real isentropic category with inverse S‐shaped saturated
vapor lines, while others are classified as wet fluids. Real
isentropes—usually with higher expander efficiencies,
above 70%—are given as matches for low‐temperature
ORC‐s; for higher temperature ones, wet working fluids
with low expander efficiencies—usually below 80%—
offer a better solution. The expander type is also
indicated in obtaining a working fluid‐expansion effi-
ciency pair for a given type of heat source.

The use of the selection method was demonstrated in
three cases by finding the best matching working fluid
for a small ORC system fitted to an (i) industrial waste
heat, (ii) a low‐temperature geothermal, and (iii) a
cryogenic heat source. It can be seen from these
demonstrations that the proposed method (together with
the freely available software) can be a good tool for ORC
working fluid selection processes when installation and
maintenance costs should be lowered and efficiency and
gross power losses caused by wetness (during expansion)
or residual heat (after the expansion) will be minimized
or completely eliminated.

Based on the previous paragraphs, the results can be
summarized in the following points:

(1) The importance of using “saturated vapor to
saturated vapor” expansion routes for the design of
small‐power ORC systems was discussed.

FIGURE 15 (A) Magnified part of the potential expansion routes map at 89% isentropic efficiency centered on the 290–456 K point. (B)
The expansion process of trichlorofluoromethane, CAS 75‐69‐4 on T–s diagram for a given TL–TU = pair (290–456 K) with 89% isentropic
efficiency.
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(2) The theoretical background to select “saturated
vapor to saturated vapor” expansion routes for real
(non‐isentropic) processes was presented.

(3) A simultaneous working fluid and expander selec-
tion method was developed to simplify the layout.

(4) Software using this method and using maximal and
minimal expansion temperatures as input and giving
fitting working fluids paired with expansion devices
(characterized by their internal efficiency) was
developed.

(5) Three cases (using cryogenic, geothermal, and waste
heat sources) were shown to demonstrate the
method.

Since the working fluid selection is a multi-
dimensional optimization process, other criteria (eco-
nomic, environmental, etc.) obviously must be consid-
ered, and the final decision must be based on a complex
optimization process. Nevertheless, as the objective of the
process is to reduce the system's complexity, which may
lead to a low‐entry threshold technology, the low‐
efficiency expanders suggested by the selection algorithm
may also introduce previously overlooked media
categories.
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APPENDIX A
Currently, available working fluids with their common
name, CAS number and R‐number (if available) are
shortlisted in Table A.1.

TABLE A.1 List of working fluids available for selection in ORC‐WFS program.

Name Formula
CAS Registry
Number

Refrigerant
number

methane CH4 74‐82‐8 R50

ethane C2H6 74‐84‐0 R170

propane C3H8 74‐98‐6 R290

butane C4H10 106‐97‐8 R600

2‐methylpropane (isobutane) C4H10 75‐28‐5 R600a

pentane C5H12 109‐66‐0 R601

2‐methylbutane (isopentane) C5H12 78‐78‐4 R601a

hexane C6H14 110‐54‐3

2‐methylpentane (isohexane) C6H14 107‐83‐5

heptane C7H16 142‐82‐5

octane C8H18 111‐65‐9

nonane C9H20 111‐84‐2

decane C10H22 124‐18‐5

trichlorofluoromethane CCl3F 75‐69‐4 R11

dichlorodifluoromethane CCl2F2 75‐71‐8 R12

chlorotrifluoromethane CClF3 75‐72‐9 R13

tetrafluoromethane CF4 75‐73‐0 R14

dichlorofluoromethane CHCl2F 75‐43‐4 R21

chlorodifluoromethane CHClF2 75‐45‐6 R22

trifluoromethane CHF3 75‐46‐7 R23

difluoromethane CH2F2 75‐10‐5 R32

fluoromethane CH3F 593‐53‐3 R41

freon 113 C2Cl3F3 76‐13‐1 R113

freon 115 C2ClF5 76‐15‐3 R115

freon 116 C2F6 76‐16‐4 R116

freon 123 C2HCl2F3 306‐83‐2 R123

freon 124 C2HClF4 2837‐89‐0 R124

pentafluoroethane C2HF5 354‐33‐6 R125

ethane, 1,1,1,2‐tetrafluoro‐ C2H2F4 811‐97‐2 R134a

1,1‐dichloro‐1‐fluoroethane C2H3Cl2F 1717‐00‐6 R141b

ethane, 1‐chloro‐1,1‐difluoro‐ C2H3ClF2 75‐68‐3 R142b

ethane, 1,1,1‐trifluoro‐ C2H3F3 420‐46‐2 R143a

1,1‐difluoroethane C2H4F2 75‐37‐6 R152a
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TABLE A.1 (Continued)

