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Abstract: An innovative solar thermal power generation system using cascade steam-16 

organic Rankine cycle (SORC) and two-stage accumulators has recently been proposed. 17 

This system offers a significantly higher heat storage capacity than conventional direct 18 

steam generation (DSG) solar power plants. The steam condensation temperature (𝑇2) 19 

in the proposed system is a crucial parameter because it affects the SORC efficiency 20 

(𝜂𝑆𝑂𝑅𝐶 ) in normal operations and the power conversion of the bottoming organic 21 

Rankine cycle (ORC) in the unique heat discharge process. The present study develops 22 

a methodology for the design of 𝑇2  with respect to a new indicator, that is, the 23 

equivalent heat-to-power efficiency ( 𝜂𝑒𝑞 ). 𝜂𝑒𝑞  is a compromise between the 24 

efficiencies in different operation modes. The effects of main steam temperature (𝑇1), 25 

Baumann factor (a), mass of storage water (𝑀𝑤), and ORC working fluid on 𝑇2 are 26 

investigated. Results show that 𝜂𝑒𝑞  is a better indicator than 𝜂𝑆𝑂𝑅𝐶 . The optimum 27 
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steam condensation temperature ( 𝑇2,𝑜𝑝𝑡 ) that corresponds to the maximum 𝜂𝑒𝑞 28 

(𝜂𝑒𝑞,𝑚𝑎𝑥) is generally higher than that based on the maximum 𝜂𝑆𝑂𝑅𝐶. 𝑇2,𝑜𝑝𝑡 reduces 29 

as 𝑇1 , a, and 𝑀𝑤  decrease. 𝜂𝑒𝑞,𝑚𝑎𝑥  rises with the increment of 𝑇1  and the 30 

decrement of a and 𝑀𝑤 . Pentane is a more preferable ORC fluid than benzene and 31 

R245fa. The 𝑇2,𝑜𝑝𝑡  and 𝜂𝑒𝑞,𝑚𝑎𝑥  of pentane are, respectively, 139-190 °C and 32 

20.93%-24.24%, provided that 𝑇1 ranges between 250 °C and 270 °C, a varies from 33 

0.5 to 1.5, and  𝑀𝑤 changes from 500 ton to 1500 ton. 34 

Keywords: steam condensation temperature; direct steam generation; cascade Rankine 35 

cycle; two-stage accumulators; wet steam turbine. 36 

Nomenclature    

A aperture area, m2 SRC steam Rankine cycle 

a Baumann factor TV throttle valve 

C coefficient V valve 

h enthalpy, kJ/kg Subscripts  

I solar irradiance, W/m2 0…8 number 

L receiver length, m a ambient 

M mass, ton av average 

𝑚̇ mass flow rate, kg/s col solar collector 

q heat loss, W/m DN direct normal 

𝑞̇ absorbed heat power, kW eq equivalent 

T temperature, °C g generator 

t operating time, hour in inlet 

v speed, m/s l liquid 

𝑤̇ work, kW loss heat loss 

y steam wetness, % max maximum 

γ absorbed heat power ratio min minimum 

ε isentropic efficiency, % opt optical/optimum 

η thermal efficiency, % out outlet 

τ operating time ratio OT ORC dry turbine 

Abbreviations  pinch pinch point 

DSG direct steam generation s isentropic 

HTA high-temperature accumulator sh superheated 

LTA low-temperature accumulator ST wet steam turbine 

ORC organic Rankine cycle total total 

P pump v vapor 

SORC steam-organic Rankine cycle w water/wind 



1. Introduction 37 

Direct steam generation (DSG) technology is burgeoning in the field of solar thermal 38 

power systems. As water is directly heated in solar collectors, the oil-water or molten 39 

salt-water heat exchangers are unnecessary. Expensive oil or molten salt can be replaced 40 

with cheap water. The levelized electricity cost of solar thermal power plants is reduced 41 

by DSG technology [1-4]. Commercial DSG plants generally use single-stage steam 42 

accumulators for heat storage and wet steam turbines for power conversion [5-8]. The 43 

saturated steam generated from solar collectors or accumulators is directly injected into 44 

the wet steam turbine. An example is the Planta Solar 10 plant, the system schematic 45 

diagram of which is shown in Fig. 1 [5]. Nevertheless, some technical challenges for 46 

conventional DSG systems remain. First, the wet steam turbine suffers from 47 

inefficiency due to the presence of moisture in the expansion process [9-10]. Generally, 48 

exhaust steam wetness should not be higher than 14% [11-12]. Second, flashing steam 49 

pressure and mass flow rate decrease during the heat discharge process, thereby 50 

resulting in off-design operations and complex system control strategies [13-14]. Third, 51 

the acceptable temperature drop of water in accumulators is small to avoid inefficient 52 

power generation, hence leading to a limited storage capacity [15-16].  53 

 54 

Fig.1 Schematic diagram of the Planta Solar 10 plant [5]. 55 

The above problems can be solved or alleviated by an innovative DSG system that 56 

uses a cascade steam-organic Rankine cycle (SORC) and two-stage accumulators (Fig. 57 

2) [17]. In normal working conditions, water in the low-temperature accumulator (LTA) 58 

is heated and partially vaporized by solar collectors. The saturated steam is used to drive 59 



the SORC, and the hot water is stored in the high-temperature accumulator (HTA). Two 60 

steps are used for the heat discharge. In the first step, heat discharge occurs in the HTA, 61 

which is similar to that in conventional DSG plants. The energy is used to drive the 62 

SORC. The second step contributes greatly to the increased storage capacity. In this 63 

step, the stored hot water moves from the HTA into the LTA through an intermediate 64 

heat exchanger, and the released heat is used only to drive the bottoming organic 65 

Rankine cycle (ORC). The system has considerable potential in easing the challenges 66 

associated with wet steam turbines. First, exhaust steam wetness can be reduced by 67 

elevating ORC evaporation temperature. Second, the low-pressure cylinders in wet 68 

steam turbines can be omitted by introducing an ORC. Unlike water, dry organic fluid 69 

will enter a superheat state if it expands from a saturated vapor state, thereby offering 70 

a safe and efficient expansion process [18]. The ORC turbine is typically a dry turbine 71 

with an isentropic efficiency of up to 90% [19]. Third, because water is a heat transfer 72 

medium rather than a working fluid in the second step of the heat discharge process, 73 

the temperature drop of hot water can increase remarkably. Meanwhile, the bottoming 74 

ORC can work in design conditions by adjusting the hot water mass flow rate. Overall, 75 

the proposed system using a cascade Rankine cycle and two-stage accumulators is 76 

promising.  77 

 78 

Fig.2 Schematic diagram of the DSG-SORC system using two-stage accumulators. 79 

Notably, the steam condensation temperature of the topping steam Rankine cycle 80 



(SRC) in the proposed system (i.e., 𝑇2) is a crucial parameter because of the following 81 

reasons. 82 

(1) The heat discharge process is unique. Compared with conventional DSG systems, 83 

the DSG-SORC system has an LTA. In the second step of the heat discharge process, 84 

water flows from the HTA to the LTA through a heat exchanger, and the heat is used 85 

only to drive the bottoming ORC. On the one hand, the storage capacity and power 86 

production of the system are significantly elevated by this process due to the large 87 

temperature drop of water. On the other hand, the ORC has a lower heat-to-power 88 

efficiency than the SORC. A high ORC evaporation temperature (i.e., a high 𝑇2) is 89 

preferred for the sake of efficient power conversion in the heat discharge process. 90 

Under such conditions, the payback time of the additional solar collectors used to 91 

increase the heat storage capacity is shortened.  92 

(2) In normal working conditions, steam is generated directly in the solar field and is 93 

used to drive the SORC. 𝑇2 that leads to the highest power efficiency in the heat 94 

discharge process is unlikely to offer a maximum SORC efficiency. 𝑇2 in design 95 

shall be determined by the thermodynamic performance in different operation 96 

modes.  97 

(3) 𝑇2  affects exhaust steam wetness. Exhaust steam wetness increases with the 98 

decrement of 𝑇2 [20], thereby resulting in a low expansion efficiency and high 99 

technical requirement for turbomachinery.  100 

(4) 𝑇2  may affect the heat storage capacity at given accumulator size and HTA 101 

operating temperature. The heat transfer between water and organic fluids in the 102 

heat discharge process is related to 𝑇2. The temperature of water after discharge 103 

may vary at different 𝑇2.  104 

To date, some studies have been conducted to optimize the intermediate parameters 105 

in a cascade cycle, mainly focusing on the SORC and dual-loop ORC. For SORC 106 

systems, Li et al. studied a single-stage accumulator-based DSG-SORC system and 107 

found there is an ORC evaporation temperature at which the system thermal efficiency 108 

is theoretically maximized [21-22]. Liu et al. found that for each cold source 109 

temperature, an optimum steam turbine exhaust pressure is available [23]. Ziółkowski 110 



et al. pointed out that the specific volume of exhaust steam is reduced by increasing 111 

steam condensation temperature, thereby resulting in the reduced size of low-pressure 112 

cylinders [24]. Choi et al. concluded that for a trilateral cycle-based SORC system, the 113 

amount of heat recovered from the evaporator and the amount of heat transmitted to the 114 

lower cycle are reduced together, according to an increase in the boundary temperature 115 

