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ASSESSMENT OF TRILATERAL ORGANIC RANKINE CYCLE
FOR SOLAR APPLICATIONS WITH INNOVATIVE
TURBOEXPANDER CONCEPT

Alessandro Romei*, Andrea Giostri, Andrea Spinelli

Department of Energy, Politecnico di Milano,
Via Lambruschini 4a, 20156 Milano, Italy
*Corresponding Author: alessandro.romei@polimi.it

ABSTRACT

Low-temperature solar collectors coupled with thermal energy storage can enable stable and carbon-
free energy production. The key issue is to efficiently convert solar energy into electricity without
resorting to complex architecture that may hinder the technical and economic feasibility of the entire
system. In this work, we propose a fully integrated organic Rankine cycle (ORC) with the solar field
and energy storage, targeting 200 kW. The system consists of a single circuit of the selected organic
fluid that passes through the solar collectors, the thermocline thermal energy storage, and the ORC unit.
The organic fluid remains liquid inside the solar field and the thermal energy storage, leading to a
trilateral thermodynamic cycle. Leveraging the thermodynamic behavior of molecularly complex fluids,
the radial-inflow turbine expands from saturated liquid to superheated vapor. Following the idea of
White (App. Therm. Eng., 192 (2021), 116852), the nozzle cascade expands the two-phase flow 140
mixtures and delivers superheated vapor to the rotating cascade. In this way, the rotor processes dry
organic vapors without incurring mechanical damage or suffering from additional losses due to two-
phase interactions. Three maximum temperatures are investigated, and each of them entails a different
fluid selection to have the liquid-to-vapor expansion through the stator. Preliminary designs of the
radial-inflow turbines are carried out by employing a meanline code, validated for single-phase organic-
fluid flows, revealing that feasible designs can be obtained. Based on these results, the proposed
technology appears feasible and promising on the technical ground.

1 INTRODUCTION

A number of studies have investigated the potential of trilateral (TORC) or partial evaporation organic
Rankine cycles (PE-ORC), for improving the total conversion efficiency of ORC (Smith, 1993; White,
2021). The advantage of partial evaporation is related to the reduction of the isothermal heat of
vaporization, allowing for a better temperature match between the heat source and the organic fluid,
and resulting in higher usage of the energy available from the heat source (Fischer, 2011).

In the context of distributed concentrated-solar power (CSP) applications, the use of TORC was
investigated by several authors (see, e.g., Casati et al., 2013; Perusi & Astolfi, 2019) as a solution able
to guarantee an easy integration of thermal energy storage (TES) without the need of a heat transfer
fluid loop, i.e. the organic fluid also passes through the solar field and is stored directly in the TES. The
organic fluid must remain liquid in these components, hence the fluid is liquid before entering the
expansion phase. To overcome the issue related to the two-phase expansion, Casati et al. (2013)
proposed a throttling valve to accomplish a flashing process, delivering saturated vapor to the turbine.

A possible solution to avoid the throttling valve can be represented by positive-displacement machines
(Smoth, 1996; Astolfi, 2015), as experimental tests proved their excellent capabilities in managing
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multi-phase mixtures (Henrik & Per, 2013). Nonetheless, the achievable expansion ratio is limited by
the built-in volume ratio of the machine. Multi-stage arrangements can extend the overall volume ratio,
but even so, the maximum value is around 20 (Read, 2017), thus restricting the applicability of twin-
screw turbines only to low-temperature applications (~ 373 K). To circumvent this limit, thus enabling
the uptake of the technology for temperatures up to 523 K, turboexpanders seem the only viable
solution. This collides with the lack of turbine designs capable of handling two-phase mixtures
efficiently (additional loss due to two-phase interaction) and reliably (droplets impinging rotating
cascades).

A remedy can be offered by the peculiar thermodynamics of molecularly complex organic fluids, for
which the flashing process may lead the whole liquid fraction to evaporate into superheated vapor (Lai
& Fischer, 2012). This concept, introduced by Elliott (1982) and referred to as the wet-to-dry cycle, has
been recently revamped by White (2021). Leveraging such fluid characteristics, White (2021)
conceived a turbomachinery (estimated efficiency > 85%) in which the nozzle cascade expands the two-
phase flow and delivers superheated vapor to the rotating cascade.

