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Abstract: An innovative solar thermal power generation system using cascade steam-
organic Rankine cycle (SORC) and two-stage accumulators has recently been proposed.
This system offers a significantly higher heat storage capacity than conventional direct
steam generation (DSG) solar power plants. The steam condensation temperature (T,)
in the proposed system is a crucial parameter because it affects the SORC efficiency
(nsorc) 1IN normal operations and the power conversion of the bottoming organic
Rankine cycle (ORC) in the unique heat discharge process. The present study develops
a methodology for the design of T, with respect to a new indicator, that is, the
equivalent heat-to-power efficiency (7neq ). 7neq IS @ compromise between the
efficiencies in different operation modes. The effects of main steam temperature (T;),
Baumann factor (a), mass of storage water (M,,), and ORC working fluid on T, are

investigated. Results show that 7., is a better indicator than ngsorc. The optimum


mailto:peigang@ustc.edu.cn

28

29

30

31

32

33

34

35

36

steam condensation temperature (T,p,;) that corresponds to the maximum 7.,

(Meq,max) is generally higher than that based on the maximum 7ngopc. T2 0pe reduces

as Ty, a, and M,, decrease. 7Negmax rises with the increment of T; and the

decrement of a and M,,. Pentane is a more preferable ORC fluid than benzene and

R245fa. The T4, and 7eqmax Of pentane are, respectively, 139-190 °C and

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

0.5to1.5,and M, changes from 500 ton to 1500 ton.

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

cycle; two-stage accumulators; wet steam turbine.

Nomenclature
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Abbreviations
DSG

HTA

LTA

ORC

P

SORC

aperture area, m?
Baumann factor
coefficient

enthalpy, kJ/kg

solar irradiance, W/m?
receiver length, m

mass, ton

mass flow rate, kg/s

heat loss, W/m

absorbed heat power, kW
temperature, °C
operating time, hour
speed, m/s

work, kW

steam wetness, %
absorbed heat power ratio
isentropic efficiency, %
thermal efficiency, %
operating time ratio

direct steam generation

high-temperature accumulator
low-temperature accumulator

organic Rankine cycle
pump

steam-organic Rankine cycle

SRC

TV

\Y4
Subscripts
0..8

a

av

col

DN

total

w

steam Rankine cycle
throttle valve
valve

number

ambient
average

solar collector
direct normal
equivalent
generator

inlet

liquid

heat loss
maximum
minimum
optical/optimum
outlet

ORC dry turbine
pinch point
isentropic
superheated

wet steam turbine
total

vapor
water/wind
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1. Introduction

Direct steam generation (DSG) technology is burgeoning in the field of solar thermal
power systems. As water is directly heated in solar collectors, the oil-water or molten
salt-water heat exchangers are unnecessary. Expensive oil or molten salt can be replaced
with cheap water. The levelized electricity cost of solar thermal power plants is reduced
by DSG technology [1-4]. Commercial DSG plants generally use single-stage steam
accumulators for heat storage and wet steam turbines for power conversion [5-8]. The
saturated steam generated from solar collectors or accumulators is directly injected into
the wet steam turbine. An example is the Planta Solar 10 plant, the system schematic
diagram of which is shown in Fig. 1 [5]. Nevertheless, some technical challenges for
conventional DSG systems remain. First, the wet steam turbine suffers from
inefficiency due to the presence of moisture in the expansion process [9-10]. Generally,
exhaust steam wetness should not be higher than 14% [11-12]. Second, flashing steam
pressure and mass flow rate decrease during the heat discharge process, thereby
resulting in off-design operations and complex system control strategies [13-14]. Third,
the acceptable temperature drop of water in accumulators is small to avoid inefficient

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

Turbine Generator
Steam 11.0MWe

Solar Receiver Steam 40 bar, 250°C
ﬂ Drum l

Steam Storage System

Q Q Q Q Condensator
N \‘\-s N N 0.06 bar, 50°C

@

Heliostat Field

Fig.1 Schematic diagram of the Planta Solar 10 plant [5].
The above problems can be solved or alleviated by an innovative DSG system that
uses a cascade steam-organic Rankine cycle (SORC) and two-stage accumulators (Fig.
2) [17]. In normal working conditions, water in the low-temperature accumulator (LTA)

is heated and partially vaporized by solar collectors. The saturated steam is used to drive
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the SORC, and the hot water is stored in the high-temperature accumulator (HTA). Two
steps are used for the heat discharge. In the first step, heat discharge occurs in the HTA,
which is similar to that in conventional DSG plants. The energy is used to drive the
SORC. The second step contributes greatly to the increased storage capacity. In this
step, the stored hot water moves from the HTA into the LTA through an intermediate
heat exchanger, and the released heat is used only to drive the bottoming organic
Rankine cycle (ORC). The system has considerable potential in easing the challenges
associated with wet steam turbines. First, exhaust steam wetness can be reduced by
elevating ORC evaporation temperature. Second, the low-pressure cylinders in wet
steam turbines can be omitted by introducing an ORC. Unlike water, dry organic fluid
will enter a superheat state if it expands from a saturated vapor state, thereby offering
a safe and efficient expansion process [18]. The ORC turbine is typically a dry turbine
with an isentropic efficiency of up to 90% [19]. Third, because water is a heat transfer
medium rather than a working fluid in the second step of the heat discharge process,
the temperature drop of hot water can increase remarkably. Meanwhile, the bottoming
ORC can work in design conditions by adjusting the hot water mass flow rate. Overall,
the proposed system using a cascade Rankine cycle and two-stage accumulators is

promising.

high temperature
accumulator

intermediate heat
exchanger

low temperature
accumulator

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

Notably, the steam condensation temperature of the topping steam Rankine cycle
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(SRC) in the proposed system (i.e., T,) is a crucial parameter because of the following

reasons.