[25]. Furthermore, Nazari et al. found that the steam condenser and organic vapor 116 

generator present major exergy destruction [26]. For dual-loop ORC systems, Shu et al. 117 

concluded that a low condensation temperature in the high-temperature loop is 118 

beneficial to performance optimization [27-29]. Yang et al. found that the optimal 119 

condensation temperature of the high-temperature cycle and the evaporation 120 

temperature of the low-temperature cycle are kept nearly constant under various 121 

operating conditions of a CNG engine [30]. Song et al. found that the pinch point of the 122 

low-temperature loop is associated with the condensation temperature of the high-123 

temperature loop [31-32]. Furthermore, Zhou et al. found that the variation trend of the 124 

net power output in the low-temperature loop is related to the pinch point position in a 125 

zeotropic mixture-characterized system. [33] Ge et al. indicated that net power output 126 

decreases as the condensation dew point temperature in the high-temperature loop 127 

increases [34]. Habibi et al. studied a solar-driven ammonia-water regenerative Rankine 128 

cycle and concluded that the thermo-economic performance of the system improves by 129 

decreasing the ammonia-water condensation temperature [35]. Sadreddini et al. found 130 

that a higher turbine inlet temperature, higher turbine inlet pressure, and lower 131 

condenser pressure lead to a high exergy efficiency in a transcritical CO2 cycle-based 132 

cascade ORC system [36]. Cao et al. discovered that for a gas turbine and cascade CO2 133 

combined cycle, the design parameters of supercritical CO2 compressor inlet pressure 134 

and inlet temperature exert a non-monotonous effect on the cascade CO2 net power [37]. 135 

Particularly, Yuan et al. inferred that the optimum intermediate ORC condensation 136 

pressure is variable on the basis of different evaluation indexes [38]. Other cascade 137 

systems combined with refrigeration cycles have also been studied. For example, Xia 138 

et al. analyzed a cascade system comprising a CO2 Brayton cycle, an ORC, and an 139 

ejector refrigeration cycle. The results showed that the increase of ORC turbine inlet 140 



pressure is beneficial to thermodynamic and exergoeconimic performances [39]. Wu et 141 

al. studied a cascade system combined with supercritical CO2 recompression 142 

Brayton/absorption refrigeration cycle and found that the heat-end and cold-end 143 

temperature difference in the generator affect the energy utilization factor and exergy 144 

efficiency [40]. 145 

Notably, the above systems only have a sole heat-to-power conversion mode. The 146 

topping and bottoming cycles work simultaneously, and heat is converted into power 147 

by the cascade cycle. A main objective of optimization is to maximize cascade cycle 148 

efficiency. In contrast to those systems, the proposed DSG-SORC system only uses the 149 

bottoming cycle to generate power in the second step of the heat discharge process. The 150 

annual yield is not solely contributed by the cascade operation mode, and the 151 

conventional design criteria may not be applicable.  152 

The current study develops a methodology to design the steam condensation 153 

temperature for the proposed system. A new indicator, namely, the equivalent heat-to-154 

power efficiency, is established. The indicator considers the cascade SORC efficiency 155 

and bottoming ORC efficiency. The effects of main steam temperature, Baumann factor, 156 

mass of storage water, and ORC working fluid on the optimum steam condensation 157 

temperature are investigated. The potential of the DSG-SORC system is further 158 

explored with the design. 159 

2. System description 160 

Figure 2 presents the schematic diagram of the DSG-SORC system using two-stage 161 

accumulators. The system is composed of SRC, ORC, and accumulators (i.e., HTA and 162 

LTA). The SRC contains solar collectors, the wet steam turbine, and water pumps. The 163 

ORC includes the ORC dry turbine, condenser, cooling tower, and pumps. The 164 

intermediate heat exchanger acts as a condenser in the SRC and as an evaporator in the 165 

ORC. The system can operate in three modes: simultaneous heat collection and power 166 

conversion mode, first-step heat discharge mode, and second-step heat discharge mode. 167 

The details are as follows. 168 



(1) Simultaneous heat collection and power conversion mode. The system works in this 169 

normal case when solar radiation is available. The power is produced via the SORC. 170 

V1, V2, V3, and V4 are open. P1, P2, and P3 are run. V7 is open, and P4 works 171 

when the dryness fraction at the solar collectors’ outlet needs to be controlled. The 172 

unmentioned valves and pumps are closed or off-work. Water in the LTA is heated 173 

and partially vaporized through the solar collectors. The hot water is stored in the 174 

HTA. The saturated steam is expanded through the wet steam turbine to generate 175 

electrical power. Thereafter, the exhaust steam is condensed into water via the 176 

intermediate heat exchanger and is pressurized by P1 before being sent back to the 177 

solar collectors. The condensation heat is used to evaporate the ORC working fluid 178 

to saturated vapor, which is expanded through the ORC dry turbine to produce 179 

electrical power. Then, the exhaust organic vapor is condensed into liquid through 180 

the condenser and is sent back to the intermediate heat exchanger by P2. Depending 181 

on the solar radiation, the flow rate through P3 can be altered to guarantee a constant 182 

temperature in the HTA and a steady power conversion of the SORC. 183 

(2) First-step heat discharge mode. V1, V2, V3, and V5 are open. P1 and P2 are run. 184 

The hot water in the HTA is partially vaporized by depressurization and is used to 185 

drive the SORC. The exhaust steam is condensed and pumped back to the HTA. 186 

The temperature drop of the HTA is limited as the wet steam and organic fluid 187 

turbines would suffer from an inefficient off-design operation [13-14]. The LTA is 188 

not involved in this step. 189 

(3) Second-step heat discharge mode. V6 and throttle valve (TV) are open, and P2 is 190 

run. The dissipated hot water in the HTA flows into the LTA via the intermediate 191 

heat exchanger, and the released heat is used only to drive the bottoming ORC. 192 

This step can generate much more electricity than the first step due to the 193 

remarkable drop in water temperature. 194 

3. Mathematical models 195 

For the proposed system, subcritical cycles are considered for the SRC and ORC. 196 



When benzene using as ORC fluid, for example, the thermodynamic processes 197 

expressed in the T-s diagram are shown in Fig. 3. The blue and red lines represent the 198 

SRC and ORC, respectively. The numbers indicate the thermodynamic states of water 199 

and organic fluid that corresponds to the marks in Fig. 2. Furthermore, the thermal and 200 

friction losses in the pipes and heat exchangers are neglected. The kinetic and potential 201 

energy changes are disregarded in the simulation.  202 
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Fig.3 T-s diagram of the DSG-SORC system using two-stage accumulators. 204 

A wet steam turbine is adopted for the topping SRC. This type of turbine has been 205 

used for decades, especially in nuclear power plants [20]. After long-term development, 206 

modern turbines are now able to handle binary-phase steam at dryness lower than 90%. 207 

One advantage of steam turbines is their high power capacity, which can be two orders 208 

of magnitude higher than that of positive displacement expanders. This advantage 209 

results in a low cost proportion of the power block in the whole solar plant and short 210 

payback period.  211 

In the study, the first-step heat discharge is omitted for the following reasons. 212 

(1) The process is similar to that in conventional DSG solar plants and is not essential 213 

in the proposed system. The first-step heat discharge is accompanied by the off-214 

design operation of the turbine and has a relatively small power capacity, which is 215 

attributed to either a short discharge time or an inefficient power conversion. For 216 



example, the Planta Solar 10 plant has a saturated water heat storage capacity of 50 217 

min operation at 50% turbine workload [5]. In the Khi Solar One plant, 10.5 h of 218 

discharging time are needed to produce power equivalent to that generated in 3 h 219 

nominal operation [16].  220 

(2) The first-step heat discharge may be less efficient than the second-step heat 221 

discharge. As shown in the following sections, the optimized ORC efficiency can 222 

be equal to approximately 70% of the SORC’s. Compared with the first-step heat 223 

discharge that suffers from part-load operation, the second-step heat discharge 224 

enables stable power conversion and is possibly more efficient. 225 

(3) The process leads to a large stress range for the materials. The pressure in the HTA 226 

decreases as the first-step heat discharge proceeds, whereas it is almost constant in 227 

the second-step heat discharge. During the periodical charge and discharge, the 228 

stress of the material e.g., stainless steel, fluctuates. A large stress range shortens 229 

the life span of the pressure vessel.  230 

3.1 Solar collectors 231 

Common solar collectors in DSG applications include parabolic trough collectors 232 

(PTCs), linear Fresnel collectors, and heliostats. However, only mature and 233 

predominant PTCs are exemplified in the following analysis. The system advisor model 234 

(SAM) software created by National Renewable Energy Laboratory (NREL) is adapted 235 

to simulate the heat collection in the PTCs [41]. The overall efficiency of the solar 236 

collector (𝜂𝑐𝑜𝑙) is defined as the optical efficiency (𝜂𝑜𝑝𝑡) minus an efficiency penalty 237 

term (𝜂𝑙𝑜𝑠𝑠) representing the receiver’s heat loss [42-43]. 238 

  𝜂𝑐𝑜𝑙 = 𝜂𝑜𝑝𝑡 − 𝜂𝑙𝑜𝑠𝑠 = 𝜂𝑜𝑝𝑡 −
𝐿𝑞𝑙𝑜𝑠𝑠,𝑎𝑣

𝐴𝑐𝑜𝑙𝐼𝐷𝑁
      (1) 239 

where L is the receiver length (m), 𝑞𝑙𝑜𝑠𝑠,𝑎𝑣 is the receiver’s average heat loss (W/m), 240 