In this work, the idea of White (2021) for the turbine concept is adopted to enable a TORC directly
coupled with the solar field and TES, thus removing the need for the throttling valve and the flashing
unit. To this aim, a number of fluids are preliminarily envisaged, and the effects on the plant and turbine
design are highlighted.

2 SYSTEM DESCRIPTION

The direct solar TORC concept is based on the coupling of a CSP solar field (i.e., parabolic trough or
linear Fresnel reflectors), a TES, and a two-phase direct expansion ORC. In particular, the working
fluid, entering the solar field as sub-cooled liquid, is heated by the concentrated solar radiation till
reaching saturated-liquid condition. Since the hot and cold fluid are both in the liquid state, it is possible
to directly store thermal energy in a single-tank thermocline (i.e., packed bed with solid filler) without
the need for a different storage media, thus allowing the reduction of the cost associated with a heat
transfer fluid loop. The saturated liquid is directly expanded in the turbine (Exp) and the discharged
superheated steam enters the regenerator (Reg) to pre-heat the working fluid before entering the solar
field. Figure 1 shows the layout of the direct solar TORC considered.

Solar Field TES ORC Power Block

Cond @ (a)

18 1
Figure 1: Plant layout. Exp: Radial-inflow turbine. Cond: Condenser. Reg: Regenerator. TES:
Thermal Energy Storage.
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The electric power output is set to 200 kW; in particular, small-scale CSP plants are recognized as a
viable solution to foster technology development thanks to easier land availability and a reduction of
bankability issues (Skumanich, 2011). As underlined by Rohani et al. (2021), limited water resources
in potentially suitable locations (i.e., semi-desertic areas) point towards the adoption of an air-cooled
condenser. As per the system model, the different investigated designs are based on a set of common
assumptions as summarized in Table 1 (Casati et al., 2013; Perusi & Astolfi, 2019).

Table 1: Main assumptions considered for the simulation of the ORC system.

Cycle Pressure drops
i AT K AP ¢[b AP/Pireg  ap/p,
Whet [KW]  Mpump  Nm-e  MNaux pp,rec[ ] X1 sf[ ar] Liq - vap / in,cond
200.0 0.75 0.97 0.95 5.0 0 1.0 0.03 -0.02 0.02

In this work, the aim is to assess the feasibility of the system, rather than targeting a detailed system
design and optimization. It follows that the focus is on the expander as it is the sole component that is
not off-the-shelf. On the contrary, the solar field and heat exchangers employed in this solution are
commercially available, while the single-tank TES is a well-proven solution that has been already tested
in a real operating environment (Pelay et al. 2017). Therefore, the maximum temperature is imposed as
a boundary condition, and a complete model for the solar field is avoided in this preliminary feasibility
study. Only cycle efficiency will be discussed, instead of sun-to-electrical (global) efficiency. For the
same reason, the pressure drops in the solar collectors (APs) are assumed constant. Under these
assumptions, the points of the thermodynamic cycle can be determined straightforwardly as for a simple
recuperative ORC.

2.1  Fluid Screening

A number of molecularly complex organic fluids are preliminarily considered, which can potentially
enable a complete liquid vaporization within an adiabatic stator. As previously highlighted, the
expansion starts from saturated liquid to avoid a two-phase mixture in the solar field and thermal energy
storage system, thus enabling a relevant simplification of the plant layout. The constraint of the
saturated liquid condition is the main difference from the findings of White (2021), who instead
considered the inlet vapor quality as a free parameter to optimize the second-law efficiency of the cycle.
As a result of this additional constraint, the number of organic fluids that can accomplish the complete
vaporization in the stator is likely reduced. Moreover, as the organic fluid also passes through the solar
collector, the analysis is limited to non-flammable fluids. The candidate fluids are linear siloxanes (MM,
MDM), cyclic siloxanes (D4, D6), and a Novec fluid (NOVEC649).