(1) The heat discharge process is unique. Compared with conventional DSG systems,
the DSG-SORC system has an LTA. In the second step of the heat discharge process,
water flows from the HTA to the LTA through a heat exchanger, and the heat is used
only to drive the bottoming ORC. On the one hand, the storage capacity and power
production of the system are significantly elevated by this process due to the large
temperature drop of water. On the other hand, the ORC has a lower heat-to-power
efficiency than the SORC. A high ORC evaporation temperature (i.e., a high T,) is
preferred for the sake of efficient power conversion in the heat discharge process.
Under such conditions, the payback time of the additional solar collectors used to
increase the heat storage capacity is shortened.

(2) In normal working conditions, steam is generated directly in the solar field and is
used to drive the SORC. T, that leads to the highest power efficiency in the heat
discharge process is unlikely to offer a maximum SORC efficiency. T, in design
shall be determined by the thermodynamic performance in different operation
modes.

(3) T, affects exhaust steam wetness. Exhaust steam wetness increases with the
decrement of T, [20], thereby resulting in a low expansion efficiency and high
technical requirement for turbomachinery.

(4) T, may affect the heat storage capacity at given accumulator size and HTA
operating temperature. The heat transfer between water and organic fluids in the
heat discharge process is related to T,. The temperature of water after discharge
may vary at different T,.

To date, some studies have been conducted to optimize the intermediate parameters
in a cascade cycle, mainly focusing on the SORC and dual-loop ORC. For SORC
systems, Li et al. studied a single-stage accumulator-based DSG-SORC system and
found there is an ORC evaporation temperature at which the system thermal efficiency
is theoretically maximized [21-22]. Liu et al. found that for each cold source

temperature, an optimum steam turbine exhaust pressure is available [23]. Zidétkowski
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et al. pointed out that the specific volume of exhaust steam is reduced by increasing
steam condensation temperature, thereby resulting in the reduced size of low-pressure
cylinders [24]. Choi et al. concluded that for a trilateral cycle-based SORC system, the
amount of heat recovered from the evaporator and the amount of heat transmitted to the
lower cycle are reduced together, according to an increase in the boundary temperature
[25]. Furthermore, Nazari et al. found that the steam condenser and organic vapor
generator present major exergy destruction [26]. For dual-loop ORC systems, Shu et al.
concluded that a low condensation temperature in the high-temperature loop is
beneficial to performance optimization [27-29]. Yang et al. found that the optimal
condensation temperature of the high-temperature cycle and the evaporation
temperature of the low-temperature cycle are kept nearly constant under various
operating conditions of a CNG engine [30]. Song et al. found that the pinch point of the
low-temperature loop is associated with the condensation temperature of the high-
temperature loop [31-32]. Furthermore, Zhou et al. found that the variation trend of the
net power output in the low-temperature loop is related to the pinch point position in a
zeotropic mixture-characterized system. [33] Ge et al. indicated that net power output
decreases as the condensation dew point temperature in the high-temperature loop
increases [34]. Habibi et al. studied a solar-driven ammonia-water regenerative Rankine
cycle and concluded that the thermo-economic performance of the system improves by
decreasing the ammonia-water condensation temperature [35]. Sadreddini et al. found
that a higher turbine inlet temperature, higher turbine inlet pressure, and lower
condenser pressure lead to a high exergy efficiency in a transcritical CO2 cycle-based
cascade ORC system [36]. Cao et al. discovered that for a gas turbine and cascade CO-
combined cycle, the design parameters of supercritical CO2 compressor inlet pressure
and inlet temperature exert a non-monotonous effect on the cascade CO> net power [37].
Particularly, Yuan et al. inferred that the optimum intermediate ORC condensation
pressure is variable on the basis of different evaluation indexes [38]. Other cascade
systems combined with refrigeration cycles have also been studied. For example, Xia
et al. analyzed a cascade system comprising a CO2 Brayton cycle, an ORC, and an

ejector refrigeration cycle. The results showed that the increase of ORC turbine inlet
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pressure is beneficial to thermodynamic and exergoeconimic performances [39]. Wu et
al. studied a cascade system combined with supercritical CO. recompression
Brayton/absorption refrigeration cycle and found that the heat-end and cold-end
temperature difference in the generator affect the energy utilization factor and exergy
efficiency [40].

Notably, the above systems only have a sole heat-to-power conversion mode. The
topping and bottoming cycles work simultaneously, and heat is converted into power
by the cascade cycle. A main objective of optimization is to maximize cascade cycle
efficiency. In contrast to those systems, the proposed DSG-SORC system only uses the
bottoming cycle to generate power in the second step of the heat discharge process. The
annual yield is not solely contributed by the cascade operation mode, and the
conventional design criteria may not be applicable.

The current study develops a methodology to design the steam condensation
temperature for the proposed system. A new indicator, namely, the equivalent heat-to-
power efficiency, is established. The indicator considers the cascade SORC efficiency
and bottoming ORC efficiency. The effects of main steam temperature, Baumann factor,
mass of storage water, and ORC working fluid on the optimum steam condensation
temperature are investigated. The potential of the DSG-SORC system is further

explored with the design.

