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ABSTRACT: Amidst the global push for decarbonization, solar-powered Organic Rankine Cycle (SORC) systems are
gaining significant attention. The small-scale Organic Rankine Cycle (ORC) systems have enhanced environmental
adaptability, improved system flexibility, and achieved diversification of application scenarios. However, the power
consumption ratio of the working fluid pump becomes significantly larger relative to the total power output of the
system, adversely impacting overall system efficiency. This study introduces an innovative approach by incorporating
a vapor-liquid ejector into the ORC system to reduce the pump work consumption within the ORC. The thermo-
economic models for both the traditional ORC and an ORC integrated with a vapor-liquid ejector driven by solar
parabolic trough collectors (PTCs) were developed. Key evaluation indicators, such as thermal efficiency, exergy
efficiency, specific investment cost, and levelized cost of energy, were employed to compare the SORC with the
solar ejector organic Rankine cycle (SEORC). Additionally, the study explores the effects of solar beam radiation
intensity, PTC temperature variation, evaporator pinch point temperature difference, and condenser pinch point
temperature difference on the thermo-economic performance of both systems. Results demonstrate that SEORC
consistently outperforms SORC. Higher solar radiation intensity and increased PTC inlet temperature lead to better
system efficiency. Moreover, there is an optimal PTC temperature drop where both thermal and exergy efficiencies
are maximized. The influence of evaporator and condenser temperature pinches on system performance is found to
be inconsistent.
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1 Introduction

Global economic expansion and urbanization have resulted in severe environmental pollution and
substantial CO, emissions [1]. In response to climate change, China has pledaged to reach peak total CO,
emissions before 2030 and achieve carbon neutrality before 2060, as announced on 22 September 2020, at the
75th United Nations (UN) General Assembly. To achieve this ambitious goal, the development of renewable
and clean energy has become one of the most crucial strategies, garnering escalating attention [2]. Solar
energy, with the abundance and widespread distribution, is supposed to a preferred solution to address the
global climate change [3].

® Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://www.techscience.com/journal/EE
https://www.techscience.com/
http://dx.doi.org/10.32604/ee.2025.060113
https://www.techscience.com/doi/10.32604/ee.2025.060113
mailto:yangzuowei@dongfang.com

1444 Energy Eng. 2025;122(4)

Organic Rankine cycle (ORC) is one of the most attractive technologies for harnessing solar energy [4].
Solar collectors capture solar radiation and convert it into heat. Among the various types of solar collectors,
including flat-plate collectors with reflectors, parabolic trough collectors (PTCs), compound parabolic
collectors, and Fresnel lens concentrating collectors, PTCs are the most commonly used for delivering
process heat [5]. Over the past decades, extensive theoretical and experimental research has been conducted
on PTC powered ORC systems. Rayegan et al. [6] developed a systematic approach for the selection of an
appropriate working fluid. This method considers the molecular composition, their temperature-entropy
characteristics, and the influence of these attributes on the thermodynamic efficiency of the system. Desai
et al. [7] conducted thermo-economic investigation and working fluid selection for solar ORC. Soulis
et al. [8] constructed a simulation model of a two-stage ORC engine coupled with evacuated tube solar
collectors. The model was based on daily meteorological data covering a period of thirty-four years. The
findings indicated significant spatial variability in the system’s performance. Calise et al. [9] conducted
a thermo-economic optimization analysis of the heat exchanger parameters and demonstrated the off-
design operational characteristics of a PTC powered ORC system that utilizes butane as its working fluid.
Roumpedakis et al. [10] executed an assessment that combined exergetic and economic evaluations of a
compact solar-powered ORC system. Georousis et al. [11] performed an optimization study with multiple
objectives for a PTC-driven ORC system, employing CO, as the working fluid.

Research in PTC-ORC has predominantly focused on working fluid selection, operating parameters
optimization, components geometrical parameter optimization, multi-objective optimization and off-design
study. These studies aimed at improving the thermodynamic efficiency of PTC-ORC systems. Javed et al. [12]
carried out a comparative evaluation of three distinct ORC setups, encompassing basic, recuperative, and
regenerative types, assessing them from both energetic and financial viewpoints. The results demonstrate
that the regenerative ORC configuration, utilizing Toluene as the working fluid, outperforms the other
configurations. Freeman et al. [13] introduced a concept for a domestic-scale PTC-ORC system designed
for cogeneration of power and heat, tailored for the UK’s climate conditions. Bellos et al. [14] conducted a
study focused on the investigation and enhancement of a trigeneration system designed for the concurrent
generation of heating, cooling, and electricity. Jafary et al. [15] proposed and evaluated two distinct tri-
generation system configurations driven by PTC, namely a regenerative ORC and an ORC system equipped
with an internal heat exchanger.

