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Abstract:

In this work, the annual performance of a solar thermal power system in Greece is numerically studied. The
system consists of a field of Evacuated Tube Collectors and a Trilateral Flash Cycle engine. The main target
of this study is to assess the potential of the Trilateral Flash Cycle, a promising higher efficiency alternative to
the Organic Rankine Cycle, for solar energy exploitation. The effects of the solar irradiance, the temperature
of the heat source, and the flashing efficiency on the total solar energy conversion efficiency are monitored.
The economics of the system is preliminarily studied taking into account its scale and the anticipated annual
power output. Simulations indicate that the combined Solar-Trilateral Flash Cycle system can achieve an
average annual total solar energy conversion efficiency of 5%, outperforming a Solar-Organic Rankine Cycle
system of similar architecture at the examined location. It is demonstrated that the efficiency of the Trilateral
Flash Cycle engine is highly dependent on the quality of the Working Fluid at the onset of expansion, and the
operating pressure ratio. Moreover, the Trilateral Flash Cycle can achieve a thermal efficiency of up to 11%.
The Levelized Cost of Electricity of the power system is estimated to lie in the region of 0.26 - 0.32 €/kWh,
based on its scale, indicating that it may be a competitive solution for solar energy exploitation.
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1. Introduction

Solar energy presents a huge potential for green power generation, especially in locations with low to middle
latitudes, and it may be efficiently exploited by solar thermal power systems. In these systems, solar thermal
collectors generate heat that is utilized for power production by a heat-to-power conversion technology.
Several types of solar thermal collectors, with different ranges of applications each, have been developed [1],
and they are currently considered to be at a mature technological level [2]. These collectors provide heat at
rather low temperatures (<400°C), a range where the traditional water-steam Rankine power cycles of
centralized power stations cannot operate efficiently. The overall solar energy conversion efficiency of solar
thermal power systems depends on the collectors’ efficiency and the thermal efficiency (heat-to-power ratio)
of the power generation technology. Bottoming power cycles are a widely applied solution for the efficient
exploitation of low-temperature heat, with the Organic Rankine Cycle (ORC) indicated as a robust solution
because of its flexible design, low maintenance cost, and nearly unsupervised operation [3].

Many works have been published in the literature (e.g. [4—7]) assessing the potential and efficiency of the
ORC, both numerically and experimentally, with different heat sources. The main drawback of the ORC is the
drop in its thermal efficiency at lower heat source temperatures. Several studies have been published in the
literature (e.g. [8]) aiming to identify the causes for this efficiency drop. The consensus is that the energy losses
in the ORC are mainly ought to the isothermal vaporization process of the Working Fluid (WF) at the evaporator
of the cycle. During this process, the temperature of the WF remains constant while the temperature of the
Heat Transfer Fluid (HTF) drops, leading to a sub-optimal match between the finite heat source and the WF.
The optimal match between the heat source and the WF may be accomplished when the power cycle obtains
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a trilateral shape [8], where the vaporization of the WF is omitted. One such possible high-efficiency power
cycle variant is the Trilateral Flash Cycle (TFC), initially conceptualized by Smith et al. [9].

The TFC consists of the same components as the ORC but the WF enters the power generator in the saturated
liquid state, or partially evaporated in the generalized version of the TFC, where it undergoes two-phase
expansion, also known as flashing. The TFC is not technologically mature, mainly because of the lack of
fundamental knowledge about the complex flashing phenomenon in the expander. Only a few experimental
works ([10-12]) have been performed in two-phase expansion until now, with the quality of the WF at the
onset of expansion identified as the most significant factor affecting the efficiency of the two-phase expander.
Higher vapor qualities result in increased efficiencies of the two-phase expansion, which can reach 80% [11].
Furthermore, only a few numerical models [13—-16] have been developed to simulate two-phase expansion, all
of which simulate flashing in twin-screw expanders. In the work of Skiadopoulos et al. [16], a semi-empirical
thermodynamic low-order model was developed to simulate two-phase expansion in twin-screw expanders. In
this model, a segmental approach is applied to monitor the evolution of flashing in the expansion chamber.
Moreover, the liquid and vapor phases are assumed to be in thermal non-equilibrium and a two-fluid model
approach is followed for the formulation of the governing equations.