𝐴𝑐𝑜𝑙 is the aperture area of the solar collector (m2), and 𝐼𝐷𝑁 is the direct normal solar 241 

irradiance (W/m2). 242 

In an entire loop of the solar field, 𝑞𝑙𝑜𝑠𝑠,𝑎𝑣 is calculated by [44-45] 243 

𝑞𝑙𝑜𝑠𝑠,𝑎𝑣 = 𝐶0 + 𝐶5√𝑣𝑤 + (𝐶1 + 𝐶6√𝑣𝑤)
𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡 − 𝑇𝑎

2
+ 244 



(𝐶2 + 𝐶4𝐼𝐷𝑁)
𝑇𝑖𝑛

2 +𝑇𝑖𝑛𝑇𝑜𝑢𝑡+𝑇𝑜𝑢𝑡
2

3
+ 𝐶3

(𝑇𝑖𝑛
2 +𝑇𝑜𝑢𝑡

2 )(𝑇𝑖𝑛+𝑇𝑜𝑢𝑡)

4
  (2) 245 

where 𝐶0…𝐶6 are the heat loss coefficients; 𝑣𝑤  is the wind speed (m/s); 𝑇𝑖𝑛 and 246 

𝑇𝑜𝑢𝑡 are the working fluid inlet and outlet temperatures, respectively (°C), and 𝑇𝑎 is 247 

the ambient temperature (°C). Equation (2) correlates the heat loss with the working 248 

fluid temperature (𝐶2 and 𝐶3), the heating of the receiver above the working fluid 249 

temperature by the sun (𝐶4), and the effects of the ambient temperature and wind speed 250 

(𝐶1, 𝐶5, and 𝐶6). 251 

The specific parameters of the PTCs for heat collection in SAM, as well as their 252 

default values, are listed in Table 1 [41]. 𝐿, 𝐴𝑐𝑜𝑙, and 𝜂𝑜𝑝𝑡 are the intrinsic properties 253 

of the Euro Trough ET150 collector. Heat loss coefficients are determined by fitting the 254 

test curves for Schott’s 2008 PTR70 receiver. The details can be found in NREL’s 255 

technical report [45]. 256 

Table 1 Specific parameters of PTCs in SAM [41]. 257 

Terms PTCs 

Receiver length, 𝐿 150 m 

Aperture area, 𝐴𝑐𝑜𝑙  817.5 m2 

Optical efficiency, 𝜂𝑜𝑝𝑡 76.77% 

Heat loss coefficient, 𝐶0 4.05 

Heat loss coefficient, 𝐶1 0.247 

Heat loss coefficient, 𝐶2 -0.00146 

Heat loss coefficient, 𝐶3 5.65e-06 

Heat loss coefficient, 𝐶4 7.62e-08 

Heat loss coefficient, 𝐶5 -1.7 

Heat loss coefficient, 𝐶6 0.0125 

3.2 Turbines 258 

The work generated by the wet steam turbine is determined by 259 

         𝑤̇𝑆𝑇 = 𝑚̇𝑆𝑅𝐶(ℎ1 − ℎ2) = 𝑚̇𝑆𝑅𝐶(ℎ1 − ℎ2𝑠)𝜀𝑆𝑇     (3) 260 

where 𝜀𝑆𝑇 is the isentropic efficiency of the wet steam turbine. It is associated with 261 



steam wetness, as described by the Baumann rule, which is a longstanding empirical 262 

rule in the history of turbomachinery [9,20]. 263 

𝜀𝑆𝑇 = 𝜀𝑆𝑇,𝑠ℎ(1 − 𝑎𝑦𝑎𝑣)        (4) 264 

  𝑦𝑎𝑣 = (𝑦1 + 𝑦2)/2        (5) 265 

where 𝜀𝑆𝑇,𝑠ℎ  is the reference isentropic efficiency assuming that the turbine works 266 

with superheated steam; a is an empirical coefficient known as the Baumann factor, that 267 

is usually assumed to be 1.0, although various experiments carried out on wet steam 268 

turbines provide a range of values for a, varying from 0.4 to 2.0 [46]; and 𝑦1 and 𝑦2 269 

are the main steam and exhaust steam wetness, respectively. 270 

  For given main steam and steam condensation temperature, ℎ1, ℎ2𝑠 , and 𝑦1 are 271 

determined. 𝑦2 can be derived by combining Eqs. (4) and (5) and the definition of 272 

turbine isentropic efficiency. 273 

𝜀𝑆𝑇 =
ℎ1−ℎ2

ℎ1−ℎ2𝑠
=

ℎ1−(𝑦2ℎ2,𝑙+(1−𝑦2)ℎ2,𝑣)

ℎ1−ℎ2𝑠
     (6) 274 

The result is 275 

    𝑦2 =
𝜀𝑆𝑇,𝑠ℎ(2−𝑎𝑦1)(ℎ1−ℎ2𝑠)−2(ℎ1−ℎ2,𝑣)

𝜀𝑆𝑇,𝑠ℎ𝑎(ℎ1−ℎ2𝑠)−2(ℎ2,𝑙−ℎ2,𝑣)
     (7) 276 

where ℎ2,𝑙 and ℎ2,𝑣 are respectively the saturated water and steam enthalpies at steam 277 

condensation temperature. 278 

The work generated by the ORC dry turbine is calculated by 279 

  𝑤̇𝑂𝑇 = 𝑚̇𝑂𝑅𝐶(ℎ5 − ℎ6) = 𝑚̇𝑂𝑅𝐶(ℎ5 − ℎ6𝑠)𝜀𝑂𝑇   (8) 280 

where 𝜀𝑂𝑇 is the isentropic efficiency of the ORC dry turbine. Unlike 𝜀𝑆𝑇, 𝜀𝑂𝑇 can 281 

be considered as a constant because the ORC dry turbine is operated without liquid 282 

droplets. 283 

3.3 Intermediate heat exchanger 284 

In normal working conditions, the heat balance in the intermediate heat exchanger is 285 

expressed by 286 

𝑚̇𝑆𝑅𝐶(ℎ2 − ℎ3) = 𝑚̇𝑂𝑅𝐶(ℎ5 − ℎ8)       (9) 287 

  In the second step of the heat discharge process, if the minimum temperature 288 

difference (∆𝑇𝑚𝑖𝑛) occurs in pinch point, then the heat balance is determined by 289 



 𝑚̇𝑤(ℎ1,𝑙 − ℎ𝑤,𝑝𝑖𝑛𝑐ℎ) = 𝑚̇𝑂𝑅𝐶(ℎ5,𝑣 − ℎ5,𝑙)     (10) 290 

If ∆𝑇𝑚𝑖𝑛 takes place in water outlet, then the heat balance is calculated by 291 

       𝑚̇𝑤(ℎ1,𝑙 − ℎ𝑤,𝑜𝑢𝑡) = 𝑚̇𝑂𝑅𝐶(ℎ5 − ℎ8)     (11) 292 

where 𝑚̇𝑤 is the hot water mass flow rate; ℎ1,𝑙 is the saturated water enthalpy at main 293 

steam temperature; ℎ𝑤,𝑝𝑖𝑛𝑐ℎ is the water enthalpy at the temperature of 𝑇5 + ∆𝑇𝑚𝑖𝑛; 294 

ℎ5,𝑙 and ℎ5,𝑣 are respectively the saturated organic liquid and vapor enthalpies at the 295 

inlet temperature of the ORC dry turbine (𝑇5); and ℎ𝑤,𝑜𝑢𝑡 is the outlet water enthalpy 296 

at the temperature of 𝑇8 + ∆𝑇𝑚𝑖𝑛. 297 

3.4 Pumps 298 

The works required by the SRC water pump and ORC pump are respectively 299 

calculated by 300 

        𝑤̇𝑃,𝑆𝑅𝐶 = 𝑚̇𝑆𝑅𝐶(ℎ4 − ℎ3) = 𝑚̇𝑆𝑅𝐶(ℎ4𝑠 − ℎ3)/𝜀𝑃    (12) 301 

     𝑤̇𝑃,𝑂𝑅𝐶 = 𝑚̇𝑂𝑅𝐶(ℎ8 − ℎ7) = 𝑚̇𝑂𝑅𝐶(ℎ8𝑠 − ℎ7)/𝜀𝑃    (13) 302 

where 𝜀𝑃 is the pump isentropic efficiency. 303 

3.5 Normal SORC efficiency 304 

The topping SRC thermal efficiency is expressed by 305 

       𝜂𝑆𝑅𝐶 =
𝑤̇𝑆𝑅𝐶

𝑞̇𝑆𝑅𝐶
=

𝑤̇𝑆𝑇𝜀𝑔−𝑤̇𝑃,𝑆𝑅𝐶

𝑚̇𝑆𝑅𝐶(ℎ1−ℎ4)
      (14) 306 

where 𝑤̇𝑆𝑅𝐶 is the net output power of the SRC, 𝑞̇𝑆𝑅𝐶 is the absorbed heat power of 307 