Name Formula
CAS Registry
Number

Refrigerant
number

perfluoropropane C3F8 76‐19‐7 R218

propane, 1,1,1,2,3,3,3‐heptafluoro‐ C3HF7 431‐89‐0 R227ea

1,1,1,2,3,3‐hexafluoropropane C3H2F6 431‐63‐0 R236ea

1,1,1,3,3,3‐hexafluoropropane C3H2F6 690‐39‐1 R236fa

1,1,2,2,3‐pentafluoropropane C3H3F5 679‐86‐7 R245ca

1,1,1,3,3‐pentafluoropropane C3H3F5 460‐73‐1 R245fa

benzene C6H6 71‐43‐2

toluene C7H8 108‐88‐3

decafluorobutane C4F10 355‐25‐9

sulfur dioxide O2S 7446‐09‐5

hydrogen sulfide H2S 7783‐06‐4

sulfur hexafluoride F6S 2551‐62‐4

carbonyl sulfide COS 463‐58‐1

carbon dioxide CO2 124‐38‐9 R744

water H2O 7732‐18‐5 R718

ammonia H3N 7664‐41‐7 R717

nitrogen N2 7727‐37‐9

hydrogen H2 1333‐74‐0

deuterium D2 7782‐39‐0

oxygen O2 7782‐44‐7

fluorine F2 7782‐41‐4

carbon monoxide CO 630‐08‐0

nitrous oxide N2O 10024‐97‐2

deuterium oxide D2O 7789‐20‐0

methanol CH4O 67‐56‐1

ethylene C2H4 74‐85‐1

propene C3H6 115‐07‐1

propyne C3H4 74‐99‐7

cyclopropane C3H6 75‐19‐4

cyclohexane C6H12 110‐82‐7

helium He 7440‐59‐7

neon Ne 7440‐01‐9

argon Ar 7440‐37‐1

krypton Kr 7439‐90‐9

xenon Xe 7440‐63‐3

nitrogen trifluoride F3N 7783‐54‐2

GRONIEWSKY ET AL. | 2349

 20500505, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ese3.1457 by B

udapest U
niversity O

f T
echnology, W

iley O
nline L

ibrary on [11/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



APPENDIX B
The purpose of the Working Fluid Selector (ORC‐WFS
v1.3) is to select the optimal working fluid for a given
heat source and sink pair; characterized by the corre-
sponding estimated maximal and minimal expansion
temperatures.

With this software, a working fluid can be selected
from an experimental database, with which a real
expansion process between a given upper (TU) and lower
temperature (TL) is feasible in such a way that the initial
and final states are both in saturated vapor states.

DATA base—Fluids: This software version uses 69
pure working fluids with T‐s data taken from NIST
Chemistry Webbook (2018) and RefProp 9.1 (2013). The
categorization of the working fluids was based on the
new classification system. A different color was assigned
to each group depending on the position of the fluids’
primary and secondary characteristic points on the T–s
saturation curve. The fluids are marked by their CAS
numbers.

Color coding: ANCMZ—black, ACNMZ—red,
ANZCM—green, ANCZM—blue, ACZ—purple.

Working fluid selection: The selection process uses the
temperature pair defined by the User. This creates a
mark (gray star) on the expansion route map. The fluids
approaching the predefined TL–TU point with the given
accuracy (± 5 K) go to the “optimal fluid pool.” The hits
are displayed in a spreadsheet under their corresponding
internal efficiency with their CAS number. The selection
process is realized between 100% and 50% expander
internal efficiency with 1% increments. Once the selec-
tion process is complete, a video of the potential
expansion routes of different working fluids that initiate
and terminate in a saturated vapor state will be available
(Figure A1).

The working fluid selector can be obtained from the
authors (for reasonable request) and can be used freely
for educational and research purposes. A short video
showing the use of the program is attached as a
supplementary file (link will be inserted later).

FIGURE A1 Screenshot of the ORC‐WFS program for Case 1—cryogenic source.
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