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A B S T R A C T

This study evaluates the thermodynamic and economic performance of supercritical organic Rankine cycle 
(SORC) and recuperative SORC (RSORC) systems using various working fluids for medium-temperature 
geothermal sources (150− 180 ◦C) with a reinjection temperature of 70 ◦C. Turbine inlet temperature and 
pressure are optimized to maximize net power output. In SORC, wet and isentropic fluids outperform dry fluids 
due to lower cold source losses. R134a achieves the highest net power and lowest specific investment cost (SIC) 
at brine temperatures below 170 ◦C, while R152a performs better at higher temperatures owing to reduced 
parasitic load. Incorporating a recuperator in RSORC improves thermal matching and, coupled with increased 
specific heat near the pseudocritical point, shifts the pinch point toward the low-temperature end in the primary 
heat exchanger, thereby reducing optimal turbine inlet temperature and pressure. Compared to SORC, RSORC 
narrows thermal efficiency differences among fluids, lowers parasitic power fraction (especially at lower source 
temperatures), but slightly increases SIC. Dry fluids generate 5.8− 17.8 % more net power in RSORC than in 
SORC. R1234ze(E) achieves comparable net power to R134a and up to 9 % lower SIC than dry fluids, making it a 
promising alternative for both SORC and RSORC with lower operating pressure and reduced environmental 
impact.

1. Introduction

Geothermal energy has distinctive advantages such as stable tem
perature, high capacity factor, large storage capacity and wide distri
bution. The global installed geothermal power capacity reached 16.3 
GW at the end of 2023, but only accounted for 0.16 % of the worldwide 
installed power capacity [1]. Despite the huge development potential, 
geothermal power generation continues to lag behind solar and wind 
power. While the expansion of accessible geothermal resources remains 
fundamental, improving thermodynamic efficiency of geothermal 
power cycles is also a critical factor in increasing the overall effective
ness and attractiveness of geothermal energy exploitation [2].

The organic Rankine cycle (ORC) has been widely used in commer
cial geothermal binary power plants [3,4], accounting for 43 % of global 
installations and 21.7 % of installed capacity worldwide [1]. However, 
simple ORCs typically achieve thermal efficiencies below 12 % for 
low-enthalpy geothermal resources [5,6], mainly due to temperature 

mismatching between the brine and the working fluid during isothermal 
phase change process, leading to large exergy losses. To address this, 
various cycle modifications have been proposed to improve thermody
namic performance [7,8]. Multi− pressure ORCs [9], such as dual- and 
triple-pressure configurations, offer better temperature matching with 
the geothermal brine, thereby decreasing irreversibility [10,11]. Paral
lel dual-pressure ORCs (PDORC) utilize independent evaporation cir
cuits to achieve flexible operation [10], while series dual-pressure ORCs 
(SDORCs) benefit from optimized heat exchanger arrangements and 
flow routing to further reduce exergy losses [12,13]. Comparisons show 
that SDORCs often outperform PDORCs in power output [7,14]. The use 
of zeotropic mixtures presents another approach to improving temper
ature matching, thanks to their non-isothermal evaporation and 
condensation behaviors [15,16]. These mixtures have been evaluated in 
geothermal ORCs to improve net power output [17,18]. Notably, the 
temperature glide during condensation is typically larger than during 
evaporation; however, the temperature drop of brine is larger than the 
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coolant temperature increase [19]. To overcome this drawback, 
dual-pressure systems using zeotropic mixtures [20,21] further reduce 
the irreversibilities during evaporation. In addition, advanced ORC de
signs have incorporated composition tuning of zeotropic mixtures to 
adapt to varying heat source conditions [22,23], which increased in net 
power output and reduced electricity production cost compared to 
conventional ORCs [24]. However, further power gains were limited 
under optimal control strategies [25].

Beyond evaporation-based cycles, the trilateral cycle (TLC) elimi
nates isothermal phase change and enables near-perfect temperature 
matching with the heat source [26,27]. DiPippo [28] noted that TLCs set 
a more realistic upper bound for thermal efficiency. Fischer [29] re
ported 14− 29 % higher exergy efficiency of a TLC than a traditional 
ORC. Nevertheless, TLCs are challenged by high volumetric flow rate at 
the expander outlet, and their application remains constrained by the 
performance of two-phase expanders, which rarely exceed 75 % isen
tropic efficiency [28]. Partial-evaporating ORCs provide another means 
of improving temperature matching [30,31]. The theoretical and 
experimental studies demonstrated that partial evaporating ORCs pre
sented higher efficiency than traditional cycles [32,33]. When zeotropic 
mixtures are used in partial evaporation ORCs, further performance 
gains are observed [34,35], yet, as with TLCs, the development of effi
cient and robust two-phase expanders remains a major technical 
bottleneck [36]. To bypass two-phase expansion, organic flash cycles 
(OFCs) [37] have been introduced. These systems present the favorable 
heat addition profile of TLCs by using throttling valves and flash sepa
rators [38]. Regenerative OFCs [39], double flash OFCs [40], and 
regenerative double flash cycles [41] were developed to recover the 
sensible heat of the saturated liquid stream. However, the throttling 
valves created large irreversibility losses in an OFC. Replacing the 
throttling valves with two-phase expanders has been shown to improve 
net power output by up to 16.6 % [42]. Combining the concepts of OFC 
and partial evaporation, the organic Rankine flash cycle (ORFC) in
tegrates a flash evaporator and achieves higher thermal efficiency along 
with better economic performance [43,44].

In a supercritical ORC (SORC), the working fluid is pressurized 
beyond its critical point, thereby eliminating the isothermal phase 
change characteristic of subcritical cycles. This enables a more favorable 
temperature profile alignment between the geothermal brine and the 
working fluid, reducing exergy losses during heat absorption. On the T-s 
diagram, SORCs resemble triangular shape with continuous heating [30,
45], but unlike TLCs, the expansion process occurs entirely in the vapor 
region, resulting in higher isentropic efficiency and lower volumetric 
expansion ratio [5]. Additionally, SORCs can extract more heat from the 
geothermal brine, enhancing exergy utilization and lowering brine 
consumption per unit of net power [46,47]. SORCs present superior 
thermal efficiencies compared to subcritical cycles [48,49], owing to a 
higher mean effective temperature during heat addition and reduced 
irreversibilities. Moreover, SORCs present a simpler alternative to 
multi-pressure evaporative ORCs while maintaining a desirable heating 
curve profile [4]. Field applications further validate these advantages: 
SORCs deployed at the San Emidio and Neal Hot Springs plants 
outperform the dual-pressure ORC using R601a at the Raft River site in 
terms of net exergy utilization efficiency [47]. Given the growing in
terest in ORCs for medium-temperature geothermal applications [1], 
there is increasing motivation to explore the thermodynamic and eco
nomic characteristics of SORCs. This includes selecting environmentally 
friendly working fluids with favorable thermal stability and safety, and 
evaluating the techno-economic trade-offs to support their broader 
deployment.

Working fluid selection plays a crucial role in the performance of 
SORC systems utilizing medium-to-low grade heat sources [46,50]. 
Early studies mainly focused on pure working fluids such as hydrocar
bons and hydrofluorocarbons (HFCs). Schuster et al. [45] demonstrated 
that SORC using R365mfc achieved an increase of 8 % in thermal effi
ciency over subcritical cycles at a source temperature of 210 ◦C. 

Augustine et al. [46] identified R134a as the most suitable working fluid 
for SORCs operating between 140 and 170 ◦C, delivering 6.4− 22.5 % 
more net power output than subcritical cycles. Similar conclusions were 
reached by Invernizzi and Bombarda [51] for the 140–200 ◦C range, and 
by Toffolo et al. [49], who observed 1.9–16.8 % higher net power output 
for SORCs with R134a over subcritical ORCs with R600a for the 
130− 170 ◦C geothermal sources. Gu and Sato [48] compared thermo
dynamic performance of R134a, R125, and R290 for a 229 ◦C heat 
source, recommending R134a and R290. Expanding the range of fluids 
and performance metrics, Vidhi et al. [52] assessed various HFCs and 
hydrocarbons in regenerative SORCs (RSORCs), identifying R134a as 
superior in thermal and exergy efficiencies for geothermal sources be
tween 130 and 200 ◦C. A broader parametric study by Moloney et al. 
[53] identified R1233zd(E), R600, R601a and R601 as optimal fluids for 
RSORCs in the 181− 251 ◦C range. Lukawski et al. [54] studied how fluid 
molecular structure affected cycle efficiencies of SORC and RSORC for 
source temperatures between 100 ◦C and 230 ◦C. Yang et al. [55] used a 
corresponding state model to map the thermal efficiency and volumetric 
power output limits of SORCs. Wang et al. [56] identified R134a, R32, 
R600a and R22 as promising fluids for SORC driven by hot CO2 at 
195 ◦C. Zhang et al. [57] recommended R142b as the working fluid for 
SORC driven by two-phase geothermal fluids. While HFCs have shown 
favorable thermodynamic characteristics [58], their high global warm
ing potentials (GWPs) pose regulatory challenges under the Kigali 
Amendment. As an alternative, zeotropic mixtures introduce tempera
ture glide during phase change, enabling non-isothermal condensation 
and improved thermal matching [59,60]. Their potential benefits in 
SORC applications have been demonstrated [61,62]. However, their 
application is limited by significantly increased heat exchanger areas 
and associated capital costs [5,63].

