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A B S T R A C T   

Direct steam generation (DSG) solar power systems eliminate synthetic oils and molten salts in the solar field and 
enable efficient heat collection. Commercial DSG solar plants usually have a steam generation temperature of 
250–285 ◦C to reduce the technical challenges of wet steam turbines and the costs of high-pressure water storage 
tanks. The power conversion efficiency is relatively low due to the limited steam generation temperature. This 
paper proposes a high-temperature solar power system driven by the cascade organic Rankine cycle (CORC). It 
has three features: water/steam for solar heat transfer, water and phase change material (PCM) for heat storage, 
and CORC for power conversion. It is the first time that the storage tank temperature is independent of the steam 
generation temperature in a DSG. Steam can be generated in the solar field at a temperature of 310 ◦C or even 
370 ◦C. The fundamental of the innovative system is illustrated. The thermodynamic performances during the 
normal operation and discharge processes are investigated. The results show the maximum thermal efficiency of 
the CORC system in the normal operation mode is 32.85% at a steam temperature of 311 ◦C, while the top and 
bottom cycle efficiencies are 15.38% and 20.86%, respectively. The efficiency increases to more than 37% at 
370 ◦C. Combining the two-tank storage and the PCM unit can overcome the problems of decreasing the heat 
release rate from PCM during heat discharge while maintaining the CORC system's power output and prolonging 
the heat storage time. The proposed system is potentially more cost-effective than the existing DSG solar plants.   

1. Introduction 

Direct steam generation (DSG) is a promising method to reduce the 
cost of generating electricity from solar thermal power plants [1,2]. In 
the DSG solar thermal power system, water is used as the working me
dium for solar collectors, heat storage unit and thermodynamic cycle 
simultaneously, resulting in a simple system structure and attractive 
thermo-economic performance [3]. In the early development of the DSG 
technology, superheated steam Rankine cycles were commonly used, 
such as in the DISS and INDITEP projects [4]. Later, saturated DSG 
systems also attracted interest due to the collector field's simple setup 
(no superheated region), proven safe collector field operation, and 
higher heat collection efficiency [5]. Common collectors in DSG appli
cations include parabolic trough collector (PTC), linear Fresnel collector 
(LFC), and solar central tower (SCT). Many saturated DSG plants have 
been built worldwide [6], and some are listed in Table 1. 

These solar plants usually have an operating temperature of 
250–285 ◦C and pressure of 4–7 MPa, which are significantly lower than 
the temperature and pressure of the plants using thermal oils (e.g., 
390 ◦C/10 MPa) and molten salts (e.g., 560 ◦C/14 MPa). The saturated 
steam generated from solar collectors or accumulators is directly injec
ted into the wet steam turbine. The heat-to-power conversion efficiency 
is therefore lower. Increasing the operating temperature and pressure of 
the DSG systems could improve the thermodynamic performance, but 
there are foreseeable limitations and challenges. 

First, the wet steam turbine technologies will be more challenging. 
Commercial DSG plants generally use wet steam turbines for power 
conversion [7]. In a cascade system, wet steam turbines, including both 
high-pressure (HP) and low-pressure (LP) ones, are adopted in the 
saturated DSG plants. They suffer from inefficiency and intense erosion 
due to the presence of moisture in the expansion process [8]. Under 
normal circumstances, the wetness of exhaust steam should not be 
higher than 14% [9,10]. The Baumann rule indicates that a 1% 
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increment of steam wetness leads to a 1% reduction in turbine efficiency 
[11]. Fig. 1 shows the enthalpy variations at the outlet of the HP turbine 
at a given outlet temperature and pressure of 175 ◦C/0.89 MPa and 
isentropic efficiency of 0.78. The red and blue dashed lines represent the 
inlet temperatures of 310 ◦C and 250 ◦C, respectively. The outlet 
wetness doubles with an inlet temperature increment of 60 ◦C, which is 
detrimental to the performance of a wet steam turbine. 

Second, thermal storage will be infeasible. Steam accumulators are 
the only commercial solution for the heat storage of DSG solar plants. 
Current accumulators have a limited storage capacity as the steam 
pressure falls dramatically with the temperature decrement. To avoid 
inefficient off-design operation and low power output, the temperature 
drop during heat discharge is usually less than 50 ◦C. The lack of long- 
term and cost-effective storage has restricted the development of DSG 
technology [12]. Particularly, if the steam temperature and pressure are 
increased from 250 ◦C/4 MPa to 310 ◦C/10 MPa, the thickness of the 
storage tank will rise three times [13], and will not be economically 
feasible. 

Third, the efficiency increment will be limited. Fig. 2 shows the 

variations of the equivalent temperature in the heating process [14] and 
ideal Rankine cycle efficiency with the saturated steam temperature. It is 
assumed that the solar field inlet temperature is 175 ◦C. The ideal 
Rankine cycle efficiency (i.e., no irreversibility during pressurization 
and expansion) increases from 41.4% to 48.1%. The relative efficiency 
increment is only 16.2%, while the temperature increment is 100 ◦C. 

The above limitations and challenges can be solved by using the 
cascade organic Rankine cycle (CORC). Unlike water, the dry organic 
fluid expands from a saturated vapor state to a superheated state without 
droplets, thereby providing a safe and efficient expansion process. The 
organic Rankine cycle (ORC) turbine is a typical dry turbine and has an 
isentropic efficiency as high as 90% [15], which can overcome the 
challenges of wet steam turbine technologies. The CORC system has 
significant heat recovery capacities [16,17] and efficiency promotion 

Nomenclature 

H enthalpy, kJ 
h enthalpy, kJ/kg 
M mass, kg 
ṁ mass flow rate, kg/s 
Q heat, W 
S entropy, kJ/K 
T temperature, K 
t operating time, h 
W work, W 

Abbreviations 
CORC cascade organic Rankine cycle 
DSG direct steam generation 
HTT high-temperature tank 
HP high-pressure 
HX heat exchanger 
LP low-pressure 
LTT low-temperature tank 
ORC organic Rankine cycle 
P pump 
TV throttle valve 
V valve 

Greek letters 
α extracted vapor 
ε machine efficiency 
η efficiency 

Subscripts 
3rd third 
bot bottom ORC 
CORC cascade organic Rankine cycle 
d design condition 
g generator 
HP high-pressure 
HX heat exchanger 
LP low-pressure 
max maximum 
min minimum 
ORC organic Rankine cycle 
P pump 
pinch pinch point 
r regenerator 
s isentropic 
T turbine 
top top ORC 
water water  

Table 1 
Some operational DSG plants worldwide [6].  