The working fluid pump in ORC systems significantly impacts the overall system performance and
stable operation. In the current literature on ORC systems, the efficiency of the working fluid pump is
commonly estimated to range from 65% to 85% [16,17]. However, under current technological conditions,
the actual operational efficiency of working fluid pumps frequently are less than these assumed values [18,19].
Zhang [20] emphasized that the selection of an appropriate circulation pump is pivotal to the system’s
performance, as an unsuitable pump can lead to negative efficiency when its power consumption is accounted
for. Jiang et al. [21] addressed this issue by developing a small-scale pumpless ORC system, which innovatively
eliminates the pump to reduce the significant electrical power consumption and thereby enhances system
efficiency. Yang et al. [22] evaluated the performance of different types of working fluid pumps used in
ORC systems. Their analysis showed that the efficiency rates for multistage centrifugal pumps, hydraulic
diaphragm metering pumps, and roto-jet pumps are 58.76%, 55.26%, and 30.51%, respectively. These results
highlight the significant influence that the efficiency of the working fluid pump has on the overall efficiency
of the ORC system. Furthermore, the working fluid pumps power consumption remains relatively high in
medium-scale ORC systems [23,24]. Therefore, investigating strategies to reduce the power consumption of
ORC pumps is of practical significance.
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As an alternative expansion mechanism, the ejector is widely utilized due to its simple design, absence
of moving parts, easy operation, and low maintenance requirements. The integration of an ejector into an
ORC can reduce working fluid pumps power consumption. Wang et al. [25] conducted a comprehensive
comparison of configurations, components, and working fluid options for small-scale solar ORC systems.
The assessments considered a variety of solar collector types, different power cycle configurations, a range
of expander types along with their respective designs, and a selection of suitable working fluids. Haghparast
etal. [26] conducted a parametric optimization and evaluated the performance of an ejector integrated into
an ORC. Sanaye et al. [27] proposed an innovative configuration combining an ejector refrigeration cycle
with an ORC system for transformer cooling and power generation. In all the studies, the vapor produced
by the second-stage evaporator was employed as the primary fluid for the ejector. The significance of this
study lies in its innovative approach to enhancing the efficiency of solar-powered Organic Rankine Cycle
(SORC) systems by integrating a vapor-liquid ejector, which has the potential to significantly reduce working
fluid pumps power consumption and improve overall system performance. In present paper, vapor-liquid
ejector serves as the primary fluid to entrain liquid from the condenser. The vapor of the working fluid
at intermediate pressure, which is extracted from the expander, serves as the principal medium to entrain
the liquid from the condenser. The vapor-liquid ejector not only reduces turbine backpressure but also
enhances the working fluid pump inlet pressure. Initially, a comprehensive thermo-economic model of
the PTC-ORC with the vapor-liquid ejector (SEORC) is established. Subsequently, a comparative analysis
from both thermal and economic perspectives between the solar ORC (SORC) and SEORC is conducted.
Finally, an investigation was conducted to assess the impact of critical operational parameters on system
performance.

2 System Description

Fig. 1 illustrates the schematic diagram and temperature-entropy (T-s) of the SORC, with an extensive
system description available in reference [28]. Fig. 2 presents the schematic diagram and the temperature-
entropy (T-s) of the SEORC. The system predominantly comprises a PTC collector array, an evaporator,
a turbine, a condenser, an ejector, and a working fluid pump. Syltherm 800 serves as the thermal transfer
fluid, which is initially heated in the PTC collector and then proceeds to the evaporator to bring the working
fluid to a saturated state. Noted for its broad operational range and resistance to pipe clogging, is ideal
for this application. The working fluid experiences three stages: preheating (8-9), evaporation (9-10), and
superheating (10-1), transforming into superheated vapor prior to entering the turbine. A portion of the
vapor is throttled to intermediate pressure (1-6) and directed to the ejector as the primary flow, while the
remainder continues to expand, generating work. The turbine’s exhaust is conveyed to the condenser, wherein
the exhaust stream undergoes cooling and liquefaction facilitated by a precooling process using cooling water
(2-3), condensation (3-4), and subcooling (4-5). The liquefied fluid then serves as the secondary flow for
the ejector.

Fig. 3 illustrates schematic diagram of the ejector. The primary flow undergoes acceleration and
expansion as it passes through the nozzle, resulting in the formation of a low-pressure zone at the inlet of
the mixing chamber. Concurrently, the secondary flow is drawn into the mixing chamber by the action of
vacuum and shear forces. Inside the mixing chamber, the primary flow condenses through direct contact
heat transfer, leading to the formation of a uniform two-phase flow through vigorous mass, momentum,
and heat exchange. At this stage, the two-phase flow is still supersonic and undergoes sudden compression,
creating a strong condensation shock wave at the mixing chamber’s end, rapidly increasing the fluid pressure.
Finally, the mixed fluid’s pressure rises further in the diffusion chamber, facilitating efficient heat transfer
and pressurization. Following pressurization by the working fluid pump (7-8), the mixed fluid is channeled
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back to the evaporator to continue the cycle. The selection of R245fa as the working fluid is attributed to its
superior thermal characteristics and favorable environmental profile [29], with a comprehensive overview of

its thermophysical properties detailed in Table 1. The fluid properties in the simulation are calculated using
the CoolProp library [30].
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Figure 1: Schematic diagram and T-s chart of SORC
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Figure 3: Schematic diagram of ejector

Table 1: Thermophysical characteristics of R245fa

Fluid Mole mass Normal Critical Critical Flammability ODP GWP
(g/mol) boiling temperature pressure
point (°C) (°C) (kPa)

R245fa 134.05 15.1 154.0 3650 Non-flammable 0 1030
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3 System Model
3.1 Thermodynamic Assumptions
The following assumptions are made to simplify the analysis of SEORC:
(1)  The system is modeled under steady-state conditions;
(2) Pressure and heat losses are neglected for all components, except in the turbine and pump;
(3) Friction losses, as well as the kinetic energy and potential energy of operating process are ignored;
(4) The incidence angle and surface temperature are assumed to zero and 5770 K;
(5) The ambient temperature and pressure are assumed to be 25°C and 101.325 kPa, respectively;

(6) The primary and secondary fluids are supplied to the ejector under stagnation state;
(7)  The fluid at the exit of ejector is under stagnation state.