The turbine inlet parameters strongly affect the thermodynamic 
performance of SORCs. Schuster et al. [45] analyzed the impact of tur
bine inlet temperature on thermal and exergy efficiencies. Vidhi et al. 
[52] studied how pressure ratio and turbine inlet pressure affect thermal 
efficiency to determine optimal operating conditions. Moloney et al. 
[53] optimized turbine inlet pressure for maximum plant efficiency 
under given inlet temperature, disregarding brine reinjection tempera
ture constraints. Toffolo et al. [49] conducted a multi-variable optimi
zation using the Heatsep method to maximize the exergy recovery 
efficiency (net power output) for SORC with R134a. Similarly, Manente 
et al. [64] optimized the turbine inlet parameters for six working fluids, 
considering the effect of expansion ratio on turbine isentropic efficiency. 
Maraver et al. [65] conducted a parametric optimization to identify the 
highest exergy efficiencies for SORCs utilizing geothermal heat at 
170 ◦C. Le et al. [66] optimized the turbine inlet parameters, conden
sation temperature and brine outlet temperature to maximize the effi
ciencies of SORCs and RSORCs using genetic algorithm, highlighting 
how optimal parameters and working fluid selection are sensitive to the 
chosen optimization criteria. Astolfi et al. [67] performed a multivari
able optimization on turbine inlet pressure and approach point tem
perature difference to compare six ORC configurations. They found that 
SORC was optimal when there were no constraints on brine reinjection 
temperature, whereas RSORCs performed better when such constraints 
were present. In a follow-up techno-economic analysis [68], they 
incorporated turbine design and isentropic efficiency prediction into a 
multi-criteria framework to minimize specific investment cost. To 
explore trade-offs between thermodynamic and economic performance, 
Song et al. [69] carried out a multi-objective optimization using the 
NSGA-II algorithm to maximize exergy efficiency and minimize the 
payback period. Their results identified that non-recuperated SORCs 
were preferable for medium-temperature geothermal sources, especially 
when the working fluids with critical temperature aligned closely with 
the source temperature. Wang et al. [70] applied the TLFD-GA algorithm 
for multi-objective optimization targeting thermodynamic, environ
mental, and economic metrics. They concluded that SORC outperformed 
RSORC when accounting for pressure losses. From a sustainability 
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perspective, Heberle et al. [71] conducted a life-cycle assessment of 
subcritical and supercritical ORCs using representative German 
geothermal resources. For low-temperature sources with unrestricted 
reinjection temperature, SORC achieved 37 % higher exergy efficiency 
and lower CO2-equivalent emissions. However, for high-temperature 
sources with reinjection temperature limits, the thermodynamic and 
environmental advantages of SORCs diminished.

Despite extensive investigations into working fluid selection, para
metric optimization and multi-objective assessments of SORC systems, 
several challenges remain. Traditional fluids such as hydro
fluorocarbons (HFCs) and hydrocarbons either present high global 
warming potentials (GWPs) or face safety concerns like flammability, 
prompting a shift toward low-GWP alternatives such as R1234yf, 
R1234ze(E), and R1243zf. Although these next-generation fluids have 
shown promising environmental characteristics, comprehensive ther
modynamic comparisons under realistic geothermal constraints are still 
limited. Moreover, the effectiveness of RSORC configurations strongly 
depends on working fluid properties, cycle parameters, and heat-source 
conditions. The influence of fluid thermophysical properties and cycle 
parameters on recuperator feasibility remains insufficiently character
ized, especially under medium-temperature geothermal applications.

This study aims to optimize the turbine inlet temperature and pres
sure for representative working fluids to maximize the net power output 
of both SORC and RSORC configurations applied to medium- 
temperature geothermal sources (150–180 ◦C), with a reinjection tem
perature of 70 ◦C. The thermodynamic impacts of turbine inlet param
eters are comprehensively analyzed, emphasizing the differing 
responses of SORC and RSORC due to the presence of a recuperator. In 

particular, the coupled effects of turbine inlet parameters and working 
fluid thermophysical properties on the location of the pinch point in the 
primary heat exchanger are investigated. Furthermore, the thermody
namic and economic characteristics are evaluated for both environ
mentally friendly alternatives (R1234yf, R1234ze(E), R1243zf) and 
conventional fluids (R134a, R290, RC318, R152a, R227ea).

2. Methodology

2.1. System description

Fig. 1 shows the schematic configurations of a SORC and a recu
perative SORC (RSORC). Fig. 2 shows the corresponding temperature- 
entropy diagrams. The working fluid is heated to supercritical state by 
the geothermal brine in the primary heat exchanger (PHE). The super
critical fluid goes through the turbine and expands to produce power. 
The turbine exhaust vapor is cooled to subcooled liquid in the condenser 
by the cooling water. The subcooled liquid is compressed by the working 
fluid pump to a supercritical pressure and then goes through the PHE 
again to repeat the cycle. A recuperator is used to recover the waste heat 
from the superheated vapor exhausted from the turbine to preheat the 
working fluid from the pump in a RSORC. The PHE inlet temperature 
can be improved to increase the cycle efficiency and reduce the irre
versibility losses.

2.2. Working fluid selection

Working fluid has significant impact on the thermodynamic and 

Fig. 1. Schematic diagrams for (a) a SORC and (b) a recuperative SORC (RSORC).
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economic performance of the ORC [54,58]. The selection of thermody
namically efficient and environmentally friendly working fluid is a 
crucial approach for geothermal power generation system design. In this 
work, HFCs (hydrofluorocarbons), HCs (hydrocarbons) and HFOs 
(hydrofluoroolefins) were considered as the supercritical ORCs working 
fluids. R134a and R290 (propane) have been used in commercial binary 
power plants [3,47]. R227ea and R152a have also been widely studied 
as supercritical ORC working fluids. However, R134a and R227ea are 
progressively being phased out because of their higher GWPs (global 
warming potentials). Thus, the low GWP alternatives R1234yf (2,3,3, 
3-tetrafluoroprop-1-ene), R1243zf (3,3,3-Trifluoropropene) and 
R1234ze(E) (trans-1,3,3,3-Tetrafluoropropene) were considered as 
SORC working fluids. RC318, which has a lower critical pressure, was 
also considered. The selected fluids ensure operational safety and pre
sent good thermal stability under supercritical pressures [72,73] and the 
highest cycle temperatures [74,75].

Table 1 lists the properties and Fig. 3 shows the temperature-entropy 
diagrams of the saturation curves of the candidate working fluids. The 
working fluids can be categorized as wet, dry and isentropic types ac
cording to the saturation vapor curve. R290, R134a and R152a have a 
negative saturation vapor curve (dT/ds < 0) in a temperature–entropy 
diagram, but only R152a expands into the two–phase region for brine 
temperatures below 172 ◦C. An isentropic fluid has a nearly vertical 
vapor saturation curve. Here, R1243zf and R1234ze(E) can be regarded 
as isentropic fluids.

2.3. Thermodynamic model

The heat input to the working fluid from the geothermal brine in the 
primary heat exchanger (PHE) is 

Q̇in = ṁG(hH1 − hH2)= ṁO(h1 − h4) (1) 

where ṁG is the geothermal brine mass flow rate, hH1 and hH2 are the 
brine specific enthalpies at the PHE inlet and outlet, ṁO is the working 
fluid mass flow rate, and h1 and h4 are the working fluid specific en
thalpies at the PHE outlet and inlet.

The power generated by the turbine is 

ẆT = ṁO(h1 − h2) (2) 

where h2 is the actual specific enthalpy at the turbine exhaust.
The energy balance for the recuperator can be simplified as 

h2 − h2a = h4a − h4 (3) 

where h2a is the specific enthalpy of the vapor at the recuperator 
outlet and h4a is the specific enthalpy of the pressurized liquid leaving 
the recuperator.

The power consumed by the working fluid feed pump is calculated as 

ẆFP = ṁO(h4 − h3) (4) 

The cycle thermal efficiency is given by 

ηcyc =
ẆT − ẆFP

Q̇in
= 1 −

Q̇2

Q̇in
(5) 

where Q̇2 is the heat losses to the cold source.

Fig. 2. Temperature-entropy diagrams for (a) SORC and (b) RSORC.

Table 1 
Properties of the working fluid candidates.

Working 
fluid

Critical 
temperature 
(◦C)

Critical 
pressure 
(MPa)

GWP Safety 
Classification

Fluid type

R1234yf 94.7 3.3822 1 A2L dry
R290 96.74 4.2512 3.3 A3 wet
R134a 101.06 4.0593 1430 A1 wet
R227ea 101.75 2.925 3220 A1 dry
R1243zf 103.78 3.5179 1 A1 isentropic
R1234ze(E) 109.363 3.6349 6 A2L isentropic
R152a 113.261 4.5168 124 A2 wet
RC318 115.23 2.7775 10300 A1 dry

Fig. 3. T-s diagrams of the saturation curves of the working fluid candidates.
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The cooling water mass flow rate is determined by 

ṁCW =
Q̇2

cp,WΔtCW
(6) 

where cp,W is the cooling water specific heat at constant pressure and 
ΔtCW is the cooling water temperature increase.

