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Toward the Integrated Design
of Organic Rankine Cycle Power
Plants: A Method for the
Simultaneous Optimization of
Working Fluid, Thermodynamic
Cycle, and Turbine
The conventional design of organic Rankine cycle (ORC) power systems starts with the
selection of the working fluid and the subsequent optimization of the corresponding ther-
modynamic cycle. More recently, systematic methods have been proposed integrating the
selection of the working fluid into the optimization of the thermodynamic cycle. However,
in both cases, the turbine is designed subsequently. This procedure can lead to a subopti-
mal design, especially in the case of mini- and small-scale ORC systems, since the prese-
lected combination of working fluid and operating conditions may lead to infeasible
turbine designs. The resulting iterative design procedure may end in conservative solu-
tions after multiple trial-and-error attempts due to the strong interdependence of the
many design variables and constraints involved. In this work, we therefore present a new
design and optimization method integrating working fluid selection, thermodynamic
cycle design, and preliminary turbine design. To this purpose, our recent 1-stage
continuous-molecular targeting (CoMT)-computer-aided molecular design (CAMD)
method for the integrated design of the ORC process and working fluid is expanded by a
turbine meanline design procedure. Thereby, the search space of the optimization is
bounded to regions where the design of the turbine is feasible. The resulting method has
been tested for the design of a small-scale high-temperature ORC unit adopting a radial-
inflow turbo-expander. The results confirm the potential of the proposed method over the
conventional iterative design practice for the design of small-scale ORC turbogenerators.
[DOI: 10.1115/1.4044380]

1 Introduction

Organic Rankine cycle (ORC) systems are becoming a consoli-
dated technology for the conversion of low-temperature thermal
energy sources (i.e., between 100 �C and 400 �C), thanks to their
operating flexibility, reliability, scalability, and good efficiency.
ORCs are suitable for a wide range of applications [1] such as
solar [2] and geothermal [3] power, as well as waste heat recovery
from industrial processes [4] or internal combustion engines for
heavy-duty trucks [5]. This adaptability to different thermal

sources and power capacities stems from the possibility of tailor-
ing the working fluid and the operating conditions of the thermo-
dynamic cycle to the specific application. Thus, the selection of
the ORC working fluid represents the key step of the preliminary
design procedure of an ORC system [6–8].

In the current design practice, working fluid selection and
optimization of the cycle configuration are typically performed
successively [2–4,9–12]. First, candidate working fluids are prese-
lected from databases of organic fluids based on the experience of
the designer and heuristic knowledge about the application; then,
the preselected working fluids are ranked in order of expected pro-
cess performance. This assessment requires the adaptation of a
system model and the solution of an optimization problem to iden-
tify the optimal cycle parameters for each working fluid candidate.
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To automate and aid these operations, ad hoc high-throughput
screening approaches have recently been devised with the aim of
rapidly identifying the most promising working fluids from exist-
ing large databases [13,14]. However, the outcome of such proce-
dures is arguably highly influenced by the chosen criteria for the
preselection of the working fluids. If the criteria do not hold for
the application under consideration, suboptimal working fluids are
chosen.

To overcome this limitation, alternative methods perform the
fluid selection and the thermodynamic cycle design in a more
integrated way, as recently reviewed in Refs. [8] and [15]. In pio-
neering work, Papadopoulos et al. [16] show the merits of a com-
putational framework for computer-aided molecular design
(CAMD) of ORC working fluids, whereby the thermodynamic
properties of the investigated molecules, which can be already
existing but also novel, created in silico, are estimated by a group
contribution method. In the first stage, a set of candidate working
fluids is obtained by appropriately combining functional groups in
a multi-objective optimization problem using process-related per-
formance indicators. In the second stage, the identified candidate
working fluids are assessed for the considered ORC process and
compared based on the predicted economic performance. In order
not to bias the comparison, the ORC parameters are individually
optimized for each candidate working fluid.

Bardow et al. [17] presented the continuous-molecular targeting
(CoMT) framework for the integrated design of absorption proc-
esses, which has been extended to the design of ORC systems by
Lampe et al. [18]. In CoMT, the integrated design is achieved
by adopting a physically sound model for the prediction of ther-
modynamic properties of the working fluids: the perturbed-chain
statistical associating fluid theory (PC-SAFT) equation of state
(EoS) [19]. The pure component parameters of PC-SAFT repre-
sent specific physical characteristics of the molecules. In CoMT,
these parameters are relaxed to continuous optimization variables
in the design problem together with the ORC design parameters.
The solution found by the optimizer is a hypothetical optimal
working fluid, the so-called target, together with the correspond-
ing optimal ORC configuration. In a second stage, a real working
fluid is identified within a fluid database, which shows characteris-
tics similar to the characteristics of the target, through the
so-called structure-mapping procedure. For this purpose, a
second-order Taylor approximation of the objective function is
used to assess real working fluids. To go beyond known databases,
novel molecules can be designed using a CAMD formulation
based on the group-contribution approach of PC-SAFT [20], by
solving the resulting mixed-integer quadratic program in the
resulting CoMT-CAMD method [21]. The mapping procedure
entails, however, a certain level of approximation, which can lead
to poor identification of the optimal molecular structures, as
pointed out by Schilling et al. [22]. To overcome such a limita-
tion, the same authors developed the 1-stage CoMT-CAMD [22]
method, where the optimal molecule targeting and structure-
mapping are simultaneously solved in a single mixed-integer non-
linear programming (MINLP) optimization problem. Thereby, the
Taylor approximation and the potential errors caused by the two-
stage procedure used by Lampe et al. [18] are eliminated.
Schilling et al. [23] complemented the 1-stage CoMT-CAMD
method with a model for the prediction of transport properties
based on PC-SAFT [24,25]. This information allows for the sizing
of the system equipment and the thermo-economic optimization
of the ORC unit within the integrated design of the ORC process
and working fluid. Recently, the 1-stage CoMT-CAMD method
has been extended to multipoint design and optimization by using
aggregation techniques [26].

In related work, White et al. [27] proposed a CAMD-based
framework for the integrated design of the ORC process and
working fluid based on the SAFT c-Mie EoS [28]. In their method,
individual MINLP optimization problems are solved for the
hydrocarbon families n-alkanes, methyl alkanes, 1-alkenes, and
2-alkenes. Subsequently, the framework has been extended with

group-contribution models for transport properties allowing the
sizing of the equipment [29], and thus the consideration of a
thermo-economic objective within the optimization [30]. These
studies confirm the suitability of using a SAFT-based thermody-
namic model within an integrated design method.

In common design practice of ORC systems, the thermodynamic
cycle model used for working fluid selection is generally defined
with a fixed value for the isentropic efficiency of the expander
[2–4,9–12,16,18,21,31–35]. Only once thermodynamic calcula-
tions are completed, the preliminary design of the turbine is per-
formed for the most promising working fluid candidates to assess
the technical feasibility of the resulting system and of the
expander. The underlying assumption is that turbine efficiency and
manufacturability are largely independent of the considered
organic working fluid and of the prescribed inlet and outlet operat-
ing conditions. This assumption holds well for ORC units with
large power output, since the number of stages of the turbine is a
degree-of-freedom of the design that can be exploited to overcome
the limitations imposed by the manufacturing constraints and to
improve the efficiency of the machine. In contrast, this assumption
is generally invalid for small power capacity applications, since
the number of stages must be as small as possible, preferably one,
due to economic reasons and requirements on system compactness.
Furthermore, studies on the preliminary design of ORC turboma-
chinery show that the smaller the power output of the turbine, the
more stringent its design constraints and thus the stronger the influ-
ence of the working fluid properties on the design and performance
of the turbine. For instance, Sauret and Rowlands [36] investigated
the performance of a radial-inflow turbine (RIT) with an average
rated power of about 300 kW for five working fluids (four refriger-
ants and n-pentane). They used a well-known meanline code for
the preliminary design of radial-inflow turbines and compared the
resulting efficiencies and turbine designs. The work shows that the
RIT efficiency can vary by a few percentage points depending on
the adopted working fluid, i.e., between 75% and 78.5%, but the
machine geometry can be completely different. More recently,
Bahamonde et al. [37] examined the design of mini-ORC turbines
with a power output of 10 kW considering three turbomachinery
configurations, namely, radial inflow, multistage radial outflow,
and multistage axial. The authors demonstrated that manufacturing
and operating constraints reduce the feasible operating envelope of
the turbine, hence limiting the maximum cycle pressure and the
maximum conversion efficiency of the ORC system. The RIT con-
figuration provides, despite the single stage, the highest design
flexibility and adaptability, allowing reaching higher maximum
cycle pressure levels.