3.2 Thermodynamic Model

The available energy from the sun can be calculated by

Qava = Acole (1)

where Q represents the heat transfer rate, kW; A is the area, m?; G, indicates the solar beam radiation intensity,
W/m?. The subscripts “ava” denotes available.

The PTC’s thermal efficiency is determined by [31,32]

Tave — T Tave — To \°
Heol = 0.762 - 0.215 (L‘)) -0.001672 (L‘)) o)
Gy Gy

Tave _ Tcol,in +2Tc01,0ut (3)

IRy »

where 7 signifies the thermal efficiency; T is temperature, °C. The subscripts “col’, “ave”, “am”, “in” and “out”
denote the PTC, average, ambient, inlet and outlet, respectively.

The evaporator’s available energy is given by
Quse = Qavar]col (4)

The mass flow rate of Syltherm 800 in the PTC is expressed as
Quse

Cp,syl (Tcol,in - col,out)

(5)

Mgyl =

where m represents the mass flow rate, kg/s; Cp represents the specific heat capacity, kJ/(kg-K); T represents
the temperature, °C; h represents the specific enthalpy, kJ/kg; the subscripts “syl” and “col” denote the
syltherm 800 and solar collector, respectively.

The PTC’s input exergy is given by
Ecol,in = msyl ((hcol,in - hO,syl) - TO (Scol,in - SO,syl)) (6)
The PTC’s output exergy is given by

Ecol,out = Mgyl ((hcol,out - hO,syl) - TO (Scol,out - 50,sy1)) (7)

where E is the available solar exergy, kW.
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The exergy obtained by the solar radiation is given by

3T, 1T
Egolin = Acollp |1 - — + = 8
sol, coldb ( 4T, 3 Tsol4 ( )
The PTC’s exergy efliciency is given by
Hex.col = Ecol,out - Ecol,in (9)

Esol,in

where the subscript “ex” denotes exergy.

Vapor-liquid ejector model

Vapor-liquid ejectors are characterized by their ability to produce an outlet pressure that exceeds the
primary flow pressure. Consequently, this feature can lead to a reduction in the working fluid pump powe
consumption, and it allows for the anticipation of a more substantial net power output. The ejector features
a central steam nozzle design. It is composed of three distinct sections: an intake section for drawing in the
secondary fluid, a mixing chamber where the primary and secondary flows combine, and a diffuser that
facilitates the pressure increase and flow transformation.

Steam nozzle

At the outlet of steam nozzle (section Ag), the pressure of primary flow is low, and the velocity
is supersonic.

The primary flow pressure at section Ay is expressed as

Pas=Ps- € (10)

where p; is the initial pressure of the primary flow, kPa; pa; is the primary flow pressure at section A, kPa; ¢
is the expansion rate assumed to be 0.25 [33].

The primary flow enthalpy at section As is expressed as

hAs = hs — Nn,s (hs - hAs,s) (H)

where hy; is the primary flow enthalpy, kJ/kg; hs represents the initial enthalpy of the primary flow, kJ/kg;
has,s denotes the primary flow enthalpy during the isentropic process, kJ/kg; #,s is the steam nozzle’s
isentropic efficiency.

The primary flow velocity at section Ay is given by
Ups = 2 (hs - hAs) (12)

where u,, is velocity A, m/s.

The sectional area of section A; is given by

AAs = ms/ (PAS : uAs) (13)

where Ay is the area, m?; mi is the primary flow’s mass flow rate, kg/s; pas is the density, kg/m3.

Liquid nozzle
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The secondary flow pressure at the outlet of liquid nozzle (section Aj) is given by

DAL= Pas (14)

where py; is the secondary flow pressure, kPa.

The secondary flow enthalpy at section 4 is given by

hatr=h =101 (hy— hays) (15)

where hy is the secondly flow enthalpy, k]/kg; /y denotes the initial enthalpy of the secondary flow, kJ/kg; haj
represents the secondary flow enthalpy at section A, during the isentropic process, kJ/kg; #, is the liquid
nozzle’s isentropic efficiency taken as 0.85 [34].

The secondary flow velocity at section 4; is given by
uar = /2 (hi - ha) (16)

where uy is the secondary flow velocity at section Aj, m/s.

The sectional area of section 4 is given by

Aar=mi/ (par-uar) (17)

where A, is the area, m?; my is the secondary flow’s mass flow rate, kg/s; pa; is the secondary flow density at
section Aj, kg/ m’.

Mixing chamber before shock

The mixing chamber serves as the crucial component within the ejector, where the exchange of mass,
momentum, and heat occurs between the vaporous and liquid phases of the working fluid.