2. System description

Figure 2 presents the schematic diagram of the DSG-SORC system using two-stage
accumulators. The system is composed of SRC, ORC, and accumulators (i.e., HTA and
LTA). The SRC contains solar collectors, the wet steam turbine, and water pumps. The
ORC includes the ORC dry turbine, condenser, cooling tower, and pumps. The
intermediate heat exchanger acts as a condenser in the SRC and as an evaporator in the
ORC. The system can operate in three modes: simultaneous heat collection and power
conversion mode, first-step heat discharge mode, and second-step heat discharge mode.

The details are as follows.
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(1) Simultaneous heat collection and power conversion mode. The system works in this

normal case when solar radiation is available. The power is produced via the SORC.
V1, V2, V3, and V4 are open. P1, P2, and P3 are run. V7 is open, and P4 works
when the dryness fraction at the solar collectors’ outlet needs to be controlled. The
unmentioned valves and pumps are closed or off-work. Water in the LTA is heated
and partially vaporized through the solar collectors. The hot water is stored in the
HTA. The saturated steam is expanded through the wet steam turbine to generate
electrical power. Thereafter, the exhaust steam is condensed into water via the
intermediate heat exchanger and is pressurized by P1 before being sent back to the
solar collectors. The condensation heat is used to evaporate the ORC working fluid
to saturated vapor, which is expanded through the ORC dry turbine to produce
electrical power. Then, the exhaust organic vapor is condensed into liquid through
the condenser and is sent back to the intermediate heat exchanger by P2. Depending
on the solar radiation, the flow rate through P3 can be altered to guarantee a constant

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

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

The hot water in the HTA is partially vaporized by depressurization and is used to
drive the SORC. The exhaust steam is condensed and pumped back to the HTA.
The temperature drop of the HTA is limited as the wet steam and organic fluid
turbines would suffer from an inefficient off-design operation [13-14]. The LTA is

not involved in this step.

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

3.

run. The dissipated hot water in the HTA flows into the LTA via the intermediate
heat exchanger, and the released heat is used only to drive the bottoming ORC.
This step can generate much more electricity than the first step due to the

remarkable drop in water temperature.

Mathematical models

For the proposed system, subcritical cycles are considered for the SRC and ORC.
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When benzene using as ORC fluid, for example, the thermodynamic processes
expressed in the T-s diagram are shown in Fig. 3. The blue and red lines represent the
SRC and ORC, respectively. The numbers indicate the thermodynamic states of water
and organic fluid that corresponds to the marks in Fig. 2. Furthermore, the thermal and
friction losses in the pipes and heat exchangers are neglected. The kinetic and potential
energy changes are disregarded in the simulation.
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—— water
- - - -benzene
350 |
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N
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Fig.3 T-s diagram of the DSG-SORC system using two-stage accumulators.

A wet steam turbine is adopted for the topping SRC. This type of turbine has been
used for decades, especially in nuclear power plants [20]. After long-term development,
modern turbines are now able to handle binary-phase steam at dryness lower than 90%.
One advantage of steam turbines is their high power capacity, which can be two orders
of magnitude higher than that of positive displacement expanders. This advantage
results in a low cost proportion of the power block in the whole solar plant and short
payback period.

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

(1) The process is similar to that in conventional DSG solar plants and is not essential
in the proposed system. The first-step heat discharge is accompanied by the off-
design operation of the turbine and has a relatively small power capacity, which is

attributed to either a short discharge time or an inefficient power conversion. For
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example, the Planta Solar 10 plant has a saturated water heat storage capacity of 50
min operation at 50% turbine workload [5]. In the Khi Solar One plant, 10.5 h of
discharging time are needed to produce power equivalent to that generated in 3 h
nominal operation [16].

(2) The first-step heat discharge may be less efficient than the second-step heat
discharge. As shown in the following sections, the optimized ORC efficiency can
be equal to approximately 70% of the SORC’s. Compared with the first-step heat
discharge that suffers from part-load operation, the second-step heat discharge
enables stable power conversion and is possibly more efficient.

(3) The process leads to a large stress range for the materials. The pressure in the HTA
decreases as the first-step heat discharge proceeds, whereas it is almost constant in
the second-step heat discharge. During the periodical charge and discharge, the
stress of the material e.g., stainless steel, fluctuates. A large stress range shortens

the life span of the pressure vessel.
3.1 Solar collectors

Common solar collectors in DSG applications include parabolic trough collectors
(PTCs), linear Fresnel collectors, and heliostats. However, only mature and
predominant PTCs are exemplified in the following analysis. The system advisor model
(SAM) software created by National Renewable Energy Laboratory (NREL) is adapted
to simulate the heat collection in the PTCs [41]. The overall efficiency of the solar
collector (n.,;) is defined as the optical efficiency (n,,,) minus an efficiency penalty

term (n;,ss) representing the receiver’s heat loss [42-43].

_ Lqioss,av (1)

Neot = nopt Nioss = nopt AcorlpN

where L is the receiver length (m), qossq 1S the receiver’s average heat loss (W/m),
Ago; 18 the aperture area of the solar collector (m?), and Ipy is the direct normal solar
irradiance (W/m?).

In an entire loop of the solar field, q,ssq, 1 Calculated by [44-45]
Tin + Tout - Ta

Qioss,av = Co + CS\/U—W + (Cl + CG\/U—W) 2
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T,
(Cy + Culpy) =2

2 2
intTinTout+Tout

Tizn +Tozut) (Tin +Tout)

4

)

where C,...C, are the heat loss coefficients; v, is the wind speed (m/s); Ty, and

T,y.: are the working fluid inlet and outlet temperatures, respectively (°C), and T, is

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

fluid temperature (C, and C;), the heating of the receiver above the working fluid

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

(Cy, Cs,and C).