These results suggest that, especially in the case of the prelimi-
nary design of small-capacity ORC power plants, integrating the
selection of the working fluids and the optimization of the thermo-
dynamic cycle with the sizing of the turbine is beneficial. For this
purpose, in this work, the 1-stage CoMT-CAMD method is
enhanced with a turbine meanline model allowing for the inte-
grated design of the ORC process, working fluid, and turbine. The
capability and efficiency of the new design method are demon-
strated by the design of a high-temperature small-scale ORC unit
adopting a radial-inflow turbo-expander.

The paper is structured as follows: the 1-stage CoMT-CAMD
method is presented in Sec. 2, together with the submodels for
working fluid, process and, turbine preliminary design. The case
study is illustrated in Sec. 3. Finally, concluding remarks are
given in Sec. 4.

2 The 1-Stage CoMT-CAMD Method for the

Design of Working Fluid, Thermodynamic Cycle,

and Turbine

As originally presented in Ref. [22], the mathematical problem
associated with the integrated design of an ORC process and its
working fluid can be formulated as MINLP optimization problem,
which reads
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max
x;yS

f ðx; hÞ (1)

s:t: g1ðx; hÞ ¼ 0 (2)

g2ðx; hÞ � 0 (3)

h ¼ hðx; z; ySÞ (4)

z ¼ A yS (5)

F1 yS ¼ 0 (6)

F2 yS � 0 (7)

xlb � x � xub 2 Rn (8)

0 � yS � yS;max 2Nm (9)

The evaluation of the objective function f requires a process
model of the ORC system, which is represented by the equality
constraints g1 and inequality constraints g2 in Eqs. (1)–(3). The
model inputs are the equilibrium thermodynamic properties of the
working fluid h (e.g., the fluid enthalpy at the different cycle
states), and the process variables x (e.g., the pressure levels or the
mass flow rate of the working fluid). The previous version of
1-stage CoMT-CAMD employed a process model for the ORC
cycle with a constant efficiency for the expander. In this work, the
set of constraints g1, g2 includes also a preliminary design model
for a radial inflow turbine. The specific functional form of the
problem constraints is shown in Secs. 2.2 and 2.3. The thermody-
namic properties h are computed in Eq. (4) using the physically
based PC-SAFT equation of state [19] as a function of the process
variables x and of the pure component parameters z. The pure
component parameters z, in turn, are determined in Eq. (5) by
using a group-contribution method of PC-SAFT [20] based on the
molecular structure of the working fluid yS, as explained in
Sec. 2.1. yS is a vector where each entry yS

i represents the number
of occurrences of the functional group i in the molecular structure
of the working fluid. Finally, the linear equality and inequality
constraints in Eqs. (6) and (7) enforce the structural feasibility of
the molecule (e.g., no open bonds, for details see Ref. [38]).

The MINLP in Eqs. (1)–(9) is solved in 1-stage CoMT-CAMD
by an outer-approximation algorithm combined with a relaxation
strategy, as implemented in the local MINLP solver DICOPT
[39]. More specifically, a relaxed MINLP problem is initially
solved, where all integer variables are allowed to take on continu-
ous values. The relaxed MINLP results in a hypothetical, optimal
working fluid, the so-called target, which serves as an upper
bound of the mixed-integer optimization problem and corresponds
to the solution of the CoMT problem in the two-stage CoMT-
CAMD approach [18]. Subsequently, a feasible molecular struc-
ture is identified based on the target. To solve the optimization
problem, the software GAMS (version 24.7.3) is used. However,
to ensure the convergence of the calculations, the process and
thermodynamic properties model (PC-SAFT equation of state) are
implemented in a dedicated and separate code, which is interfaced
to GAMS.

A single objective function is here considered, although multi-
objective optimization can be also employed in order to capture
trade-offs between different performance indicators and their
relation to the various molecular structures [22]. The figure of
merit to compare the working fluids can be the net power output
of the ORC unit Pnet or its conversion efficiency g depending on
the specific ORC application under consideration. Furthermore,
a thermo-economic objective can be also considered if a model
for transport properties of the working fluid is adopted together
with a preliminary design procedure for the main system
equipment [23].

To take model inaccuracies into account and to prevent local opti-
mal solutions, the outcome of CAMD methods is usually a list of can-
didate fluids. However, the solution of the single-objective
optimization problem in Eq. (1)–(9) is a sole organic working fluid,
either existing or new, and the corresponding optimal thermodynamic
cycle and turbine. The MINLP is, thus, solved repeatedly for a given
number of times selected by the designer, wherein the previous solu-
tions are excluded from the feasible design space by using integer cuts
[40]. To reduce computation effort, the solution of the relaxed MINLP
is saved and set as the initial value for all subsequent MINLPs. The
resulting overall design workflow is shown in Fig. 1.

With respect to the work in Ref. [22], the ORC process model
integrates a method for preliminary design of radial-inflow tur-
bines. The aim is (i) to evaluate the primary characteristics of the
machine, such as the velocity triangles, the speed of revolution,
and the main blading geometrical parameters, (ii) to estimate the
expander efficiency, and (iii) to discard the combinations of work-
ing fluid and cycle configurations that would lead to unfeasible
turbine designs. As per conventional practice in turbomachinery
preliminary design [41], the method is based on a 0D meanline
model for the expander, which is presented in Sec. 2.3.

Fig. 1 Workflow of the 1-stage CoMT-CAMD method for the inte-
grated design of working fluid, ORC process, and turbine [22]
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2.1 Working Fluid Model. The thermodynamic model of the
working fluid is based on the PC-SAFT equation of state. PC-
SAFT is a model for the residual Helmholtz energy and thus gives
a thermodynamically consistent prediction of the thermo-physical
equilibrium properties of fluids. More specifically, a molecule is
modeled as a perturbed chain of spherical segments, whose
structure is described by a set of typically 3–7 pure component
parameters. In this work, only nonquadrupolar working fluids are
considered. Thus, six pure component parameters are needed to
describe a molecule. Two of these parameters are geometric: the
number of segments m and the segment diameter r. The magni-
tude of the interaction forces between the chain segments is cap-
tured by the segment dispersion energy ðe=kÞ and the dipole
interaction by the dipole moment l. The associating interaction is
characterized by the associating energy eA;B and the associating
volume jA;B. For a detailed description of the PC-SAFT EoS, the
reader is referred to the original literature [19,42,43].

The pure component parameters z ¼ ðm; r; ðe=kÞ;lÞT of PC-
SAFT are generally fitted to thermodynamic data, if available. This
clearly cannot be the case for molecules created in silico. Here, the
pure component parameters are, thus, predicted by using the homo-
segmented group-contribution method from Sauer et al. [20].
According to this method, the molecular structure of the working
fluid is decomposed into smaller structural elements, the so-called
functional groups. Each functional group provides a specific con-
tribution to the pure component parameters z. The pure compo-
nent parameters z are estimated by assuming group additivity. The
relation between the pure components parameters z and those
associated with each functional group, thus, reads [20]

m ¼
X
i2I

yS
i � mi (10)

m r3 ¼
X
i2I

yS
i � mi � r3

i (11)

m
e
k
¼
X
i2I

yS
i � mi �

e
k

� �
i

(12)

l ¼
X
i2I

yS
i � li (13)

eA;B ¼
X
i2I

yS
i � e

A;B
i (14)

where the vector yS accounts for the number of occurrences of
each functional group i in the molecular structure of the working
fluid. Due to the strong interaction between the associating pure
component parameters, we do not calculate the associating vol-
ume jA,B from group contributions, but we set jA,B ¼ 0.03 if a

group with eA,B > 0 is selected. For jA;B ¼ 0:03, the group contri-

bution of the associating energy is adjusted to eA;B
OH ¼ 2025:0 K for

1-alcohols and to eA;B
NH2
¼ 1033:7 K for 1-amines. The groups con-

sidered in this work allow for the design of branched and

unbranched alkanes ( ), alkenes

( ), 1-alkynes ( ), hexane rings

( ), pentane rings ( ),

aromatics ( ), aldehydes ( ),

ketones ( ), ethers ( ), esters

( ) and formates ( ), 1-alcohols ( ),
and 1-amines ( ). In ring molecules, only one ring is allowed
and only alkyl side chains are considered. The extension to an
even broader set of molecular groups is straightforward if the cor-
responding parameters for the calculations in the group-
contribution method are known. For molecular families that are
not covered by the group contribution method proposed by Sauer
et al. [20], the needed group contribution parameters have to be
first adjusted to measurement data. Unfortunately, the functional

groups for siloxanes are not yet available such that this important
class of working fluids has to be excluded from our analysis. In
this work, we therefore consider both hexamethyldisiloxane
(MM) and octamethyltrisiloxane (MDM) as benchmark fluids.

For caloric properties, the PC-SAFT EoS is complemented by a

model for the ideal gas heat capacity cig
p of the organic working

fluid. In the previous works of Lampe et al. [18,21] and Stavrou
et al. [44], a custom-made quantitative structure–property rela-

tionship model was adopted. In this work, the estimate of cig
p is

performed by using the group contribution method from Joback
and Reid [45]. Consequently, all thermodynamic equilibrium
properties of the working fluid are predicted starting from its
molecular structure.