The purpose of this work is to assess the performance of a small-scale solar thermal power system in Athens,
Greece, driven by low-temperature solar heat, which is provided by a field of Evacuated Tube Collectors
(ETCs), and exploited by a TFC bottoming power cycle. To the best of the authors’ knowledge, this is the first
work in the literature systematically investigating the promising TFC power cycle for solar heat exploitation.
The ETCs are selected for the system, because of their increased efficiency in comparison to Flat Plate
Collectors, which are typically preferred for small-scale systems because of their lower cost. An integrated
numerical tool simulating the annual performance of the combined Solar-TFC system is developed, in the
software environment of Matlab (R2022b). The numerical model utilizes meteorological data for the installation
site, provided by the National Observatory of Athens. Another novel feature of this work is that in TFC modeling,
the performance of the two-phase expander, under varying operating conditions, is accurately monitored, by
applying the novel thermodynamic low-oder model developed by Skiadopoulos et al. [16]. This approach in
two-phase expansion modeling comes to fill a gap in the relevant literature since several theoretical works
studying the performance of the TFC have been published, but the two-phase expander is usually treated as
a black box with isentropic efficiencies achieved in the dry-vapor region [17,18]. R245fa is selected as the WF
of the TFC, because it has been tested as a WF in Solar-ORC systems, numerically and experimentally,
demonstrating very good thermodynamic behavior within the range of temperature and operating pressure
ratios of low-temperature solar systems [6,7].

This paper is organized as follows. In Section 2, the architecture of the integrated system, the governing
equations, and the numerical methodology are presented in detail. Moreover, the methodology for the
economic assessment of the Solar-TFC system is presented. In Section 3, the performance of the ETCs, the
TFC, and the integrated system are investigated in detail. Thereafter, the annual electricity output of the unit
and the achievable total solar energy conversion efficiency, along with the thermal efficiency of the TFC and
the second law efficiency of the Solar-TFC system, under optimal operating conditions, throughout the year
are estimated. Finally, a short economic analysis of the Solar-TFC system is presented. General conclusions
and remarks are presented in Section 4.

2. Materials and Methods
2.1. Description of the Solar-TFC system
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Figure 1. Schematic layout of the Solar-TFC system.
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A schematic layout of the modeled Solar-TFC system is presented in Figure 1. The unit operates in HTF mode,
i.e. solar thermal energy is transferred from the field of the ETC to the evaporator of the TFC through an HTF.
In the evaporator of the TFC, the WF is heated up, at high pressure, reaching the state of the saturated liquid
or the two-phase mixture. Thereafter, it flows through the two-phase expander, where flashing occurs and
power is generated. The two-phase mixture at the expander’s discharge dissipates heat to the environment
through the air-cooled condenser. Finally, the WF is pumped to the operating pressure of the evaporator, and
the power cycle starts anew. The thermodynamic states of the WF in the TFC (numbered 1+4) are presented
in Figure 1. Details regarding the thermodynamic processes of the WF in the TFC are given in Section 2.2.2.
The thermodynamic properties of the HTF, the WF, and the CF are calculated by utilizing the CoolProp library
[19] wrapper for Matlab.

2.2. Modeling

2.2.1. ETC collectors

The Thermomax DF 100 30, developed by Kingspan Thermomax, ETCs are selected for the solar field. The
technical specifications of the selected ETCs are listed in Table 1. The inclination angle g is selected to
maximize the annually absorbed solar energy at the installation site [7]. The values of T,,;,, and T,,,, are typical
of low-temperature solar power systems, ensuring low thermal losses towards the ambient, and, at the same,
subcritical operation of the power cycle (taking into consideration that the critical temperature of R245fa is
equal to 154 °C). Based on T,,,,,, H20 pressurized at 4 bar, to avoid boiling in the solar loop, is selected as the
HTF. Finally, m,../A.,, takes the average value of the recommended, by the collectors’ developer, mass
flowrate range for the solar cooling loop.

Table 1. Technical specifications of the ETCs.

Parameter Symbol Value [Units]
Aperture area Agp 3.228 [m?]