To assess the feasibility of the candidate fluids, an isentropic expansion is considered from saturated
liquid conditions corresponding to the maximum cycle temperature Tp,,, up to the condensation
pressure P.,,;. Three maximum temperatures are considered: 423 K, 473 K, and 523 K. As the
maximum temperature increases, the cycle efficiency raises as well. A higher maximum temperature,
compatible with the thermal degradation of the selected organic fluid, can be obtained by increasing the
concentration ratio of the solar collectors (commercial linear absorbers can reach a maximum
temperature equal to 660 K). However, this would increase the CAPEX of the system. Therefore, the
optimal Ty, 4, Will result from the techno-economic optimization of these two competing effects. In this
study, the aim is the technical feasibility, hence more maximum temperatures are analyzed in this phase.
Regarding the minimum cycle temperature, which is the condensation temperature, it directly
establishes the minimum pressure in the cycle. To avoid extreme sub atmospheric pressures, which
complicate the condenser design and maintenance, the condensation temperature is taken as
Teona = max(316 K, Tyt (Peona = 0.03 bar)).
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Figure 2 reveals which fluids can theoretically enable a complete liquid vaporization in the stator. The
candidate fluid changes with the maximum temperature. In particular, an increase in Ty, 4, requires a
more complex fluid with a higher critical temperature.

650
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Figure 2: Candidate fluids that can enable a liquid-to-vapor expansion through an isentropic
expansion from Pgg; (Trnax) 10 Peona = Max(Psgt (Teona = 416 K),0.03 bar).
Left: Tpax = 423 K. Middle: T4, = 473 K. Right: Typ,q,, = 523 K.

3 TURBINE MODEL

The turbine performance and design are carried out with an in-house meanline code (Manfredi et al.,
2021). The code was validated against the performance data of seven radial turbines, including radial-
inflow turbines for ORC application, by Manfredi et al. (2021). The meanline method is based on the
solution of one-dimensional continuity, energy, and momentum equations, complemented with specific
correlations for losses. It includes the following components: (i) the nozzle, either of converging or
converging-diverging type, (ii) the vaneless interspace, (iii) the rotor, with either radial or backswept
blades at the inlet, and (iv) a downstream conical diffuser. The model retrieves the full turbine geometry,
comprehensive of nozzle/rotor blade angles, clearances, blade thicknesses, cascade pitches, chords and
openings, and it evaluates the average flow quantities and thermodynamic state at each turbine section
(1,3%,3,4, 6, 7), identified as in Figure 3.

To properly take into account the loss generation mechanisms across each component, a suitable set of
empirical models was selected through a loss sensitivity analysis, whose details can be found in
Manfredi et al. (2021) together with the resulting optimal set of loss correlations. In a nutshell, the
following sources of loss are considered: nozzle passage loss (Glassman, 1976), nozzle trailing-edge
loss (Glassman, 1976), friction in the vaneless interspace (Kastner & Bhinder, 1975), rotor passage loss
(Baines, 1998), rotor trailing-edge loss (Glassman, 1976), rotor clearance loss (Spraker, 1987), windage
loss in the backplate (Daily and Nece, 1960), and kinetic energy loss.

The input parameters to perform the turbine design are the inlet conditions, namely the total pressure,
the total temperature, the flow angle, the mass flow rate, and the required pressure ratio. In addition to
the system inputs, other design variables, which include several geometrical ratios (i.€., Tenup/Totip»
b, /14, 71/73, and cascade solidities) and a few key dimensionless parameters (flow coefficient, work
coefficient), are set based on empirical best practices. The reaction degree is modified to maximize the
efficiency while ensuring dry-vapor conditions at the stator outlet, taking a conservative margin from
saturation to accommodate potential non-equilibrium effects. For all cases presented afterward, the
reaction degree does not exceed the value of 0.3.
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The method implements a strategy to handle nozzle choking conditions and three different geometries
may be contemporarily investigated: subsonic converging nozzles, converging nozzles in choking
conditions with post-expansion, and supersonic converging-diverging nozzles. As the two phases within
the stator are considered at the thermodynamic equilibrium, the speed of sound is smaller than their
single-phase counterparts, leading to supersonic flows at the stator outlet. Therefore, converging-
diverging nozzles are required to handle the supersonic expansion efficiently. The post-expansion ratio
in the semi-bladed channel (3" + 3) is set at 0.92. Finally, the meanline method is not able to handle
rotors with supersonic Mach numbers (M,,, > 1). From a technical ground, supersonic rotors bring
additional design challenges and reduced turbine operability (unstarting issues and unique incidence).
The turbine efficiency 14,5, Which is employed in the cycle analysis, is the total-to-static efficiency
evaluated at the diffuser outlet.
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Figure 3: Details of the supersonic post expansion in the converging-diverging stator (left) and
meridional channel of the turbine (right) — adapted from Manfredi et al. (2021).