Project 
name 

Type Solar field 
temp. (◦C) 

Steam 
pressure 
(MPa) 

Storage 
duration 

Power 
capacity 
(MW) 

Planta 
Solar 
10 

SCT In:/ 
out:250+

4.5 1 h Ruths 
tank  

11.0 

Planta 
Solar 
20 

SCT In:/ 
out:250+

4.5 1 h Ruths 
tank  

20.0 

eLLO 
Solar 

LFC In: 190 
out:285  

7.0 4 h Steam 
drum  

9.0 

Puerto 
Errado 
1 

LFC In: 140 
out:270  

5.5 Ruths tank  1.4 

Puerto 
Errado 
2 

LFC In: 140 
out:270  

5.5 0.5 h 
Ruths tank  

30.0  

Fig. 1. Increment in the wetness at the outlet of the HP turbine due to a higher 
inlet temperature of saturated steam. 
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potentials [18,19]. The two-stage expansion provides flexibility and has 
advantages over a single-stage expansion, especially under conditions of 
fluctuating temperature and heat input [20]. Moreover, the CORC per
forms better than a parallel two-stage ORC at high heat source tem
peratures [21]. In recent years, the CORC with two-stage accumulators 
has attracted increasing interest. However, it is mainly used for waste 
heat recovery [22–24], liquefied natural gas cold energy recovery 
[25,26], geothermal power generation [27], and indirect solar thermal 
power generation without steam generation [28]. There are few reports 
on the CORC system in the DSG application. The authors proposed a 
CORC system and found that the system has an efficiency comparable to 
a traditional DSG system with a lower technical requirement in heat 
collection and power generation [18,29]. Meanwhile, a need of future 
work was also outlined. 

Phase change material (PCM) provides a higher heat storage capacity 

and is one of the promising thermal storage technologies. Compared to 
sensible heat storage, PCM has a significantly higher energy density and 
requires a relatively smaller size [30,31]. Gang et al. [32] proposed a 
solar ORC system with a PCM heat storage unit, which can achieve a 
higher temperature. Freeman et al. [33] applied PCM storage in a small- 
scale ORC system. The isothermal operation of the PCMs made a smaller 
storage temperature fluctuation and higher energy conversion effi
ciency. Laing et al. [34] proposed a three-part storage system combining 
PCM modules for two-phase evaporation and concrete modules for 
water preheating and steam superheating. However, a major barrier of 
PCM in the DSG application is that during the discharge process, solid 
PCM, which has a low thermal conductivity, freezes on the heat transfer 
surface leading to a large increment in the thermal resistance [35]. The 
heat exchangers have a limited area for cost-effectiveness. As more PCM 
solidifies on the heat exchanger surface, it is difficult to maintain a 
constant steam evaporation temperature and a high heat release rate 
simultaneously. The decrement in either the steam temperature or heat 
release rate will reduce the output and efficiency of the power cycle. 

This paper proposes a novel high-temperature solar CORC power 
generation system to tackle the above challenges. It aims to elevate the 
steam generation temperature and enlarge the storage capacity. Unlike a 
conventional DSG system, the operation temperature of the water stor
age tank is independent of the steam generation temperature. The latter 
can reach 310 ◦C or even 370 ◦C with a high heat-to-power conversion 
efficiency, while the former is about 250 ◦C with a relatively low water 
tank cost. Moreover, two-tank water storage is innovatively combined 
with the PCM unit. Both sensible heat from hot water and latent heat 
from the PCM are used to drive the power cycle in the discharge process. 
The sensible heat increases with the decrement in the heat release rate 
from the PCM, thereby overcoming the major barrier of PCM in the DSG 
applications and maintaining a high level of power generation during 
discharge. The logic diagram of this paper is shown in Fig. 3. The design 
and principle of the solar CORC power generation system combined with 
sensible and latent heat storage are illustrated in Section 2, and math
ematical models are built in Section 3. A close view to the performance 
in the charge and discharge processes is presented in Section 4. A 
comparison between the proposed system and the common DSG and 

Fig. 2. Variations of the equivalent temperature in the heating process and the 
cycle efficiency. 

Fig. 3. Logic diagram of this paper.  
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solar ORC systems is made in Section 5, followed by an outline for future 
research in Section 6. 

2. System description 

Fig. 4 shows the schematic diagram of the proposed CORC system 
combined with sensible and latent heat storage, which consists of three 
subsystems: solar field, storage units and cascade ORC. The solar field 
subsystem can be either parabolic trough collectors, Fresnel reflectors or 
central tower receivers. The solar field can be divided into different 
loops. Some loops are used to generate steam for power conversion and 
charge the PCM, while other loops are used to heat water for the high- 
temperature tank (HTT). The top ORC is connected to the solar field 
directly and coupled with the bottom ORC unit through a mixing 
chamber (HX3). It comprises a PCM module, high-pressure (HP) 

turbines, pumps, evaporators (HX1), an internal heat exchanger (HX2), 
and a condenser (mixing chambers HX3). The PCM may have a melting 
point of higher than 311 ◦C. The bottom ORC comprises of an HTT and a 
low-temperature tank (LTT) which are connected to the solar field, low- 
pressure (LP) turbines, evaporators (HX3 or HX4), feed-fluid heater 
(mixing chambers HX5), and condenser (HX6). The HTT may have a 
design temperature of about 250–285 ◦C for the sake of cost- 
effectiveness. For the bottom ORC, the evaporator and condenser are 
HX3 and HX6 respectively, when the system works in the normal mode. 
The evaporator can be HX3 or HX4 or both during heat discharge. 

According to the direct normal irradiance (DNI), the system can 
operate in five modes, including normal operation (Mode 1), simulta
neous heat collection and bottom ORC power conversion (Mode 2), first- 
step heat discharge (Mode 3), second-step heat discharge (Mode 4), and 
third-step heat discharge (Mode 5). The details are as follows: 

Fig. 4. Structure diagram of the CORC system.  