Optical efficiency at normal incidence Mo 0.779 [-]

First-order losses coefficient (based on 4,,) a; 1.07 [W/m2-K]
Second-order losses coefficient (based on 4,,) a, 0.0135 [W/m2-K?]
Heat Transfer Fluid HTF H20 [-]

Collector Area- Specific HTF flowrate Mper/Acor  2.95 1072 [kg/m?2-s]
Inclination angle B 3219

Minimum collectors’ temperature Tinin 80 [°C]

Maximum collectors’ temperature Trnax 130 [°C]

The thermal efficiency 1, of the collectors is calculated by Eq. (1). This empirical formula is applied commonly
in solar collectors’ modeling because the value of the coefficients n,, a;, and a, are available from the
collectors’ certification experiments.

(Tm - Tamb) _ . (Tm - Tamb)2 (1)
Grot 0 G
In Eq. (1) G4 is the total solar irradiance on the collectors’ surface, T, is their average temperature, and T,,,;

is the ambient temperature. The heat gain Q,; of the collectors is then given by Eq. (2), where 4., is the total
area of the collectors.

Neot =MNo — Q1

Qcol =Tcot * Acot * Grot (2)
A common assumption in solar power system simulations is that T,,, is equal to the average temperature of the
HTF flowing in the solar loop. This assumption is expressed by Eq. (3), where Ty, and Thes 0y are the
temperatures of the HTF flowing in and out of the solar cooling loop, respectively.
— Thtf,in + Thtf,out (3)

2

During steady-state operation of the Solar-TFC system, and if the heat losses at the HTF circuit are assumed
negligible, Q. is equal to the heat transfer rate (., to the evaporator of the TFC engine. (., on the HTF side,
is given by Eq. (4), with ¢, s representing the specific heat capacity, under constant pressure, of the HTF,
calculated at T,.

T

Qev = Mner * Cpner(Therout = Therin) (4)
The total irradiance G,,; on the inclined surface of the collectors is given by Eq. (5), where G, and G, are the
beam irradiance normal on the collectors, and the diffuse irradiance, respectively (ground-reflected irradiance
is not considered).

Gror = Gp + Gy (5)

https://doi.org/10.52202/069564-0010 92



G, is calculated based on the available meteorological data at the installation site. Specifically, G, is given by
Eq. (6), where G}, is the beam irradiance on a horizontal surface, and R, is the beam radiation tilt factor.
Gp = Gp " Ry (6)
R, is given at each instance by applying Eq. (7), where L is the local latitude, § the solar declination, and hr
the hour angle. Detailed methodology concerning the calculation of R, is presented by Kalogirou [20].
sin(L — B) - sin(8) + cos(L — B) - cos(6) - cos(hr) (7)
b= sin(L) - sin(8) + cos -(L) - cos(8) - cos(hr)

2.2.2.TFC

A qualitative Temperature- Entropy (T-s) diagram of the TFC power cycle with R245fa as the WF is presented
in Figure 2, where the thermodynamic processes undergone by the WF, the HTF, and the Cooling Fluid (CF)
are drawn. The thermodynamic processes of the TFC are the following:

* 1-2: Adiabatic pumping
* 2-3: Heat absorption in the evaporator at constant pressure p_
= 3—4: Adiabatic expansion in the two-phase expander

= 4—1: Heat rejection in the condenser at constant pressure p_

The WF is sub-cooled at the suction port of the pump to prevent cavitation. Heat is transferred to the evaporator
of the TFC engine by the HTF of the solar cooling loop, leading to a drop in its temperature from Tj.f o, tO
Therin- Heat is dissipated from the TFC in the condenser, resulting in the temperature rise of the CF from T ;,,
to T, oue- Herein, the term TFC is generalized to engulf the power cycle architectures where the WF at the
onset of expansion can be in a state ranging from saturated liquid to saturated vapor.

T T T T T

TI%8]

s [kJ/kg-K]

Figure 2. T-s diagram of the TFC with R245fa as the WF.

The parameters, along with their values and symbols, for the numerical modeling of the TFC are listed in Table
2. Assuming negligible heat losses at the TFC evaporator, Q,, will be equal to the heat absorbed by the WF
of the TFC, equality expressed by Eq. (8), where m,,; is the mass flowrate of the WF, whereas h; and h, are
the specific enthalpies of the WF at thermodynamic states 2 and 3 of the power cycle, respectively.

Qev = mwf ' (h3 - hz) (8)
Table 2. Modeling parameters of the TFC cycle.