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

default values, are listed in Table 1 [41]. L, Ay, and n,,, are the intrinsic properties

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

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

technical report [45].

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

Terms PTCs
Receiver length, L 150 m
Aperture area, Ay, 817.5 m?
Optical efficiency, n,p, 76.77%
Heat loss coefficient, C, 4.05
Heat loss coefficient, C; 0.247
Heat loss coefficient, C, -0.00146
Heat loss coefficient, Cs 5.65e-06
Heat loss coefficient, C, 7.62e-08
Heat loss coefficient, Cs -1.7
Heat loss coefficient, Cg 0.0125

3.2 Turbines

The work generated by the wet steam turbine is determined by

Wsr = thgre(hy — hy) = thgpc(hy — hyg) sy

@)

where &g is the isentropic efficiency of the wet steam turbine. It is associated with
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steam wetness, as described by the Baumann rule, which is a longstanding empirical
rule in the history of turbomachinery [9,20].

&r = &r,sn(1 — AYay) 4)

Yav = (V1 +¥2)/2 ®)

where egr g IS the reference isentropic efficiency assuming that the turbine works

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

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

turbines provide a range of values for a, varying from 0.4 to 2.0 [46]; and y; and y,
are the main steam and exhaust steam wetness, respectively.

For given main steam and steam condensation temperature, h,, h,s, and y, are

determined. y, can be derived by combining Egs. (4) and (5) and the definition of

turbine isentropic efficiency.

hy—h; h1—=(Y2h21+(1=-y2)h2 )
E = = - - 6
ST ™ hy—hys hi—hgs ©)
The result is
_ e&stsh(2—ay)(hi—hy5)—2(hy—hy ) 7
2 = (7

estsha(hi—hys)—2(hy1—hyy)

where h,,; and h,, arerespectively the saturated water and steam enthalpies at steam
condensation temperature.
The work generated by the ORC dry turbine is calculated by
Wor = Mopc(hs — he) = Mgrc(hs — heg)eor (8)
where ¢g,r IS the isentropic efficiency of the ORC dry turbine. Unlike &g, €or Can
be considered as a constant because the ORC dry turbine is operated without liquid

droplets.
3.3 Intermediate heat exchanger

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

Msgre(hy — hz) = Mpgc(hs — hg) ©)

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

difference (AT,,;,) occurs in pinch point, then the heat balance is determined by
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My, (hl,z - hw,pinch) = mORC(hS,v - hS,l) (10)

If AT,,;, takes place in water outlet, then the heat balance is calculated by
My (ha, — hw,out) = Morc(hs — hg) (11)
where m,, isthe hot water mass flow rate; h,; is the saturated water enthalpy at main
steam temperature; hy, pincn IS the water enthalpy at the temperature of Ts + ATy,
hs; and hs, are respectively the saturated organic liquid and vapor enthalpies at the
inlet temperature of the ORC dry turbine (Ts); and h,, o, is the outlet water enthalpy

at the temperature of Tg + AT,
3.4 Pumps

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

WP,SRC = mSRC(h4 - h3) = mSRC(h4S - h3)/gP (12)

Wpore = Tore (hg — h7) = Mopc(hgs — hy)/ep (13)

where &p is the pump isentropic efficiency.
3.5 Normal SORC efficiency
The topping SRC thermal efficiency is expressed by

Wsrc _ WsT€g—Wp SRC (14)
dsrc mspe(h1—hy)

Nsrc =
where Wwgg IS the net output power of the SRC, §gzc is the absorbed heat power of
the SRC, and ¢, is the generator efficiency.

The bottoming ORC thermal efficiency is determined by

Worc __ WoTEg—Wp,0RC (15)
qorc morc(hs—hg)

Norc =

where Wy IS the net output power of the ORC, and gyrc s the absorbed heat power
of the ORC.

The normal SORC thermal efficiency is calculated by

WSORC _ WsRrc+WoRc (16)
qsorc  Msrc(hi—hy)

Nsorc =

where Wgore 1S the net output power of the SORC, and ggor is the absorbed heat
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power of the SORC, which is equal to §ggc-

3.6 Operating time of bottoming ORC

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

the second-step heat discharge mode is expressed by

My,

torc = (17)

mw
where M,, is the mass of storage water; and m,, is derived from Egs. (10) and (11).
torc Can represent heat storage capacity as the released heat is used only to drive the

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

3.7 Equivalent heat-to-power efficiency

The equivalent heat-to-power efficiency is defined as

Nog = Weotal _ tsoRCWsORCHLORCWORC __ NSORCHTYNORC (18)
eq dtotal tsorcdsorcttorcdorc 1+ty
_ qorc
y=-—— (19)
4soRc
_ torc (20)
tsorc

where tsorc 1S the operating time of the SORC and is determined according to the
duration time of solar radiation; vy is the absorbed heat power ratio between the ORC
and the SORC; and t is the operating time ratio of the ORC and SORC.

Neq comprehensively reflects the performance of the two-stage accumulators-based
DSG-SORC system. It is a compromise between nsorc and norc. Ty in weighting
factors denotes the heat storage capacity. From the perspective of thermodynamics, 7.,
indicates how effectively the absorbed solar energy, including that stored in the HTA,

is converted into electricity.
4. Results and discussion

In this study, the following assumptions are considered. The main steam and hot
water stored in the HTA (T,) are saturated, and the temperature is supposed to be 250 °C,

260 °C, and 270 °C. The mass of storage water (M,,) is assumed to be 500 ton, 1000
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ton, and 1500 ton. Benzene, pentane, and R245fa, which are commonly used in solar
ORC power plants [47], are adopted. In addition to the conventional case in which the

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

Other specific parameters and their values are listed in Table 2.
Table 2 Specific parameters for calculation.