Fig. 5. Mode 1 - normal operation.  
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(1) Mode 1. The solar heat collection and CORC power conversion 
take place simultaneously, as shown in Fig. 5. The system oper
ates in this normal mode when solar irradiance is relatively 
strong (e.g., DNI >450 W/m2). Power is produced through CORC. 
All the pumps and turbines are operational. Water mass flow rates 
through P4 and P5 are adjustable to guarantee steady power 
conversion of the CORC. The solar heat is more than that 
consumed by the CORC. The residual solar heat is stored in the 
PCM and HTT. The saturated steam is used to evaporate the 
organic fluid in HX1. The saturated organic vapor expands in the 
HP turbine. Exhaust vapor at the superheated state is precooled in 
the HX2 and condensed into liquid or cooled down through the 

mixing chamber (HX3). The organic fluid from P3 is heated by the 
exhaust vapor from the HP turbine. The saturated vapor in HX3 
flows into the LP turbine to generate power, part of which is 
extracted to preheat the liquid from P2. On the completion of this 
mode, PCM is charged and most water accumulates in the HTT.  

(2) Mode 2. Simultaneous heat collection and bottom ORC power 
conversion may happen when solar radiation is relatively weak 
(e.g., in the early morning or late afternoon), as shown in Fig. 6. 
The throttle valve TV is open and the pump P2, P3, P4, and P5 are 
operational. The solar heat is less than the rated heat input to the 

Fig. 6. Mode 2 - simultaneous heat collection and bottom ORC power conversion.  

Fig. 7. Mode 3: first-step heat discharge.  
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CORC. In this mode, the PCM and HTT are partially charged. The 
top ORC does not work.  

(3) Mode 3. In the first step of heat discharge, the latent heat is 
released from the PCM to drive the CORC, as shown in Fig. 7. The 
pumps P1, P2, P3, and P5 are operational. The power conversion 
is similar to that in normal operation. However, the evaporation 
temperature of the organic fluid is likely to decrease due to the 
increased thermal resistance in the PCM solidification process.  

(4) Mode 4. To prevent a significant drop of the CORC power output, 
the water in the HTT flows into the LTT as described by the 
second-step heat discharge in Fig. 8. Both latent heat from the 
PCM and sensible heat from the HTT are employed to drive the 
power cycle. The throttle valve TV is open and the pumps P1, P2, 
P3, and P5 are operational. Aside from the mixing chamber, HX4 
provides additional heat to the bottom ORC. HX4 can work with 
HX3 in parallel. One stream of ORC fluid is vaporized by HX3, 
and the other is vaporized by HX4. Water flows to the LTT, 
leading to a mass reduction in the HTT. The flow rate is 

Fig. 8. Mode 4: second-step heat discharge.  

Fig. 9. Mode 5: third-step heat discharge.  
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controllable. HX4 helps compensate for the heat shortage from 
the PCM and guarantees the normal operation of the bottom ORC. 
This mode comes to an end when the PCM is fully discharged.  

(5) Mode 5. In the third step of heat discharge, the water in the HTT 
flows to the LTT and the heat is used to drive the bottom ORC, as 
shown in Fig. 9. The throttle valve (TV) is open and the pump P2 
and P3 are operational. The power conversion in this mode is 
stable. 

The power output on a typical sunny day is illustrated in Fig. 10. The 
operation period of Mode 1 is from t2 to t3, and it is from t1 to t2 for 
Mode 2, t3 to t4 for Mode 3, t4 to t5 for Mode 4, and t5 to t1 for Mode 5. 
It is assumed that the rated power output is 10 MW. There is a jump in 
the power output at t4 when the water in the HTT flows into the LTT 
with heat input to HX4, and the LP turbine shifts from the off-design to 
normal operation. A drop also exists at t5 when the heat release from the 
PCM is completed or the top ORC stops to avoid inefficient part-load 
operation. 

The proposed system is flexible and can react to fluctuating solar 
radiation. There are more advantages as follows: 

First, it tackles the challenge of wet steam turbines associated with 
conventional DSG systems and is able to operate at a much higher 
temperature and pressure. The water/steam in the novel system is 
not the working fluid of the power cycles, and the wet steam turbines 
are eliminated. The water/steam temperature from the solar field 
can reach 300–370 ◦C, accompanied by a high evaporation temper
ature of the ORC fluid. Therefore, the power cycle efficiency in the 
normal operation is significantly higher than that of a conventional 
DSG system. 
Second, it overcomes the barrier of heat storage for the DSG tech
nology. The two-tank water storage is independent of the top cycle. 
The temperature of the water tanks can be lower than 250 ◦C even 
though the tope cycle operates at 300–370 ◦C, leading to cost- 
effective sensible heat storage. 
Third, the combination of sensible and latent heat storage overcomes 
the shortage of the PCM. As shown in Mode 4 in Fig. 8, when the heat 
discharge rate of the PCM decreases during solidification, the sen
sible heat released by the water is increased to guarantee the normal 
operation of the bottom ORC, thereby enabling a high level of the 
power output of the CORC. 

3. Mathematical models 

In modeling the novel CORC system, emphasis will be put on the 
heat-to-power conversion in the five modes. The power conversion of 
the bottom ORC in Mode 2 is the same as that in Mode 5. Power con
version in Mode 3 and Mode 4 is the off-design process. The thermo
dynamic processes for Mode 1 and Mode 5 are shown in Figs. 11 and 12 
by taking toluene as the CORC fluid. It has a boiling point of 111 ◦C, a 
critical temperature of 318.6 ◦C, and critical pressure of 4.1 MPa. The 
numbers indicate the thermodynamic states of water and organic fluid 
that correspond to the marks in Figs. 5 and 9. The heat and friction loss 
in the pipes and heat exchangers are ignored. The changes in kinetic and 
potential energy are disregarded in the simulation. 

3.1. Turbines 

The work generated by the top ORC turbine and bottom ORC turbine 
is calculated by 

WHP = ṁORC,top(h1 − h2) = ṁORC,top(h1 − h2s)εT (1)  

Fig. 10. Variations of the operation mode throughout a typical day.  

Fig. 11. T-s diagram of the CORC system under Mode 1.  