The power consumed by the cooling water circulating pump is given 
by 

ẆCP =
ṁCWgH
ηCPηMO

(7) 

where g is the gravitational acceleration, H is the pump head, ηCP is 
the circulating pump efficiency and ηMO is the motor efficiency.

The power consumed by the cooling tower fan is expressed as 

ẆCTF =
V̇aΔpa

ηFηMO
(8) 

where V̇a is the volumetric flow rate of air, Δpa is the air pressure 
increase, and ηF is the fan efficiency.

The net power output of the system is 

Ẇnet = ẆTηmηg − ẆFP − ẆCP − ẆCTF (9) 

The net thermal efficiency of the system is 

ηth =
Ẇnet

Q̇in
(10) 

The exergy input from the geothermal brine is 

ĖG,in = ṁG[(hH1 − h0) − T0(sH1 − s0)] (11) 

where the subscript 0 represents the reference state, T0 was assumed 
to be 293.15 K.

The exergy destruction rate in each component is 

Ωi =
İi

ĖG,in
(12) 

where İi is the exergy destruction in the component.
The net exergy efficiency of the system is 

ηex =
Ẇnet

ĖG,in
(13) 

2.4. Case studies and parameter optimization

Table 2 lists the operating parameters and boundary conditions for 

the supercritical ORCs. The geothermal brine reinjection temperature 
was set to 70 ◦C [65,67] to avoid scaling and fouling problems. The 
pinch point temperature difference was set to 10 ◦C for the PHE and 
recuperator [46,49] and 5 ◦C for the condenser [49,76]. The conden
sation temperature was assumed to be 30 ◦C. The thermodynamic 
properties of the working fluids and the geothermal brine were calcu
lated using REFPROP 10.0 [77]. The turbine inlet temperature and 
pressure were simultaneously optimized to maximize the cycle net 
power output using MATLAB for brine inlet temperatures from 150 ◦C to 
180 ◦C. The parameter optimization flow chart is shown in Fig. 4. The 
turbine inlet temperature, T1, was constrained to be within [1.025Tcr, 
TGin− 10] and the pressure was constrained to be above 1.05pcr. The 
turbine exhaust quality should be higher than 90 % for a wet working 
fluid [46,52].

The location of the pinch point within the PHE is governed by the 
heat capacity rates of the geothermal brine and the working fluid, 
defined as the product of their mass flow rates and the specific heat. As 
the working fluid goes through the large specific heat region near the 
pseudocritical temperature, a substantial amount of heat is absorbed 
with only a small temperature increase. Consequently, the relative 
magnitudes of the heat capacity rates determine where the temperature 
profiles of the two streams converge to the minimum approach, as 
shown in Fig. 5. Crucially, both the mass flow rate and specific heat of 
the working fluid strongly depend on the turbine inlet parameter. As a 
result, the pinch point location cannot be predefined. In this work, the 
pinch point location in the PHE is determined using an iterative pro
cedure [66,67], wherein the PHE is divided into 200 equal heat duty 
segments to calculate the local temperature difference between the brine 

Table 2 
Operating parameters and boundary conditions for the supercritical ORCs.

Parameters Value

Geothermal brine mass flow rate 50 kg s − 1

Geothermal brine pressure 1 MPa
Geothermal brine reinjection temperature 70 ◦C
Cooling water inlet temperature 20 ◦C
Condensation temperature 30 ◦C
Pinch point temperature difference in the PHE 10 ◦C
Pinch point temperature difference in the recuperator 10 ◦C
Pinch point temperature difference in the condenser 5 ◦C
Subdegree of working fluid at the condenser outlet 1 ◦C
Turbine isentropic efficiency 85 %
Mechanical efficiency 98 %
Generator efficiency 98 %
Working fluid feed pump isentropic efficiency 75 %
Circulating pump efficiency 80 %
Circulating pump head 20 m
Cooling tower fan efficiency 65 %
Cooling tower fan pressure increase 170 Pa
Motor efficiency 95 % Fig. 4. Parameter optimization flow chart for supercritical ORCs.
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and the working fluid. The minimum temperature difference in each 
segment is constrained not to fall below 10 ◦C by adjusting the turbine 
inlet pressure and temperature iteratively, while optimizing the net 
power output.

The energy balance for the ith segment is 

Q̇i = ṁGcp,G,i

(
Tin

G,i − Tout
G,i

)
= ṁOcp,O,i

(
Tout

O,i − Tin
O,i

)
(14) 

where cp,G,i is the average specific heat of the geothermal brine in the 
ith segment, Tin

G,i and Tout
G,i are the brine temperature at the ith segment 

inlet and outlet, respectively; Tin
O,i and Tout

O,i are the working fluid tem
perature at the ith segment inlet and outlet, respectively; and cp,O,i is the 
average specific heat of the working fluid.

2.5. Validation of the optimization framework

To validate the accuracy of the thermodynamic optimization 
framework, the turbine inlet temperature (T1) and pressure (p1), and 
condensation temperature (Tcon) were optimized following the proced
ure outlined in Section 2.4 for a supercritical ORC with a dry cooling 
system using R134a as the working fluid, adopting the same boundary 
conditions from Ref. [49]. Table 3 lists the optimal parameters and 
thermodynamic indictors for geothermal brine temperature ranging 
from 150 ◦C to 180 ◦C. The differences in condensation temperature 
were within 0.2 ◦C. The maximum deviations observed were 2.6 ◦C in 
turbine inlet temperature and 0.45 MPa in turbine inlet pressure, which 
can be attributed to the method used to evaluate the temperature dif
ference between the brine and R134a. In addition, over a relatively 

broad range of turbine inlet temperatures, when the inlet pressure is set 
by the pinch point limitation, the net power output presents only minor 
variation; thus, there is a narrow operational window in which turbine 
inlet pressure varies significantly with inlet temperature, yet the net 
power output remains relatively insensitive. Notably, the differences in 
net power output were within 1 %, confirming the thermodynamic 
consistency of our approach. The slight deviations between the opti
mized results of this study and those reported in Ref. [49] confirm the 
reliability and precision of our optimization approach.

2.6. Heat transfer area

All the heat exchangers are modeled as counter-flow shell-and-tube 
types. To capture detailed variations in thermophysical properties and 
temperature difference, the PHE is discretized into 200 segments, while 
the condenser, recuperator, and desuperheater are each divided into 40 
segments. The heat transfer area of the ith segment is calculated as 

Ai =
Q̇i

UiΔTLM,i
(15) 

The logarithmic mean temperature difference (LMTD) in ith segment 
is 

ΔTLM,i =
ΔTmax,i − ΔTmin,i

ln
(
ΔTmax,i

/
ΔTmin,i

) (16) 

The overall heat transfer coefficient (HTC), Ui, for ith segment is 
determined as 

1
Ui

=
1

αin

do

din
+ Rin

do

din
+ Ro +

δ
λ

do

dm
+

1
αo

(17) 

where αin and αo are the HTCs on the internal and external surfaces of 
the tube, respectively; Ri is the internal fouling thermal resistance, 
assumed to be 1.76 × 10− 4 m2 (K W)− 1, and Ro is the external fouling 
thermal resistance, taken as 1.76 × 10− 4 m2 (K W)− 1 for temperatures 
below 52 ◦C and 3.52 × 10− 4 m2 (K W)− 1 for temperatures above 52 ◦C, 
di and do are the inner and outer diameters of the tube, dm is the loga
rithmic mean tube diameter, dm = do − din

ln(do/din)
, δ is the tube wall thickness, 

and λ is the thermal conductivity of the tube wall (316 stainless steel), 
assumed to be 17 W (m K)− 1.

In the PHE, the working fluid at supercritical pressure flows inside 
the tubes, while the geothermal brine circulates on the shell side. The 
velocity of the working fluid at PHE inlet is set to 1.5 m/s. In the 
condenser and desuperheater, the cooling water flows inside the tubes, 
whereas the working fluid is routed through the shell side. The velocity 
of the turbine exhaust vapor at the desuperheater or recuperator inlet is 
set to 15 m/s. Assuming that all heat exchangers operate as steady-state 
open systems, the fluid velocity in each segment is adjusted based on 
density variations induced by temperature changes [78].

The HTC of the working fluid at supercritical pressure flowing inside 

Fig. 5. T-Q diagram of typical working fluids in the PHE.

Table 3 
Validation of the parameter optimization approach with Ref. [49].