Term Value
Rated output power of SORC, Wgogre 10 MW
Reference efficiency of superheated steam turbine, &7 5 85%
ORC dry turbine efficiency, &or 85%
Pump efficiency, &p 80%
Generator efficiency, g4 95%

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

Wind speed, v, 5m/s
Ambient temperature, T, 20 °C
ORC condensation temperature, T, 30°C
Minimum temperature difference, AT, 10 °C

4.1 Wet steam turbine performance

The exhaust steam wetness (y,) and wet steam turbine efficiency (e&gr) are
determined on the basis of Egs. (4) to (7). As shown in Figs. 4 and 5, y, decreases,
whereas eg; increases with the rise of steam condensation temperature (T,). This
result verifies that the operation environment for the wet steam turbine can be improved
by increasing the ORC evaporation temperature. Furthermore, when the main steam
temperature (T;) rises, y, increases, whereas eg; decreases. Given each 10 °C rise in
T, , y, increases by approximately 0.67%-1.85%, and &g decreases by
approximately 0.29%-0.79%. This result is mainly because water is a wet fluid, which
means the saturated steam curve in the T-s diagram has a negative slope (Fig. 3). The
wet steam turbine is easily subjected to a steam-liquid mixture with the increment of

T,.
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359 Fig.4 Exhaust steam wetness and wet steam turbine efficiency at a=1.0.
360 AsshowninFig.5, y, and &g increase with the decrement of Baumann factor (a).

361  This finding can be explained as follows: a small a means a weak influence of moisture.
362  Therefore, the wet steam turbine can tolerate a high steam wetness and maintain great
363  efficiency. Moreover, the adverse impacts of a on y, and &g are reduced at a high
364 T, thereby indicating that the technical requirement of moisture separation for the wet

365  steam turbine can be reduced by elevating T,.
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367 Fig.5 Exhaust steam wetness and wet steam turbine efficiency at T;=250 °C.
368 Furthermore, y, is generally required to be less than 14% to ensure the reliable and

369  efficient operation of wet steam turbines [11-12]. For different T; and a, the values of
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T, and &g at y,=14% are shown in Table 3. Clearly, the desirable T, becomes

higher when T; increases and a decreases. The related &g IS nearly constant as T;

rises, but reduces with the elevation of a.

Table 3 Values of T, and &g at y,=14%.

a=0.5 a=1.0 a=1.5
Ty (°C)
T, (°C) gt (%) T, (°C) &t (%) T, (°C) &t (%)
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

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

decreases with the increment of T,. Furthermore, when T; rises from 250 °C to

270 °C, nsgc elevates by approximately 0.72%-2.82%. As a decreases from 1.5t0 0.5,

the maximum increment of nsg. is approximately 2.46% at T,=50 °C. Combined

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

benefit from the performance improvement of the wet steam turbine at a high T,.

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

steam turbine when T; rises. Therefore, compared with a, T; and T, play decisive

roles in nggc.

SRC thermal efficiency (%)
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Fig.6 Variations of SRC thermal efficiency.

4.3 ORC performance in heat discharge process

The bottoming ORC thermal efficiency (nogc) increases when T, rises, as shown
in Fig. 7. Restricted by critical temperature, the highest T, for pentane and R245fa are
206 °C and 164 °C, respectively. Benzene provides the best nyg- owing to the high
critical temperature [48-49]. The maximum nygc Of benzene, pentane, and R245fa are

24.33%, 18.14%, and 14.70%, respectively, provided that T, inthe range of 50-250 °C.

25 —— IJore (beNZENne)
—=— Torc (pentane)

— ore (R245fa)

= = )
o o1 o
1 1 1

ORC thermal efficiency (%)

o
|

T T T T T T T T
50 100 150 200 250
steam condensation temperature (°C)

Fig.7 Variations of ORC thermal efficiency.
As shown in Figs. 8 and 9, the operating time of the bottoming ORC (tyg) increases
first and then decreases with the rise of T,. This result is mainly caused by the opposite
variations of the hot water mass flow rate in the heat discharge process (1,,). By using

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

1
ORC my MoRrc MsRc

X Nsorc (21)

Obviously, m,, is correlated with the normal SORC thermal efficiency (nsorc), and
they have opposite variation. As found in previous studies, nsogrc first increases and
then decreases with the elevation of ORC evaporation temperature [21-22].

For different ORC fluids, pentane provides a large tygc, R245fa supplies a moderate
torc, and benzene delivers asmall tyzc, as shown in Fig. 8. This finding is mainly due

to the different heat transfer characteristics between organic fluids and water in the
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intermediate heat exchanger. For pentane and R245fa, the minimum temperature
difference occurs in the water outlet. However, it takes place in the pinch point for
benzene. The water outlet temperature is higher when benzene is used as ORC working
fluid, thereby resulting in a high m,,. For example, when T;=250 °C, T,=150 °C, and
a=1.0, m,, are approximately 41.50 kg/s for benzene, 30.64 kg/s for pentane, and
31.61 kg/s for R245fa. Moreover, togrc Of benzene decreases significantly if T, is
close to 250 °C because m,, rises up to 130 kg/s or more. For different masses of
storage water (M, ), torc increases proportionally with the increment of M, ,
considering that m,, is unvaried. Taking the condition of benzene, T, =250 °C,
T,=150 °C, and a=1.0 as an example, torc is 3.35 h at M, =500 ton, 6.69 h at
M,,=1000 ton, and 10.04 h at M,,=1500 ton.