The presented CAMD scheme does not discriminate among the
candidate working fluids based on non-thermodynamic properties
such as toxicity, flammability, global warming potential, or ther-
mal stability. All of these properties that can be predicted by
group contribution methods [16,34] can directly be taken into
account in the CAMD formulation, e.g., by introducing proper
constraints into the optimization problem. However, in this work,
non-thermodynamic properties are assessed only a posteriori for
the sole top-ranked working fluids, based on literature data. The
reason is that solutions characterized by working fluids that are
not fully satisfactory in terms of environmental or safety require-
ments can still be attractive [46]. For instance, a working fluid
enabling high conversion performance, but flammable, can still be
the optimal choice if appropriate measures to guarantee system
safety can be employed. The additional investment costs with
respect to a solution with a nonflammable fluid might be compen-
sated by the larger amount of converted energy of the plant or by
the smaller size of the equipment.

2.2 Process Model. For demonstrative purposes, a single-
pressure recuperated thermodynamic cycle configuration is con-
sidered. With reference to Fig. 2(a), the working fluid leaves the
primary heat exchanger (PHE) of the system at state 1 as saturated
or superheated vapor and is then expanded from state 1 to state 4
in a 90 deg radial-inflow turbine. Afterward, the working fluid
enters the recuperator and is cooled to state 5. The working fluid
becomes liquid in the condenser and it is saturated at its outlet
(state 6). Then, the fluid is extracted from the condenser by the
pump and circulated back into the high-pressure part of the ORC
loop. Before entering the primary heat exchanger, the pressurized
working fluid is preheated in the recuperator from state 7 to 8.
Constant pressure drops in the heat exchangers are assumed. The
cooling fluid in the condenser is assumed to be ambient air
(state C1). The air enters the condenser propelled by fans in state
C2. At the outlet of the tube banks, the air is in state C3. The air
flow rate _mair is calculated on the basis of the minimum tempera-
ture difference assumed in the condenser.

In general, a recuperated ORC proves to be the most appropri-
ate cycle configuration to assess different working fluids with an
automated methodology. First, the recuperated ORC exhibits
better thermodynamic performance than the simple cycle arrange-
ment for both waste heat recovery and conversion of primary
energy sources. Second, more complicated cycle configurations,
such as multipressure level or cascaded cycles, are seldom
adopted to limit capital expenditures. In the case of primary
energy sources, the recuperator allows for increasing the average
temperature at which thermal energy is fed to the ORC turbogen-
erator, thus boosting the cycle efficiency. For waste heat recovery,
internal recuperation has either no impact or a positive effect on
the ORC power output, despite the reduced amount of thermal
energy recovered, as demonstrated in Ref. [47]. In both types of
applications, the adoption of a recuperated cycle configuration,
thus, allows the identification of the solutions with the highest net
power output.

The process variables x that serve as degrees-of-freedom of
thermodynamic cycle optimization are: the reduced pressure at
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the primary heat exchanger and condenser outlet, respectively
pout;PHE and pout;cond, the working fluid mass flow rate _mwf, and the
degree of superheating of the vapor at state 1 DTsh. The thermody-
namic cycle design is subject to the inequality constraints gprocess

with

gprocess ¼

ð _mwf ðh1 � h8Þ � _Q
max

PHE

T1 � Tout;max
PHE

Tmin
cond � T6

DTmin
cond � T5 þ TC3

DTmin
cond � T6 þ TC2

DTmin
regen þ T8 � T4

DTmin
regen þ T7 � T5

0
BBBBBBBBBBBBB@

1
CCCCCCCCCCCCCA
� 0 (15)

The inequality constraints gprocess (Eq. (15)) involve the maximum

amount of thermal energy transferred into the process _Q
max

PHE, maxi-

mum cycle temperature Tout;max
PHE , minimum condensation tempera-

ture Tmin
cond, and minimum temperature difference in the heat

exchangers DTmin. The procedure to calculate the thermodynamic
cycle states and power output is not reported here since it is per-
formed according to the standard sequence which can be found in
engineering thermodynamics textbooks, see, e.g., Ref. [48].

2.3 Turbine Model. Within the proposed 1-stage CoMT-
CAMD method, the turbine preliminary design is primarily aimed
at verifying the technical feasibility of a RIT given the outputs of
thermodynamic cycle calculations, namely, the fluid mass flow
rate, the thermodynamic state at the inlet of the expander, and the
expansion ratio. The meanline model used for this purpose is
based on the seminal work of Glassman [49] and Baines [50], as
well as on previous studies of some of the authors on the prelimi-
nary design of radial-inflow mini-ORC turbines [37,51].

The technical feasibility of the turbine is ensured by introduc-
ing inequality constraints in Eq. (3), which account for the geo-
metrical, fluid-dynamic, and technical limitations associated with
turbine design and operation. These inequality constraints are
defined as gturb with

gturb ¼

bmin
2 � b2

X� Xmax

Mw;2 �Mmax
w;2

b3=b2 � ðb3=b2Þmax

0
BBB@

1
CCCA � 0 (16)

The constraints gturb (Eq. (16)) bound the minimum blade height

at the rotor inlet bmin
2 , the maximum rotational speed of the

turbine Xmax, and the relative Mach number at the rotor inlet Mmax
w;2 .

Additionally, an upper limit is set on the inlet to outlet blade height
ratio of the impeller ðb3=b2Þmax

to avoid excessive volumetric flow
ratios across the turbine, which are known to be detrimental for the
efficiency of the machine [52]. The selected design variables are
the nozzle and rotor blade angles ab;2; bb;2, and bb;3, the outlet hub

to shroud radius ratio rh;3=rs;3, the outlet shroud radius to inlet
radius ratio rs;3=r2, and the isentropic reaction degree Rs.

The prediction of the turbine performance requires modeling
the main loss mechanisms over the expansion process. In this
work, as common in practice, the fluid-dynamic losses are
assumed to be a function of the kinetic energy of the fluid at the
nozzle outlet, i.e.,

h2 � h2;s ¼
1

2
fn c2

2 (17)

where fn is the nozzle enthalpy loss coefficient, while the sub-
script “s” indicates the state resulting from an isentropic expan-
sion process. Typical values of fn reported in the literature for
conventional radial-inflow turbines are in the range of 0.05–0.1. It
results, then, that the turbine efficiency is marginally affected by
nozzle performance [53]. In the case of radial-inflow ORC tur-
bines, the influence of the nozzle on overall expansion efficiency
is expected to be greater due to the highly supersonic conditions
at the stator outlet, which arise from the high expansion ratio of
the turbine, if compared to traditional air/gas machines, and the
low speed of sound typical for organic working fluids. This effect
is confirmed by Bahamonde et al. [37] for radial-inflow turbines
operating with working fluids of high molecular complexity. Their
predictions show that (i) more than 50% of turbine losses are gen-
erated in the stator, and (ii) half of the nozzle losses are due to the
mixing out losses in the supersonic flow beyond the trailing edge.
However, the value of fn calculated for different design solutions
is found to vary only slightly with pressure ratio and the Mach
number M2, even for values of M2 close to 2. This lack of correla-
tion between fn and the expansion ratio is due to the adoption of a
converging-diverging profile for nozzle blades if M2 > 1.4. Such
a design solution, common in ORC turbines [54], allows limiting
the losses in the supersonic expansion for operation around the
nominal design point even in case of high nozzle pressure ratios
and Mach numbers. Hence, to a first approximation, the nozzle
enthalpy loss coefficient fn is here taken constant regardless of the
characteristics of the working fluid under consideration. Coher-
ently with this assumption, the deviation between the flow direc-
tion and the blade angle at the nozzle outlet is neglected.

Fluid-dynamic losses in the rotor are predicted according to
well-established loss correlations [50], which account for three
main dissipative effects: friction, secondary flow, and tip leakage.

Fig. 2 A schematic of process (left) and radial turbine including the corresponding velocity triangles
(right)
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Incidence and windage losses are considered negligible. Incidence
losses are neglected assuming that the rotor is designed with an
optimum back swept inlet angle such that perfect incidence for
the incoming flow is attained; windage losses are not considered
in the model because their contribution seems to be irrelevant
according to recent measurements in an ORC centripetal expander
[55]. Moreover, in analogy with the stator, flow deviations from
the blade angle at the rotor outlet are ignored, and kinetic energy
recovery in the diffuser is neglected as per common practice in
the preliminary design of ORC turbines [36,37,51,56]. The fluid
thermodynamic conditions at turbine outlet, namely, at state 4 in
Fig. 2, are then taken equal to those of state 3, i.e., at the rotor
outlet.