4 RESULTS AND DISCUSSION

In this section, the thermodynamic cycle estimates are discussed alongside the associated turbine
design. To integrate the turbine design with the cycle, a first cycle design is run with a constant turbine
efficiency (174, = 0.800). This first iteration sets the boundary conditions for the turbine design. Once
the meanline turbine design is obtained, as well as its isentropic efficiency, the cycle estimates are
updated with the new turbine efficiency. A new design would follow due to the mass-flow rate variation
to meet the target of 200 kW. However, the deviation is so small that the same turbine design can
accommodate the new mass flow rate with negligible variation in efficiency.

Table 2 reports the outcomes of the integrated cycle and turbine analysis. The cycle efficiency increases
with the maximum temperature, although such an increase may be hindered by the higher condensation
temperature that complies with the technical constraint on the minimum pressure. Such constraint is
particularly relevant for cyclic siloxanes, for which the condensation temperature is rather high
(> 348 K). A cogenerative exploitation may help compensate for this penalty in electric efficiency, as
proposed by Casati et al. (2013).

However, at the highest temperature (T;,,, = 523 K), efficient turbine designs were not found.
Although some fluids (i.e., MDM, D4, and D6) can be regarded as potential fluids from a cycle
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perspective, a number of design issues occur. Cyclic siloxanes require supersonic relative Mach
numbers at the rotor inlet to accomplish the expansion, leading to unfeasible meanline turbine design.
On the other hand, the MDM turbine can be designed with M,,, < 1, but the rotor deceleration in the
absolute frame of reference is not sufficient to bring M to subsonic values. This would complicate the
diffuser design (converging-diverging shape), and there would be two sonic throats (nozzle and
diffuser) that would drastically reduce the turbine operability.

Table 2: Main cycle and turbine parameters. Underlined fluid names indicate the most suitable fluids
for the corresponding maximum temperatures. Fluids marked with * lead to not feasible turbine
designs (cycle efficiency computed with 14,4, = 80.0%).

Fluid Pcond [bar] Tcond [K] Pmax [bar] Tmax [K] Nturp [%] 77Cycle [%]
Novec649 0.88 318 13.15 423 84.7 11.7
MM 0.14 318 9.21 473 85.3 17.0
MDM 0.03 329 3.02 473 85.6 15.7
D4* 0.03 349 1.80 473 n/a 12.7
MDM* 0.03 329 7.48 523 n/a 20.7
D4* 0.03 349 4.86 523 n/a 18.1
D6* 0.03 404 1.13 523 n/a 12.0

The fluids that maximize the cycle efficiency are Novec 649 (T4 = 423 K) and MM
(Tax = 473 K). The cycle thermodynamic transformations and the evolution of static quantities in the
turbine are conveniently reported in a temperature-specific entropy (T — s) diagram in Figure 4. In the
same figure, the meridional channels of the corresponding turbines are also reported.

As displayed in Figure 4(b), all turbine stators complete the fluid vaporization. The pressure at the stator
outlet is consistently lower than the saturation pressure along the same isentrope to accommodate
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potential non-equilibrium effects, which can delay the complete liquid vaporization (White, 2022).
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Figure 4: (a) Thermodynamic transformations of feasible TORCs for different temperature levels —
see Figure 1 for point nomenclature. (b) Static thermodynamic states in the turbine — see Figure 3 for
point nomenclature. (¢) Meridional channel of corresponding radial-inflow turbines.