Parameter Ref. [49] This work

TG,in (◦C) 150 160 170 180 150 160 170 180
p1 (MPa) 4.797 5.257 5.864 6.67 4.847 5.489 6.267 7.120
T1 (◦C) 129.4 139.4 149.3 159.3 128.9 140.4 151.5 161.9
p2 (MPa) 0.8323 0.8319 0.8308 0.8286 0.8356 0.8329 0.8304 0.8276
Tcon (◦C) 32.7 32.7 32.7 32.6 32.9 32.8 32.6 32.5
ṁO (kg⋅s− 1) 159.5 177.4 195 212.1 160.0 177.5 194.8 211.7
ṁair,ACC (kg⋅s− 1) 3785 4225 4680 5170 3744.1 4230.0 4723.8 5239.8
ẆT (kW) 4822.9 5882.9 7039.9 8316.8 4793.2 5920.2 7147.8 8463.8
ẆFP (kW) 757 939.3 1172.8 1478.3 768.6 988.6 1264.4 1588.3
ẆACC (kW) 567.8 634 702.2 775.6 561.6 634.5 708.6 786.0
Ẇnet (kW) 3498.1 4309.6 5165 6062.9 3463.0 4297.0 5174.8 6089.6
ηex (%) 44.5 46.7 48.4 49.8 44.00 46.55 48.50 49.97
ηth (%) 10.33 11.29 12.15 12.93 10.23 11.26 12.17 12.98
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the PHE and recuperator tubes is calculated using the correlation 
developed by Morky et al. [79], given by 

αin =0.0061
λb

din
Re0.904

b Pr0.684
b

(
ρw

ρb

)0.564

(18) 

where Prb =
μbcp
λb 

, cp =
hw − hb
Tw − Tb

, Tb and Tw are the bulk fluid temperature 
and the inner wall temperature, respectively; hb and hw are the specific 
enthalpies at the bulk fluid and inner wall temperatures, respectively; ρb 
and ρw are the densities at the bulk fluid and inner wall temperatures, 
and λb is the thermal conductivity at the bulk fluid temperature.

The condensation HTC of the working fluid on the external surface of 
plain horizontal tubes in the condenser is calculated using the correla
tion [80]. 

α=0.79
[
rλ3

SLρSL(ρSL − ρSV)g
μSLdo(Ts − Tw)

]0.25

(19) 

where r is the working fluid latent heat, μSL is the saturated liquid 
dynamic viscosity, ρSL and ρSV are the saturated liquid and vapor den
sities, Ts is the saturation temperature and Tw is the tube wall 
temperature.

The HTC of the cooling water flowing inside the condenser and 
desuperheater tubes is determined using the Gnielinski correlation [81]. 

αin =
λ

din

(f/8)(Re − 1000)Pr
1 + 12.7(f/8)1/2( Pr2/3 − 1

) (20) 

where f = [0.79 ln(Re) − 1.64]− 2.
The shell-side HTC for the working fluid in the recuperator and 

desuperheater, as well as for the geothermal brine in PHE, is calculated 
using the Churchill-Bernstein correlation [82]. 

αo =
λ
do

[

0.3+
0.62Re1/2 Pr1/3

(
1 + (Re/282000)5/8

)4/5

(
1 + (0.4/Pr)2/3

)1/4

]

(21) 

2.7. Economic model

The module costing technique has been widely adopted for evalu
ating the cost of ORC systems [49,69]. In this study, the cost correlations 
developed by Turton et al. [83] are employed to assess the economic 
performance of both the SORC and RSORC using various working fluids. 
The purchased cost under base conditions (equipment constructed from 
carbon steel and operating at near-ambient pressures) is calculated as 

log10
(
C0

P

)
=K1 +K2 log10(X) + K3

[
log10(X)

]2 (22) 

where X is the equipment capacity or size parameter (power output or 
heat exchanger area), and K1, K2 and K3 are component-specific con
stants listed in Table 4.

The pressure factor, Fp, which accounts for variations in operating 
pressure, is given as 

log10
(
Fp
)
=C1 +C2 log10(p) + C3

[
log10(p)

]2 (23) 

where p is the gauge pressure and C1, C2 and C3 are component and 
type specific coefficients provided in Table 4.

Thus, the bare module equipment cost [83] is 

CBM =C0
PFBM =C0

P
(
B1 +B2FpFM

)
(24) 

where FBM is the bare module cost factor, B1 and B2 are constants, 
and FM is the material factor, as specified in Table 4.

The generator capacity is oversized by 10 % relative to the turbine 
power output. The cost of the generator is estimated using the correla
tion provided in [49]. 

C0
P,GEN =1.85 × 106

(
ẆGEN

11800

)0.94

(25) 

The cost of cooling tower is estimated using the correlation [84]. 

C0
P,CT =C1ṁC2

CW10C3ΔtapΔtCW+K1Δtap+K2ΔtCW+K3 (26) 

where C1, C2, C3, K1, K2, and K3 are the coefficients listed in Table 4, 
and Δtap is the difference between the cooling water temperature at the 
cooling tower outlet and the ambient air wet-bulb temperature.

The specific investment cost of the supercritical ORC systems is 
defined as 

SIC=

∑
CBM

Ẇnet
(27) 

3. Parametric analysis

The effects of turbine inlet temperature and pressure on the ther
modynamic performance of SORC and RSORC are analyzed in this sec
tion. Then, the optimized turbine inlet parameters corresponding to the 
maximum net power output for selected working fluids are presented 
and compared.

3.1. Effect of turbine inlet parameters on power output in SORC

Fig. 6 shows the influences of turbine inlet temperature and pressure 
on the turbine power outputs of SORCs using typical working fluids. 
When the turbine inlet pressure is relatively low, increasing the turbine 
inlet temperature results in only a slight increase in turbine power 
output, because the increase in specific enthalpy drop is offset by the 
decrease in working fluid mass flow rate. In contrast, at higher turbine 
inlet pressures, increasing the inlet temperature leads to a more signif
icant increase in the specific enthalpy drop (see Fig. 7), resulting in a 
noticeable increase in turbine power output. For a given turbine inlet 
temperature, the working fluid mass flow rate increases as the inlet 
pressure increases because the average specific heat decreases while the 
PHE inlet temperature slightly increases. Meanwhile, the decrease in 
turbine exhaust temperature leads to a higher cycle efficiency. 

Table 4 
Coefficients used for the estimation of capital costs for each component [83,84].

Coefficients Heat exchanger Turbine Pump Generator Motor Cooling tower Fan

X A (m2) Ẇ (kW) Ẇ (kW) Ẇ (kW) Ẇ (kW) ṁ (kg/s) V̇ (m3/s)

K1 4.3247 2.7051 3.3892 / 2.4604 − 0.026719 3.1761
K2 − 0.3030 1.4398 0.0536 / 1.4191 0.043654 − 0.1373
K3 0.1634 − 0.1776 0.1538 / − 0.1798 − 0.1026 0.3414
C1 0.03881 / − 0.3935 / / 3950.9 /
C2 − 0.11272 / 0.3957 / / 0.58729 /
C3 0.08183 / − 0.00226 / / − 0.0032091 /
B1 1.63 / 1.89 / / / /
B2 1.66 / 1.35 / / / /
FM 1.8 / 1.5 / / / /
FBM / 3.5 / 1.5 1.5 4 2.8
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Therefore, in SORC systems, both the turbine inlet temperature and 
pressure should be simultaneously increased to obtain the maximum 
turbine power output. Specifically, the turbine inlet pressure of R134a is 
constrained to further increase by the pinch point in the PHE at higher 
turbine inlet temperatures, as shown in Fig. 6(b). In contrast, the pinch 

point temperature difference (PPTD) constrains the minimum allowable 
turbine inlet pressure of R1234ze(E), as illustrated in Fig. 6(c). Notably, 
for dry and isentropic working fluids, a higher turbine inlet pressure may 
cause the expansion through vapor-liquid region as shown in Fig. 7(a) 
and (c), particularly at a lower turbine inlet temperature. Therefore, the 
turbine inlet parameters should be constrained to avoid two-phase 
expansion, which can adversely affect turbine performance and reli
ability. As suggested in Refs. [56,85], a practical approach is to ensure 
that the turbine inlet entropy remains higher than the turning point of 
the saturated vapor line defined in Refs. [62,86]. For wet fluids, 
expansion into the two-phase region typically occurs near the end of the 
expansion process at higher inlet pressures.

The power consumption by the feed pump significantly increases as 
the turbine inlet pressure increases due to the increases in mass flow rate 
and pressure increase. For example, when the inlet pressure is increased 
from 4 MPa to 7 MPa at an inlet temperature of 136 ◦C for SORC using 
R1234yf, the feed pump power consumption increases by 149.4 %, 
while the turbine power output only increases by 19.8 %. In addition, 
the power consumption by the cooling system also increases with 
increasing turbine inlet pressure. Therefore, for a given turbine inlet 
temperature, there is an optimal inlet pressure that maximizes the net 
power output, as shown in Fig. 8. As the turbine inlet temperature in
creases, the corresponding local optimal inlet pressure increases. When 
the geothermal source temperature is significantly higher than the 
working fluid (e.g., R1234yf) critical temperature, the optimal turbine 
inlet temperature tends to approach the upper limit to maximize the net 
power output, as shown in Fig. 8(a). In the SORC system using R134a 
driven by geothermal brine at 160 ◦C, when the turbine inlet tempera
ture exceeds 148 ◦C, the inlet pressure cannot be excessively high; 
otherwise, the PPTD between the brine and working fluid falls below the 
allowable limit. For SORC using R134a, the optimal parameters for 
maximizing net power output are located along the upper boundary of 
the contour plot in Fig. 8(b). Conversely, when the turbine inlet tem
perature exceeds 156.5 ◦C, the inlet pressure of R1234ze(E) should not 
be too low; otherwise, the temperature difference between the 
geothermal brine and the working fluid falls below the specified pinch 
point threshold due to the increased average heat capacity of the 
working fluid. As shown by the upper boundary of the contour plot in 
Fig. 8(c), the corresponding minimum allowable inlet pressure increases 
with increasing turbine inlet temperature. A global maximum net power 
output is obtained at the optimal combination of inlet temperature and 
pressure, which occurs at 157.5 ◦C and 5.88 MPa for SORC using 
R1234ze(E) at geothermal brine temperature of 170 ◦C. Beyond this 
point, although the turbine power output continues to increase with 
increasing inlet temperature and pressure, the associated increase in 
working fluid mass flow rate and pressure leads to a substantial increase 
in feed pump power consumption and a decrease in net power output.