With these assumptions, the calculation scheme of the meanline
code is as follows:

(1) First, the values of geometric parameters such as the rotor
inlet flow angle b2 and the number of rotor blades of the
turbine are precomputed based on the model inputs. The
rotor inlet flow angle b2 is estimated by using Wiesner’s
correlation for slip factor in centrifugal impellers [57], after
proper adaption for turbines [58], whereas the optimum
number of blades is determined by applying the criterion of
Glassman reported in Ref. [49].

(2) The isentropic enthalpy resulting from an ideal expansion
through the nozzle, i.e., h2,s in Fig. 3, is calculated on the
basis of the total inlet conditions, the outlet pressure, and
the reaction degree of the turbine. From the definition of
the reaction degree of the turbine, the isentropic enthalpy
h2,s is given by

h2;s ¼ h3;ssðp3; s1Þ þ Rs � ðh1ðp1;T1Þ
� h3;ssðp3; s1ÞÞ (18)

Once h2;s is known, the intermediate pressure between noz-
zle and rotor p2 can be evaluated.

(3) The stator outlet velocity c2 is estimated by solving the
energy balance for the stator. Notably, combining the con-
servation of total enthalpy with Eq. (17) yields

c2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � ðh01 � h2;sÞ=ð1þ fnÞ

q
(19)

where the subscript “0” before the station point number
indicates total thermodynamic conditions. Since the flow
angles a2 and b2 are known, the corresponding velocity tri-
angle at the rotor inlet can be determined by simple trigo-
nometric relations. Moreover, by means of Eq. (17), it is
now also possible to estimate the actual static enthalpy h2

of the fluid at the nozzle outlet, thereby fully characterizing
the thermodynamic state at the stator outlet.

(4) The peripheral speed at the rotor outlet u3 is given by the
following geometric relation:

u3 ¼
r3

r2

u2 ¼
1

2

rs;3

r2

1þ rh;3

rs;3

� �
u2 (20)

(5) The thermodynamic conditions and the velocity triangle at
the rotor outlet are determined by solving a nonlinear sys-
tem of equations through an iterative procedure. In contrast
to the assumption at the basis of the nozzle submodel,
namely that the loss coefficient is constant, the prediction
of the rotor losses originates from empirical correlations,
which require knowledge of the shape and main dimensions
of the impeller blade channels. These geometric inputs,
such as the blade chord, can be expressed as a function of
the blade height and the mean radius at the inlet and outlet
section of the rotor, see Ref. [50]. These quantities, in turn,
can be estimated once the fluid thermodynamic conditions
and velocity at State 3 are given. The modeling of the
expansion process across the rotor, thus, entails the solution
of the equivalent equation system in the unknowns
b2; r2; b3; r3; fr, h3, and w3

h2þ
w2

2

2
�u2

2

2
¼ h3þ

w2
3

2
�u2

3

2
ð21aÞ

h3�h3;s p3;s2ð Þ¼ fr

w2
3

2
ð21bÞ

fr¼ f b2;b3;r2;r3ð Þ ð21cÞ

r2¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

_mwf

pq3 p3;h3ð Þw3 cosb3

rs;3

r2

� �2

1� rh;3

rs;3

� �2
" #

vuuuut ð21dÞ

b2¼
_mwf

2pr2q2 c2 cosa2

ð21eÞ

r3¼
1

2

rs;3

r2

� �
1þ rh;3

rs;3

� �� �
r2 ð21f Þ

b3¼
rs;3

r2

� �
1� rh;3

rs;3

� �� �
r2 ð21gÞ

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:
Equation (21a) implements the conservation of rothalpy,
while the expression for b2 and r2 results from applying the
conservation of mass at the impeller inlet and outlet sec-
tions. Equation (21f) expresses the geometric relation
between the inlet and outlet rotor diameter as a function of
the design variables rh;3=rs;3 and rs;3=r2. Similarly,
Eq. (21g) represents the geometric relation between the
blade height at the rotor outlet b3 and the inlet rotor diame-
ter r2. Notice also in Eq. (21b) the definition of the loss
coefficient fr. Its value depends on the empirical correla-
tions in Ref. [50], here synthetically represented by the
implicit relation (21c).

(6) Finally, the model outputs of interest, i.e., the turbine isen-
tropic efficiency gs, the rotational speed X, and the Mach
number at the rotor inlet Mw;2 are calculated as

gs ¼
h01 � h03

h01 � h3ss

(22)

Fig. 3 Enthalpy–entropy chart of the expansion process in the
turbine. The flow enters the turbine in state 1 (Fig. 2), passes
through the nozzle, and enters the rotor in state 2. The fluid
leaves the rotor in state 3 and exits the turbine also in state 3 as
the effect of the diffuser is neglected. The subscript “0” before
the state number denotes total thermodynamic conditions.
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X ¼ 60

p
� u2

2 � r2

(23)

Mw2
¼ w2

cS;2
(24)

where cS;2 is the speed of sound of the fluid, calculated by
the PC-SAFT thermodynamic model.

3 Case Study: High-Temperature Organic Rankine

Cycle Power Plant

The potential of the proposed 1-stage CoMT-CAMD method
is demonstrated with an exemplary test case, namely, the design
of a small-scale high-temperature ORC unit. This choice stems
from the following considerations. First, the interrelations
between working fluid selection, thermodynamic cycle design,
and turbine preliminary sizing are expected to become relevant
when the power capacity of the plant is small, i.e., lower than
500 kW. Second, the economic viability of ORC units of few
hundred kW is arguably achievable only in the case of high con-
version efficiency, which is, in turn, achievable only if the
energy is available at relatively high temperature. Moreover, the
application of 1-stage CoMT-CAMD to the test case at hand
can lead to the identification of new promising working fluid
candidates. This is a relevant achievement because the number
of working fluids that are suitable for high-temperature
ORC power plants is rather limited if compared to that for
low-temperature systems.

The main design data specific to the adopted exemplary sys-
tem are reported in Table 1, while the upper and lower bounds
defined for the process design variables and the upper limit for

the number of functional groups pertaining to a candidate
molecular structure are given in Table 2. The power of the ther-
mal source has been set to achieve a power output of the ORC
unit of about 100 kW. According to Ref. [1], the system under
study is classifiable as a small-scale ORC turbogenerator. Fur-
thermore, the maximum allowed temperature of the ORC is

assumed as Tout;max
PHE ¼ 300 �C. This temperature level is charac-

teristic, e.g., of biomass-fired ORC plants [10] or of small
capacity units for distributed thermal solar power conversion, a
concept which is currently receiving increasing attention, see,
e.g., Refs. [59–61]. The main reason of this interest is due to
the expectation that the economic viability for thermal solar
power plants can be achieved through high-volume manufactur-
ing of small-capacity modular systems, suitable for distributed
energy conversion, rather than larger centralized power stations
[62]. With respect to photovoltaic systems, the advantages are
that the conversion efficiency is higher, heat cogeneration can
be easily implemented, and that dispatchable electricity genera-
tion is possible with thermal storage.

A maximum cycle temperature of 300 �C might not be feasi-
ble for all the organic working fluids assessed during the solu-
tion of the optimization problem (1)–(9). The thermal
decomposition temperature of the working fluids in contact with
containing materials is evaluated only a posteriori and working
fluids that do not feature adequate thermal stability are dis-
carded. The value of the parameters assumed in Table 1 for the
system equipment, such as the pressure drop Dp and the mini-
mum temperature difference DTmin in the heat exchangers, or
the efficiencies of the equipment constituting the pump group,
follow the common practice for commercial ORC systems. Note
that the pressure drop of the components forming the cold part
of the ORC loop, namely, that between the turbine and the
pump is assumed fixed and localized at the recuperator outlet.
This is the reason why the working fluid pressure drop in the
condenser is set equal to 0 kPa. The constraints and assumptions
pertaining to the turbine design have to be taken as indicative
since the information available in the literature about the manu-
facturing and operating limitations of small-scale turbo-
expanders is still limited. The upper bound of the turbine inlet
pressure is set equal to 30 bar or 80% of the critical pressure of
the working fluid under investigation, whichever value results
lower. Supercritical cycle configurations are, indeed, seldom
selected in high-temperature ORC applications, while a design
pressure of 30 bar for the PHE represents the technological limit
for the types of heat exchangers commonly adopted in small-
scale power plants. In the condenser, a direct air cooling system
is considered, together with a relatively high value of the mini-
mum condensing temperature, namely, Tmin

cond ¼ 80 �C. This
assumption stems from the need to contain the investment costs
and footprint of the cooling system, given the small power
capacity of the application. Moreover, a high condensing tem-
perature allows for heat cogeneration. For instance, the hot air
can be used for drying wood or raw materials in the food
industry.