The Novec649 and MM turbine are similar in terms of dimensions. As the MM turbine has to provide
a three-times larger specific work, this is accomplished by increasing the centripetal action via the
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rotational speed, which raises to 10 000 rpm and is still easily achievable by means of gearboxes
available in the market. The stator deals with most of the expansion, delivering an absolute supersonic
flow at the rotor, which becomes subsonic in the relative frame of reference. As the two-phase mixture
is considered at thermodynamic equilibrium, the two-phase speed of sound is considerably smaller than
the two single-phase counterparts (less than 30 m/s). It follows that the expansion occurs almost
entirely in the diverging part. The absolute Mach number at the stator outlet M5 is 1.6 for Novec649
and 2.1 for MM. The absolute Mach number at the rotor outlet My are 0.6 for Novec649 and 0.9 for
MM, hence a classical divergent diffuser is sufficient to recover a portion of the outlet kinetic energy.
To avoid excessively lengthy diffusers, a non-negligible fraction of kinetic energy is still lost, which is
responsible for around 5 percentage points of efficiency loss A7y, as highlighted in Figure 5.

20
— 15 |
X o’ @ Stator
=, 2
§ 10 W Rotor
g r OKinetic Energy
5 F @ Diffuser
oL

Novec649 MM

Figure 5: Loss breakdown for radial turbines that maximize cycle efficiency for the two maximum
temperature levels (Novec 649 for 423 K and MM for 473 K).

5 CONCLUSIONS

This work has assessed the feasibility of a direct coupling between the organic Rankine cycle, the solar
field, and thermal energy storage. The organic fluid remains in the liquid state within the solar field and
the thermal energy system, ensuring a relevant technical simplification of these components and
reducing the plant footprint. Instead of introducing a throttling valve to deliver dry vapor to the turbine,
with a consequent efficiency penalty of the power cycle, a new radial-inflow turbine concept is
conceived to handle the two-phase expansion. Leveraging the retrograde shape of the saturation curve
of molecularly complex fluids, the whole two-phase expansion is processed within a converging-
diverging nozzle, which delivers dry vapor to the subsequent rotor cascade. In this way, blade erosion
and additional fluid-dynamic losses associated with the two-phase mixture in the rotating cascade are
bypassed.

To explore the potential of this system, three maximum temperatures, namely 423K, 473K, and 523K,
are considered. It is found that the optimal fluid changes with the cycle maximum temperature. For
423K, the only non-flammable organic fluid that can enable complete liquid vaporization within the
stator is Novec649. Multiple fluids exist for the other two temperature levels, including linear (MM,
MDM) and cyclic siloxanes (D4, D6).

Efficient turbine designs have been obtained for temperature levels of 423K and 473K, achieving
turbine efficiency of ~ 85%. The optimal cycle efficiencies are 11.7% for Novec649 and 17.0% for
MM, respectively, with reference to the two maximum temperatures. At T,,,, = 473 K, an efficient
turbine has been also designed using MDM as the working fluid. However, due to a technical constraint
on the minimum cycle pressure (limited to 0.03 bar), the resulting cycle efficiency is 15.7%, i.e.,
comparably smaller than the MM counterpart. On the contrary, all candidate fluids for the case at 523K
(MDM, D4, D6) lead to unfeasible turbine designs, which would have required dealing with supersonic
flows in the rotor and the diffuser as well. Therefore, the proposed concept, i.e., direct trilateral ORC
with a radial turboexpander, is feasible only if the maximum temperature achieved in the solar field is
smaller than 473 K.
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Future works will be devoted to developing a model of the overall system; in particular, the effect of
the main design parameters will be investigated (i.e., maximum temperature, working fluid) to identify
the solution characterized by the best economic attractiveness (i.e., LCOE) taking into account
technological constraints. Moreover, the detailed aerodynamic design of the turbo-expander component
will be performed to confirm the encouraging, but still preliminary, results coming from the meanline
analysis.

NOMENCLATURE
a absolute flow angle
b blade height
€ clearance
Neycle cycle thermodynamic efficiency
Npump pump isentropic efficiency
Nm—e mechanical and electrical efficiency
Naux efficiency for auxiliary consumptions
Neurb turbine isentropic efficiency
M, relative Mach number at the rotor inlet
Mg absolute Mach number at the rotor outlet
L, rotor axial length
Peona condensation pressure
Prax maximum cycle pressure
T radius
s specific entropy
Teond condensation temperature
Tnax maximum cycle temperature
AT,prec  pinch-point temperature in the regenerator 147
Xq vapor quality
Whet electric power
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