The area of section B is given by
Ag = AxsRaB (18)

where Ag is the area of section B, m?; Ry p is the section area ratio assumed to be 0.36.

The mass flow rate of section B is given by
mpg = mj + my (19)

where mg is the mixed working fluid’s mass flow rate, kg/s.

The mixed working fluid’s velocity is given by [35]

= (uas + - UAL) \/Mmix (20)

1+u

where p is the entrainment ratio; 7,y is the mixing efficiency estimated at 0.95.
The mixed working fluid’s enthalpy at section B is given by

_(ho+p-h)  up?

h
’ 1+u 2

(21)
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The mixed working fluid’s density at section B is given by
PB = mB/ (AB . uB) (22)

The mixed working fluid’s fraction dryness at section B is given by

VE = ald (23)

- xpp1+ (1—xp) ps

where F denotes mixed working fluid’s fraction dryness, %; x is the dryness; p; is the density of liquid-state
part of the mixed working fluid, kg/m’; p; is the density of steam-state part of the mixed working fluid, kg/m’.

The mixed working fluid’s sound velocity is given by

1
Usonic,m = (24)

VF_ (1-VF)
e prc? )PP

where Usonic,m 18 the sound velocity, m/s; ¢ is the sound velocity of steam-state part of the mixed working
fluid, m/s; g is the sound velocity of liquid-state part of the mixed working fluid, m/s.

The Mach number at section B is given by
MaB = uB/usonic,m (25)

where Mag is the Mach number at section B.

The Mach number at section C is given by

[ Magz 2y (-1)
Mac = \} 2kMag?/ (k—1) -1 (26)

where Mac is The Mach number at section C; k is heat capacity ratio.

The pressure at section C is given by

_ 1+ k]VIGlB2 (27)
pc= PB1+ kMaC2

The velocity at section C is given by
uc = (mpug + ppAsp — pcAc) /mc (28)

The enthalpy at section C is given by

MBZ
prus\ ot )
he = _zc (29)

- pcuc 2

Diffuser
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The pressure at section D is given by [36]

ue?
Pp = Pp + Yaifr (Pc% (30)
where 74i¢r is the diffuser efficiency assumed to be 0.65.

The evaporator

The evaporator is the bridge between the PTC sub-system and the ORC sub-system. The energy
conservation within the evaporator is described by

Q. = Myl (hcol,out - hcol,in) = Myf (hl - h8) (31)

where m denotes the mass flow rate, kg/s; h denotes the specific enthalpy, k]/kg; the subscripts “syl” and “wt”
correspond to the syltherm 800 and working fluid, respectively. The numerical subscripts in these equations
match those shown in Fig. 2.

The evaporator’s entropy generation is given by

Sgen,e = Myf (51 - 58) + Mgy (Scol,in - Scol,out) (32)

where Sgen ¢ is the entropy generation, kW/K.

The evaporator’s entropy generation is given by
I.=Tp- Sgen,e (33)

where I is the irreversible loss of the evaporator, kW.

The evaporator is structured into three distinct segments, namely preheating section, evaporation
section and superheating section.

The thermal conductivity rate of the preheating section is given by

Myt (h9 - hs)

KA =
. (Tcol,in - TS - Atpp) /11‘1 ((Tcol,in - TS) /AtPP>

(34)

where KA., is thermal conductivity rate of the preheating section, W/°C; At,, is the pinch point
difference, °C.

The thermal conductivity rate of the evaporation section is given by

Myt (hlo - h9)

KA, = (35)
(Toyta = Tio = Atpp) /In ((Tigra = Tho) /Atyp)
where KA., is thermal conductivity rate of the evaporation section, W/°C.
The thermal conductivity rate of the superheating section is given by
hi—h
KAe3 _ mwf( 1 10) (36)

(Tcol,out - Tl) - (Tsyl,l - Tl()) /11‘1 ((Tcol,out - Tl) / (Tsyl,l - TlO))

where KA,; is thermal conductivity rate of the superheating section, W/°C.
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The Chisholm & Wanniarachchi correlation [37] is applied to determine the single-phase convective
heat transfer coeflicient for R245fa and water within the evaporator.

KD 90 - )%
h =0.72 ( /3) ReO.59Pr0.4¢O.41 (37)

A s

where dj, denotes the hydraulic diameter, m; A denotes coeflicient of thermal conductivity, W/(m-K);
denotes the corrugation angle on the surface of a plate; Re denotes the Reynolds number; Pr denotes Prandtl
number; ¢ denotes enlargment factor.

_ Con
X

where C, denotes the specific heat capacity, k]/(kg:K); # denotes the viscosity, Pa-s.

1 b | 1(nb
(/)Zg 1+\ll+(g)+4\Jl+z(E) (39)

where b is corrugation height, m; p., is corrugation pitch, m.

Pr (38)

Gd
Re = —h (40)
n
where G denotes the mass velocity kg/(m?-s).
dn=2b (41)
Myt
G = 42
bWN (42)

where WN is plate width, m.

Han correlation [38] is used to calculate the two-phase flow boiling heat transfer coefficient of R245fa
in the evaporator.

KD

; h _ Ge,Re %% Bo 03 pri4 (43)
where Re.q denotes the equivalent Reynolds number, and Bo.q denotes the equivalent boiling number.