the SRC, and 𝜀𝑔 is the generator efficiency. 308 

The bottoming ORC thermal efficiency is determined by 309 

        𝜂𝑂𝑅𝐶 =
𝑤̇𝑂𝑅𝐶

𝑞̇𝑂𝑅𝐶
=

𝑤̇𝑂𝑇𝜀𝑔−𝑤̇𝑃,𝑂𝑅𝐶

𝑚̇𝑂𝑅𝐶(ℎ5−ℎ8)
       (15) 310 

where 𝑤̇𝑂𝑅𝐶 is the net output power of the ORC, and 𝑞̇𝑂𝑅𝐶 is the absorbed heat power 311 

of the ORC. 312 

The normal SORC thermal efficiency is calculated by 313 

       𝜂𝑆𝑂𝑅𝐶 =
𝑤̇𝑆𝑂𝑅𝐶

𝑞̇𝑆𝑂𝑅𝐶
=

𝑤̇𝑆𝑅𝐶+𝑤̇𝑂𝑅𝐶

𝑚̇𝑆𝑅𝐶(ℎ1−ℎ4)
      (16) 314 

where 𝑤̇𝑆𝑂𝑅𝐶 is the net output power of the SORC, and 𝑞̇𝑆𝑂𝑅𝐶 is the absorbed heat 315 



power of the SORC, which is equal to 𝑞̇𝑆𝑅𝐶. 316 

3.6 Operating time of bottoming ORC 317 

For a certain amount of storage water, the operating time of the bottoming ORC in 318 

the second-step heat discharge mode is expressed by 319 

           𝑡𝑂𝑅𝐶 =
𝑀𝑤

𝑚̇𝑤
        (17) 320 

where 𝑀𝑤 is the mass of storage water; and 𝑚̇𝑤 is derived from Eqs. (10) and (11). 321 

𝑡𝑂𝑅𝐶 can represent heat storage capacity as the released heat is used only to drive the 322 

bottoming ORC in the second step of the heat discharge process. 323 

3.7 Equivalent heat-to-power efficiency 324 

The equivalent heat-to-power efficiency is defined as 325 

𝜂𝑒𝑞 =
𝑤̇𝑡𝑜𝑡𝑎𝑙

𝑞̇𝑡𝑜𝑡𝑎𝑙
=

𝑡𝑆𝑂𝑅𝐶𝑤̇𝑆𝑂𝑅𝐶+𝑡𝑂𝑅𝐶𝑤̇𝑂𝑅𝐶

𝑡𝑆𝑂𝑅𝐶𝑞̇𝑆𝑂𝑅𝐶+𝑡𝑂𝑅𝐶𝑞̇𝑂𝑅𝐶
=

𝜂𝑆𝑂𝑅𝐶+𝜏𝛾𝜂𝑂𝑅𝐶

1+𝜏𝛾
   (18) 326 

γ =
𝑞̇𝑂𝑅𝐶

𝑞̇𝑆𝑂𝑅𝐶
        (19) 327 

τ =
𝑡𝑂𝑅𝐶

𝑡𝑆𝑂𝑅𝐶
        (20) 328 

where 𝑡𝑆𝑂𝑅𝐶 is the operating time of the SORC and is determined according to the 329 

duration time of solar radiation; γ is the absorbed heat power ratio between the ORC 330 

and the SORC; and τ is the operating time ratio of the ORC and SORC.  331 

𝜂𝑒𝑞 comprehensively reflects the performance of the two-stage accumulators-based 332 

DSG-SORC system. It is a compromise between 𝜂𝑆𝑂𝑅𝐶 and 𝜂𝑂𝑅𝐶. 𝜏𝛾 in weighting 333 

factors denotes the heat storage capacity. From the perspective of thermodynamics, 𝜂𝑒𝑞 334 

indicates how effectively the absorbed solar energy, including that stored in the HTA, 335 

is converted into electricity.  336 

4. Results and discussion 337 

In this study, the following assumptions are considered. The main steam and hot 338 

water stored in the HTA (𝑇1) are saturated, and the temperature is supposed to be 250 °C, 339 

260 °C, and 270 °C. The mass of storage water (𝑀𝑤) is assumed to be 500 ton, 1000 340 



ton, and 1500 ton. Benzene, pentane, and R245fa, which are commonly used in solar 341 

ORC power plants [47], are adopted. In addition to the conventional case in which the 342 

Baumann factor (a) is 1.0, the situations in which a equals 0.5 and 1.5 are considered. 343 

Other specific parameters and their values are listed in Table 2. 344 

Table 2 Specific parameters for calculation. 345 

Term Value 

Rated output power of SORC,  𝑤̇𝑆𝑂𝑅𝐶 10 MW 

Reference efficiency of superheated steam turbine,  𝜀𝑆𝑇,𝑠ℎ 85% 

ORC dry turbine efficiency, 𝜀𝑂𝑇 85% 

Pump efficiency, 𝜀𝑃 80% 

Generator efficiency, 𝜀𝑔 95% 

Operating time of SORC (i.e., duration time of solar radiation), 𝑡𝑆𝑂𝑅𝐶 8 h 

Wind speed, 𝑣𝑤 5 m/s 

Ambient temperature, 𝑇𝑎 20 °C 

ORC condensation temperature, 𝑇7 30 °C 

Minimum temperature difference, ∆𝑇𝑚𝑖𝑛 10 °C 

4.1 Wet steam turbine performance 346 

The exhaust steam wetness ( 𝑦2 ) and wet steam turbine efficiency ( 𝜀𝑆𝑇 ) are 347 

determined on the basis of Eqs. (4) to (7). As shown in Figs. 4 and 5, 𝑦2 decreases, 348 

whereas 𝜀𝑆𝑇  increases with the rise of steam condensation temperature (𝑇2). This 349 

result verifies that the operation environment for the wet steam turbine can be improved 350 

by increasing the ORC evaporation temperature. Furthermore, when the main steam 351 

temperature (𝑇1) rises, 𝑦2 increases, whereas 𝜀𝑆𝑇 decreases. Given each 10 °C rise in 352 

𝑇1 , 𝑦2  increases by approximately 0.67%-1.85%, and 𝜀𝑆𝑇  decreases by 353 

approximately 0.29%-0.79%. This result is mainly because water is a wet fluid, which 354 

means the saturated steam curve in the T-s diagram has a negative slope (Fig. 3). The 355 

wet steam turbine is easily subjected to a steam-liquid mixture with the increment of 356 

𝑇1.  357 
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Fig.4 Exhaust steam wetness and wet steam turbine efficiency at a=1.0. 359 

As shown in Fig. 5, 𝑦2 and 𝜀𝑆𝑇 increase with the decrement of Baumann factor (a). 360 

This finding can be explained as follows: a small a means a weak influence of moisture. 361 

Therefore, the wet steam turbine can tolerate a high steam wetness and maintain great 362 

efficiency. Moreover, the adverse impacts of a on 𝑦2 and 𝜀𝑆𝑇 are reduced at a high 363 

𝑇2, thereby indicating that the technical requirement of moisture separation for the wet 364 

steam turbine can be reduced by elevating 𝑇2.  365 
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Fig.5 Exhaust steam wetness and wet steam turbine efficiency at 𝑇1=250 °C. 367 

Furthermore, 𝑦2 is generally required to be less than 14% to ensure the reliable and 368 

efficient operation of wet steam turbines [11-12]. For different 𝑇1 and a, the values of 369 



𝑇2  and 𝜀𝑆𝑇  at 𝑦2 =14% are shown in Table 3. Clearly, the desirable 𝑇2  becomes 370 

higher when 𝑇1 increases and a decreases. The related 𝜀𝑆𝑇 is nearly constant as 𝑇1 371 

rises, but reduces with the elevation of a.  372 

Table 3 Values of 𝑇2 and 𝜀𝑆𝑇 at 𝑦2=14%. 373 

𝑻𝟏 (°C) 

a=0.5 a=1.0 a=1.5 

𝑻𝟐 (°C) 𝜺𝑺𝑻 (%) 𝑻𝟐 (°C) 𝜺𝑺𝑻 (%) 𝑻𝟐 (°C) 𝜺𝑺𝑻 (%) 

250 128 82.02% 120 79.05% 111 76.08% 

260 142 82.03% 134 79.06% 125 76.09% 

270 156 82.02% 149 79.05% 140 76.07% 

4.2  SRC thermal efficiency 374 

As shown in Fig. 6, the topping SRC thermal efficiency (𝜂𝑆𝑅𝐶 ) almost linearly 375 

decreases with the increment of 𝑇2 . Furthermore, when 𝑇1  rises from 250 °C to 376 

270 °C, 𝜂𝑆𝑅𝐶 elevates by approximately 0.72%-2.82%. As a decreases from 1.5 to 0.5, 377 

the maximum increment of 𝜂𝑆𝑅𝐶  is approximately 2.46% at 𝑇2=50 °C. Combined 378 

with the results in Part 4.1, the results in the current section show that the SRC does not 379 

benefit from the performance improvement of the wet steam turbine at a high 𝑇2 . 380 

Comparably, the SRC does not suffer from the performance deterioration of the wet 381 

steam turbine when 𝑇1 rises. Therefore, compared with a, 𝑇1 and 𝑇2 play decisive 382 

roles in 𝜂𝑆𝑅𝐶.  383 
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Fig.6 Variations of SRC thermal efficiency. 385 