Fig. 12. T-s diagram of the CORC system under Mode 5.  
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WLP = ṁORC,bot[α(h7 − h8)+ (1 − α)(h7 − h9) ]

= ṁORC,bot[α(h7 − h8s)εT +(1 − α)(h7 − h9s)εT ] (2)  

where εT is the isentropic efficiency of the top and bottom ORC turbine; 
ṁORC,top and ṁORC,bot are the mass flow rate of the top and bottom ORC 
(kg/s); h is the enthalpy value of each point (kJ/kg); α is the fraction of 
the flow rate that goes into the regenerator from the turbine and 
expressed as 

α = (h12 − h11)/(h8 − h11) (3) 

The ratio of the off-design mass flow rate to the design mass flow rate 
can then be calculated by [36] 

ṁ
ṁd

=

̅̅̅̅̅̅
Td

T

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
p2

1 − p2
2

p2
d1 − p2

d2

√

(4)  

where ṁ and T are the mass flow rate (kg/s) and temperature (K) of the 
turbine at the off-design condition; the ṁd and Td are the mass flow rate 
(kg/s) and temperature (K) of the turbine at the design condition; pd1 
and pd2 are the pressure of the inlet and outlet turbine at the design 
condition (Pa); p1 and p2 are the pressure of the inlet and outlet turbine 
at the off-design condition (Pa). 

3.2. Heat exchangers 

The heat balances in HX2, mixing chamber HX3, HX4 are determined 
by 

ṁORC,top(h2 − h3) = ṁORC,top(h6 − h5) (5)  

ṁORC,top(h3 − h4) = ṁORC,bot(h7 − h13) (6)  

ṁwater,bot(h14 − h15) = ṁORC,bot(h7 − h13) (7)  

where ṁwater,bot is the mass flow rate of the bottom water cycle (kg/s). 

3.3. Pump 

The work required by the pumps P1, P2, P3, and P4 is determined by 

WP1 = ṁORC,top(h5 − h4) = ṁORC,top(h5s − h4)

/

εP (8)  

WP2 = ṁORC,bot(1 − α)(h11 − h10) = ṁORC,bot(1 − α)(h11s − h10)

/

εP (9)  

WP3 = ṁORC,bot(h13 − h12) = ṁORC,bot(h13s − h12)

/

εP (10)  

WP4 = ṁwater,bot(h17 − h16) = ṁwater,bot(h17s − h16)

/

εP (11)  

where εP is the isentropic efficiency of the working fluid pump. 

3.4. Thermal efficiency 

The heat transferred to the working fluid in the evaporators of the 
top ORC and bottom ORC is calculated by 

QORC,top = ṁORC,top(h1 − h6) (12)  

QORC,bot = ṁORC,bot(h7 − h13) (13)  

Qwater,bot = ṁwater,bot(h14 − h15) (14) 

The work of the top ORC, bottom ORC, and CORC in Mode 1 is 
expressed as 

WORC,top = WHPεg − WP1 (15)  

WORC,bot = WLPεg − WP2 − WP3 (16)  

WCORC = (WHP +WLP)εg − WP1 − WP2 − WP3 (17)  

where εg is the generator's efficiency. 
The thermal efficiencies of the top ORC, bottom ORC, and CORC in 

Mode 1 and Mode 3 are expressed as 

ηORC,top = WORC,top
/

QORC,top (18)  

ηORC,bot = WORC,bot
/

QORC,bot (19)  

ηCORC = WCORC
/

QORC,top (20) 

The work and thermal efficiency of the bottom ORC in Mode 2 and 
Mode 5 are expressed as 

WORC,3rd = WLPεg − WP2 − WP3 − WP4 (21)  

ηORC,3rd = WORC,3rd
/

QORC,bot (22) 

The thermal efficiency of the CORC system in Mode 4 is expressed as 

ηCORC,2rd = WCORC
/(

QORC,top +Qwater,bot
)

(23)  

3.5. Heat storage capacity 

For a certain amount of storage water, the runtime of the bottom 
ORC in Mode 5 is expressed as 

tORC,3rd = Mw

/

ṁwater,bot (24) 

The heat storage capacity is calculated as 

W3rd = tORC,3rdWORC,3rd (25)  

3.6. Entropy generation 

The entropy generation in the ORC turbines, heat exchangers, and 
pumps represents the thermodynamic irreversibility in each component. 
The entropy generation of the HP turbine and LP turbine is expressed as 

ΔSHP = S2 − S1 (26)  

ΔSLP = αS8 +(1 − α)S9 − S7 (27) 

The entropy generation of the HX1, HX2, mixing chamber HX3, HX4 
is determined by 

ΔSHX1 = S1 − S6 − (H1 − H6)/Theat (28)  

ΔSHX2 = S6 − S5 + S3 − S2 (29)  

ΔSHX3 = S4 − S3 + S7 − S13 (30)  

ΔSHX4 = S15 − S14 + S7 − S13 (31)  

ΔSHX5 = S12 − (αS8 +(1 − α)S11 ) (32)  

ΔSHX6 = S10 − S9 − (H10 − H9)/Tcool (33) 

The entropy generation of the pump P1, P2, P3, and P4 is calculated 
as 

ΔSP1 = S5 − S4 (34)  

ΔSP2 = S11 − S10 (35)  

ΔSP3 = S13 − S12 (36) 
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Journal of Energy Storage 52 (2022) 104999

9

ΔSP4 = S17 − S16 (37)  

4. Results and discussion 

In this study, the following parameters are considered. The water/ 
steam leaving the solar field has a temperature and pressure of 311 ◦C 

Table 2 
Some specific parameters in the simulation.  

Parameter Value 

Rated output power of CORC system, WCORC (MW) 10 
Operating time of CORC, tCORC (h) 8 
ORC turbine isentropic efficiency, εT 85% 
Pump isentropic efficiency, εP 80% 
Generator efficiency, εg 95% 
Regenerator efficiency (HX2), εr 70% 
Ambient temperature, Ta (◦C) 20 
Bottom ORC condensation temperature, T10 (◦C) 30 
Temperature of hot water stored in HTT, T14 (◦C) 250 
Minimum temperature difference, ΔTmin (◦C) 10 
Water mass of HTT, (ton) 1500  

Fig. 13. Variation of the thermal efficiency of the CORC in Mode 1.  