3.2. Effect of turbine inlet parameters on power output in RSORC

Fig. 9 presents the variation of turbine power output in the RSORC as 
a function of turbine inlet temperature and pressure. The temperature 
increase in the recuperator increases the working fluid mass flow rate. 
To maintain within an acceptable temperature difference between the 
brine and working fluid, the minimum allowable turbine inlet pressure 
in the RSORC must be higher than that in the SORC at the same turbine 
inlet temperature, thereby reducing the average specific heat. Data 
points at higher turbine inlet pressures are excluded from Fig. 9 due to 
the excessively low turbine exhaust temperatures, which severely 
constrain the effectiveness of recuperative heat transfer. The specific 
enthalpy drop in the turbine generally decreases as the inlet pressure 
increases at a given inlet temperature and condensing pressure; how
ever, the working fluid mass flow rate remains nearly unchanged, since 
the reduced average specific heat offsets the increased temperature in
crease in the PHE. Consequently, unlike in the SORC, the turbine power 
output in the RSORC tends to decrease with increasing turbine inlet 

Fig. 6. Turbine power outputs of SORCs with (a) R1234yf, (b) R134a, and (c) 
R1234ze(E) as functions of turbine inlet temperature and pressure.
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pressure at a constant inlet temperature. Notably, the turbine power 
output initially increases slightly and then decreases with increasing 
turbine inlet pressure at lower inlet temperatures, as shown in Fig. 9(a) 
and (b). This non-monotonic behavior is attributed to a similar trend in 
the specific enthalpy drop. The maximum turbine power output in the 
RSORC occurs at the highest turbine inlet temperature combined with 
the corresponding minimum allowable inlet pressure.

Fig. 10 presents the net power outputs of RSORCs as a function of 
turbine inlet temperature and pressure. For a given turbine inlet tem
perature, the local maximum net power output occurs at the lowest 
allowable inlet pressure constrained by the pinch point. This is primarily 
due to the combined effects of increased pump power consumption and 
reduced turbine power output as the turbine inlet pressure increases. 
The influence of turbine inlet pressure on net power output is more 
pronounced in the RSORC. For instance, in the RSORC using R1234yf at 
a turbine inlet temperature of 132 ◦C, the turbine power output is 
reduced by 0.8 % (23 kW) but the net power output is reduced by 3.2 % 
(61 kW) as the inlet pressure increases to 5 MPa from 4.7 MPa. Although 
the turbine power output in the RSORC continues to increase with 
increasing inlet temperature, the corresponding allowable inlet pressure 
constrained by the PPTD also increases. This results in higher pump 
power consumption, leading to an optimal turbine inlet temperature 
that yields the global maximum net power output. Notably, the net 
power output presents only slight variation in the vicinity of this optimal 
temperature. For example, as the turbine inlet temperature increases 
from 129 ◦C to 136 ◦C in RSORC using R1234yf, the net power output 
increases from 1881 kW to 1894 kW then decreases to 1877 kW at the 
corresponding minimal inlet pressure, showing a change of less than 1 
%.

3.3. Optimal turbine inlet parameters

The turbine inlet temperature and pressure were optimized to 
maximize the net power output for both SORC and RSORC systems, with 
geothermal brine temperatures ranging from 150 ◦C to 180 ◦C and a 
rejection temperature of 70 ◦C. The optimal turbine inlet temperatures 
are shown in Fig. 11, while Fig. 12 presents the optimal turbine inlet 
pressure with the corresponding reduced inlet pressure shown in Fig. 13. 
In the SORC system, dry working fluids exhibit higher turbine inlet 
temperature and reduced turbine inlet pressure (p1/pcr) to achieve the 
maximal net power output. The optimal turbine inlet pressure of RC318 
is the lowest, but the corresponding reduced pressure is only lower than 
R1234yf and R227ea. R290 presents the highest optimal turbine inlet 
pressure, followed by R134a. Notably, the optimal turbine inlet pres
sures of R1243zf and R1234ze(E) are significantly lower than that of 

R134a, although their corresponding reduced pressures are close. R152a 
presents the lowest optimal turbine inlet temperature among the can
didates and expands into the two-phase region at geothermal brine 
temperatures below 172 ◦C. As the brine temperature further increases, 
the optimal turbine inlet pressure for R152a decreases, as shown in 
Fig. 12(a), thereby reducing feed pump power consumption; neverthe
less, the expansion process remains entirely within vapor phase.

In the RSORC system, the incorporation of a recuperator increases 
the working fluid temperature at the PHE inlet, shifting the pinch point 
toward the low-temperature region of the PHE and thereby constraining 
the maximum achievable turbine inlet temperature (see Fig. 5). Under a 
fixed condensing pressure, reducing the turbine inlet pressure increases 
the specific enthalpy drop across the turbine, decreases feed pump 
power consumption, and increases the turbine exhaust temperature 
which enhances the effectiveness of recuperative heat transfer. More
over, the resulting decrease in turbine inlet temperature and pressure 
increases the fluid heat capacity rate, further shifting the pinch point to 
an even lower-temperature region and, in turn, influencing the turbine 
inlet parameters. Consequently, under the combined effects of pinch 
point constraints, and variations in thermophysical property, the RSORC 
exhibits lower optimal turbine inlet temperature and pressure compared 
to the SORC.

As shown in Fig. 11, the optimal turbine inlet temperature of R1234yf 
in the RSORC is 7.5–7.9 ◦C lower than that in the SORC, while for RC318 
the reduction reaches 7.9–10.6 ◦C. For R290, R1243zf and R1234ze(E), 
the decreases in optimal turbine inlet temperature do not exceed 4.5 ◦C at 
a geothermal brine temperature of 150 ◦C, due to the smaller temperature 
increases in the recuperator; however, as the brine temperature increases 
to 180 ◦C, the reductions reach up to 10 ◦C. R1234ze(E) exhibits the 
lowest optimal turbine inlet temperature in the RSORC for brine tem
peratures below 170 ◦C, while R134a achieves the highest optimal turbine 
inlet temperature for higher source temperatures.

As shown in Fig. 12, the reduction in optimal turbine inlet pressure 
for wet and isentropic working fluids in the RSORC compared to the 
SORC generally increases as the brine temperature increases. The 
optimal turbine inlet pressure of R290 in RSORC decreases by 0.35 MPa 
for a brine temperature of 150 ◦C, whereas the reduction reaches 0.73 
MPa for a brine temperature of 180 ◦C. In contrast, for dry working 
fluids, the decrease in optimal turbine inlet pressure in the RSORC de
creases with increasing geothermal brine temperature, constrained by 
the PPTD and further influenced by the larger temperature increase 
achieved in the recuperator. Specifically, at a brine temperature of 
150 ◦C, the optimal turbine inlet pressure of RC318 is 0.46 MPa lower in 
the RSORC than in the SORC; however, the reduction decreases to 0.1 
MPa at a brine temperature of 180 ◦C.

Fig. 7. Enthalpy-entropy diagrams of (a) R1234yf, (b) R134a and (c) R1234ze(E).
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4. Thermodynamic analysis

This section presents a comparative analysis of the net power output, 
parasitic power consumption (including working fluid pump, circulating 
pump and cooling tower fan), thermal efficiency, and exergy efficiency 
of the candidate working fluids under the conditions corresponding to 

maximum net power output at various geothermal source temperatures. 
The results are also compared with those of a subcritical ORC with a 
recuperator using R601a (isopentane) as the working fluid. For the 
subcritical ORC with saturated vapor at the turbine inlet (hereafter, 
referred to as SAORC), the evaporation temperatures are optimized to 
maximize the net power output.

Fig. 8. Net power outputs of SORCs with (a) R1234yf at tG,in = 150 ◦C, (b) 
R134a at tG,in = 160 ◦C, and (c) R1234ze(E) at tG,in = 170 ◦C as functions of 
turbine inlet temperature and pressure.

Fig. 9. Turbine power outputs of RSORCs with (a) R1234yf, (b) R134a, and (c) 
R1234ze(E) as functions of turbine inlet temperature and pressure.
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4.1. Power output

Fig. 14 shows the turbine power outputs of SORCs and RSORCs for 
the optimal conditions. In the SORC, the specific enthalpy drop of R290 
is more than twice that of R134a, R1234yf, R1234ze(E) and R227ea. 
Consequently, R290 achieves the highest turbine power output despite 

having the lowest mass flow rate, followed by R134a, as shown in Fig. 14
(a). The turbine power outputs of R1234yf, R1234ze(E) and R152a are 
comparable to that of R134a at lower brine temperatures, with only a 
1− 2 % decrease at higher brine temperatures. Although RC318 has the 
highest mass flow rate among the working fluids, it produces the lowest 
turbine power due to its lowest enthalpy drop. Additionally, the SORC 
using R134a achieves 32− 37 % higher turbine power output than the 
SAORC with R601a.