4.3  ORC performance in heat discharge process 386 

The bottoming ORC thermal efficiency (𝜂𝑂𝑅𝐶) increases when 𝑇2 rises, as shown 387 

in Fig. 7. Restricted by critical temperature, the highest 𝑇2 for pentane and R245fa are 388 

206 °C and 164 °C, respectively. Benzene provides the best 𝜂𝑂𝑅𝐶 owing to the high 389 

critical temperature [48-49]. The maximum 𝜂𝑂𝑅𝐶 of benzene, pentane, and R245fa are 390 

24.33%, 18.14%, and 14.70%, respectively, provided that 𝑇2 in the range of 50-250 °C.  391 
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Fig.7 Variations of ORC thermal efficiency. 393 

As shown in Figs. 8 and 9, the operating time of the bottoming ORC (𝑡𝑂𝑅𝐶) increases 394 

first and then decreases with the rise of 𝑇2. This result is mainly caused by the opposite 395 

variations of the hot water mass flow rate in the heat discharge process (𝑚̇𝑤). By using 396 

Eqs. (9) to (11) and (16) to (17), it can be found that 397 

𝑡𝑂𝑅𝐶 ∝
1

𝑚̇𝑤
∝

1

𝑚̇𝑂𝑅𝐶
∝

1

𝑚̇𝑆𝑅𝐶
∝ 𝜂𝑆𝑂𝑅𝐶     (21) 398 

Obviously, 𝑚̇𝑤 is correlated with the normal SORC thermal efficiency (𝜂𝑆𝑂𝑅𝐶), and 399 

they have opposite variation. As found in previous studies, 𝜂𝑆𝑂𝑅𝐶 first increases and 400 

then decreases with the elevation of ORC evaporation temperature [21-22].  401 

For different ORC fluids, pentane provides a large 𝑡𝑂𝑅𝐶, R245fa supplies a moderate 402 

𝑡𝑂𝑅𝐶, and benzene delivers a small 𝑡𝑂𝑅𝐶, as shown in Fig. 8. This finding is mainly due 403 

to the different heat transfer characteristics between organic fluids and water in the 404 



intermediate heat exchanger. For pentane and R245fa, the minimum temperature 405 

difference occurs in the water outlet. However, it takes place in the pinch point for 406 

benzene. The water outlet temperature is higher when benzene is used as ORC working 407 

fluid, thereby resulting in a high 𝑚̇𝑤. For example, when 𝑇1=250 °C, 𝑇2=150 °C, and 408 

a=1.0, 𝑚̇𝑤  are approximately 41.50 kg/s for benzene, 30.64 kg/s for pentane, and 409 

31.61 kg/s for R245fa. Moreover, 𝑡𝑂𝑅𝐶  of benzene decreases significantly if 𝑇2 is 410 

close to 250 °C because 𝑚̇𝑤 rises up to 130 kg/s or more. For different masses of 411 

storage water ( 𝑀𝑤 ), 𝑡𝑂𝑅𝐶  increases proportionally with the increment of 𝑀𝑤 , 412 

considering that 𝑚̇𝑤  is unvaried. Taking the condition of benzene, 𝑇1 =250 °C, 413 

𝑇2 =150 °C, and a=1.0 as an example, 𝑡𝑂𝑅𝐶  is 3.35 h at 𝑀𝑤 =500 ton, 6.69 h at 414 

𝑀𝑤=1000 ton, and 10.04 h at 𝑀𝑤=1500 ton.  415 
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Fig.8 Operating time of bottoming ORC at 𝑇1=250 °C and a=1.0. 417 

As shown in Fig. 9, 𝑡𝑂𝑅𝐶  almost quantitatively increases with the rise of 𝑇1 . 418 

Provided that 𝑀𝑤 is 500 ton, the increment of 𝑡𝑂𝑅𝐶 is approximately 0.4-0.6 h for 419 

benzene, and 0.4 h for pentane and R245fa when 𝑇1 increases from 250 °C to 260 °C 420 

or rises from 260 °C to 270 °C. 𝑡𝑂𝑅𝐶 increases as a decreases. Furthermore, the effect 421 

of a on  𝑡𝑂𝑅𝐶  is becoming significant when 𝑇2  is close to 50 °C, but becomes 422 

negligible as 𝑇2 approaches a high value, such as 175 °C for benzene. The main reason 423 

is that the beneficial effect of a small a on 𝜂𝑆𝑅𝐶 is reduced with the increment of 𝑇2 424 

(Fig. 6), thereby resulting in a hot water mass flow rate which is similar to that under a 425 



high a. For example, when 𝑇1=250 °C and 𝑇2=175 °C, 𝑚̇𝑤 of benzene are 50.35, 426 

50.86 and 51.35 kg/s, respectively, as a is equal to 0.5, 1.0, and 1.5. 427 
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Fig.9 Operating time of bottoming ORC for benzene at 𝑀𝑤=500 ton. 429 

4.4 Solar collector efficiency 430 

In this study, the solar collector efficiency ( 𝜂𝑐𝑜𝑙 ) decreases slightly with the 431 

increments of 𝑇1 and 𝑇2. For a given direct normal solar irradiance (𝐼𝐷𝑁) of 800 W/m2, 432 

𝜂𝑐𝑜𝑙 is approximately 76.1% when 𝑇1=250 °C and 𝑇2=50 °C, and drops to 75.1% at 433 

𝑇1=270 °C and 𝑇2=250 °C, as shown in Fig. 10. The main reason for this finding is 434 

because the average heat loss from the evacuated tube receivers (𝑞𝑙𝑜𝑠𝑠,𝑎𝑣) is low at a 435 

low-medium collection temperature. Specifically, 𝑞𝑙𝑜𝑠𝑠,𝑎𝑣 is only approximately 30-436 

74 W/m2 in the proposed system, which is 1/5-1/2 of that in oil or molten salt-based 437 

solar thermal power plants [45, 50]. Moreover, solar irradiation also has a negligible 438 

effect on 𝜂𝑐𝑜𝑙  in the proposed system. The maximum decrement of 𝜂𝑐𝑜𝑙  is just 439 

approximately 1.5% when 𝐼𝐷𝑁  declines from 800 W/m2 to 400 W/m2. The minor 440 

variations in solar collector efficiency in the low-medium temperature range are 441 

consistent with those in previous studies. [43, 51-52]. Therefore, it is reasonable to 442 

ignore the influence of 𝜂𝑐𝑜𝑙  on system performance in the next evaluation of 443 

equivalent heat-to-power efficiency.  444 
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Fig.10 Variations of solar collector efficiency. 446 

4.5 Equivalent heat-to-power efficiency 447 

Similar to 𝜂𝑆𝑂𝑅𝐶, the equivalent heat-to-power efficiency (𝜂𝑒𝑞) increases first and 448 

then decreases with the rise of 𝑇2, as shown in Figs. 12 and 13. However, the optimum 449 

steam condensation temperature ( 𝑇2,𝑜𝑝𝑡 ) that corresponds to the maximum 𝜂𝑒𝑞 450 

(𝜂𝑒𝑞,𝑚𝑎𝑥) is higher than that (𝑇2,𝑜𝑝𝑡
′ ) based on the maximum 𝜂𝑆𝑂𝑅𝐶 (𝜂𝑆𝑂𝑅𝐶,𝑚𝑎𝑥). Take 451 

the case of benzene, 𝑇1=250 °C, a=1.0, and 𝑀𝑤=500 ton as an example, 𝑇2,𝑜𝑝𝑡 and 452 

𝑇2,𝑜𝑝𝑡
′  are 187 °C and 132 °C, respectively. Given that 𝜂𝑒𝑞 comprehensively considers 453 

the efficiencies of the cascade SORC and the sole ORC operating in the heat discharge 454 

process, the impact of 𝜂𝑂𝑅𝐶  on 𝜂𝑒𝑞  is more significant than that on 𝜂𝑆𝑂𝑅𝐶 . This 455 

finding can be derived in theory as follows. 456 

𝜂𝑆𝑂𝑅𝐶 can be presented as 457 

𝜂𝑆𝑂𝑅𝐶 =
𝑤̇𝑆𝑂𝑅𝐶

𝑞̇𝑆𝑂𝑅𝐶
=

𝑤̇𝑆𝑅𝐶+𝑤̇𝑂𝑅𝐶

𝑞̇𝑆𝑂𝑅𝐶
=

𝑞̇𝑆𝑂𝑅𝐶𝜂𝑆𝑅𝐶+𝛾𝑞̇𝑆𝑂𝑅𝐶𝜂𝑂𝑅𝐶

𝑞̇𝑆𝑂𝑅𝐶
= 𝜂𝑆𝑅𝐶 + 𝛾𝜂𝑂𝑅𝐶  (22) 458 

where the coefficient ratio between 𝜂𝑂𝑅𝐶 and 𝜂𝑆𝑅𝐶 is 459 

  
C(𝜂𝑂𝑅𝐶)