Parameter Symbol Value [Units]
Pinch point temperature difference at the evaporator PP, 5 [°C]

Pinch point temperature difference at the condenser PP, 5[°C]

Pump isentropic efficiency Npu,is 0.75 [-]

Working Fluid WF R245fa

Cooling Fluid CF Air [-]
Temperature rise of the Cooling Fluid AT, 10 [°C]

Working fluid sub-cooling at pump suction AT 5[°C]
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The temperature T, of the WF at the onset of condensation is derived from
PP.,,, as in Eq. (9)

T4 = ch,out + PPcon (9)

where T oy is the temperature of the CF at the outlet of the condenser’s cooling loop, given by Eqg. (10). In
Eqg. (10), T, is the temperature of the CF at the inlet of the cooling loop, equal to T,,,, for the modeled case
of the air-cooled condenser in this work.

Tefout = Tefin + AT ¢ (10)

After applying Eq. (9), p,,, is readily calculated, as the saturation pressure of the WF at T,. The coupling
between the TFC and the solar cooling cool is accomplished by
PP,,, as expressed by Eq. (11), where Ty, is the temperature of the HTF at the end of the preheating stage,

and Tyqewr(Pev) is the saturation temperature of the WF atp, . In the ideal trilateral cycle, Ty, becomes
equal to Tz oy

Thtf,pr = sat,wf(pev) + PP, (11)
Equation (12) must be satisfied along with Eq. (8). In Eq. (12), Qpr is the heat transfer rate from the HTF to the
WF during the preheating stage, and h; 4. (pe) is the enthalpy of the saturated liquid at p, .

Qpr = Muys * (RusaeDev) = h2) = Mner * Cpner * (Tner pr — Therin) (12)
The numerical procedure for the determination of m, and p, , for a desired quality x; of the two-phase
mixture at the onset of expansion is as follows. The value of p,, is varied iteratively in a stepwise manner. For
a guess intermediate value of p_ , the saturation temperature Ty r(pey) Of the WF is calculated, and,
subsequently, T, ,, is derived by applying Eq. (11). Thereafter, two values for m,; are calculated by
simultaneously applying Egs. (8) and (12). The iterations on p_ terminate when the two values of 1,
converge.
After the values of m,,r and p, have been determined, the thermodynamic low-order two-phase expansion
model (details about the methodology applied in the two-phase expansion model can be found in Ref. [16]), is
run. The outcome of the simulation is the rotational speed of the expander for the given mass flowrate, and
the specific enthalpy h, of the WF at the discharge port. Thereafter, the isentropic efficiency 7,, ;s of expansion
is calculated by Eq. (13), where h,; is the specific enthalpy of the WF corresponding to an isentropic
expansion from state 3atp, top_ .
_hsmha (13)
r]ex,ls - h3 _ h4-,is
The power w,, generated by the two-phase expander is given by Eq. (14)
Wey = mwf *(hs —hy) (14)
whereas the power w,,, absorbed by the pump is calculated by Eq. (15), in which h, is the specific enthalpy of
the WF at its suction.

Wpu = mwf “(hy — hy) (15)
h, is derived by applying the formula for the isentropic efficiency s of the pump, as in Eq. (16).
Mowis = hZ,iS - h1 (16)
pu,is hz _ hl

In Eq. (16), h,,; is the specific enthalpy of the WF corresponding to its isentropic pumping from state 1 atp_

to p, . The thermal efficiency 7., of the TFC is given by Eq. (17), where v, is the net power generated by
the TFC engine.

_ Wnet _ Wex - Wpu (17)
Nih= "7 ="

Qev QBU

The heat transfer rate Q,,, at the condenser is calculated by Eq. (18), leading to the evaluation of the
necessary mass flowrate ., of the CF. In Eq. (18) ¢, . is the specific heat capacity, under constant pressure,
of the CF.

Qcon = mwf “(hy — hl)zmcf “Cpef” Ach (18)
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2.2.3. Solar-TFC system
At any operating instance of the Solar-TFC system, the overall solar energy conversion efficiency 7., is given
by Eq. (19).
Qcol . Wnet _ Wnet (19)
cuthot Qev B Acul ) Gtot
Moreover, the exergy efficiency n,; of the unit is given by Eq. (20)

Whet (20)

M = T
(1 - ::::7) Acor " Geor

Ntot = Ncot " Nen = 2

where T, is the solar reference temperature, taken equal to 5770 K for this work [7].