~0.041 -2.83
Ge, = 2.81 (@) (f - /3) (44)
Dy, 2
~0.082 0.61
Ge, = 0.746 (@) (E - /3) (45)
Dy, 2

where Ge; and Ge, are non-dimensional geometric parameters, respectively.

Re. = Gedy (46)
n
q
Bo, = 47
0 Gelrg (47)

0.5
Ge=G|:1—xm+xm(%) ] (48)
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where x,,, denotes the vapor quality.

The power output of the turbine is given by
Wy =my (hy = hy) + mg (hi = he) = (m1 (b = ha,s) + ms (hy = he,s)) me (49)

where W denotes the power, kW; #; denotes the turbine’s isentropic efficiency.

The turbine’s entropy generation is given by

Sgen,t = Myfa (52 = $1) + Myse (S6 — 51) (50)
The turbine’s irreversible loss is given by

It = Ty - Sgen,t (51)
The thermal energy exchanged within the condenser is given by

Qc = Mey (hew,out = Hew,in) = Myt (ha = hs) (52)
The entropy generation of the condenser is given by

Sgen,c = Mew (Sew,out = Sew,in) + Mye (S5 = 52) (53)
The irreversible loss of the condenser is given by

I = To - Sgen,c (54)

The condenser is structured into three distinct segments, namely precooling section, condensation
section and subcooling section.

The thermal conductivity rate of the precooling section is given by

Myf2(hy = h3)
((TZ - Tcw,out) - (T3 - TCW,Z))/ln((TZ - Tcw,out)/(T3 - Tcw,Z)

where KA., is thermal conductivity rate of the precooling section, W/°C.

KA = (55)

The thermal conductivity rate of the condensation section is given by

mwfz(ha - h4)
((Ts = Tew) = (T3 = Tew,2))/ In((Ta = Tewn) [ (T5 = Tew,2)

where KA, is thermal conductivity rate of the condensation section, W/°C.

KA, = (56)

The thermal conductivity rate of the subcooling section is given by

Myp2(hy = hs)
((T4 - Tcw,l) - (TS - Tcw,in))/ln((T4 - Tcw,l)/(TS - Tcw,in)

where KA; is thermal conductivity rate of the condensation section, W/°C.

KAg = (57)

Eqs. (37)-(42) are used to calculate the single-phase heat transfer coefficient of R245fa and water in
the condenser.

Longo correlation [39] is used to calculate the two-phase flow condensation heat transfer coefficient of
R245fa in condenser.
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If Re < 1600
LT
K=0943¢p| —————
¢ I:/1 (wa - Twall)
If Re > 1600

A
K =1.875—Re, 2 **°pr'/3
Dy

The pump consumed power is expressed as
Wy = mys7 (hg - h7) = Mwf7 (h8,s - h7) /’7p

The pump entropy generation is expressed as
Sgen,p = M7 (S8 = 57)

The pump irreversible loss is expressed as
Iy = Ty - Sgen,p

The gross power output is expressed as
Whet = imngWe = W,

The EORC’s thermal efficiency is expressed as

Hth,EORC = Wnet/Qe

The SEORC’s thermal efficiency is expressed as

Nth = Mcolth,EORC

The EORC’s exergy efliciency is expressed as
Hex,EORC = Whet/ (Ecol,out = Ecol,in)

The SEORC’s exergy efficiency is expressed as
Hex = Hex,colfex,EORC

The PTC investment cost is given by

Ccol = 120Ac01

1455

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

In the SEORC system, a modular costing method is adopted to calculate the fundamental cost of each
component, whereas the current capital expenditure is assessed using the Chemical Engineering Plant Cost

Index (CEPCI).
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The heat exchanger investment cost is given by

_ CEPCIZOZZ

= = 202 CO (Bihy + BahxFinhxFo b 69
CEPClyg i (Buhx + BahxFmhxFp.hx) (69)

hx

where G repsents the heat exchanger investment cost, $; CEPCl,o; and CEPCI,,, represent the chemical
engineering plant cost index of 2001 and 2022, respectively; F is additional factor; ng is the basic investment
cost, $; By nx and B, 1, denote the constant values.; Fyny and Fp 1, are the material and pressure factor,
respectively.

log Chy = Kihx + Kahx 10g Apy + K3 nx (log Apy)? (70)
108 Fp,hx = Cl,hx + C2,hx 10g Phx + C3,hx (log Phx)2 (71)

where Kj hx, K2 hx> Cihx> Conx @and Cs hx denote the constant values; Ay represents the area of the plate-type
heat exchanger, m?; Py, denotes the design pressure for a plate-type heat exchanger, bar.

The working fluid pump investment cost is given by

_ CEPCIgozz

0
pp ~ CEPCl00, FSCpp (Bl:PP + BZ)PPFm:PPFPP»P) (72)

where C,p is the pump investment cost, $; Fy,pp and F,p, are additional factor and pressure factor,
respectively; Cgp denotes the basic cost, $.

2

log Cgp = Kjpp + Kz, pplog Wpp + K3 pp (log pr) (73)
2

log Fpp p = Cipp + Capplog Ppp + Cs pp (log pr) (74)

where B pp, Ba pps Ki,pp» K2,pps K3,pp> Ci,pp» Copp and Cs pp denote the constant values; Py, represents the
pressure, bar; W, denotes power consumption, kW.