C(𝜂𝑆𝑅𝐶)
= 𝛾         (23) 460 

𝜂𝑒𝑞 can be presented as 461 



 𝜂𝑒𝑞 =
𝜂𝑆𝑂𝑅𝐶+𝜏𝛾𝜂𝑂𝑅𝐶

1+𝜏𝛾
=

𝜂𝑆𝑅𝐶+𝛾𝜂𝑂𝑅𝐶+𝜏𝛾𝜂𝑂𝑅𝐶

1+𝜏𝛾
=

1

1+𝜏𝛾
𝜂𝑆𝑅𝐶 +

𝛾+𝜏𝛾

1+𝜏𝛾
𝜂𝑂𝑅𝐶    (24) 462 

where the coefficient ratio between 𝜂𝑂𝑅𝐶 and 𝜂𝑆𝑅𝐶 is 463 

  
C(𝜂𝑂𝑅𝐶)

C(𝜂𝑆𝑅𝐶)
= 𝛾(1 + 𝜏)        (25) 464 

because 465 

𝛾 > 0         (26) 466 

𝜏 > 0         (27) 467 

therefore 468 

 𝛾(1 + 𝜏) > 𝛾        (28) 469 

A high 𝑇2 delivers an improved 𝜂𝑂𝑅𝐶  ; thus, 𝑇2,𝑜𝑝𝑡 is larger than 𝑇2,𝑜𝑝𝑡
′ . 470 

The effects of 𝑇2 on the absorbed heat power ratio (𝛾) and the operating time ratio 471 

(𝜏) are presented in Fig.11. 𝛾 increases when 𝑇2 rises, primarily because the absorbed 472 

heat power of the ORC (𝑞̇𝑂𝑅𝐶) increases. Take for example, benzene, 𝑇1=250 °C, and 473 

a=1.0. 𝑞̇𝑂𝑅𝐶 is 28.82 MW at 𝑇2=50 °C, and 30.21 MW at 𝑇2=150 °C. The variations 474 

of 𝜏 with 𝑇2 are similar to those of 𝑡𝑂𝑅𝐶 considering that 𝑡𝑆𝑂𝑅𝐶 is set as a constant.  475 
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(a) 477 



50 100 150 200

0

5

10

15

20

25

30  hORC  hSORC  g  t

steam condensation temperature (℃)

S
O

R
C

 a
n
d
 O

R
C

 e
ff

ic
ie

n
ci

es
 (

%
)

0.0

0.2

0.4

0.6

0.8

1.0

o
p
er

at
in

g
 t

im
e 

an
d
 a

b
so

rb
ed

 h
ea

t 
p
o
w

er
 r

at
io

s

 478 

(b) 479 
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(c) 481 

Fig.11 Parameters related with 𝜂𝑒𝑞 at 𝑀𝑤=500 ton, 𝑇1=250 °C and a=1.0: (a) 482 

benzene; (b) pentane; (c) R245fa. 483 

Compared with pentane and R245fa, benzene provides the best 𝜂𝑒𝑞 and the highest 484 

𝑇2,𝑜𝑝𝑡, as shown in Fig.12. Because 𝜂𝑂𝑅𝐶 is high when using benzene as ORC fluid 485 

(Part 4.3). Specifically, 𝜂𝑒𝑞,𝑚𝑎𝑥 and 𝑇2,𝑜𝑝𝑡 are 25.19%-27.11% and 185-239 °C for 486 

benzene, 20.93%-24.24% and 139-190 °C for pentane, and 19.89%-23.75% and 131-487 

154 °C for R245fa. Furthermore, when 𝑀𝑤 increases from 500 ton to 1500 ton, the 488 

impact of 𝜂𝑂𝑅𝐶 on 𝜂𝑒𝑞 is enhanced due to the increment of 𝑡𝑂𝑅𝐶, thereby resulting 489 

in a decrease of 𝜂𝑒𝑞  and increase in 𝑇2,𝑜𝑝𝑡 . For example, in the case of benzene, 490 



𝑇1=250 °C and a=1.0, 𝜂𝑒𝑞,𝑚𝑎𝑥 and 𝑇2,𝑜𝑝𝑡 are, respectively, 26.25% and 187 °C at 491 

𝑀𝑤=500 ton and vary to 25.22% and 220 °C at 𝑀𝑤=1500 ton.  492 
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Fig.12 Equivalent heat-to-power efficiency at 𝑇1=250 °C and a=1.0.  494 

As shown in Fig. 13, 𝜂𝑒𝑞 rises with the increment of 𝑇1 considering that 𝜂𝑆𝑅𝐶 is 495 

improved. 𝑇2,𝑜𝑝𝑡 also elevates when 𝑇1 increases. However, the main reason is that 496 

the impact of 𝜂𝑂𝑅𝐶 on 𝜂𝑒𝑞 is strengthened because of the increase of 𝑡𝑂𝑅𝐶 (Fig. 9). 497 

Differently, as a becomes small, 𝜂𝑒𝑞  increases, whereas 𝑇2,𝑜𝑝𝑡  slightly decreases 498 

because the values of 𝑡𝑂𝑅𝐶  nearby 𝑇2,𝑜𝑝𝑡  are almost unvaried, whereas 𝜂𝑆𝑅𝐶  is 499 

increased when a decreases, thereby resulting in the weak impact of 𝜂𝑂𝑅𝐶  on 𝜂𝑒𝑞 500 

(Figs. 6 and 9).  501 
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Fig.13 Equivalent heat-to-power efficiency for benzene at 𝑀𝑤=500 ton. 503 



The parameter values corresponding to 𝜂𝑒𝑞,𝑚𝑎𝑥 at different conditions are shown in 504 

Tables 4 to 6. Generally, these parameters are reasonable. Notably, 𝑦2  sometimes 505 

exceeds 14% for pentane and R245fa, especially when 𝑀𝑤=500 ton,  𝑇1=260-270 °C 506 

and a =0.5-1.0. From this perspective, benzene is compliant, whereas pentane and 507 

R245fa are suitable for the system with high 𝑀𝑤  and superior moisture separation 508 

technology. Furthermore, the water temperature in the LTA (𝑇𝐿𝑇𝐴 ) is close to the 509 

theoretical minimum (i.e., 40 °C) for pentane and R245fa at 𝜂𝑒𝑞,𝑚𝑎𝑥. Thus, the stored 510 

hot water is fully used. Although the 𝑇𝐿𝑇𝐴 of benzene is higher than 115 °C at 𝜂𝑒𝑞,𝑚𝑎𝑥, 511 

it is beneficial to avoid highly inefficient utilization of the stored water. Otherwise, a 512 

poor ORC efficiency of less than 5% is inevitable if the 𝑇𝐿𝑇𝐴 of benzene approaches 513 

40 °C. Considering 𝑡𝑂𝑅𝐶 and 𝜂𝑒𝑞, pentane is a preferable ORC fluid by comparison 514 

with benzene and R245fa. 515 

Table 4 Parameters that corresponds to 𝜂𝑒𝑞,𝑚𝑎𝑥 at a=0.5. 516 

ORC 

fluid 

𝑻𝟏 

(°C) 

𝑴𝒘 

(ton) 

𝜼𝒆𝒒,𝒎𝒂𝒙 

(%) 

𝜼𝑺𝑶𝑹𝑪 

(%) 

𝜼𝑶𝑹𝑪 

(%) 

𝑻𝟐,𝒐𝒑𝒕 

(°C) 

𝒚𝟐 

(%) 

𝑻𝑳𝑻𝑨 

(°C) 

𝒕𝑶𝑹𝑪 

(h) 

Benzene 250 500 26.37 27.91 20.83 185 8.85 120.8 2.47 

1000 25.60 26.97 22.26 207 6.39 153.0 3.51 

1500 25.24 26.29 22.98 220 4.73 176.7 3.86 

260 500 26.76 28.47 21.32 192 9.49 118.6 2.78 

1000 25.96 27.38 22.82 217 6.69 155.9 3.86 

1500 25.60 26.74 23.43 229 5.12 178.7 4.39 

270 500 27.11 28.95 21.83 200 10.12 116.3 3.09 

1000 26.28 27.80 23.28 226 7.19 155.6 4.34 

1500 25.91 27.21 23.80 237 5.71 177.0 5.16 

Pentane 250 500 23.71 27.50 15.02 139 13.11 40.5 4.13 

1000 21.95 26.24 16.79 166 10.72 40.9 7.56 

1500 21.07 25.40 17.48 180 9.36 41.1 10.73 

260 500 23.99 27.89 15.61 147 13.56 40.6 4.41 

1000 22.18 26.86 16.95 169 11.69 40.9 8.20 



1500 21.27 25.97 17.64 184 10.29 41.2 11.62 

270 500 24.24 28.44 15.81 150 14.49 40.6 4.75 

1000 22.37 27.32 17.20 174 12.54 41.0 8.80 

1500 21.44 26.49 17.80 188 11.29 41.3 12.54 

R245fa 250 500 23.31 27.38 13.90 131 13.78 40.9 4.16 

1000 21.27 26.71 14.82 145 12.60 41.2 7.93 

1500 20.10 26.27 15.15 152 11.99 41.4 11.56 

260 500 23.55 27.98 14.05 133 14.68 40.9 4.50 

1000 21.41 27.32 14.92 147 13.56 41.3 8.60 

1500 20.20 27.01 15.15 152 13.15 41.4 12.66 

270 500 23.75 28.44 14.33 137 15.48 41.0 4.83 

1000 21.52 27.81 15.06 150 14.49 41.3 9.26 

1500 20.26 27.55 15.22 154 14.18 41.4 13.68 

Table 5 Parameters that corresponds to 𝜂𝑒𝑞,𝑚𝑎𝑥 at a=1.0. 517 

ORC 

fluid 

𝑻𝟏 

(°C) 