Table 1 Parameter assumed for the ORC process model of the
case study

Parameter Symbol Value

Turbine
Generator efficiency ggen 0.95
Minimum blade height bmin

2
2 mm

Maximum rotational speed Xmax 70,000
Maximum Mach number Mmax 0.9
Maximum outlet to inlet blade height ratio ðb3=b2Þmax 10

Nozzle loss coefficient fs 0.15
Nozzle outlet blade angle ab;2 75 deg
Rotor inlet blade angle bb;2 30 deg

Rotor outlet blade angle bb;3 �60 deg

Hub to shroud radius ratio at rotor outlet rh;3=rs;3 0.4
Outlet shroud radius to inlet radius ratio rs;3=r2 0.7

Primary heat exchanger
Working fluid pressure loss DpPHE 200 kPa

Thermal input _Q
max

PHE
463 kW

Working fluid maximum temperature Tout;max
PHE

300 �C

Pump
Mechanical efficiency gmech;pump 0.9

Isentropic efficiency gs;pump 0.7

Recuperator
Minimum temperature difference DTmin

recup
30 �C

Pressure loss (hot side) Dpregen;hot 5 kPa

Pressure loss (cold side) Dpregen;cold 30 kPa

Condenser
Minimum condensation temperature Tmin

cond
80 �C

Minimum temperature difference DTmin
cond

20 �C
Pressure loss (hot side) Dpcond;hot 0 kPa
Pressure loss (cold side) Dpcond;cold 0.5 kPa
Fans mechanical efficiency gmech;fan 0.9025

Fans isentropic efficiency gs;fan 0.85

Table 2 Upper and lower bounds of the design variables of the
ORC system

Parameter Range

Mass flow rate
0:01

kg

s
� _mwf �100

kg

s
Pressure at PHE outlet pout;cond � pout;PHE �30 bar

Pressure at condenser outlet 0:05 bar � pout;cond �pout;PHE

Degree of superheating 0 K � DTsh �200 K

Isentropic reaction degree 0:15 � Rs �0:5

Number of functional groups 2�
X
i2I

yS
i �25
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Regarding the turbine preliminary design, the values of the
design variables are fixed, see Table 1, except for the isentropic
reaction degree Rs. Their definition is based on design recommen-
dations and preliminary exploration of the radial-inflow turbine
design space. As an example, optimal values reported in the litera-
ture for rs;3=r2 are in the range of 0.4–0.7 [63]. The outlet shroud
radius to inlet radius ratio is set here to rs;3=r2 ¼ 0:7 in order to
attain higher blade heights at the rotor inlet, thereby maximizing
the efficiency and the feasible design space of the turbine. This, in
turn, allows for larger turbine pressure ratios, which are usually
beneficial for the conversion efficiency of the thermodynamic
cycle. Similar considerations have been made for the other geo-
metric quantities. Notably, the hub to shroud radius ratio at the
rotor outlet, rh;3=rs;3, is taken equal to 0.4, while the blade angles
ab;2 and bb;3 are 75 deg and �60 deg, respectively. The turbine
adopts also a back-swept rotor configuration, see Fig. 2. The opti-
mal range reported in the literature for bb;2 is between 20 deg and
40 deg [64]. A value of 30 deg is here assumed, since larger bb;2

may complicate the structural design of the impeller [65]. Con-
versely, a value of Rs suitable for all possible operating conditions
cannot be univocally defined. For this reason, the turbine degree
of reaction Rs is included among the optimization variables in
Eq. (8). Thereby, the design method has also a degree-of-freedom
to meet the turbine constraints in Eq. (16) and to maximize the
isentropic efficiency of the expander.

Common working fluids adopted for high-temperature ORC
systems belong to the family of siloxanes, alkanes, cyclic-alkanes,
and aromatic hydrocarbons, see, e.g., Refs. [1,9,10], and [47]. A
special mention is also deserved for perfluorocarbons, which
exhibit remarkable thermal stability and have been successfully
investigated in the 1980s for small-scale ORC turbogenerators
[66] but are affected by a high value of the Global Warming
Potential. The organic working fluids that appear more suitable
for the selected temperature levels based on the literature results
in Refs. [47] and [67] are toluene, cyclohexane, cyclopentane,
and the linear siloxanes MM and MDM. These fluids are here con-
sidered to generate benchmark solutions for 1-stage CoMT-
CAMD.

The selected objective function in Eq. (1) is the ORC net power
output Pnet, which for the case study reads

max
x;yS

Pnet ¼ Pturbogenerator � Ppump � Pfan (25)

where Pturbogenerator denotes the power output of the turbogenera-
tor, Ppump the power input of the pump, and Pfan the power input
of the air condenser fans.

3.1 Results. The solution of 1-stage CoMT-CAMD leads to
the identification of the organic working fluids given in Table 3.
Initially, the relaxation problem is solved. The result is a hypo-
thetical working fluid featuring a nonphysical molecular structure,
named target, which allows for the maximum achievable net
power output, i.e., Pnet ¼ 103.3 kW. Subsequently, the top ten
organic working fluids are identified using integer cuts. With ref-
erence to Table 3, the identified working fluids are mainly cyclo-
pentane and cyclohexane derivatives with alkyl side chains.
Besides them, the aromatic hydrocarbon benzene and its alkyl
derivative toluene, the branched alkane tetramethyl-butane, and
the branched alkene trimethyl-pentene are found. The working
fluid allowing for the maximum net power output is methyl-
cyclohexane with Pnet ¼ 101.3 kW, which is only 1.9% lower
than the performance of the target. A common feature of the opti-
mal solutions is that the maximum cycle temperature is always
equal to the upper limit selected for T1, see Table 1. Analogous
consideration applies to the condensing temperature, whose opti-

mal value corresponds to the lower limit Tmin
cond set in the optimiza-

tion for T6. All working fluids also exhibit a similar critical
temperature, in the range between 570 K and 600 K. On the other
hand, their molecular complexity differs quite significantly. A
quantity that well represents the molecular complexity is the coef-
ficient w defined as

w � Tcrit

R

@ssv

@T

� �����
Tr¼0:7

(26)

where ssv is the saturated-vapor entropy calculated at a reduced
temperature of 0.7 [68]. w is commonly referred to as the molecu-
lar complexity parameter and is proportional to the heat capacity
of the saturated vapor and, thus, is directly related to the molecu-
lar structure of the fluid [69]. Together with the critical tempera-
ture, w is found to most influence the cycle performance and its
optimal configuration. Notably, the slope of the dew line in the
temperature–entropy (T–s) diagram is positive if w � 0 and tends
to become steeper as the value of w increases [69]. As a conse-
quence, the higher the molecular complexity of the working fluid,

Table 3 1-stage CoMT-CAMD results for the test case: the target and top ten identified working fluids as well as corresponding
pure component parameters of PC-SAFT and thermodynamic cycle parameters

Rank Component m r (Å)
e
k

(K) MW (g mol�1) Tcrit
a (K) wa Pnet (kW) gth (%) p1 (MPa) DTsh (K) T1 (K)

— Target 1.68 4.80 364.6 117.8 602.7 18.7 103.3 22.3 2.46 11 573
1 Methyl-cyclohexane 2.62 4.03 286.4 98.2 586.3 10.2 101.3 21.9 2.17 36 573
2 Cyclohexane 2.37 3.91 289.0 84.2 565.2 6.4 101.0 21.8 3.00 43 573
3 Dimethyl-cyclopentane 2.69 3.95 275.6 98.2 571.6 10.0 100.4 21.7 2.68 33 573
4 2,2,3,3-tetramethyl-butane 2.33 4.39 300.1 114.2 582.4 16.7 99.9 21.6 2.32 24 573
5 Toluene 2.88 3.74 278.4 92.1 595.3 6.1 99.6 21.5 1.83 48 573
6 Ethyl-cyclopentane 2.97 3.86 266.7 98.2 577.7 9.8 99.4 21.5 2.13 42 573
7 Trimethyl-cyclopentane 2.87 4.04 279.0 112.2 595.4 14.4 98.4 21.3 1.53 45 573
8 3,4,4-trimethyl-1-penteneb 2.85 4.09 269.6 112.2 573.9 14.1 98.2 21.2 2.13 35 573
9 Dimethyl-cyclohexane 2.86 4.11 284.2 112.2 605.7 14.4 98.1 21.2 1.24 48 573
10 Benzene 2.54 3.73 274.4 78.1 554.2 2.4 97.7 21.1 3.00 57 573

Benchmark solutions
— Cyclopentane 2.34 3.73 267.2 70.1 519.1 2.6 88.7 19.2 3.00 92 573
— MMc 4.12 4.02 212.5 162.4 525.4 15.1 89.0 19.2 1.73 62 573
— MDMc 5.33 4.12 209.6 236.5 567.2 27.9 80.2 17.3 0.56 69 573