The turbine investment cost is given by

CEPCI
(= 2 R COF (75)
CEPCly0;
log C’ = Ky + K¢ log W; + K3  (log W) (76)

where C, is turbine investment cost, $; F,,, ; denotes the pressure factor; C{ represents the basic cost; K ¢, Ky«
and K3, are designated as constants.

Note that the costs of the ejector, valve, pipe and working fluid are ignored in present study, since their
costs are much lower than those of other components [40]. Furthermore, the overall investment is comprised
of additional costs and miscellaneous expenses, which are estimated at 15% and 3% of the initial investment
cost, respectively [41].

Crot = 118 (Cx + Cpp + C¢ + Cea) (77)

The specific investment cost is given by

Ctot

net

SIC =

(78)
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The capital recovery factor is expressed as [42]

i(1+i)"

CRF =
(1+i)" -1

(79)

With the interest rate (i) set at 5% and the operational lifetime (LT) at 20 years, the levelized cost of

energy is calculated as follows:
CRFCyot + C
LCOE = ————°% (80)
Wnet top

where C,, represents the annual operation and maintenance cost, which is calculated at a rate of 1% of the
total investment cost; t,, denotes the annual sunshine duration, estimated at 2500 h [43]. A comprehensive
list of the parameters essential for the economic model is provided in Table 2, which enumerates the input
parameters for the economic assessment.

Table 2: The key input parameters utilized in the economic model

Parameters Value Parameters Value

CEPCly; 397 Cihx 0.00
CEPClLygy, 8162 Fonpp 1.50
i 5% Kipp 3.389
LT 20 Kopp 0.0536
top 2500 Bipp 1.89
F, 1.00 Bypp 135
Bihx 0.9600 Cipp ~0.3935
Byhx 1.2100 Copp 0.3957
Fonhx 1.0000 Capp ~0.00226
Ki s 46656  Fmexp 3.50
Kohx ~0.1557 Ky exp 2.2476
K s 0.1547 Ksexp 14965
Cihx 0.00 K3 exp ~0.1618
Cohx 0.00 Kspp 0.1538

4 Model Validation
4.1 Model Validation of ORC

To evaluate the accuracy of the mathematical model developed for the ORC system in this research,
a comparison was made between our findings and the data reported in the literature [44], under the same
operational parameters as specified in Table 3. Our study’s net output power, at 270.6 kW, shows a mere
0.22% increase from the 270 kW reported in the literature. Similarly, our thermal efficiency of 3.93% is only
a 0.76% reduction compared to the 3.96% efficiency documented in the literature. These results demonstrate
that the thermodynamic model used in present study is sufficiently accurate for the investigation of ORC
system cycle characteristics.
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Table 3: Comparison results with the ORC system in literature

Working Inlettem-  Outlet  Massflow Inlettem-  Outlet  Massflow Netpower Thermal

fluid perature  tempera- rateofhot perature tempera- rate of output efficiency
of hot ture of water of cooling ture of cooling (kW) (%)
water (°C) hout (kg/s) water (°C)  cooling water
water (°C) water (°C) (kg/s)
R123 91.1 73.3 69.44 28 38 162.5 270 3.96 Ref. [44]
R123 91.1 73.3 69.44 28 38 162.5 270.6 3.93 This study

4.2 Model Validation of Injector Model

Utilizing the identical parameters from Yan et al’s experiments as referenced in [33], this study’s injector
model calculations were validated against the findings reported in the paper. Fig. 4 illustrates the model’s
calculated outcomes in relation to the empirical data, with the relative error spanning from 0.227% to 11.75%,

predominantly under 10%. This range of error suggests that the injector model possesses a degree of precision
and dependability.
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m  This study
e Krempus et al. (2024) u
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= 0.8 i
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z ]
2
8
~ 041 o -
0.2 i L " 1 i L " 1 i L "
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Inlet vapor pressure (Mpa)

Figure 4: Injector model validation [45]

5 Results and Discussions
5.1 Effects of Solar Beam Radiation Intensity

Utilizing the model previously established, a comparative thermo-economic analysis of the SORC and
SEORC systems has been conducted. Comprehensive details regarding the input parameters and boundary
conditions are provided in Table 4. Furthermore, the effects of solar beam radiation intensity on the
performance of both the SORC and SEORC systems are illustrated in Figs. 5 and 6.
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Table 4: Input parameters of economic model