The average thermal efficiency Nepav of the TFC engine, and the average solar energy conversion efficiency
Neotav and average exergy efficiency Maw of the combined unit over a period are calculated by integrating Egs.
(17), (19), and (20), respectively.

2.3. Economic analysis

The economics of the Solar-TFC system is assessed by evaluating the Levelized Cost of Electricity (LCOE),
an estimation of the average cost that the owner-operator of the system will have to pay for every kWh
produced during its anticipated lifetime N. LCOE is given by Eq. (21)
M
Cinv + Zi\]:l A+0)" (21)
=W

where C;,,,, is the total initial investment cost, W is the total electricity produced at year i, M is the annual
maintenance cost at year i, and r is the annual discount rate. In this work, it is assumed that W, as well as M
and r remain constant throughout N. C;,,, is given by Eq. (22), where sc.¢. and sc,; are the specific costs of

the TFC and the ETC collectors, respectively, whereas P, is the nominal electric capacity of the TFC.

LCOE =

Cinp = SCtfc” Ptfc + SCeo1 " Acor (22)

The values of the parameters for the economic analysis are listed in Table 3. Analysis concerning the
estimation of sc.¢., based on the nominal capacity of the TFC is presented in Section 3.3.3.

Table 3. Parameters of the economic analysis.

Parameter Symbol Value [Units]
Lifetime N 20 [yr]
Annual discount rate r 5 [%] [7,21]
Annual maintenance cost M 0.01Cyy,y, [€]
Specific cost of collectors SCeol 260 [€/m?] [6]

3. Results & Discussion
3.1. Solar field

The performance of the solar field is assessed based on the achievable values for n.,; as a function of G,,,,
T.mp, @and T,, for a clear-sky day at the installation site. The variation of G,,;, G4, and T,,,;, from sunrise to
sunset, with an hourly time step, as a function of solar time for the reference day is presented in Figure 3. The
fluctuation of 1., and Q,,/A.,; versus solar time for the reference day and different desired operating
temperatures T,, is presented in Figure 4. It is assumed that the TFC engine operates when the temperature
of the collectors reaches the desired value of T,,, and, thereafter, T,,, remains constant for as long as possible,
based on the values of G,,; and T,,,;. Therefore, during the heating up of the collectors, it is assumed that the
solar irradiance is exploited initially only to increase T,, (Q,, = 0) until its desired value has been reached.
Subsequently, (and for as long as @, > 0) all the heat gain Q,,, is delivered to the TFC engine (Qzo; = Qcp)s
and T,, is kept constant. When Q,,; < 0, the collectors are cooled down, and the operation of the TFC engine
stops.

After sunrise, the temperature of the collectors begins to increase, with a gradual drop in n.,; because the
temperature difference T,, — T, rises and the heat losses towards the ambient are increased. After the
desired operating temperature T,, has been reached, 7., rises as G,,; and T, increase, and it drops
gradually after solar noon. The maximum values of 1.,; and Q,, /A, (while the TFC engine is operating), equal
to 0.664 and 676.84, respectively, are obtained for T,,, equal to 80 °C. Increasing T,, reduces 1.,; and Q,, /Ao
because the heat losses towards the ambient are also higher. However, reducing T,, may harm 7., as the
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operating pressure ratio of the TFC will drop. The effect of T, along with other identified crucial parameters,

on the efficiency of the TFC is described in detail in Section 3.2.
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Figure 4. 1.,; and Q,,/A.,; as a function of solar time for different values of T,,.

The performance of the TFC is assessed based on its efficiency at solar noon, when the irradiance on the
collectors is maximized, of the reference day presented in Section 3.1. The value of n,, depends on the
isentropic efficiency 7, ;s of the two-phase expansion, which, in turn, is directly related to x; and T,,,, as can
be seen in Figure 5. Low vapor quality at the suction port of the two-phase expansion leads to very low values
of n.y,is- This is attributed to the increased pressure losses at suction and the increased mass flowrates m,,
of the WF, which cannot be accommodated by the modeled expander [11,16]. Furthermore, as T,, and x;
vary, the deviation of the WF volume ratio from the built-in volume ratio of the two-phase expander varies as
well. For every T, there is a value of x5 for which an optimal match between the two values is obtained, and
the over-under expansion losses are minimized.