Fig. 14. Variation of the thermal efficiency of the top ORC and bottom ORC in 
Mode 1. 

Fig. 15. Variation of the mass flow rate of the top ORC and bottom ORC in 
Mode 1. 

Table 3 
Parameters distribution at optimum CORC efficiency.  

Point T (◦C) h (kJ/ 
kg) 

P 
(MPa) 

ṁ 
(kg/ 
s) 

ηCORC 

(%) 
ηORC, 

top (%) 
ηORC, 

bot (%)  

1  301.00  602.35  3.32  70.07 32.85 15.38 20.86  
2  213.64  526.62  0.30  70.07  
3  173.62  454.55  0.30  70.07  
4  154.00  90.71  0.30  70.07  
5  155.71  95.85  3.32  70.07  
6  188.02  167.91  3.32  70.07  
7  154.00  420.76  0.30  56.02 WCORC 

(MW) 
WORC, 

top 

(MW) 

WORC, 

bot 

(MW)  
8  117.36  372.88  0.0598  12.32 10 4.68 5.32  
9  67.11  305.59  0.0049  43.70  
10  30.00  149.69  0.0049  43.70  
11  30.02  − 149.61  0.0598  43.70  
12  93.00  − 34.69  0.0598  56.02  
13  93.11  − 34.31  0.30  56.02  

Fig. 16. Entropy generation of CORC at the maximum efficiency in Mode 1.  
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and 10 MPa in normal operation. The HTT has an operating temperature 
of 250 ◦C. The mass of storage water (Mw) is assumed to be 1500 tones. 
Other specific parameters in the simulation are shown in Table 2. 

4.1. Thermodynamic performance of Mode 1 

In Mode 1, electricity is generated by the cascade cycle in a wide 
range of solar radiation. Variations of the heat-to-power efficiency of the 
CORC with the mixing chamber temperature of HX3 (T4 or T7) are given 
in Fig. 13. At different temperatures in the feed-fluid heater (T12), the 
thermal efficiency of the CORC all presents a trend of increasing first and 
then decreasing. 

When T12 is 50 ◦C, 70 ◦C, 90 ◦C, 110 ◦C, 130 ◦C, and 150 ◦C, there is a 
maximum thermal efficiency of 32.35%, 32.71%, 32.84%, 32.79%, 
32.57%, and 32.20%, and the corresponding temperature of the mixing 

chamber HX3 is 127 ◦C, 139 ◦C, 152 ◦C, 165 ◦C, 179 ◦C, and 193 ◦C, 
respectively. Considering the temperatures in the feed-fluid heater (T12) 
and the temperature of the mixing chamber HX3 (T4) comprehensively, 
the maximum thermal efficiency appears when T12 is 154 ◦C and T4 is 
93 ◦C, and its value is 32.85%. Variation of the thermal efficiency of the 
top ORC and bottom ORC in Mode 1 is depicted in Fig. 14. As the mixing 
chamber temperature of HX3 increases, the thermal efficiency of the top 
ORC decreases. On the contrary, the thermal efficiency of the bottom 
ORC increases gradually. This is because when the net power output is 
fixed (10 MW), the power ratio of the top turbine to the bottom turbine 
decreases with the increment in T4. When T4 is 50 ◦C, 100 ◦C, 150 ◦C, 
200 ◦C, and 250 ◦C, the thermal efficiency of top ORC is 27.00%, 
21.31%, 15.81%, 10.53%, 5.34%, respectively. In addition, the higher 
the temperature of T12, the more efficient the bottom ORC. Fig. 15 
displays the mass flow rates of the top ORC and bottom ORC. With an 
increasing mixing chamber temperature of HX3, the mass flow rate of 
top ORC rises, while the value of bottom ORC decreases gradually. De
tails on parameters at different points (temperature, enthalpy, pressure, 
mass flow rates), work, and thermal efficiency (top ORC, bottom ORC, 
and CORC) at an optimum thermal efficiency of CORC are listed in 
Table 3. 

Fig. 16 shows the thermodynamic irreversibility of the CORC at the 
optimum CORC efficiency. The entropy generation represents the exergy 
destruction. Since the temperature difference between the inlet steam in 
HX1 (311 ◦C) and the inlet ORC fluid (154 ◦C) is significant, the heat 
transfer destruction from water to the ORC fluid in HX1 is largest, ac
counting for 35.33% of the total exergy losses. The second and third 
largest exergy destructions are located at the bottom and top turbines 
(LP and HP) with values of 21.59% and 14.23%. The pumps contribute 
little to the entropy generation, where the entropy generation of pump 
P1 is 1.23%, the entropy generation produced by P2 and P3 is less than 
1%. 

The top ORC evaporation temperature plays an important role in the 
performance of the CORC system. As shown in Table 4, it influences the 
optimum temperatures of mixing chamber HX3 and HX5, and the 
maximum thermal efficiency of the CORC. As the evaporation temper
ature increases, the CORC and top ORC efficiencies first increase and 
then decrease. The optimum CORC efficiency and top ORC efficiency 
occur at evaporation temperatures of 310 ◦C and 305 ◦C with values of 
33.01% and 15.39%, respectively. With the increasing evaporation 
temperature, the bottom ORC efficiency exhibits an upward trend. The 
results indicate that the CORC efficiency increment with the evaporation 
temperature is not appreciable. The reason is the ORC fluid is 

Table 4 
Parameters distribution at optimum CORC efficiency under different evapora
tion temperatures.  

T1 

(◦C) 
T4/T7 

(◦C) 
T12 

(◦C) 
WORC,top 

(MW) 
WORC,bot 

(MW) 
ηORC,top 

(%) 
ηORC,bot 

(%) 
ηCORC 

(%)  

285  150  91  4.68  5.32  15.12  20.45  32.30  
290  151  92  4.69  5.31  15.26  20.55  32.50  
295  152  92  4.70  5.30  15.37  20.66  32.67  
300  154  93  4.68  5.32  15.35  20.86  32.82  
305  155  94  4.67  5.33  15.39  20.96  32.94  
310  156  94  4.66  5.34  15.37  21.06  33.01  
315  157  95  4.62  5.38  15.22  21.15  32.97  

Table 5 
Parameters distribution at optimum CORC efficiency under different conden
sation temperatures.  