𝑴𝒘 

(ton) 

𝜼𝒆𝒒,𝒎𝒂𝒙 

(%) 

𝜼𝑺𝑶𝑹𝑪 

(%) 

𝜼𝑶𝑹𝑪 

(%) 

𝑻𝟐,𝒐𝒑𝒕 

(°C) 

𝒚𝟐 

(%) 

𝑻𝑳𝑻𝑨 

(°C) 

𝒕𝑶𝑹𝑪 

(h) 

Benzene 250 500 26.25 27.69 20.98 187 8.44 123.4 2.39 

1000 25.55 26.89 22.26 207 6.29 153.0 3.50 

1500 25.22 26.25 22.98 220 4.67 176.7 3.85 

260 500 26.65 28.17 21.58 196 8.87 123.8 2.63 

1000 25.91 27.21 22.93 219 6.34 159.4 3.69 

1500 25.57 26.70 23.43 229 5.06 178.7 4.38 

270 500 26.99 28.63 22.08 204 9.49 121.5 2.94 

1000 26.23 27.57 23.43 229 6.70 161.1 4.09 

1500 25.88 27.05 23.88 239 5.37 181.3 4.89 

Pentane 250 500 23.48 26.90 15.46 145 12.13 40.6 3.98 

1000 21.84 25.94 16.84 167 10.31 40.9 7.43 

1500 21.00 25.21 17.48 180 9.12 41.1 10.62 

260 500 23.76 27.38 15.81 150 12.81 40.6 4.28 



1000 22.06 26.32 17.20 174 10.90 41.0 7.95 

1500 21.19 25.64 17.23 186 9.83 41.2 11.41 

270 500 23.99 27.85 16.08 154 13.64 40.7 4.59 

1000 22.24 26.86 17.34 177 11.89 41.0 8.58 

1500 21.35 26.19 17.84 189 10.88 41.3 12.33 

R245fa 250 500 23.04 26.87 14.05 133 13.06 40.9 4.04 

1000 21.11 26.24 14.92 147 11.97 41.3 7.72 

1500 19.99 25.94 15.15 152 11.57 41.4 11.36 

260 500 23.27 27.34 14.33 137 13.77 41.0 4.34 

1000 21.25 26.80 15.02 149 12.89 41.3 8.36 

1500 20.08 26.50 15.22 154 12.51 41.4 12.31 

270 500 23.46 27.81 14.52 140 14.61 41.1 4.67 

1000 21.34 27.36 15.06 150 13.92 41.3 9.05 

1500 20.13 27.12 15.22 154 13.64 41.4 13.38 

Table 6 Parameters that corresponds to 𝜂𝑒𝑞,𝑚𝑎𝑥 at a=1.5. 518 

ORC 

fluid 

𝑻𝟏 

(°C) 

𝑴𝒘 

(ton) 

𝜼𝒆𝒒,𝒎𝒂𝒙 

(%) 

𝜼𝑺𝑶𝑹𝑪 

(%) 

𝜼𝑶𝑹𝑪 

(%) 

𝑻𝟐,𝒐𝒑𝒕 

(°C) 

𝒚𝟐 

(%) 

𝑻𝑳𝑻𝑨 

(°C) 

𝒕𝑶𝑹𝑪 

(h) 

Benzene 250 500 26.15 27.42 21.25 191 7.86 128.8 2.25 

 1000 25.50 26.59 22.55 212 5.60 161.6 3.14 

 1500 25.19 26.21 22.98 220 4.62 176.7 3.84 

260 500 26.54 27.95 21.71 198 8.48 126.5 2.55 

 1000 25.87 27.09 22.98 220 6.12 161.2 3.61 

 1500 25.55 26.60 23.48 230 4.87 180.7 4.25 

270 500 26.89 28.38 22.26 207 8.99 125.5 2.82 

  1000 26.18 27.50 23.43 229 6.60 161.1 4.07 

  1500 25.86 27.01 23.88 239 5.31 181.3 4.88 

Pentane 250 500 23.28 26.47 15.67 148 11.48 40.6 3.88 

 1000 21.74 25.62 16.95 169 9.84 40.9 7.29 

 1500 20.93 24.80 17.64 184 8.53 41.2 10.36 



260 500 23.55 26.90 16.08 154 12.07 40.7 4.16 

 1000 21.95 26.03 17.25 175 10.50 41.0 7.82 

 1500 21.12 25.44 17.72 186 9.58 41.2 11.29 

270 500 23.77 27.37 16.26 157 12.94 40.7 4.47 

  1000 22.13 26.43 17.48 180 11.30 41.1 8.37 

  1500 21.28 25.90 17.87 190 10.51 41.3 12.14 

R245fa 250 500 22.80 26.40 14.19 135 12.41 41.0 3.93 

 1000 20.96 25.91 14.92 147 11.55 41.3 7.59 

 1500 19.89 25.64 15.15 152 11.18 41.4 11.18 

260 500 23.02 26.81 14.52 140 13.02 41.1 4.21 

 1000 21.09 26.38 15.06 150 12.35 41.3 8.18 

 1500 19.97 26.16 15.22 154 12.07 41.4 12.09 

270 500 23.19 27.34 14.52 140 14.01 41.1 4.56 

  1000 21.18 26.84 15.15 152 13.26 41.4 8.80 

  1500 20.01 26.73 15.22 154 13.14 41.4 13.11 

4.6 Comparison with the design based on the SORC efficiency 519 

Notably, the design 𝑇2 based on 𝜂𝑒𝑞 results in a more cost-effective solar thermal 520 

power system than that based on the efficiency of the sole power conversion mode i.e., 521 

𝜂𝑆𝑂𝑅𝐶 . Given the size of the accumulators and power block capacity (i.e., 𝑀𝑤  and 522 

𝑤̇𝑆𝑂𝑅𝐶 ), the solar collector area designed for the charge process is approximately 523 

constant because of the similar heat releases in the discharge process. The collector area 524 

designed for normal operating conditions varies with 𝜂𝑆𝑂𝑅𝐶. As shown in Table 7, in 525 

the case of 𝑇2=𝑇2,𝑜𝑝𝑡,  𝜂𝑆𝑂𝑅𝐶  is low and the collector area designed for the normal 526 

operating conditions needs to be large. Therefore, the total collector areas of the 527 

proposed system with a design 𝑇2=𝑇2,𝑜𝑝𝑡 are larger than that with 𝑇2=𝑇2,𝑜𝑝𝑡
′ . For the 528 

former, additional solar collectors are used, but the overall solar thermal electricity 529 

efficiency is high. Thus, additional annual power yield can be achieved, whereas the 530 

additional investment is only made in solar collectors. The payback time of the system 531 



is consequently short.  532 

Table 7 𝜂𝑒𝑞, 𝜂𝑆𝑂𝑅𝐶, and 𝑇2 that corresponds to 𝜂𝑒𝑞,𝑚𝑎𝑥 and 𝜂𝑆𝑂𝑅𝐶,𝑚𝑎𝑥 of pentane 533 

at 𝑀𝑤=1500 ton. 534 

a 𝑻𝟏 (°C) 

𝜼𝒆𝒒=𝜼𝒆𝒒,𝒎𝒂𝒙 𝜼𝑺𝑶𝑹𝑪=𝜼𝑺𝑶𝑹𝑪,𝒎𝒂𝒙 

𝜼𝒆𝒒,𝒎𝒂𝒙 

(%) 

𝜼𝑺𝑶𝑹𝑪 

(%) 

𝑻𝟐,𝒐𝒑𝒕 

(°C) 

𝜼𝒆𝒒 

(%) 

𝜼𝑺𝑶𝑹𝑪,𝒎𝒂𝒙 

(%) 

𝑻𝟐,𝒐𝒑𝒕
′  

(°C) 

0.5 250 21.07 25.40 180 18.23 28.32 97 

260 21.27 25.97 184 18.17 28.91 97 

270 21.44 26.49 188 18.31 29.45 100 

1.0 250 21.00 25.21 180 18.48 27.66 103 

260 21.19 25.64 186 18.70 28.21 107 

270 21.35 26.19 189 18.77 28.70 109 

1.5 250 20.93 24.80 184 18.84 27.11 111 

260 21.12 25.44 186 18.92 27.62 113 

270 21.28 25.90 190 19.05 28.07 116 

4.7 Sensitivity analysis 535 

In the above analysis, emphasis is placed on the impacts of the main steam 536 

temperature (𝑇1), Baumann factor (a), mass of storage water (𝑀𝑤), and ORC working 537 

fluid on the equivalent heat-to-power efficiency (𝜂𝑒𝑞). The results indicate that 𝜂𝑒𝑞 is 538 

sensitive to these four parameters. Other parameters include the system power capacity, 539 

device efficiencies, SORC operation time (𝑡𝑆𝑂𝑅𝐶 ), ambient temperature (𝑇𝑎 ), and 540 

minimum temperature difference (∆𝑇𝑚𝑖𝑛) are assumed to be constant, as listed in Table 541 