Note: As benchmark, solutions with fluids commonly adopted in high-temperature ORC applications are reported, namely, Cyclopentane, MM (hexame-
thyldisiloxane), and MDM (octamethyltrisiloxane).
aAccording to the adopted EoS model, see Sec. 2.1.
b3,3,4-trimethyl-1-pentene. The adopted method does not distinguish among isomers.
cThe PC-SAFT pure component parameters are directly fitted to measurement data. The dipole moment of MM and MDM is l ¼ 0:66 D and
l ¼ 1:08 D, respectively, while for all the other identified fluids, the dipole moment is l ¼ 0 D.
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the greater the degree of regeneration. The resulting impact on
conversion efficiency is generally positive. Angelino et al. [68]
investigated the trend of thermodynamic cycle performance ver-
sus the molecular complexity of the working fluid. They demon-
strated that for the recuperated cycle configuration commonly
adopted in high-temperature ORC systems, gth increases with
increasing values of w, till a maximum is reached. Subsequently,
the correlation between these two parameters becomes weak and a
plateau in gth is observed. Angelino et al. [68] also found that the
range of w corresponding to the maximum conversion efficiency
depends on the upper and lower temperature level of the cycle.
According to their results, the optimal working fluids for the stud-
ied application should feature a molecular complexity between 15
and 20. This trend is reflected in the data in Table 3 only to a
minor extent. w of the top ten candidates identified by the 1-stage
CoMT-CAMD method varies from 2.4 of benzene to 16.7 of
tetramethyl-butane. Despite the quite different molecular com-
plexity, their performance does not significantly differ: the esti-
mated ORC net power output varies between Pnet ¼ 98 kW and
Pnet ¼ 101 kW, namely, within the expected uncertainty range of
the model [22]. The reason for the mismatch between these results
and those of Ref. [68] can be explained by analyzing the result of
the turbine preliminary sizing reported in Table 4. Notably,
although the turbine geometries vary with the working fluid, there
is one design constraint affecting almost all the optimum solutions
identified by the method: the outlet to inlet blade height ratio
b3=b2 of the impeller, whose upper bound has been set equal to
ten. Its effect is a limitation on the overall expansion ratio of the
turbine and consequently, on the maximum cycle pressure, which
leads to high degrees of superheating of the vapor at the turbine
inlet, see Table 3. Hence, the ultimate result is a reduction in the
net power output achievable by using organic working fluids of
increasing molecular complexity.

On the other hand, if system design is repeated without consid-
ering the constraint on the b3=b2 ratio, the best working fluids
found by the 1-stage CoMT-CAMD method exhibit values of w
that are more uniform and closer to the optimal range indicated by
Angelino et al. [68]. In particular, xylene (Tcrit ¼ 631.8 K, w ¼
10.4) becomes the best working fluid, followed by ethyl-
cyclohexane (Tcrit ¼ 614.0 K, w ¼ 14.5) with a net power output
of 106 kW and 105.3 kW, respectively. Dimethyl-cyclohexane is
ranked third with Pnet ¼ 104.8 kW, while it is only the ninth
option if the constraint on the b3=b2 ratio is activated, see Table 3.
All three solutions feature an infeasible turbine geometry. This
result shows the importance of integrating the design of the ther-
modynamic cycle and working fluid with the preliminary sizing of
the turbine in order to correctly identify the optimal working flu-
ids for a small-scale ORC system.

The value of the isentropic turbine efficiency gs estimated for
the fluid candidates identified by the method is in the range
between 85% and 87%, see Table 4. Such a relatively small differ-
ence in performance can be explained by the rather similar turbine
geometry obtained for the optimal working fluids. This result is
mainly a consequence of the fact that the geometric ratios rh;3=rs;3

and rs;3=r2 have been taken as constant in the design procedure. In
addition, the turbine efficiency is arguably the model parameter
affected by the largest uncertainty, since the adopted fluid-
dynamic loss correlations were calibrated for gas/air radial-inflow
machines. Their accuracy has never been assessed for ORC
applications, which are characterized by much higher pressure
and volumetric flow ratios. For all identified working fluids, the
fluid kinetic energy at the impeller outlet is equivalent to approxi-
mately 3.2–4.5% points of the turbine efficiency. Thus, the gain in
performance achievable with a diffuser will be relatively low, and
an economic analysis would be required to justify the use of a
diffuser.

Regarding the benchmark solutions, toluene and cyclohexane
are ranked among the optimal working fluids, while cyclopentane,
MM, and MDM provide a significantly lower estimated perform-
ance. This is mainly due to the high degree of superheating
needed to meet the turbine preliminary design constraints, and, in
the case of cyclopentane, also to the constraint on the maximum
cycle pressure, here limited to 30 bar or 80% of the critical pres-
sure. The effect is a reduction in the average temperature at which
thermal energy is transferred into the system, which consequently
penalizes its conversion efficiency.

3.2 A Posteriori Evaluation of the Working Fluids. The
selection of the working fluid for an actual application cannot be
performed independently from an analysis of the melting point,
toxicity, thermal stability, and flammability of the identified can-
didates. Almost all identified working fluids show a melting point
that is lower than 10 �C with the exception of 2,2,3,3-tetramethyl-
butane, which solidifies at about 100 �C due to its highly branched
and compact structure. 2,2,3,3-tetramethyl-butane is thus not suit-
able as working fluid. With respect to toxicological properties,
cyclic alkanes are generally classified as less harmful than aro-
matic hydrocarbons and thus they are preferable. However, they
exhibit lower thermal stability. For instance, cyclopentane, which
is the sole cyclic alkane whose thermal resistance has been thor-
oughly tested, is thermally stable up to 300–350 �C [70,71] versus
a maximum operating temperature of benzene and toluene of
about 350–400 �C [68,72]. Cyclohexane is expected to feature
thermal stability similar to the thermal stability of cyclopentane
given the analogous molecular structure, although no

Table 4 Results of turbine preliminary design for the working fluids listed in Table 3

Rank Component gS (%) Rs b2 (mm) x (rpm) Mw;2

b3

b2

p1

p4

— Target 85.8 0.46 3.1 42,860 0.47 10.0 38.6
1 Methyl-cyclohexane 85.4 0.47 3.0 48,270 0.46 10.0 38.7
2 Cyclohexane 86.4 0.44 2.5 60,394 0.46 10.0 28.6
3 Dimethyl-cyclopentane 85.7 0.47 2.7 52,141 0.46 10.0 37.9
4 2,2,3,3-tetramethyl-butane 85.7 0.47 3.1 43,591 0.47 10.0 38.9
5 Toluene 85.4 0.48 3.1 48,089 0.46 10.0 38.3
6 Ethyl-cyclopentane 85.4 0.47 3.0 48,377 0.46 10.0 38.6
7 Trimethyl-cyclopentane 85.2 0.48 3.5 38,652 0.46 10.0 39.0
8 3,4,4-trimethyl-1-pentene 85.5 0.47 3.1 43,318 0.47 10.0 39.0
9 Dymethyl-cyclohexane 85.2 0.48 3.8 35,398 0.46 10.0 38.9
10 Benzene 86.5 0.43 2.4 65,056 0.44 9.6 23.9

Benchmark solutions
— Cyclopentane 85.7 0.41 2.4 70,000 0.40 9.0 11.6
— MM 86.7 0.43 3.7 29,998 0.47 10.0 29.5
— MDM 85.3 0.48 6.3 15,111 0.47 10.0 39.5
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experimental tests have been published to date [47]. Regarding
the thermal decomposition of the alkyl-derivatives of cyclopen-
tane and cyclohexane in Table 3, no data have been found in the
literature for the temperature levels of interest in ORC applica-
tions. On the one hand, thermal stability tends to decrease with
branched working fluids. Thus, the more side chains exist in the
molecular structure, the more the allowed maximum temperature
of the working fluid is expected to decrease with respect to the
maximum temperature achievable by the equivalent fluid forming
the backbone of the molecule. On the other hand, Angelino et al.
[68] investigated experimentally the decomposition of some
methyl-substituted benzenes at temperature levels around 400 �C,
which is considered the upper operating limit for benzene; the
authors discovered that toluene and trimethylbenzene seemingly
have the same thermal stability and they can be safely employed
in ORC engines with top temperatures up to 380 �C. Due to these
considerations, the identified methyl-substituted cyclopentanes
and cyclohexanes might exhibit a thermal stability close to the
thermal stability of cyclopentane, i.e., up to 300 �C. Such a ther-
mal stability would make the identified methyl-substituted cyclo-
pentanes and cyclohexanes, together with cyclohexane, promising
working fluid candidates for high-temperature small capacity
ORC systems. Nevertheless, experimental tests as those described
in Refs. [72] and [73] are required before such organic working
fluids can be actually used at the temperature levels assumed here.
The adoption of methyl-substituted cycloalkanes as working fluid
in high-temperature ORC systems, to the best of the authors’
knowledge, has been considered only in Ref. [55]. The work
documents the successful testing of an ORC turbogenerator that
operates with methylcyclohexane at a maximum cycle tempera-
ture around 245 �C. The net power of the prototype is about 70
kW. The results of the study supply a confirmation, although par-
tial, of the thermal stability of such a fluids class and its suitability
for small-scale ORC units.