14 —=— torc (benzene, M,,=500ton)
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Fig.8 Operating time of bottoming ORC at T;=250 °C and a=1.0.

As shown in Fig. 9, torc almost quantitatively increases with the rise of T;.
Provided that M,, is 500 ton, the increment of t,r. is approximately 0.4-0.6 h for
benzene, and 0.4 h for pentane and R245fa when T; increases from 250 °C to 260 °C
or rises from 260 °C to 270 °C. tygc increases as a decreases. Furthermore, the effect
of a on tope IS becoming significant when T, is close to 50 °C, but becomes
negligibleas T, approaches a high value, such as 175 °C for benzene. The main reason
is that the beneficial effect of a small a on ngz. is reduced with the increment of T,

(Fig. 6), thereby resulting in a hot water mass flow rate which is similar to that under a
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high a. For example, when T;=250 °C and T,=175 °C, m,, of benzene are 50.35,
50.86 and 51.35 kg/s, respectively, as a is equal to 0.5, 1.0, and 1.5.
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Fig.9 Operating time of bottoming ORC for benzene at M,,,=500 ton.
4.4 Solar collector efficiency

In this study, the solar collector efficiency (n.,;) decreases slightly with the
increments of T; and T,. For agiven direct normal solar irradiance (I) of 800 W/m?,
Neor 1S approximately 76.1% when T;=250 °C and T,=50 °C, and drops to 75.1% at
T;=270 °C and T,=250 °C, as shown in Fig. 10. The main reason for this finding is
because the average heat loss from the evacuated tube receivers (q;ss qv) 1S lOW at a
low-medium collection temperature. Specifically, q4s54, IS ONly approximately 30-
74 W/m? in the proposed system, which is 1/5-1/2 of that in oil or molten salt-based
solar thermal power plants [45, 50]. Moreover, solar irradiation also has a negligible
effect on n.,; in the proposed system. The maximum decrement of 7., IS just
approximately 1.5% when I,y declines from 800 W/m? to 400 W/m?. The minor
variations in solar collector efficiency in the low-medium temperature range are
consistent with those in previous studies. [43, 51-52]. Therefore, it is reasonable to
ignore the influence of 7., on system performance in the next evaluation of

equivalent heat-to-power efficiency.
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Fig.10 Variations of solar collector efficiency.
4.5 Equivalent heat-to-power efficiency

Similar to ngogc, the equivalent heat-to-power efficiency (r.,) increases first and
then decreases with the rise of T, as shown in Figs. 12 and 13. However, the optimum

steam condensation temperature (T,,,.) that corresponds to the maximum 7.,
(Meq,max) 18 higher than that (T3 ,,,,) based on the maximum 7nsorc (Msorcmax)- Take
the case of benzene, T;=250 °C, a=1.0, and M,,=500 ton as an example, T, ,, and
T;0pe are 187 °Cand 132 °C, respectively. Given that 7., comprehensively considers

the efficiencies of the cascade SORC and the sole ORC operating in the heat discharge
process, the impact of nyrc On 7., is more significant than that on ngogc. This
finding can be derived in theory as follows.

Nsorc Can be presented as

WsoRc __ WsRcTWoRc __ 4soRcNSRcHY4soRCNORC
dsorc dsorc dsorc

Nsorc = = MNsrc + YNorc (22)

where the coefficient ratio between nogrc and ngge 1S

CGorc) _
C(msrc) 14 (23)

Neq Can be presented as



__ NsoRctTYNoORC _ MsSRCTYNorctTYNorc _ 1 y+ty
462 Tleq - 1+ty - 1+ty - 1+ty nSRC + 1+ty nORC (24)

463  where the coefficient ratio between nogc and nsgc IS

C(morc) —
464 TR0 y(1+1) (25)

465  because

466 y>0 (26)
467 >0 (27
468  therefore

469 y(1+1) >y (28)
470 Ahigh T, delivers an improved nogc ; thus, Ty, is larger than T, ;.

471 The effects of T, on the absorbed heat power ratio (y) and the operating time ratio
472 (t)arepresented in Fig.11. y increases when T, rises, primarily because the absorbed
473 heat power of the ORC (gogrc) increases. Take for example, benzene, T;=250 °C, and
474 a=1.0. qopc 1S 28.82 MW at T,=50 °C, and 30.21 MW at T,=150 °C. The variations

475  of 7 with T, aresimilarto those of t,gc consideringthat tsorc IS Setas aconstant.
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Fig.11 Parameters related with 7., at M,,=500 ton, T;=250 °C and a=1.0: (a)
benzene; (b) pentane; (c) R245fa.

Compared with pentane and R245fa, benzene provides the best 7., and the highest
T3 opt» @S shown in Fig.12. Because nogc is high when using benzene as ORC fluid
(Part 4.3). Specifically, n.qmar and T, are 25.19%-27.11% and 185-239 °C for
benzene, 20.93%-24.24% and 139-190 °C for pentane, and 19.89%-23.75% and 131-
154 °C for R245fa. Furthermore, when M,, increases from 500 ton to 1500 ton, the
impact of nogc ON 7, is enhanced due to the increment of tygc, thereby resulting

in a decrease of 7., and increase in T,,,.. For example, in the case of benzene,
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T1=250 °C and a=1.0, 7Meqmax and T, ,pe are, respectively, 26.25% and 187 °C at
M,,,=500 ton and vary to 25.22% and 220 °C at M,,=1500 ton.
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Fig.12 Equivalent heat-to-power efficiency at T,=250 °C and a=1.0.