2. 542 

The rated output power of 10 MW is appropriate, considering that the commercial 543 

solar thermal power plants usually have the same power capacity, such as the Planta 544 

Solar 10 [5], Shouhang Dunhuang 10 MW Phase I [53], and Supcon Delingha 10 MW 545 

Phase I [54]. The rated output power should not have an effect on the design of the 546 

steam condensation temperature because the working fluid mass flow rate and tank 547 

volume can vary proportionally with the output power. More important, the design 548 

methodology remains applicable. Furthermore, 85% design efficiency of the reference 549 

superheated steam turbine and ORC dry turbine has been reported [3, 55-56]. In 550 

conventional fossil fuel power plants, the reheat turbine of superheated steam generally 551 



has an efficiency of approximately 85%-94% [20]. The multistage turbines in the ORC 552 

field commonly have an isentropic efficiency of 80%-90% [19, 47]. Therefore, the 553 

possibility of a significant deviation in device efficiencies in a practical solar thermal 554 

power plant from the assumed values is low. 555 

Unlike the device efficiencies, 𝑡𝑆𝑂𝑅𝐶 , 𝑇𝑎 , and ∆𝑇𝑚𝑖𝑛 may change with the local 556 

meteorological conditions. The sensitivity analysis of these three factors on 𝜂𝑒𝑞  is 557 

necessary. The influence of 𝑡𝑆𝑂𝑅𝐶 on 𝜂𝑒𝑞 is shown in Fig.14 (a). Pentane is used as 558 

the ORC fluid. 𝑇1=250 °C, a=1.0, and 𝑀𝑤=1500 ton. The other parameters are the 559 

same as those listed in Table 2. 𝜂𝑒𝑞  declines, whereas 𝑇2,𝑜𝑝𝑡  increases with the 560 

decrement of 𝑡𝑆𝑂𝑅𝐶. For example, 𝜂𝑒𝑞,𝑚𝑎𝑥 drops from 21.45% to 20.49% when 𝑡𝑆𝑂𝑅𝐶 561 

decreases from 10 h to 6 h, with a corresponding 𝑇2,𝑜𝑝𝑡 from 174 °C to 189 °C. 𝑇𝑎 562 

has appreciable influence on 𝜂𝑒𝑞, as shown in Fig.14 (b). 𝑇𝑎 is related to the ORC 563 

condensation temperature, thereby influencing the ORC and SORC efficiencies. 564 

𝜂𝑒𝑞,𝑚𝑎𝑥 increases from 19.98% to 22.06% when 𝑇𝑎 decreases from 30 °C to 10 °C. 565 

However, 𝑇2,𝑜𝑝𝑡 only has a variation of 2 °C. ∆𝑇𝑚𝑖𝑛 also affect 𝜂𝑒𝑞. A larger ∆𝑇𝑚𝑖𝑛 566 

leads to greater irreversibility in the heat exchangers and lower power efficiency. As 567 

shown in Fig.2 (c), 𝜂𝑒𝑞,𝑚𝑎𝑥 declines from 21.14% to 20.85% and 𝑇2,𝑜𝑝𝑡 increases 568 

from 178 °C to 184 °C as ∆𝑇𝑚𝑖𝑛 rises from 5 °C to 15 °C. 569 
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(c) 575 

Fig.14 Variations of equivalent heat-to-power efficiency in the case of pentane, 576 

𝑇1=250 °C, a=1.0, and 𝑀𝑤=1500 ton (a) 𝑡𝑆𝑂𝑅𝐶; (b) 𝑇𝑎; (c) ∆𝑇𝑚𝑖𝑛. 577 

Notably, solar energy resource is important in the design of the steam condensation 578 

temperature, although it does not exert a direct influence on 𝜂𝑒𝑞. The reason is that 579 

𝑡𝑆𝑂𝑅𝐶 is closely related to the local solar energy resource. Figure 14 (a) indicates that 580 

𝜂𝑒𝑞,𝑚𝑎𝑥 increases and 𝑇2,𝑜𝑝𝑡 decreases with the increment of 𝑡𝑆𝑂𝑅𝐶. In regions with 581 



abundant solar energy, 𝑡𝑆𝑂𝑅𝐶 is expected to be high. A possible relationship between 582 

solar radiation and 𝑡𝑆𝑂𝑅𝐶 is shown in Fig.15. The solar radiation variations in a typical 583 

day for two regions are shown. 𝐼𝐷𝑁,𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 represents the solar irradiation at which the 584 

heat collected from the solar field is equal to that consumed by the SORC. Power is 585 

generated by the SORC during the period from 𝑡 to 𝑡 + 𝑡𝑆𝑂𝑅𝐶, but by ORC for the rest 586 

of the day (24-𝑡𝑆𝑂𝑅𝐶). The area in red represents the total heat consumption by the 587 

SORC when multiplied by the collector efficiency and surface area, and that in blue 588 

represents the total heat stored and used for the ORC. Assuming the solar collectors can 589 

provide sufficient heat for the 24 h power generation,  𝑡𝑆𝑂𝑅𝐶  should fulfil Eq.(29). 590 

Obviously, 𝑡𝑆𝑂𝑅𝐶 is associated with the local solar radiation. 591 

  
𝑞̇𝑆𝑂𝑅𝐶×𝑡𝑆𝑂𝑅𝐶

𝑞̇𝑂𝑅𝐶×(24−𝑡𝑆𝑂𝑅𝐶)
=

𝐴𝑟𝑒𝑑

𝐴𝑏𝑙𝑢𝑒
       (29) 592 

 593 

Fig.15 Variations of 𝑡𝑆𝑂𝑅𝐶 with solar irradiation. 594 

5. Conclusions 595 

An innovative solar thermal power generation system using cascade SORC and two-596 

stage accumulators has recently been proposed. The system offers a significantly higher 597 

heat storage capacity than conventional direct steam generation (DSG) solar power 598 

plants. The steam condensation temperature (𝑇2) in the proposed system is a crucial 599 

parameter because it affects the SORC efficiency (𝜂𝑆𝑂𝑅𝐶) in normal operations and the 600 
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power conversion of the bottoming ORC in the unique heat discharge process. This 601 

article develops a methodology for the design of 𝑇2 with respect to a new indicator, 602 

namely, the equivalent heat-to-power efficiency (𝜂𝑒𝑞). 𝜂𝑒𝑞 is a compromise between 603 

the efficiencies in different operation modes. The effects of main steam temperature 604 

(𝑇1), Baumann factor (a), mass of storage water (𝑀𝑤), and ORC working fluid on 𝑇2 605 

are investigated. The results show the following: 606 

(1) The wet steam turbine efficiency (𝜀𝑆𝑇) rises with the increase in 𝑇2 and decrease 607 

in a. However, 𝜀𝑆𝑇 reduces as 𝑇1 increases. To guarantee the reliable operation of 608 

the wet steam turbine, 𝑇2 needs to be higher than 111-156 °C, provided that 𝑇1 609 

ranges between 250 °C and 270 °C, and a varies from 0.5 to 1.5. 610 

(2) The SRC thermal efficiency (𝜂𝑆𝑅𝐶) increases when 𝑇1 rises and 𝑇2 and a reduce. 611 

Compared with a, 𝑇1 and 𝑇2 play decisive roles in 𝜂𝑆𝑅𝐶.  612 

(3) The ORC thermal efficiency (𝜂𝑂𝑅𝐶) rises when 𝑇2 increases. The operating time 613 

of the bottoming ORC in the heat discharge process (𝑡𝑂𝑅𝐶) first increases and then 614 

decreases as 𝑇2 rises. To obtain a higher 𝑡𝑂𝑅𝐶, a large 𝑇1 and 𝑀𝑤 as well as a 615 

small a are preferable. For different ORC fluids, benzene delivers the best 𝜂𝑂𝑅𝐶, 616 

whereas pentane provides the highest 𝑡𝑂𝑅𝐶.  617 

(4) 𝜂𝑒𝑞 is a better indicator than 𝜂𝑆𝑂𝑅𝐶. The optimum steam condensation temperature 618 

(𝑇2,𝑜𝑝𝑡) that corresponds to the maximum 𝜂𝑒𝑞 (𝜂𝑒𝑞,𝑚𝑎𝑥) is generally higher than 619 

that based on the maximum 𝜂𝑆𝑂𝑅𝐶. 𝑇2,𝑜𝑝𝑡 reduces as 𝑇1, and a and 𝑀𝑤 decrease. 620 

𝜂𝑒𝑞,𝑚𝑎𝑥 rises with the increment of 𝑇1 and the decrement of a and  𝑀𝑤. Benzene 621 

is compliant, whereas pentane and R245fa are suitable for the system with high 𝑀𝑤 622 

and superior moisture separation technology. Considering 𝑡𝑂𝑅𝐶 and 𝜂𝑒𝑞, pentane 623 

is a preferable ORC fluid, and the corresponding 𝑇2,𝑜𝑝𝑡  and 𝜂𝑒𝑞,𝑚𝑎𝑥  are 624 

respectively 139-190 °C and 20.93%-24.24%, provided that 𝑇1 ranges between 625 

250 °C and 270 °C, a varies from 0.5 to 1.5, and  𝑀𝑤 changes from 500 ton to 626 

1500 ton. 627 
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