Concerning the molecules ranked as numbers 6 and 8 in Table 3,
their thermal stability is also unknown. However, this is expected
to be lower than the thermal stability of methyl-substituted cycloal-
kanes, because either the molecule forming the backbone chain is
less stable than cyclopentane/cyclohexane, as, in the case of
trimethyl-1-pentene and related isomers, or the side chain is
more prone to decomposition than the methyl group, as for
ethyl-cyclopentane. The ethyl group, indeed, features bond energy
lower than that associated with the methyl group.

Besides toxicity and thermal stability, a major factor driving
working fluid selection is flammability. In this work, flammability is
assessed based on the H200 codes of the globally harmonized

system for classification and labeling of chemicals (GHS), which
indicate the hazards associated with a chemical substance, including
the risk of explosion and flammability [74]. The identified working
fluids feature the same classification as the benchmark fluids cyclo-
pentane and MM. Since these two benchmark fluids are largely
adopted in high-temperature ORC applications, safe operation with
the other working fluids in Table 3 is assumed to be possible.

Finally, note that toluene and cyclohexane are ranked among the
top ten working fluids. This may suggest that there is no benefit in
adopting the proposed method in place of the traditional design
approach, provided that the preliminary sizing of the turbine is
integrated into the design of the thermodynamic cycle. However,
in the authors’ opinion, the solution to the exemplary test case con-
sidered here reveals several advantages. By means of the 1-stage
CoMT-CAMD method, it is possible to (i) methodically assess a
large set of working fluid candidates in a short computational time
(i.e., 1 h to 10 h are required to calculate a ranking of ten working
fluids using an Intel-Xeon CPU with 3.0 GHz and 64 GB RAM
depending on the set of functional groups and considered con-
straints), (ii) gain a clearer understanding of which thermodynamic
characteristics the working fluid should exhibit, and (iii) possibly
spot new working fluid families. The fact that methyl-substituted
cycloalkanes have been so far overlooked as working fluid for
high-temperature small-capacity ORC power plants arguably con-
firms the potential of the proposed method.

3.3 Influence of Turbine Preliminary Design Constraints
on Fluid Selection. The 1-stage CoMT-CAMD method can also
be used to understand and assess the relationships between fluid
properties, thermodynamic cycle parameters, and turbine geome-
try for the specific ORC application under investigation. Evidence
of the strong interdependence existing among these variables in
small-scale ORC systems is provided by Fig. 4(a), which shows,
for the test case of Sec. 3.1, how the characteristics of the optimal
thermodynamic cycle depend on considering the constraints asso-
ciated with the turbine preliminary design.

The working fluids underlying the thermodynamic cycles are
not real fluids but the hypothetical fluids that result from relaxing
the original optimization problem. As already mentioned, the
solution to the relaxation problem is a molecule, called target,
which allows for the maximum power output. However, it features
a nonphysical molecular structure. With reference to Fig. 4(a),
target A is the solution to the relaxation problem when the turbine
design constraints are neglected, while target B refers to the test
case where the turbine design constraints are considered.

Fig. 4 Effect of constraints concerning turbine preliminary design on optimal thermodynamic cycle configura-
tion and working fluid: (left) temperature–entropy diagram of the target in the case the turbine design con-
straints are neglected during optimization (target A, —–, Pnet 5 107.1 kW) or considered (target B, - - -, Pnet 5
103.3 kW) and (right) temperature–entropy diagram of target A when turbine constraints are neglected during
optimization (—–) or considered (- - -, Pnet 5 96.8 kW)

111009-10 / Vol. 141, NOVEMBER 2019 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/gasturbinespow

er/article-pdf/141/11/111009/6451881/gtp_141_11_111009.pdf by Bibliotheek Tu D
elft user on 02 M

arch 2022



As well known in the literature [68,75], the optimum ORC con-
figuration, from an efficiency point of view, is a saturated cycle
where the evaporation occurs at Tmax, as for the thermodynamic
cycle for target A in Fig. 4(a). However, this solution features a
turbine volumetric flow ratio which is too high, leading to an
excessive value of the inlet to outlet blade height ratio of the
impeller ðb3=b2 ¼ 15:9Þ. To meet the turbine design requirements
with target A as working fluid, the pressure ratio of the cycle must
be lower, see Fig. 4(b), thus resulting into a high degree of super-
heating of the vapor at the turbine inlet. The net power output of
the ORC system is approximately 10% lower. It reduces from
107.1 kW to 96.8 kW. In contrast, if turbine design constraints are
considered while performing the integrated fluid selection and
cycle design calculation, the optimizer identifies a different hypo-
thetical molecule, i.e., target B in Fig. 4(a), which is characterized
by a higher molecular complexity than target A, as evident from
the greater slope of the dew line in the temperature–entropy (T–s)
thermodynamic diagram. The key advantage of the new target is
the lower boiling point, although this comes at the cost of a
decrease in the critical temperature of the fluid. The effect is a
reduction of the volumetric flow rate and the pressure ratio across
the expander. Thus, the fulfillment of the design constraints
requires a minimum degree of superheating at the PHE outlet.
Due to the limitations associated with the turbine preliminary
design, the penalty on the net power output is lower than for target
A, being for target B Pnet ¼ 103.3 kW.

A large degree of superheating is mandatory if tighter con-
straints on the maximum rotational speed of the turbine Xmax and
the minimum blade height at the rotor inlet bmin

2 are chosen. To
demonstrate the impact of a tighter constraint on Xmax, the analy-
sis of the case study of Sec. 3 is repeated with Xmax ¼ 24; 000
rpm. This value is representative of the speed of several ORC tur-
bogenerators currently on the market [76,77]. The results of the
design exercise are summarized in Table 5 and Table 6, which,
respectively, report (i) the thermodynamic characteristics and
main cycle parameters for the target and the top five working flu-
ids identified by the 1-stage CoMT-CAMD method, and (ii) the
results of the turbine preliminary design for the same working flu-
ids. For comparison, the tables list also the data for the benchmark
working fluids toluene, cyclopentane, cyclohexane, and MM. The
data for MDM are not reported because these results remain iden-
tical to those reported in Tables 3 and 4. It is apparent that the
molecular complexity of the optimal candidates is now much
higher than in the previous case study. The degree of superheating
DTsh is significantly larger such that the volumetric flow rate
across the turbine is larger, thus meeting the requirements on the
inlet to outlet blade height ratio of the impeller b3=b2 as well as
on the maximum rotational speed of the turbine Xmax. Here, the
limitation on the maximum rotational speed is an active constraint
for most of the solutions in Table 5.

The rationale behind these optimization results can be
explained by recalling that an increase in the molecular

Table 5 1-stage CoMT-CAMD results for the test case at hand when Xmax5 24;000 rpm: the target and top five identified working
fluids as well as corresponding PC-SAFT pure component parameters and main thermodynamic cycle parameters

Rank Component m r (Å)
e
k

(K) MW (g mol�1) Tcrit
a (K) wa Pnet (kW) gth (%) p1 (MPa) DTsh (K) T1 (K)

— Target 1.99 4.87 365.0 143.3 656.8 29.3 96.7 20.9 0.77 43 573
1 Trimethyl-cyclohexane 3.11 4.19 282.4 126.2 623.7 19.0 91.6 19.8 0.61 69 573
2 3,3,4,4-tetramethyl-1-hexenb 3.11 4.27 288.6 140.3 637.5 25.0 90.5 19.5 0.59 58 573
3 2,2,3,3,4-pentamethylpentanec 3.09 4.30 288.4 142.3 635.2 26.5 90.4 19.5 0.61 57 573
4 2-ethoxy-2,3,3-trimethyl-butaned,e 3.47 4.07 263.1 144.3 612.5 22.4 90.3 19.5 0.72 61 573
5 Tertmethyl Cyclopentane 3.05 4.11 282.1 126.2 617.8 19.2 89.6 19.4 0.62 78 573

Benchmark solutions
— MM 4.12 4.02 212.5 162.4 525.4 15.1 80.6 17.4 1.02 91 569
— Toluene 2.88 3.74 278.4 92.1 595.3 6.1 68.5 14.8 0.46 100 543
— Cyclohexane 2.37 3.91 289.0 84.2 565.2 6.4 52.0 11.2 0.55 74 497
— Cyclopentane 2.34 3.73 267.2 70.1 519.0 2.6 33.0 7.1 0.73 65 463

Note: As benchmark, the same information is reported for thermodynamic cycles adopting as working fluid MM (hexamethyldisiloxane), toluene,
cyclohexane, and cyclopentane.
aAccording to the adopted EoS model, see Sec. 2.1.
bEquivalent isomers 3,3,5,5-tetramethyl-1-hexen and 4,4,5,5-tetramethyl-1-hexen.
cEquivalent isomer 2,2,3,4,4-pentamethylpentane.
dEquivalent isomer 1-tert-butoxy-2,2-dimethyl-propane.
eThe PC-SAFT pure component parameters for these fluids include also a dipole moment of l ¼ 2:7 D.