T10 

(◦C) 
T4/T7 

(◦C) 
T12 

(◦C) 
WORC,top 

(MW) 
WORC,bot 

(MW) 
ηORC, top 

(%) 
ηORC,bot 

(%) 
ηCORC 

(%)  

10  146  79  4.56  5.44  16.24  23.39  35.62  
15  148  82  4.59  5.41  16.02  22.75  34.92  
20  150  86  4.62  5.38  15.81  22.11  34.23  
25  152  90  4.65  5.35  15.60  21.48  33.54  
30  154  93  4.68  5.32  15.38  20.86  32.85  
35  156  97  4.72  5.28  15.17  20.24  32.16  
40  159  100  4.72  5.28  14.85  19.73  31.48  
45  161  104  4.75  5.25  14.63  19.13  30.80  
50  163  108  4.79  5.21  14.42  18.53  30.13  

Fig. 17. Variation of the thermal efficiency of the bottom ORC in Mode 2 and Mode 5.  
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approaching its critical temperature (318.64 ◦C) and it is a common 
phenomenon that the efficiency does not increase significantly with 
evaporation temperature near the critical point [14]. To further increase 
the CORC efficiency, fluids of higher critical temperature will be 
appreciated (e.g., biphenyl, diphenyl oxide, or mixture). 

The influence of the condensation temperatures on the performance 
of the CORC system in the normal operation mode is also evaluated. 
Table 5 present the distribution of the parameters at maximum CORC 
efficiency under different condensation temperatures. The temperature 
at Point 10 (T10) varies from 10 ◦C to 50 ◦C. The condensation tem
perature is related to the ambient temperature. As the condensation 
temperature decreases, the efficiencies of top ORC, bottom ORC, and 
CORC all show an increasing tendency. When T10 is 10 ◦C, the optimum 
CORC efficiency is as high as 35.62%. 

4.2. Thermodynamic performance of Mode 2 and Mode 5 

The variation of the thermal efficiency under different mixing 
chamber temperatures of HX5 in the simultaneous heat collection and 
bottom ORC power conversion mode and the third heat discharge mode 

is displayed in Fig. 17. T7 and T12 have direct impacts on the perfor
mance of the bottom ORC. In addition, T7 affects the power consumption 
of pump P4, and thus it needs to be included as a parasitic load when 
calculating the thermal efficiency of the bottom ORC, and it is related to 
the temperature and pressure of the water in the LTT and HTT. As shown 
in Fig. 17 (a), the thermal efficiency of the bottom ORC generally rises as 
T7 increases. There are intersections among the curves at different T12, 
and Fig. 17 (b) gives the variation of thermal efficiency as T12 increases. 
For a given T7, the thermal efficiency first increases and then decreases. 
When T7 is 110 ◦C, 150 ◦C, and 210 ◦C, the maximum thermal efficiency 
is 14.90%, 19.56%, and 23.88% at T12 of 68 ◦C, 87 ◦C, and 118 ◦C, 
respectively. The corresponding power output of the bottom ORC is 
displayed in Fig. 18. The variations of the power output and thermal 
efficiency are consistent. The variation of power output with the tem
perature of T7 (T7 = T4) of the bottom ORC is the same as that in Mode 1 
since the bottom ORC cycle is part of the 10 MW system. As T7 rises from 
110 ◦C to 210 ◦C, the maximum power output increases from 3.61 MW 
to 6.65 MW. 

In the heat discharge process, aside from the thermal efficiency and 

Fig. 18. Variation of the power output of the bottom ORC in Mode 2 and Mode 5.  

Fig. 19. Variation of heat discharge duration in Mode 2 and Mode 5.  Fig. 20. Variation of heat storage capacity in Mode 2 and Mode 5.  
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power output, the storage capacity is also an important indicator, which 
is affected by the water mass in HTT, inlet water temperature (T7), and 
the mixing chamber temperature of HX5 (T12). Variation of heat 
discharge duration in Mode 5 is shown in Fig. 19. As the temperature of 
T7 or T12 increases, the duration is gradually shortened. Heat discharge 
duration decreases with the increase of T7 due to the large power output 
and fast heat consumption. When T12 is below 110 ◦C and T7 is less than 

150 ◦C, the water mass of 1500 tons can result in a discharge duration 
from about 8 h to 15 h, and this seems desirable for the maximum annual 
power generation of 10 MW power plant. 

Fig. 20 presents the variation of heat storage capacity in Mode 2 and 
Mode 5. There is a maximum value of heat storage capacity at different 
temperatures of mixing chamber HX5 (T12). When T12 is 50 ◦C, 70 ◦C, 
90 ◦C, 110 ◦C, 130 ◦C, and 150 ◦C, the maximum heat storage capacity 

Table 6 
Parameters distribution at maximum storage capacity.  

T12 

(◦C) 
T7 

(◦C) 
α ηORC,3rd 

(%) 
WORC,3rd 

(MW) 
ṁORC,3rd 

(kg/s) 
ṁwater,bot 

(kg/s) 
tORC,3rd 

(h) 
WCap,3rd 

(MWh)  

50  143  0.07  18.31  4.68  49.17  37.93  10.99  51.42  
70  147  0.14  19.15  4.86  51.90  41.31  10.09  49.02  
90  148  0.21  19.36  4.90  55.90  44.86  9.29  45.49  
110  154  0.28  19.76  5.05  60.65  51.20  8.14  41.13  
130  158  0.34  19.67  5.11  67.20  58.81  7.09  36.22  
150  164  0.40  19.51  5.19  75.48  69.99  5.95  30.31  

Fig. 21. T-Q diagrams of the HX4 in Mode 2 and Mode 5: (a) T12 = 50 ◦C; (b) T12 = 70 ◦C; (c) T12 = 90 ◦C; (d) T12 = 110 ◦C; (e) T12 = 130 ◦C; (f) T12 = 150 ◦C.  
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with the water mass of 1500 ton is 51.42 MWh, 49.02 MWh, 45.49 
MWh, 41.13 MWh, 36.22 MWh and 30.31 MWh with a corresponding T7 
of 143 ◦C, 147 ◦C, 148 ◦C, 154 ◦C, 158 ◦C, and 164 ◦C, respectively. The 
detailed parameters distribution at maximum storage capacity is shown 
in Table 6. 