Increasing 7., ;s has an obvious positive effect on 7,,, and values as high as 0.11 can be achieved. The
variation of n,, ;s and n., with x3, for the range of values for T,,, indicates that the optimal operating point of
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the unit lies always within the two-phase region, as their values are systematically reduced towards the
saturated vapor state.
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3.3. Solar-TFC

3.3.1. Performance optimization
The analysis presented in Sections 3.1 and 3.2 highlighted that there are two degrees of freedom, i.e. T,, and
x5, inthe Solar-TFC system, the determination of which leads to the maximization of n,,, for given irradiance

and T,,,, values. The system of Egs. presented in Sections 3.1, 3.2, and 3.3 is formulated in Matlab, wherein
a native genetic algorithm, which leads to the determination of the global optimum, is applied aiming to
maximize n.,., with T,,, and x5 the iteration variables. The optimization problem is solved throughout the year
with a fifteen minute interval.
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20%
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Figure 6. Frequency distribution of optimal T,,, value per year.

The simulations reveal that the Solar-TFC system can be operational for a total of 2835 hours per year in
Athens. The frequency distribution of the optimal T,, on the annual basis is presented in Figure 6. It can be
deduced that T,,;, is the most frequent optimal operating temperature of the collectors. This is justified since
an annual optimization is undertaken, and days with low values of irradiance and T,,,;, are also considered.
On the other hand, it must be stressed that it is optimal to operate the system at T,,,,, for only about 2% of the
unit’s operating time around the year. This is because, as analyzed in Sections 3.1 and 3.2, the heat losses of
the solar field towards the ambient are very high, and, at the same time, the efficiency of the TFC is rather low,
because of low 7., values. T,,, is optimal only in a few instances during summer, when Qup/Acor 1S
maximized because of the high irradiance, and, T,,,;, is high enough to ensure a favorable WF volume ratio,
and, therefore, an operating pressure ratio for the TFC. The variation of the optimal x; throughout the year is
presented in Figure 7, and it ranges from 0.59 to 0.83. As analyzed in Section 3.2, high values of x; ensure
satisfying 7., ;s, and, as a result, increased 1., a finding consistent with experiments [11].
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3.3.2. Annual yield and efficiency

The total collectors’ area- specific solar energy E,,/A.,; incident on the ETCs monthly, for the operational
time of the Solar-TFC system, along with the average monthly n, _are presented in Figure 8.
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Figure 8. Monthly variation of Es,; /Ao and 4ot gy-

Ego1/Ac0 is maximized in August, however, the combined system is most efficient in solar energy harvesting
during March. This can be explained as follows. The irradiance on the collectors may be higher during summer,
but the utilization of an air-cooled condenser increases the condensation temperature and pressure (see Egs.
(9) and (10)), and the operating pressure ratio p,,/p..n of the TFC is reduced, with adverse effects on the
power generation potential. If the condensation temperature was kept constant throughout the year, it is
expected that Nrotav would be higher in summer.

The average annual solar energy conversion efficiency 7., 4,, Of the Solar-TFC system is equal to 0.05, which
is substantially higher than the one estimated (0.03) for a small-scale Solar-ORC system at the installation site
[6], which consists of the same ETCs and two scroll expanders, installed in series, as power generators. The
monthly distribution of the total collectors’ area-specific W /A, electricity produced by the TFC, and the values
of 114y @and ny, 4, are presented in Figure 9. The annual yield of electricity is equal to 86 kWh per m? of
collectors, with an average 7,4, equal to 0.10. This average annual efficiency is again higher than the
calculated (0.089) from the simulations of the aforementioned small-scale Solar-ORC system at the same
location, demonstrating the potential of the TFC for higher-efficiency solar thermal power systems. The annual
average exergy efficiency 7, ,,, is approximately 0.05, a value slightly lower than the one simulated for a small-
scale Solar-ORC system with R245fa as the WF in Athens [7]. However, that unit utilizes Parabolic Trough
Collectors, which achieve higher values of 1.,;, but are most costly.
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Figure 9. Monthly variation of W /A..;, N¢p,ar, @Nd 0y g

3.3.3. Economic assessment

The economics of the Solar-TFC system is assessed by performing a parametric analysis, with 4., and
scyc the degrees of freedom. A, implicitly determines the value of Pf,. It is assumed that G, T,,, and T,
are equal to 1000 W/m?2, 110 °C, 20 °C, respectively, at the design point of the unit. By applying Eq. (1), 1.0
is calculated and, assuming a gross value, i.e. neglecting w,,,, of n., equal to 0.08, the value of Pisc may be
readily calculated. Thereafter, sc. is estimated based on the values of P, the nominal heat capacity, and
the temperature of the heat source, according to the work of Braimakis et al. [22]. The values of Py and scypc
as a function of A, are listed in Table 4. It must be noted that the parametric values of 4., were selected to
ensure that Py lies within the operating nominal electric capacities of twin screw expanders [23].