In the RSORC, both the optimal turbine inlet temperature and 
pressure are lower than those in the SORC for a given brine temperature, 
leading to a reduced specific enthalpy drop in the turbine. For instance, 
the decrease in specific enthalpy drop of RC318 in the RSORC relative to 
SORC increases from 5.9 % to 9.4 % as the geothermal brine tempera
ture increases from 150 ◦C to 180 ◦C. Nevertheless, the turbine power 
output of RSORC using RC318 increases by 9.9 %–21.7 % compared to 
SORC, owing to a proportionally larger increase in mass flow rate. 
Similarly, RSORC using R1234yf produces 5.2–12.5 % more turbine 
power than SORC. In contrast, for R134a, R1243zf and R1234ze(E), the 
turbine power outputs in RSORC are almost the same as that in SORC at 
lower brine temperatures, due to the limited increase in mass flow rate. 

Fig. 10. Net power outputs of RSORCs with (a) R1234yf, (b) R134a, and (c) 
R1234ze(E) as functions of turbine inlet temperature and pressure.

Fig. 11. Optimized turbine inlet temperature for (a) supercritical ORC (SORC) 
and (b) recuperative SORC (RSORC) for various geothermal brine temperatures.

Fig. 12. Optimized turbine inlet pressure of the working fluids for (a) SORC 
and (b) RSORC for various geothermal brine temperatures.

Q. Liu et al.                                                                                                                                                                                                                                      Renewable Energy 257 (2026) 124795 

11 



Even at a brine temperature of 180 ◦C, the turbine power improvements 
in RSORC for these wet and isentropic working fluids remain modest, at 
only 5.7–7.3 %. RSORC with R1234yf exhibits the highest turbine power 
output, slightly outperforming those with R227ea and R290, as shown in 
Fig. 14(b). Notably, the turbine power output for RSORC using R1234yf 
is 5.1–8.1 % higher than that using R1234ze(E), with the performance 
advantage being more pronounced at lower brine temperatures.

Fig. 15 shows the parasitic power fraction relative to the gross tur
bine power in SORC and RSORC systems. In the SORC using R290, the 
feed pump exhibits the highest power consumption, accounting for 
18.1–21.1 % of the gross turbine power, due to its higher pressure in
crease and lower density. Feed pump power consumption generally in
creases with increasing brine temperature. For example, in the SORC 
using R1234ze(E), the feed pump power fraction increases from 14.1 % 
to 15.9 %, while in the SORC using R1234yf, it increases from 17.7 % to 
21 % as the brine temperature increases from 150 ◦C to 180 ◦C. Notably, 
the SORC with RC318 achieves the lowest feed pump power consump
tion for brine temperatures below 170 ◦C, attributed to its lower pres
sure increase and higher density. However, the feed pump power 
comsumption for R152a becomes the lowest (only 13.7 % of the gross 
power) at a brine temperature of 180 ◦C, due to a reduction in pressure 
increase. Conversely, the cooling system parasitic load in the SORC with 

R152a is the highest, driven by increased cooling water and air re
quirements. In general, SORCs using dry working fluids present lower 
parasitic power losses from the cooling system compared to those using 
wet or isentropic working fluids. For example, the cooling system in the 
SORC with R1234yf consumes 8.4–11.1 % less power than that with 
R134a. Overall, the cooling system parasitic power accounts for 
9.7–11.5 % of gross power at a brine temperature of 150 ◦C, and 7.4–9.4 
% at a brine temperature of 180 ◦C.

Compared to the SORC, feed pump power consumption in the RSORC 
decreases at lower brine temperatures due to reduced pressure increase, 
but increases at higher brine temperatures because of the significant 
increase in mass flow rate. For instance, the RSORC with R1234ze(E) 
consumes 10.1 % less pump power than the SROC at a brine temperature 
of 150 ◦C, but 4.1 % more at a brine temperature of 180 ◦C. For dry 
working fluids, the pressure increase reduction becomes marginal as the 
brine temperature increases, while the mass flow rate increases sub
stantially, leading to feed pump power consumption increases of up to 
26.8 %. In RSORCs using dry working fluids, cooling system power 
consumption can increase by up to 30 % compared to the SORC, pri
marily due to increased cooling water demand. The cooling system 
parasitic load accounts for 10.5–11.6 % of gross power at a brine tem
perature of 150 ◦C and 8.1–8.7 % at higher source temperatures. 
Overall, the total parasitic power requirement amounts to approxi
mately 25 % of the gross turbine power in supercritical ORCs using 
R134a, compared to only 13.7− 16.1 % in the SAORC with R601a.

Fig. 16 shows the maximum net power outputs for SORC and 
RSORCs for various brine temperatures. In the SORC, R134a produces 
the highest net power for brine temperatures below 170 ◦C due to lower 
parasitic power consumption. The net power outputs of R1243zf and 
R1234ze(E) are slightly lower, differing by less than 1.2 % from that of 
R134a. At brine temperatures exceeding 175 ◦C, SORC using R152a 
achieves the highest net power output, attributed to its minimal para
sitic power demand, which accounts for only 23 % of the turbine power 
output. Although R290 yields the highest turbine power output among 
the candidate fluids, 29 % of the turbine power is consumed by the 
pumps and cooling tower fan, resulting in a net power output 1–1.8 % 
lower than that of R134a. Wet and isentropic working fluids generally 
achieve more net power output compared to dry working fluids. As the 
brine temperature increases, the performance advantage becomes more 
pronounced. For instance, R134a produces 5.1 % more net power than 
RC318 at a brine temperature of 150 ◦C and this advantage expands to 
12.2 % at a brine temperature of 170 ◦C. Notably, R152a produces 14.9 
% more net power than RC318 at a brine temperature of 180 ◦C. 
Compared to the SAORC using R601a, SORCs using wet or isentropic 
working fluids present a 11.5–20.3 % increase in net power output, 
while the SORC with RC318 demonstrates only a marginal 1 % 
improvement at a brine temperature of 180 ◦C. These results indicate 
that wet and isentropic working fluids are more suitable for SORC sys
tems, particularly at higher geothermal source temperatures.

In the RSORC systems, the net power outputs of dry working fluids 
are significantly increased compared to SORCs. The excess of net power 
generated by RSORC over SORC increases with increasing brine tem
perature. For RC318, the net power gain in RSORC compared to SORC 
increases from 10.7 % at a brine temperature of 150 ◦C to 17.8 % at a 
brine temperature of 180 ◦C. In contrast, RSORCs using wet or isentropic 
fluids show only modest improvements in net power output due to the 
lower temperature increase in recuperator and decreases in turbine inlet 
temperature and pressure. The net power increase in RSORC using 
R134a or R1234ze(E) is less than 1 % at a brine temperature of 150 ◦C 
while reaches 6.3 % at a brine temperature of 180 ◦C. Additionally, 
RSORCs achieves 17.5− 26.7 % more net power output than the SAORC 
using R601a. Among all the candidates, RC318 enables RSORC to ach
ieve the highest net power output at brine temperatures below 170 ◦C, 
exceeding that of R134a by 1.5–4.4 %. However, R1234ze(E) and 
R1243zf produce approximately 1 % more net power than RC318 at a 
brine temperature of 180 ◦C. Therefore, isentropic working fluids with 

Fig. 13. Reduced turbine inlet pressure for (a) SORC and (b) RSORC at the 
optimal conditions for various geothermal brine temperatures.

Fig. 14. Turbine power outputs for (a) SORC and (b) RSORC at the optimal 
conditions for various geothermal water inlet temperatures.
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Fig. 15. Parasitic power fraction relative to gross turbine power for (a) SORC and (b) RSORC under optimal conditions.

Fig. 16. Net power outputs for (a) SORC and (b) RSORC under optimal con
ditions at various geothermal brine temperatures.

Fig. 17. Cycle thermal efficiencies of (a) SORC and (b) RSORC at the optimal 
conditions for various geothermal brine temperatures.
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higher critical temperatures are preferable for RSORC applications uti
lizing high-temperature geothermal sources.

4.2. Thermal efficiency

Fig. 17 shows the cycle thermal efficiencies of SORC and RSORC 
under optimal conditions for various geothermal brine temperatures. In 
SORC, dry working fluids present lower cycle efficiencies than wet and 
isentropic working fluids due to greater cold source losses. R134a ach
ieves the highest cycle thermal efficiency for brine temperatures below 
165 ◦C, with a relative improvement of 6.6 %–13.2 % over RC318. For 
brine temperatures above 165 ◦C, R152a exhibits superior performance, 
achieving a 0.9–3.4 % higher cycle efficiency than R134a, attributed to 
its reduced feed pump power consumption. The SAORC using R601a 
also achieves higher cycle efficiency than SORCs using dry working 
fluids, particularly at higher brine temperatures. Notably, the SAORC 
adopts higher evaporation temperatures to improve cycle efficiency and 
maximize net power output, but this comes at the cost of reduced 
geothermal energy utilization efficiency [46,76].

In the RSORC, the incorporation of a recuperator reduces the cold 
source losses and increases the PHE inlet temperature, thereby signifi
cantly improving the cycle efficiency. The efficiency improvement of 
RSORC relative to SORC increases with increasing brine temperature. 
For instance, the cycle efficiency of RSORC with R1234yf is 6.6 % higher 
than that of SORC for a brine temperature of 150 ◦C and 12.8 % higher 
for a brine temperature of 180 ◦C. RC318 achieves the highest cycle 
efficiency at brine temperatures below 175 ◦C, while R134a outperforms 
RC318 by 1.1 % at a brine temperature of 180 ◦C. Notably, the use of a 
recuperator improves the cycle thermodynamic completeness, narrow
ing the cycle efficiency differences among working fluids in the RSORC. 
Additionally, RSORCs demonstrates a 3.7− 9.3 % improvement in cycle 
efficiency compared to SAORCs using R601a.