The T-Q diagrams in the third step of heat discharge are depicted in 
Fig. 21, which effectively reveals the relationship between fluid tem
perature and heat transfer rate in the HX4. The hot side water leaves the 
HTT at a constant temperature (T14) but reaches the LTT at a different 
temperature (T15). The minimum temperature difference occurs at the 
saturated liquid state, which is the pinch point (Tmin = 10 ◦C). 

Fig. 22 shows the thermodynamic irreversibility of the bottom ORC 
in Mode 2 and Mode 5. The heat transfer destruction from hot side water 
to the bottom ORC fluid in HX4 is largest, accounting for 60.30%, 
61.09%, 56.63%, 50.56%, 45.76%, and 40.48% of the total exergy losses 
with a corresponding T12 of 50 ◦C, 70 ◦C, 90 ◦C, 110 ◦C, 130 ◦C, and 
150 ◦C, respectively. This is followed by the exergy destructions at the 
bottom turbines (LP) and HX5. The exergy destruction of pump P4 is 
about 1.05% of the total exergy losses. The pumps P2 and P3 contribute 
little to the entropy generation with values less than 1%. 

4.3. Thermodynamic performance of Mode 3 

In Mode 3, the latent heat is released from the PCM to drive the 
CORC, and the CORC system operates at the off-design condition. The 
evaporation temperature of the organic fluid is likely to decrease due to 
the increased thermal resistance in the solidification process. Thus, the 
heat discharge capacity of PCM gradually decreases. To investigate the 
thermodynamic performance of the first heat discharge mode, the rated 
parameters of the CORC system are set, as shown in Table 3. Fig. 23 
shows the variation of the power output ratio of the top ORC, bottom 
ORC, and CORC system in Mode 3 against the heat release ratio of PCM. 
It is defined as the ratio of the instant heat release rate from the PCM to 
the rated value. It is assumed to be 100% at the beginning of the first- 
step heat discharge and then drops as more and more PCM accumu
lates on the heat exchanger. When the heat release ratio decreases from 
100% to 60%, the power output ratios of top ORC, bottom ORC, and 
CORC drop linearly from 100% to 56.82%, from 100% to 49.51%, and 
from 100% to 52.93%, respectively. The decrement in the heat release 
ratio not only reduces the total heat input to the CORC, but also leads to 
lower turbine and cycle efficiencies. Fig. 24 presents the variations of the 

Fig. 22. Entropy generation of bottom ORC at maximum water storage capacity in Mode 2 and Mode 5:(a) T12 = 50 ◦C; (b) T12 = 70 ◦C; (c) T12 = 90 ◦C; (d) T12 =

110 ◦C; (e) T12 = 130 ◦C; (f) T12 = 150 ◦C. 
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thermal efficiencies of the top, bottom ORC, and CORC in Mode 3. The 
thermal efficiencies generally decline with a decreased PCM heat release 
ratio. When the ratio is 100%, 80%, and 60%, the thermal efficiency of 
the CORC is 32.85%, 31.54%, and 28.92%, respectively. 

4.4. Thermodynamic performance of Mode 4 

In the second step of heat discharge, when the heat release ratio of 
PCM drops to 60%, the water in the HTT flows into the LTT. Therefore, 
HX4 compensates for the heat shortage from the PCM and guarantees 
the rated output of the bottom ORC. The temperature at Point 7 is 
maintained at 154 ◦C according to the rated parameters in Table 3. As 
shown in Fig. 25, when the heat discharge ratios of PCM are 60%, 50%, 
and 40%, the power output ratios of and CORC system are 76.00%, 
70.21%, and 64.81%, which are all higher than that (56.82%) when the 
heat release ratio is 60% in Mode 3. From this, it can be seen that this 
design can alleviate the problems of insufficient heat release from PCM 
during discharge and keep a relatively high level of power output. Be
sides, the variations of the thermal efficiency and bottom water mass 

flow rate in HX4 are also given in Fig. 26. As the ratio decreases from 
60% to 40%, the thermal efficiencies of top ORC and CORC descend 
from 12.48% to 9.58% and from 25.26% to 21.62%, respectively. Since 
the latent heat released from the PCM is in decline, the heat transferred 
from the top ORC to the bottom ORC through the mixing chamber HX3 is 
also reduced. Therefore, to ensure the rated output of the bottom ORC, 
more heat needs to be obtained from the bottom water through HX4. It 
can be seen from Fig. 26 that the mass flow rate of the bottom water is 
gradually increasing. Specifically, when the ratios are 60%, 50%, and 
40%, the mass flow rates each are 18.13 kg/s, 22.72 kg/s, and 27.43 kg/ 
s. 

5. Economic advantages 

Investigation of the levelized cost of electricity for the proposed 
system will be complicated. It will involve hypotheses in calculating the 
annual electricity output, capital cost, maintenance & repair cost. For a 
brief assessment of the economic performance, comparisons with con
ventional DSG and solar ORC systems are made below. 

Conventional DSG systems have a limited storage capacity, as 

Fig. 23. Variation of the power output ratio of CORC system in Mode 3.  

Fig. 24. Variation of the thermal efficiency of the top, bottom ORC, and CORC 
in Mode 3. 

Fig. 25. Variation of the power output ratio of CORC system in Mode 4.  

Fig. 26. Variations of the thermal efficiency and bottom water mass flow rate 
in Mode 4. 
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depicted in Table 1. The proposed system offers an enlarged storage 
capacity because of the unique discharge process (Mode 5). The tem
perature drop of water from the HTT to LTT can exceed 150 ◦C, signif
icantly larger than that in a conventional DSG discharge process. The 
unique heat discharge leads to an increased annual electricity yield. 
Given the steam generation temperature, rated power output, and 
accumulator volume, the proposed system has more solar collectors than 
conventional systems for the enlarged storage capacity. Its investment in 
dry ORC turbines is expected to be lower than in wet steam turbines. The 
solar collector cost is generally less than 50% of the total system cost, 
while the power efficiency in the discharge process is higher than 60% of 
the rated efficiency. Therefore, the proposed system can have a shorter 
payback time even if its steam generation temperature is the same as 
that of a common DSG. The payback time will drop further with the 
increment in the steam generation temperature, especially for a central 
receiver, owing to the increased efficiency in the normal operation 
(Mode 1). 