Table 6 Results of turbine preliminary design for the working fluids listed in Table 5

Rank Component gS (%) Rs b2 (mm) x (rpm) Mw;2

b3

b2

p1

p4

— Target 86.0 0.47 5.1 24,000 0.47 10.0 36.4
1 Trimethyl cyclohexane 86.8 0.45 5.4 24,000 0.46 10.0 31.5
2 3,3,4,4-tetramethyl-1-hexen 85.1 0.49 5.5 22,439 0.46 10.0 38.7
3 2,2,3,3,4-pentamethylpentane 85.1 0.49 5.4 22,545 0.46 10.0 38.7
4 2-ethoxy-2,3,3-trimethyl-butane 85.2 0.48 5.1 24,000 0.46 10.0 38.6
5 Tertmethyl cyclopentane 87.1 0.43 5.4 24,000 0.46 10.0 26.9

Benchmark solutions
— MM 86.6 0.41 4.5 24,000 0.44 10.0 17.4
— Toluene 85.9 0.39 5.3 24,000 0.39 10.0 9.5
— Cyclopentane 84.5 0.38 4.6 24,000 0.34 10.0 5.2
— Cyclopentane 83.1 0.38 3.8 24,000 0.27 10.0 2.8
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complexity w leads, in general, to a higher volumetric flow rate
and pressure ratio across the expander, as a consequence of the
higher boiling point of the fluid. At the same time, the enthalpy
difference over the expansion remains almost constant [69], at
least for the typical levels of molecular complexity of the working
fluids of interest in ORC applications. The positive effect is a
reduction in the rotational speed of the turbine along with an
increment of the blade height at the rotor inlet b2. On the other
hand, the ratio b3=b2 and the relative Mach number at the rotor
inlet Mw;2 tend to increase. Due to these counteracting effects, the
optimizer satisfies the chosen design requirements by both
increasing the molecular complexity of the working fluid and
reducing the cycle pressure ratio. Moreover, the degree of regen-
eration in the cycle augments with a rise in the molecular com-
plexity w of the working fluid. This partially compensates for the
negative impact on thermodynamic efficiency of a large degree of
superheating, which tends to reduce the average temperature at
which thermal energy is transferred to the cycle.

The adoption of a working fluid featuring a simple molecular
structure would always lead to suboptimal cycle performance, as
demonstrated by the very low power output obtained in case
cyclopentane is the working fluid. If the turbine inlet temperature
T1 is taken equal to Tout;max

PHE as for the more molecularly complex
fluids, the degree of superheating needed to satisfy the turbine
design constraints would be excessively high. The resulting pen-
alty on system efficiency proves to be more detrimental than
reducing the maximum cycle temperature. This explains why the
value calculated by the optimizer for T1 tends to decrease as the
molecular complexity of the working fluids used to generate
the benchmark solutions reduces. Conversely, the optimal value
for the minimum cycle temperature always remains at its lower
bound, i.e., 353 K.

4 Conclusions

The 1-stage CoMT-CAMD method was recently conceived by
some of the authors as a preliminary ORC power plant design pro-
cedure, integrating the selection of the working fluid and the opti-
mization of the thermodynamic cycle into a single optimization
process. In this work, the integrated design method has been com-
plemented with a meanline design model of a radial-inflow tur-
bine to bound the search space of the optimization problem to
regions where the design of the turbine is feasible. The isentropic
efficiency of the turbine is calculated during the optimization
depending on the process parameters and the adopted working
fluid. The constraints on the turbine design reduce the feasible
design space of the ORC system, depending on the working fluid
characteristics and power capacity of the application. The result-
ing method has been tested considering a high-temperature
small-scale ORC unit adopting a radial-inflow turbo-expander as
case study. The analysis of the results for this exercise led to the
following conclusions:

� The key advantage of the proposed design method over the
commonly used sequential design practice is the capability to
identify the optimal working fluids given the constraints of
the application under investigation, including those related to
the system equipment. This significantly reduces the time
needed to accomplish the whole design process, especially in
the case of mini- or small-scale ORC systems, since it avoids
the iterative computations required for each working fluid
candidate to define a feasible combination of thermodynamic
cycle parameters and turbine design specifications. More-
over, such a combination is usually the result of a trial and
error approach, which might often lead to suboptimal results
due to the large number of design variables and constraints,
and the complex interrelations among them.

� The method allows considering a large set of feasible molec-
ular structures. This is particularly helpful in the case of
novel applications, since the optimal working fluids may

belong to fluid classes, which might be overlooked in the tra-
ditional design practice. Theoretically, it is also possible that
the optimal molecular structure does not correspond to a
working fluid existing in common databases: the result of the
method might thus initiate the study and possibly synthesis
of new chemicals.

� In the case of small-scale ORC systems, the study confirms
that the turbine design constraints considerably influence the
choice of the optimal working fluid and the corresponding
thermodynamic cycle parameters. Notably, the more strin-
gent the constraints on the rotational speed of the turbine X
and the blade height at the rotor inlet b2, the more molecu-
larly complex is the optimal working fluid. The reason is that
the degree of regeneration of the cycle tends to increase with
larger molecular complexity. This partially compensates for
the negative impact on thermodynamic efficiency of the large
degree of superheating needed to meet the limitations related
to the turbine preliminary design.

� Methyl-substituted cycloalkanes are promising fluid candi-
dates for high-temperature small capacity ORC systems.
However, extensive thermal stability tests are required before
such organic working fluids can be actually used at the tem-
perature levels considered in this study.

The presented 1-stage CoMT-CAMD method enables a holis-
tic design of the optimal working fluid and the corresponding
optimal thermodynamic cycle and turbine. The proposed method
is generally applicable to the design of any ORC process, what-
ever turbine configuration is chosen. The application of the
method to larger power output units will simply require an adap-
tation of the meanline code to include other common turbine
configurations, namely, axial and radial outflow [1]. Future work
will be devoted to include the preliminary design of heat
exchangers into the procedure such that a thermo-economic opti-
mization of the ORC plant may be performed as described in
Refs. [23] and [30].
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Nomenclature

Symbols

b ¼ blade height
c ¼ absolute velocity

cp ¼ specific heat at constant pressure
cS ¼ speed of sound

f ¼ objective function
F1/F2 ¼ CAMD constraints
g1/g2 ¼ system model constraints

h ¼ enthalpy
k ¼ Boltzmann constant

m ¼ number of segments per chain
_m ¼ mass flow rate
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M ¼ Mach number
MW ¼ molecular weight

p ¼ pressure
P ¼ mechanical/electric power
_Q ¼ thermal power
r ¼ radius
R ¼ reaction degree, gas constant
s ¼ entropy
T ¼ temperature
u ¼ peripheral speed
w ¼ relative velocity
x ¼ process variables

yS ¼ molecular structure
z ¼ pure component parameters

Greek Symbols

a ¼ nozzle flow angle
ab ¼ nozzle blade angle
b ¼ rotor flow angle

bb ¼ rotor blade angle
D ¼ difference
e ¼ depth of pair potential

eA;B ¼ associating energy
f ¼ loss coefficient
g ¼ efficiency
h ¼ thermodynamic properties

jA;B ¼ associating volume
l ¼ dipole moment
q ¼ density
r ¼ segment diameter
w ¼ load coefficient
X ¼ rotational speed

Subscripts

cond ¼ condenser
crit ¼ critical
gen ¼ electric generator

h ¼ hub
mech ¼ mechanical

n ¼ nozzle
PHE ¼ primary heat exchanger

r ¼ rotor, reduced propriety
regen ¼ regenerator

s ¼ isentropic, shroud
sh ¼ superheating
ss ¼ stage isentropic
sv ¼ saturated-vapor
wf ¼ working fluid

0 ¼ total conditions
1 ¼ nozzle/stator inlet
2 ¼ nozzle/stator outlet
3 ¼ rotor outlet
4 ¼ diffuser outlet

Superscript

ig ¼ ideal gas

Abbreviations

CAMD ¼ computer-aided molecular design
CoMT ¼ continuous-molecular targeting

DICOPT ¼ discrete and continuous optimizer
EoS ¼ equation of state

GAMS ¼ general algebraic modeling system
MDM ¼ octamethyltrisiloxane

MINLP ¼ mixed-integer nonlinear programming
MM ¼ hexamethyldisiloxane

ORC ¼ organic Rankine cycle

PC-SAFT ¼ perturbed-chain statistical associating fluid theory
PHE ¼ primary heat exchanger
RIT ¼ radial-inflow turbine

SAFT ¼ statistical associating fluid theory
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