Fig. 18 shows the net thermal efficiencies for SORC and RSORC 
under optimal conditions. The SORC using R134a achieves the highest 
net thermal efficiency at brine temperatures below 170 ◦C, while R152a 
outperforms R134a at brine temperatures above 170 ◦C. The net thermal 
efficiencies of R1243zf and R1234ze(E) are very close to that of R134a, 
with relative differences of less than 1.2 %. In contrast, the relative in
crease in net thermal efficiency of SORC with R134a over that with 
R1234yf increases from 2.2 % to 7.1 % as the brine temperature in
creases from 150 ◦C to 180 ◦C. Due to its reduced geothermal heat input, 
the SAORC using R601a also presents a higher net thermal efficiency 
than the SORC using RC318.

In the RSORC, dry working fluids generally outperform isentropic 

and wet working fluids in terms of net thermal efficiencies at lower 
geothermal brine temperatures. The net thermal efficiency of RSORC 
with RC318 is 5.8 % higher than that with R1234ze(E) at a brine tem
perature of 150 ◦C. However, the efficiency advantage of dry working 
fluids diminishes at higher brine temperatures. The net thermal effi
ciency of RSORC with RC318 is 1.2 % lower than that with R1234ze(E), 
while RSORC with R227ea presents the lowest efficiency at a brine 
temperature of 180 ◦C. Notably, the net thermal efficiencies of RSORC 
using R1234ze(E), R1243zf and R134a converge and show minimal 
variation at higher brine temperatures. RSORCs present 3.9− 11.2 % 
higher net thermal efficiency than SAORCs with R601a, as shown in 
Fig. 18(b).

4.3. Exergy analysis

Fig. 19 shows the exergy efficiencies of SORC and RSORC under 
optimal conditions, with the corresponding exergy destruction rates in 
components shown in Fig. 20. Exergy losses are primarily distributed 
among the brine reinjection, primary heat exchanger (PHE), condenser 
(including the cooling system), and turbine-generator unit. The irre
versibility associated with the brine reinjection remains constant across 
cycles due to the fixed reinjection temperature for a given heat source. 
SORCs using dry working fluids exhibit lower net exergy efficiencies due 
to higher exergy losses in the condenser, whereas wet and isentropic 
working fluids perform better. For example, the condenser exergy 
destruction rate for RC318 increases from 19.1 % to 22.8 % as the brine 
temperature increases from 150 ◦C to 180 ◦C; however, for R134a, it 
increases slightly from 16.9 % to 17.3 %. Exergy losses in the PHE ac
count for 11.4–15.3 % of the geothermal exergy input. Wet and isen
tropic working fluids present lower irreversibility losses in the PHE 
compared to RC318 and R227ea, particularly at higher brine tempera
tures. For instance, the exergy destruction rate in the PHE for SORC with 
R134a decreases from 14.3 % to 12.3 % as the brine temperature in
creases from 150 ◦C to 180 ◦C, while for SORC with RC318, it decreases 
from 15.3 % to 13.9 %. However, dry working fluids show lower exergy 
losses in the turbine-generator unit. In SORC with RC318, turbine- 
generator exergy losses account for 9.8 % of the geothermal exergy 
input, whereas for R152a, the exergy destruction rate ranges from 11.5 
% to 12.6 %. Overall, R134a exhibits the highest exergy efficiency at 
brine temperatures below 170 ◦C, while R152a achieves the highest 
efficiency above 170 ◦C. Due to the higher irreversibility losses during 
evaporation and brine reinjection, the exergy efficiencies of SAORCs 
using R601a are 11.8–16.8 % lower than those of SORCs using R134a.

Fig. 18. Net thermal efficiencies of (a) SORC and (b) RSORC at optimal con
ditions for various geothermal brine temperatures.

Fig. 19. Exergy efficiencies of SORC and RSORC at the optimal conditions for 
various geothermal brine temperatures.
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Significant reductions in irreversibility losses in the PHE are 
observed in RSORCs using dry working fluids. Compared to the SORC, 
the exergy losses in the PHE for RSORC with RC318 decrease by 27 % at 
a brine temperature of 150 ◦C and by 41.4 % at a brine temperature of 
180 ◦C. In contrast, the corresponding reductions for RSORC with wet or 
isentropic working fluids do not exceed 23 %. Additionally, the 
condenser exergy destruction rate in RSORC with RC318 is 13.5 % lower 
than that in the SORC at a brine temperature of 150 ◦C and 32.3 % lower 
at a brine temperature of 180 ◦C, whereas the reductions for wet or 
isentropic fluids only range from 0.4 % to 15 %. Therefore, RSORCs 
using RC318 exhibit the highest exergy efficiency at brine temperatures 
below 170 ◦C, followed by R227ea and R1234yf. However, the total 
exergy losses in the recuperator and PHE for the RSORC with RC318 
exceed those of the RSORC with R1234ze(E) for a brine temperature of 
180 ◦C, leading to a 1.2 % reduction in exergy efficiency.

5. Economic analysis

5.1. Heat exchanger area

Fig. 21 shows the required heat exchanger areas for SORC and 
RSORC systems. R152a presents the highest heat transfer coefficient 
(HTC) among the candidates in the PHE due to its turbine inlet pressure 
being closer to the critical pressure, amplifying the specific heat peak, 

along with its high thermal conductivity and low viscosity. R134a ranks 
second in HTC, requiring 11− 17 % more PHE area than R152a. R1234ze 
(E) achieves 1− 4.3 % smaller PHE area than R134a for brine tempera
tures below 170 ◦C owing to higher LMTD, but 4.7− 7.1 % larger area 
due to its lower HTC and reduced LMTD for brine temperatures above 
170 ◦C. In contrast, dry working fluids exhibit weaker specific heat 
enhancement due to their higher reduced pressures, resulting in lower 
HTCs than the selected wet and isentropic working fluids. R1234yf re
quires 17.4 % greater PHE area than R134a for a brine temperature of 
150 ◦C owing to the lowest LMTD, but 1.2− 3.1 % less area at brine 
temperatures above 165 ◦C as LMTD improves.

R152a, R134a, and R290 possess higher latent heat, saturated liquid 
densities, and thermal conductivities, combined with lower viscosities, 
which collectively enhance condensate film mobility and heat conduc
tion, resulting in superior condensation performance. R152a achieves 
the highest condensation HTC, followed by R134a and R290. However, 
R152a requires 6.8− 11.4 % larger condenser area than R134a, because 
of its greater condensation heat load. Conversely, dry working fluids 
achieve comparable or even reduced condenser areas (up to 4.4 % 
smaller than R134a), due to their lower condensing heat loads, despite 
inferior condensation HTCs. For a geothermal brine inlet temperature of 
150 ◦C, the condenser areas for R1234ze(E) are about 6 % larger than 
that for R134a, while at a brine temperature of 180 ◦C, the required 
condenser areas are nearly identical. Among the candidate fluids, R290 

Fig. 20. Exergy destruction rates for the components in (a) SORC and (b) RSORC for the optimal conditions.
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achieves the highest HTC in the desuperheater due to its higher specific 
heat capacity and thermal conductivity, requiring 3.5− 6.4 % less 
desuperheater area than R134a for brine temperatures above 160 ◦C, 
despite a 14− 20 % higher heat load. Dry and isentropic fluids require 
larger desuperheater areas than wet fluids because of their inherently 
higher heat loads. RC318 presents the lowest HTC, attributed to its low 
specific heat and thermal conductivity, combined with the highest heat 
load, demands the largest desuperheater area. For R1234yf, although its 
heat load is 1.5–2.2 times greater than that of R134a, its higher HTC and 
LMTD limit the desuperheater area increase to 19.7− 46.2 %.

In the SORC system, dry working fluids require up to 10.5 % more 
total heat exchanger area than R134a at a brine temperature of 150 ◦C, 
with the gap narrowing to 1− 4 % at 180 ◦C. R1234ze(E) requires 
2.1− 4.7 % more total area compared to R134a. In contrast, R152a de
mands the lowest total heat exchanger area, 3.4− 7.2 % lower than that 
of R134a. For the SAORC, R601a requires 9 % more total area than 
R134a at a brine temperature of 180 ◦C due to a larger desuperheater, 
but 2− 4 % less at lower brine temperatures.

Compared with SORC, the optimal turbine inlet pressure in RSORC is 
lower, leading to a reduced pseudo-critical temperature and a more 
pronounced peak in specific heat, which enhances the HTC near the 
pseudo-critical point. However, in the PHE high-temperature section, 
the HTC decreases due to reduced density and thermal conductivity. Wet 
and isentropic working fluids require smaller PHE areas in RSORC than 

in SORC for brine temperatures below 160 ◦C, because of the larger 
temperature difference in the high-temperature section. In contrast, dry 
working fluids consistently demand larger PHE areas in RSORC due to 
the lower overall HTC. R1234yf requires 1.9 % more PHE area in RSORC 
at a brine temperature of 150 ◦C, while it requires 32.6 % additional area 
at 180 ◦C. In RSORC, the PHE area for R1234ze(E) is close to that for 
R134a, while R1234yf requires 16.3 %–22 % more area.