Compared to conventional solar ORC systems, a shorter payback 
time is also anticipated. Some operational plants are listed in Table 7. 
They use linear Fresnel reflectors and parabolic trough collectors to 

harness solar energy, thermal oil and water to carry away and store the 
solar heat, and ORC to generate power. The fluid in the solar field is in a 
liquid state. The fluid temperature at the outlet of the solar field is 
280–312 ◦C. Rende and Aalborg CSP plants are combined with biomass 
boilers and no thermal storage is adopted. The temperature at the inlet 
varies more remarkably and is usually lower when heat storage is 
employed. The ORC evaporation temperature is close to the solar field 
inlet temperature as the latent heat for evaporation is generally domi
nant in the heating process. The storage capacity is 3–4 h. More details 
on the plants' operation have yet to be published. The heat-to-power 
conversion of these plants should be similar to Mode 5 (heat 
discharge) in the proposed system, assuming the LTT and HTT temper
ature are equal to the solar field inlet and outlet temperature. The 
proposed system can be therefore deemed as a combination of a top ORC 
and a conventional solar ORC. The top ORC has an evaporation tem
perature slightly lower than the steam generation temperature (solar 
field outlet temperature). Compared with the conventional solar ORCs, 
the proposed system uses a top ORC turbine and heat exchangers to 
increase the solar electricity efficiency in the normal operation, thereby 
generating more electricity at a given solar field area and storage mass. 

Table 7 
Some operational solar ORC plants worldwide [6].  

Project name Location Type Solar field temperature 
(◦C) 

Heat transfer fluid Storage duration Power capacity 
(MW) 

Rende CSP Plant Calabria 
Italy 

LFC in: 160 
out:280 

Diathermic oil No heat storage  1 

eLLO Solar Thermal Project Occitanie 
France 

LFC in: 190 
out:285 

Water 3 h Steam drum  9 

Aalborg CSP-Brønderslev CSP North Jutland 
Denmark 

PTC in: 252 
out:312 

Biphenyl/diphenyl oxide No heat storage  5.5 

CSP-ORC PLUS Benguerir 
Morocco 

LFC in: 180 
out:300 

Delcoterm Solar E15 4 h Magnetite ore  1  

Fig. 27. High-temperature solar cascade organic Rankine cycle system using biphenyl-diphenyl oxide mixture.  
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Assuming the top turbine has a power capacity of about 5 MW (700 
$/kW) and an annual operation time of 3000 h, the equivalent payback 
time regarding the employment of the top ORC is less than 3 years. 

6. Future work 

The proposed system has the potential to operate at a higher tem
perature, e.g., >350 ◦C, thereby offering a higher heat-to-power con
version. The top ORC evaporation temperature in this work is restricted 
by the critical temperature of toluene. If the ORC fluid is replaced by a 
biphenyl-diphenyl oxide mixture, the efficiency will be elevated. The 
biphenyl-diphenyl oxide mixture is commonly known as thermal oil. It is 
widely used and has excellent thermal stability at temperatures up to 
400 ◦C. It can be used in liquid, vapor or binary phase state. An example 
is presented in Fig. 27. Similar to the system in Fig. 4, steam is generated 
in the solar field but it is not the power cycle fluid. The bottom ORC fluid 
may still be toluene. However, the top ORC uses the biphenyl-diphenyl 
oxide mixture for power conversion. The steam generation temperature 
is 370 ◦C while the HTT temperature is still about 250 ◦C. Because the 
fluids of the top and bottom ORCs are different, there is no mixing 
chamber. Instead, a heat exchanger (HX3) is adopted. The preliminary 
simulation results show that, given a top ORC evaporation temperature 
of 360 ◦C and bottom ORC condensation temperature of 30 ◦C, the 
thermal efficiency of the system in Fig. 27 is about 38%. The efficiency 
will be comparable or higher than that of a conventional solar Rankine 
cycle. The water evaporation temperature in the conventional solar 
Rankine cycle ranges from about 265 to 330 ◦C depending on the solar 
field fluid (water, thermal oils or molten salts). The evaporation tem
perature and cycle efficiency are not high due to the large latent heat for 
water vaporization. The biphenyl-diphenyl oxide mixture can evaporate 
at a much higher temperature and is potentially more efficient. A 
comprehensive investigation will be conducted in the near future. 

7. Conclusions 

In this paper, a novel high-temperature solar CORC power genera
tion system is proposed. The independent operation temperatures of the 
HP turbine and HTT enable a high thermal efficiency of the CORC but a 
low storage cost. The combination of sensible and latent heat storage 
units has the potential to overcome the challenge of PCM in the solar 
application, offering long-term, economical storage. The thermody
namic performance of the five operating modes at design and off-design 
conditions is analyzed. The effects of mixing chamber temperature, 
evaporation temperature of top ORC, and condensation temperature of 
bottom ORC are investigated. 

In the normal operation, the thermal efficiency of the CORC first 
increases and then decreases with an increasing temperature of the 
mixing chamber. Given a top ORC evaporation temperature of 301 ◦C. A 
maximum CORC efficiency of 32.85% is achieved at an optimum mixing 
chamber temperature of 154 ◦C. The optimum mixing chamber tem
perature varies slightly with the top evaporation temperature while 
increasing almost linearly with the increment in the condensation 
temperature. 

There are three steps in the discharge process. The PCM unit enables 
the first-step discharge and the water tanks guarantee the third-step 
discharge. In the second step, the sensible heat released by the hot 
water increases with the decrement in the latent heat released by the 
PCM. When the heat release rate of the PCM descends to 40% of the 
rated value, the power output of the CORC system only drops to 64.81%. 
The results show it is possible to maintain a high level of power output 
even at the final stage of PCM solidification. 

In the future research, high-temperature ORC fluids such as 
biphenyl/diphenyl oxide mixture will be preferable to elevate the power 
cycle efficiency. As the evaporation temperature increases, a foreseeable 
challenge will be the huge steam pressure and the proposed system 
might not be able to use PTCs and LFCs. Water has a saturation pressure 

of more than 20 MPa at 370 ◦C. A replacement of water by the mixture is 
considerable. The mixture has a saturation pressure of merely 1.2 MPa at 
400 ◦C. More research is needed to explore its potential in the solar ORC 
application. 
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