LCOE versus A, is plotted in Figure 10. As A, increases, LCOE drops because sc.. is diminished. The
estimated LCOE values are considered competitive against the current electricity prices at the European Union,
and also against the reported LCOE values of Solar-ORC systems in the literature, that range between 0.25
and 0.95 €/kWh [6,7,24]. The penetration of the Solar-TFC system in the market could be further assisted in
the future, considering the European policies to assist the participation of renewables in the energy mix and
promote decentralized energy production.

Table 4. Parametric values of A, Pis., and scs. at the Solar-TFC system design point.

Aoy [M7] 200 300 400 500 600
Pyre [KWel] 9 14 18 23 28
SCepe [E/KWel] 4850 4300 3800 3300 3000
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Figure 10. LCOE as a function of 4.,,.
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4. Conclusions

In the present work, the annual performance of a Solar-TFC power system located in Athens was numerically
studied. The operation of the system was optimized throughout the year to maximize solar energy conversion
efficiency. Particular attention was paid to the two-phase expansion efficiency, which mainly affects the thermal
efficiency of the TFC, with flashing simulations indicating that higher vapor qualities (59-83%) of the WF at the
onset of expansion have a positive effect on the power cycle performance. The numerical results indicated
that 86 kWh of green power per m2 of collectors can be generated by the Solar-TFC system annually, with the
average solar energy conversion efficiency reaching 5%, higher than the one estimated for a Solar-ORC
system with similar architecture in Athens. The average annual thermal efficiency of the TFC and exergy
efficiency of the combined Solar-TFC system were calculated approximately equal to 10% and 5%,
respectively.

The preliminary economic analysis of the Solar-TFC system demonstrated the potential of the TFC as a
competitive replacement of the ORC for solar heat recovery. Indeed, LCOE values in the range of 0.26 - 0.32
€/kWh can be anticipated for an operation reaching 20 years. The economics of the system is better as its size
increases, because of the TFC engine’s lower specific cost at higher capacities.

Concluding, the analysis presented in this work highlighted the potential of the TFC for efficient solar energy
conversion, and its competitiveness compared to the ORC. However, it must be noted that additional research
work is necessary for the TFC to reach a technologically mature level. This research work must mainly focus
on the comprehension of the flashing phenomenon and the development of expanders that will operate
efficiently in the two-phase region.
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Nomenclature
Symbols Subscripts 11 Second Law
p  Pressure [bar] in Inlet av Average
T  Temperature [°C] out Outlet ap Aperture
A Collectors’ area [m?] is Isentropic sol Solar
h  Specific enthalpy [kJ/kg] ex Expander htf Heat Transfer Fluid
s Specific entropy [kJ/kg-K] ev Evaporator wf Working Fluid
G Irradiance [W/m?] con  Condenser cf Cooling Fluid
¢,  Specific heat [kJ/kg-K] sub Subcooling Greek letters
m  Mass flow rate [kg/s] pr Preheating 8 Solar declination []
w  Power [kW] pu Pump n Efficiency [-]
x  Vapor quality [-] sat Saturated B Inclination angle [°]
W Electricity [kWh] th Thermal a Losses Coefficient [-]
0  Heat transfer rate [kW] l Liquid Abbreviations
¢  Cost[€] amb  Ambient TFC Trilateral Flash Cycle
r  Discount rate [%] m Mean ETC Evacuated Tube Collector
L Latitude [°] col Collector HTF Heat Transfer Fluid
P Nominal power [kW] d Diffuse CF Cooling Fluid
sc  Specific cost [€/m?] [€/kW] b Beam WF Working Fluid
hr  Hour angle [°] tot Total PP Pinch point [°C]
R Radiation tilt factor [-] inv Investment ORC Organic Rankine Cycle
E  Solar energy [kWh] h Horizontal LCOE Levelized Cost of Electricity
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