The RSORC system requires a larger condenser area than the SORC 
system due to the increased condensation heat load. For R134a, the 
condenser area in RSORC is 2.4–11.2 % greater than that in SORC. As 
the geothermal brine temperature increases from 150 ◦C to 180 ◦C, the 
additional condenser area required for RSORC using R1234yf relative to 
SORC increases from 12.5 % to 20.2 %. This growth is even more pro
nounced for RC318, with RSORC requiring 34.3 % more condenser area 
at a brine temperature of 180 ◦C. In RSORC, the condenser area required 
for R1234ze(E) is approximately 4 % larger than that for R134a. 
Compared to the SORC system, the desuperheater area in RSORC is 
reduced up to 38 %. However, the additional recuperator area contrib
utes to an increase in the total heat exchanger area, particularly for dry 
working fluids. At a brine temperature of 150 ◦C, the recuperator area 
required for R1234yf is approximately 3 times that of R134a, while for 
RC318, it can be up to 5 times larger. As the geothermal brine temper
ature increases to 180 ◦C, R1234yf requires 57 % more, and RC318 re
quires 169 % more recuperator area compared to R134a.

Fig. 21. Required heat transfer areas for (a) SORC and (b) RSORC at the optimal condition.
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In RSORC, R134a requires 2.7− 16.1 % more total heat exchanger 
area than that in SORC, due to the increased condenser and additional 
recuperator areas; nevertheless, it remains the smallest among the 
evaluated working fluids. RC318 demands the largest total heat 
exchanger area in RSORC, exceeding that in SORC by 22.8–46.1 %. The 
total area required for R290 is comparable to that of R134a, while 
R1234ze(E) requires 2.5–5.1 % more. In contrast, dry working fluids 
require 15–34 % more total area than R134a.

5.2. Specific investment cost

Fig. 22 shows the bare module costs which include both direct and 
indirect costs of the major components and Fig. 23 illustrates the specific 
investment costs (SICs) for the SORC and RSORC systems. SORC using 
R134a presents the lowest SIC at brine temperatures below 165 ◦C, 
while that using R152a achieves the lowest SIC at higher geothermal 
source temperatures, primarily due to its lower heat exchanger and 
working fluid feed pump costs. The heat exchanger costs for dry working 
fluids are higher than those of R134a, particularly at lower brine tem
peratures, but the cooling system costs are up to 8.8 % lower. 

Fig. 22. Bare module costs of components for (a) SORC and (b) RSORC.

Fig. 23. Specific investment costs of (a) SORC and (b) RSORC.
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Consequently, the total equipment investments for SORC with dry 
working fluids are comparable to those of R134a; however, their SICs 
remain 2.6− 8.5 % higher. Notably, the SORC using R1234ze(E) ach
ieves an SIC 1.4 % lower than R134a at higher brine temperatures, 
owing to reduced pump and cooling system costs, but this advantage 
diminishes when accounting for the relatively high cost of R1234ze(E). 
The SICs of SORC systems are lower than that of the SAORC using R601a 
at a brine temperature of 150 ◦C, but only SORC with R152a and 
R1234ze(E) maintain lower SICs for higher source temperatures.

In the RSORC system using a wet or isentropic fluid, the PHE cost is 
lower than that in the SORC at brine temperatures below 170 ◦C due to 
the reduced operating pressure. By contrast, RSORCs with dry working 
fluids present higher PHE cost compared to SORCs; for instance, the PHE 
cost for RC318 increases by up to 26.4 %. The total heat exchanger cost 
in RSORCs increases significantly with increasing brine temperatures. 
For example, the heat exchanger cost in the RSORC using R134a in
creases by 7.8 % at a brine temperature of 150 ◦C and 17.4 % at a brine 
temperature of 180 ◦C, while the corresponding increase for R1234yf 
ranges from 14.8 % to 28.9 %. The turbine cost in RSORC increases by 
less than 3 %, but the generator cost increases by up to 20 %. Cooling 
system costs also increase, particularly for RSORCs with dry working 
fluids (5.8–14.9 %), compared with only 1.2–7.9 % for wet and isen
tropic fluids. In contrast, RSORCs require lower feed pump costs than 
SORCs, with reductions of up to 19 % at lower source temperatures. 
Overall, the total equipment costs of RSORCs using dry working fluids 
are 6.7–21.8 % higher than those of SORCs, while RSORCs with wet or 
isentropic fluids present moderate cost increases of 1.6–8.9 %. Never
theless, because of the higher net power output, the SIC of RSORCs in
creases slightly compared to SORC, with the maximum increase limited 
to 3.3 %. Specifically, the SICs for RSORC with R134a or R1234ze(E) 
remain lower than that of the SAORC using R601a at brine temperatures 
below 165 ◦C, but become 2 % higher at a brine temperature of 180 ◦C.

6. Conclusions

The turbine inlet temperature and pressure of selected working fluids 
were optimized to maximize the net power outputs for supercritical 
ORCs (SORCs) and recuperative SORCs (RSORCs), driven by geothermal 
brine temperatures ranging from 150 ◦C to 180 ◦C with a reinjection 
temperature of 70 ◦C. The thermodynamic and economic performance of 
the SORC and RSORC using various working fluids was analyzed. The 
results show that:

SORC systems output the maximum turbine power at the highest 
achievable inlet temperature and pressure. Wet working fluids outper
form dry fluids owing to lower cold source losses. Among the candidates, 
R290 yields the highest turbine power; however, its parasitic power 
consumption accounts for 29 % of the gross power, reducing the net 
power output. For brine temperatures below 170 ◦C, R134a achieves the 
highest net power output and the lowest specific investment cost (SIC). 
For higher brine temperatures, R152a exhibits superior performance 
due to its minimal parasitic power demand. R1234ze(E) and R1243zf 
emerge as promising alternatives, offering net power outputs and SICs 
comparable to those of R134a with benefits of lower optimal turbine 
inlet pressure and reduced environmental impacts.

In RSORC systems, enhanced recuperative heat transfer improves the 
thermodynamic completeness and shifts the pinch point toward the low- 
temperature region in the PHE, thereby limiting the achievable turbine 
inlet temperature and pressure. The maximum turbine power is obtained 
at the highest feasible turbine inlet temperature and the lowest allow
able pressure constrained by the PPTD. Although the total parasitic 
power fraction relative to gross power slightly decreases in RSORC, the 
cooling system still consumes more power than in the SORC. Dry 
working fluids yield 5.8–17.8 % more net power than in SORC, while 
wet or isentropic fluids offer a modest increase of 1–6.8 %. Despite an up 
to 21 % increase in total investment cost, the SIC of RSORC increases 
only slightly due to the increased net power output. At brine 

temperatures below 170 ◦C, RC318 achieves the highest net power, 
while R1234ze(E) outperforms RC318 at higher temperatures with a 1 % 
gain in net power. Moreover, the improved thermal matching in the 
RSORC reduces the net power differences among working fluids. 
R1234ze(E) achieves up to 9 % lower SIC than the selected dry working 
fluids, emerging as the most promising working fluid for RSORC.
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Nomenclature

A: Heat transfer area (m2)
C: cost ($)
cp: Specific heat (kJ•kg− 1 K− 1)
d: Diameter (m)
Ė: Exergy (kW)
H: Pump head (m)
h: Specific enthalpy (kJ•kg− 1)
İ: Exergy destruction (kW)
ṁ: Mass flow rate (kg•s− 1)
p: Pressure (MPa)
Q̇: Heat flow (kW)
r: Latent heat (J•kg− 1)
s: Specific entropy (kJ•kg− 1 K− 1)
T: Temperature (K)
t: Temperature (◦C)
U: Overall heat transfer coefficient (W•m− 2 K− 1)
Ẇ: Power (kW)

Acronyms
FP: Feed pump
G: Generator
GWP: Global warming potential
HTC: Heat transfer coefficient
Nu: Nusselt number
ORC: Organic Rankine cycle
PHE: Primary heat exchanger
PPTD: Pinch point temperature difference
Pr: Prandtl number
Re: Reynold number
RSORC: Recuperative SORC
SAORC: Saturated organic Rankine cycle
SORC: Supercritical organic Rankine cycle
SIC: Specific investment cost

Greek symbols
α: Heat transfer coefficient (W•m− 2 K− 1)
η: Efficiency (%)
λ: thermal conductivity (W⋅m− 1 K− 1)
ρ: Density (kg•m− 3)
μ: Dynamic viscosity (Pa⋅s)
Ω: Exergy destruction rate (%)

Subscripts
0: Reference dead state
a: air
b: bulk
CON: condenser
CP: Circulating water pump
CTF: Cooling tower fan
CW: Cooling water
cyc: cycle
ex: Exergy
FP: Feed pump
G: Geothermal brine
Gin: Geothermal brine inlet
Gout: Geothermal brine outlet
i: State points number
in: inlet
max: maximum
min: minimum
MO: motor
net: net
O: Organic working fluid
out: outlet
RC: recuperator
RJ: reinjection
SL: Saturated liquid
SV: Saturated vapor
T: Turbine
th: thermal
w: wall
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