1459

Parameters Symbols Typical values  Ranges
Net power output (kW) Wet 100 /
PTC outlet temperature (°C) Teolout 140 130-165
Solar beam radiation intensity (W/m?) G, 800 600-1000
PTC temperature drop (°C) AT 40 20-60
Evaporator pinch point temperature difference PPy, 5 3-15
Condenser Pinch point temperature difference PP, 5 3-15
Cooling water inlet temperature (°C) Tew,in 20 /
Turbine’s isentropic efficiency Near 0.80 /
Work fluid pump’s isentropic efficiency Hpup 0.85 /
Ambient temperature (°C) Tam 25 /
Temperature of sun (K) Teun 5770
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Figure 5: Variations of thermal efficiency and exergy efficiency with solar beam radiation intensity
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Figure 6: Variations of SIC and LCOE with solar beam radiation intensity
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As observed in Fig. 3, it is anticipated that for the SORC and SEORC, a rise in solar beam radiation
intensity leads to an increase in 7, and #ex. Within the operational parameters examined, the solar beam
radiation intensity has no impact on the thermal efficiency and exergy efficiency for the ORC and EORC
systems. Nevertheless, a higher solar beam radiation intensity is beneficial for improving the PTC efficiency.
The #, and 7ex of SEORC surpass those of the SORC. This is attributed to the presence of the vapor-liquid
ejector, which, on one hand, reduces the working fluid pump power consumption by decreasing the mass
flow rate and increasing the pump’s inlet pressure, and on the other hand, lowers the turbine backpressure,
leading to an increase in the specific enthalpy drop across the turbine. Consequently, higher thermal and
exergy efliciencies are anticipated. The working fluid pump’s isentropic efficiency is assumed to be 0.85,
which is significantly higher than the typical values observed in small-scale ORC systems [45]. That is to
say the SEORC is more superior more than the SORC in the actual application. At a solar beam radiation
intensity of 1000W/m?, the SEORC’s thermal efficiency and exergy efficiency are 1.08 and 1.08 times as large
as those of the SORC. As can be seen from Fig. 4, both the SIC and LCOE of the SORC and SEORC are
decreased with the rising solar beam radiation intensity. Moreover, the solar beam radiation intensity has a
more pronounced effect on the SORC, indicating that the SEORC is better suited for regions with lower solar
beam radiation intensities.

5.2 Effects of PTC Temperature Drop

The influences of PTC temperature drop on the SORC and SEORC system performance are illustrated
in Figs. 7 and 8. As observed in Fig. 6, with the rised AT, the 7, and #ey initially show a slight increase
followed by a decline. Given the designed heat exchanger pinch point temperature difference, net power
output, and PTC inlet temperature, a higher AT delivers more heat to the evaporator, leading to a reduction in
evaporation temperature. Consequently, the thermal efficiency of the ORC system is diminished. According
to Eq. (1), the PTC efficiency increses with the incrising of AT. The interplay of these factors accounts for
the variation in 7, and 7.x. An optimal AT exists at which both #, and #ex are maximized. Across all
investigated AT values, the efficiencies of SEORC surpass those of SORC. Under higher AT conditions,
SEORC demonstrates greater superiority over ORC. When the AT reaches 50°C, the 7, of SEORC is 1.17
times larger than that of ORC. From Fig. 7, the SEORC yields better economic performance. For AT values
below 20°C, the economic performance of SORC and SEORC is comparable. At a AT of 50°C, the SIC and
LCOE for SEORC experience a 6.3% reduction compared to SORC.
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Figure 7: Variations of thermal efficiency and exergy efficiency with PTC temperature drop
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5.3 Effects of PTC Inlet Temperature

The influences of T, on the SORC and SEORC system performance are depicted in Figs. 9 and 10. It is
evident that for both systems, for the SORC and SEORC, Both the 7, and 7y exhibit an increasing trend in
response to an increase in Tj,  Under the typical working conditions, the PTC efficiency declines with a rise
in Tj,, Obviously, higher T;, is conductive to the evaporation temperature rising, leading to the improvement
of ORC and EORC thermal efficiency and exergy efficiency. Nevertheless, the increments in the thermal
and exergetic efficiencies of both ORC and EORC systems exceed the decrease in PTC efficiency. Due to the
synergistic influence of these two factors, #, and #.x of ORC and EORC both are increased. For SORC and
SEORC, both the SIC and LCOE exhibit a downward trend as the T;, increases. With the net power output
remains constant, higher values of Tj, necessitate a reduction in the required heat exchanger and PTC areas.
Notably, the efficiencies of SEORC consistently surpass those of SORC. As Tin increases, the ratio of SEORC’s
#th to SORC’s 7y, ascends linearly. At a T, 0f 165°C, the 7, of SEORC is 20% greater than that of SORC. In
terms of economic performance, Tin exerts a more pronounced effect on the thermodynamic performance.
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Figure 9: Variations of thermal efficiency and exergy efficiency with PTC inlet temperature
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Figure 10: Variations of SIC and LCOE with PTC inlet temperature

5.4 Effects of Evaporator Pinch Point Temperature Difference

The influences of PPy, on the on the SORC and SEORC system performance are depicted in Figs. 11
and 12. It is observable that an increase in PP.y, leads to a decline in both in #, and 7y are decreased.
Under the working condition investigated, the improvement of PPy, has no impact on the PTC efficiency,
but will lead to an decrease in the evaporation temperature, which causes the decreasing of the #, and #ey.
The PPy, has larger impact on the #, and #ex of SEORC than those of SORC. The increased PPy, also
causes the decreasing of the SIC and LCOE with decreased reduction rate. Given a set net power output, the
decreased 7, necessitates a greater heat input into the evaporator. Based on the energy balance within the
evaporator, the area required is dependent on both the PP, and the total heat input. The dual effect on the
heat exchanger area accounts for the fluctuations in SIC and LCOE. When PP, exceeds 12°C, its influence
on SIC and LCOE becomes marginal. That is to say the PPy, should not surpass 12°C under the working
conditions in this study. It is evident that it is not viable to achieve maximum thermodynamic performance
(#tn and #ex) and minimum economic performance (SIC and LCOE), simultaneously.
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Figure 11: Variations of thermal efficiency and exergy efficiency with evaporator pinch point temperature difference
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Figure 12: Variations of SIC and LCOE with evaporator pinch point temperature difference