As shown in Fig. 13, n., rises with the increment of T; considering that nggc is
improved. T ,,, also elevates when T; increases. However, the main reason is that
the impact of nogc On 7., is strengthened because of the increase of togrc (Fig. 9).
Differently, as a becomes small, n., increases, whereas T,,,; slightly decreases
because the values of togc nearby T,,,. are almost unvaried, whereas nggc Is
increased when a decreases, thereby resulting in the weak impact of nygc 0N 7.4

(Figs. 6 and 9).
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Fig.13 Equivalent heat-to-power efficiency for benzene at M,,=500 ton.
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The parameter values corresponding to 7,4 mqa, at different conditions are shown in
Tables 4 to 6. Generally, these parameters are reasonable. Notably, y, sometimes
exceeds 14% for pentane and R245fa, especially when M,,=500 ton, T,=260-270 °C
and a =0.5-1.0. From this perspective, benzene is compliant, whereas pentane and
R245fa are suitable for the system with high M,, and superior moisture separation
technology. Furthermore, the water temperature in the LTA (T.r4) is close to the
theoretical minimum (i.e., 40 °C) for pentane and R245fa at 71¢g max. Thus, the stored
hot water is fully used. Although the T,r, of benzene ishigherthan 115 °Cat 7.4 max
it is beneficial to avoid highly inefficient utilization of the stored water. Otherwise, a
poor ORC efficiency of less than 5% is inevitable if the T;;, of benzene approaches
40 °C. Considering togrc and 7.4, pentane is a preferable ORC fluid by comparison
with benzene and R245fa.

Table 4 Parameters that corresponds to 7.4 max at a=0.5.
ORC T, M, Neqmax Nsorc Norc T2,0pt Y2 Tira torc
fluid (°C)  (ton) (%) (%) (%) °C) (%) °C) (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  21.32 192 949 1186  2.78
1000 25.96 27.38 22.82 217 6.69 155.9 3.86
1500 25.60 26.74  23.43 229 512 1787  4.39
270 500 27.11 28.95 21.83 200 10.12  116.3 3.09
1000 26.28 27.80  23.28 226 719 1556  4.34
1500 25.91 27.21  23.80 237 571 1770 516
Pentane 250 500 23.71 2750  15.02 139 13.11 405 4.13
1000 21.95 26.24 16.79 166 10.72 40.9 7.56
1500 21.07 25.40  17.48 180 9.36 411  10.73
260 500 23.99 27.89 15.61 147 13.56 40.6 441
1000 22.18 26.86 16.95 169 11.69 40.9 8.20
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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 1199 414 1156
260 500 23.55 27.98 14.05 133 14.68 40.9 4,50
1000 21.41 2732 1492 147 1356  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 2755  15.22 154 1418 414 1368
Table 5 Parameters that corresponds t0 7.4 max at a=1.0.
ORC Ty M, Negmax  Msorc  Morc  T2opt Y2 Tira torc
fluid (°C)  (ton) (%) (%) (%) °C) (%) Q) (h)
Benzene 250 500 26.25 27.69  20.98 187 8.44 1234 239
1000 25.55 26.89 22.26 207 6.29 153.0 3.50
1500 25.22 26.25  22.98 220 467 1767  3.85
260 500 26.65 28.17 21.58 196 8.87 123.8 2.63
1000 25.91 27.21 2293 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  22.08 204 949 1215 294
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 2594  16.84 167 10.31 409 7.43
1500 21.00 2521  17.48 180 9.12 41.1  10.62
260 500 23.76 2738 1581 150 12.81 406 4.28



518

1000 22.06 2632  17.20 174 10.90  41.0 7.95

1500 21.19 25.64  17.23 186 9.83 412 1141

270 500 23.99 27.85  16.08 154 13.64 407 459

1000 22.24 26.86  17.34 177 11.89  41.0 8.58

1500 21.35 26.19  17.84 189 10.88 413  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 1197 413 7.72

1500 19.99 2594  15.15 152 1157 414 1136

260 500 23.27 27.34  14.33 137 13.77 410 4.34

1000 21.25 26.80  15.02 149 12.89 413 8.36

1500 20.08 2650  15.22 154 1251 414 1231

270 500 23.46 27.81 1452 140 1461 411 4,67

1000 21.34 2736  15.06 150 13.92 413 9.05

1500 20.13 2712 15.22 154 13.64 414  13.38

Table 6 Parameters that corresponds to 7.4 max at a=1.5.