5.5 Effects of Condenser Pinch Point Temperature Difference

The influences of PP.,, on the on the SORC and SEORC system performance are charted in Figs. 13
and 14. It is observed that, in accordance with expectations, for both SORC and SEORC, the 7, and #ex
exhibit a linear decline as PP, increases, which is attributable to the rise in condensation temperature. The
PP, has larger impact on the #, and #ex of SEORC than those of SORC. While the SIC and LCOE both
exhibit an initial reduction followed by an increase as PP, rises. At a PP, of 10°C, the SIC and LCOE
reach the minimum values. The rationale behind this trend is analogous to that of PP,,,, while the PP.,, has
different effect degree on the total input heat and heat exchanger area. Relative to PP.y,, the PP, wields a
more pronounced effect on 7, and #ey.
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Figure 13: Variations of thermal efficiency and exergy efficiency with condenser pinch point temperature difference
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Figure 14: Variations of SIC and LCOE with condenser pinch point temperature difference

6 Conclusions

In the present study, a vapor-liquid ejector has been integrated into the PTC-driven ORC system
to reduce the working fluid pump power consumption and to alleviate turbine backpressure. A detailed
thermo-economic model has been developed. The thermodynamic and economic comparison between the
SORC and SEORC are conducted. The study also explores the effects of solar beam radiation intensity, PTC
temperature drop, evaporator pinch point temperature difference, and condenser pinch point temperature
difference on thermal efficiency, exergy efliciency, specific investment cost, and levelized cost of energy. The
conclusions drawn are as follows:

(1) The SEORC consistently demonstrates superior thermo-economic performance compared to the
SORC, particularly when the working fluid pump exhibits lower isentropic efficiency. At a solar beam
radiation intensity of 1000W/m?, the SEORC’s #y, and 7.y are 1.08 and 1.08 times as large as those of the
SORC. An increase in solar beam radiation intensity enhances system performance.

(2) There is an optimal AT at which 7, and 7. achieves the maximum. At higher AT values, the SEORC
shows greater superiority over the ORC. At a AT of 50°C, the 7, of SEORC is 1.17 times larger than that of
ORC. Similarly, at a AT of 50°C, the SIC and LCOE for the SEORC decrease by 6.3% compared to the SORC.

(3) An increase in Tj, is conductive to the system thermo-economic performance. With high Ti,,
the SEORC is more excellent than the SORC. The Tj, has a more profound impact on thermodynamic
performance than on economic performance.

(4) A rise in PPy, will reduce the 7, and 7ex of the SORC and SEORC. However, this increase in PPy,
concurrently leads to a reduction in the required heat exchanger area, which in turn enhances the SIC and
LCOE. When PP, exceeds 12°C, the PP,,, has minor impact on SIC and LCOE. In other words, the PP,
should not exceed 12°C under the working conditions considered in this study.

(5) In contrast to PPey,, PP,y has different influence on the system performance. A higher PP, leads
to lower 7, and #ex. When the PP, is 10°C, the SIC and LCOE reach the minimum values. Compared to
PP,,, the PP, has a more significant impact on the 7, and #ex.
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Nomenclature

Symbols

Heat exchanger area (m?)
Investment cost (USD)

Sound velocity (m/s)

Specific heat capacity (kJ/kg-K™')
Available solar exergy (kW)
Solar beam radiation intensity (W/m?)
Specific enthalpy (kJ/kg)

Annual loan interest rate
Irreversible loss, kW

Thermal conductivity rate, W/K
Mass flow rate (kg/s)

Mach number

Pressure (kPa)

Heat transfer rate (kW)

Section area ratio

Entropy generation (kW/K)
Temperature (°C)

Flow velocity (m/s)

Fraction dryness of mixed working fluid
Work (kW)

Dryness of the working fluid

*g%Qﬂw%ow§§ @““"Fgm@so>

AT Logarithmic temperature difference (°C)
Greek

1 Efficiency

k Heat capacity ratio

A Coeflicient of thermal conductivity (W/(m-K))
p Density (kg/m?)

Y Viscosity (Pa-s)

€ Efficiency

Subscripts

0 Ambient condition

1,2,...,12 State points

am Ambient
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ava Available

ave Average

cw Cooling water

c Condenser

col Parabolic trough collector

e Evaporator

ex Exergy

hx Heat exchanger

in Inlet

net Net power output

out Outlet

p Working fluid pump

s Isentropic process

syl Syltherm 800

t Turbine

tot Total

th Thermal

u Useful

wf Working fluid

Acronyms

CEPCI Chemical engineering plant cost index
CRF Capital recovery factor

GWP Global warming potential

EORC Ejector organic Rankine cycle

ODP Ozone depletion potential

PTC Parabolic trough collector

SIC Specific investment cost
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