ORC T, Mm,, Neqmax  MNsorc Norc T20pt Y2 Tira torc
fluid (°C)  (ton) (%) (%) (%) °C) (%) °C) (h)
Benzene 250 500 26.15 2742 2125 191 786 1288 225
1000 25.50 26.59 2255 212 560 1616  3.14

1500 25.19 26.21 2298 220 462 1767  3.84

260 500 26.54 27.95 2171 198 848 1265 255

1000 25.87 27.09 2298 220 6.12 1612  3.61

1500 25.55 26.60  23.48 230 487 1807  4.25

270 500 26.89 28.38  22.26 207 899 1255  2.82

1000 26.18 2750  23.43 229 6.60 1611  4.07

1500 25.86 27.01  23.88 239 531 1813  4.88

Pentane 250 500 23.28 26.47  15.67 148 1148  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 8.53 412  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 13.02 411 421
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

519 4.6 Comparison with the design based on the SORC efficiency

520 Notably, the design T, based on 7., results in a more cost-effective solar thermal
521  power system than that based on the efficiency of the sole power conversion mode i.e.,
522 nsorc- Given the size of the accumulators and power block capacity (i.e., M,, and
523  Wsprc), the solar collector area designed for the charge process is approximately
524  constant because of the similar heat releases in the discharge process. The collector area
525  designed for normal operating conditions varies with ngsorc. As shown in Table 7, in
526 the case of T,=T; qp:, Nsorc IS low and the collector area designed for the normal

527  operating conditions needs to be large. Therefore, the total collector areas of the
528  proposed system with a design T,=T,,,, are larger than that with T,=T, .. For the

529  former, additional solar collectors are used, but the overall solar thermal electricity
530 efficiency is high. Thus, additional annual power yield can be achieved, whereas the

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

Table 7 1¢q, Nsorc, and T, that corresponds to 7eqmax aNd Nsorcmax OF PENtane

at M,,=1500 ton.
"eq:"eq,max Nsorc=MsoRCmax

a Ty (°C)  Mequmax Nsorc T30pt Tegq NsoRCmax T3,0pt
(%) (%) (°C) (%) (%) (°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

15 250 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

In the above analysis, emphasis is placed on the impacts of the main steam
temperature (T;), Baumann factor (a), mass of storage water (M,,), and ORC working
fluid on the equivalent heat-to-power efficiency (n.4). The results indicate that 7., Is
sensitive to these four parameters. Other parameters include the system power capacity,
device efficiencies, SORC operation time (tsorc), ambient temperature (T,), and
minimum temperature difference (AT,,;,) are assumed to be constant, as listed in Table
2.

The rated output power of 10 MW is appropriate, considering that the commercial
solar thermal power plants usually have the same power capacity, such as the Planta
Solar 10 [5], Shouhang Dunhuang 10 MW Phase | [53], and Supcon Delingha 10 MW
Phase | [54]. The rated output power should not have an effect on the design of the
steam condensation temperature because the working fluid mass flow rate and tank
volume can vary proportionally with the output power. More important, the design
methodology remains applicable. Furthermore, 85% design efficiency of the reference
superheated steam turbine and ORC dry turbine has been reported [3, 55-56]. In

conventional fossil fuel power plants, the reheat turbine of superheated steam generally
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has an efficiency of approximately 85%-94% [20]. The multistage turbines in the ORC
field commonly have an isentropic efficiency of 80%-90% [19, 47]. Therefore, the
possibility of a significant deviation in device efficiencies in a practical solar thermal
power plant from the assumed values is low.

Unlike the device efficiencies, tsorc, T,, and AT,,;; may change with the local
meteorological conditions. The sensitivity analysis of these three factors on 7., is
necessary. The influence of tgopc ON 71eq is shown in Fig.14 (a). Pentane is used as
the ORC fluid. T;=250 °C, a=1.0, and M,,=1500 ton. The other parameters are the
same as those listed in Table 2. 7., declines, whereas T,,,, increases with the
decrement of tsorc. FOr example, 7.4mq, drops from 21.45% to 20.49% when tgorc
decreases from 10 h to 6 h, with a corresponding T, ,,, from 174 °C to 189 °C. T,
has appreciable influence on 7,4, as shown in Fig.14 (b). T, is related to the ORC
condensation temperature, thereby influencing the ORC and SORC efficiencies.
Neqmax iNCreases from 19.98% to 22.06% when T, decreases from 30 °C to 10 °C.
However, T, only has a variation of 2 °C. AT,;, also affect n.,. Alarger ATy,
leads to greater irreversibility in the heat exchangers and lower power efficiency. As
shown in Fig.2 (C), Negmax declines from 21.14% to 20.85% and T, ,,, increases
from 178 °C to 184 °C as AT,,;, rises from5 °C to 15 °C.
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576 Fig.14 Variations of equivalent heat-to-power efficiency in the case of pentane,
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578 Notably, solar energy resource is important in the design of the steam condensation

579  temperature, although it does not exert a direct influence on 7,,. The reason is that

580 tsorc IS Closely related to the local solar energy resource. Figure 14 (a) indicates that

581  Megmax iNCreases and T,,,, decreases with the increment of tgogc. In regions with
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abundant solar energy, tsorc IS expected to be high. A possible relationship between
solar radiation and tgog 1S shown in Fig.15. The solar radiation variations in a typical
day for two regions are shown. Ipy criticar represents the solar irradiation at which the
heat collected from the solar field is equal to that consumed by the SORC. Power is
generated by the SORC during the period from t to t + tsogrc, but by ORC for the rest
of the day (24-tsorc). The area in red represents the total heat consumption by the
SORC when multiplied by the collector efficiency and surface area, and that in blue
represents the total heat stored and used for the ORC. Assuming the solar collectors can
provide sufficient heat for the 24 h power generation, tsorc Should fulfil Eq.(29).

Obviously, tgorc 1S associated with the local solar radiation.

qsoRcXtsorc  __ Ared (29)
qorc*(24—tsorc)  Ablue

Ion (W/m?)

12 to

2
L tr+tsore
DN, critical

Il
DN, critical

) t]_+t1$ORC
time (h)

Fig.15 Variations of tgorc With solar irradiation.

5. Conclusions

An innovative solar thermal power generation system using cascade SORC and two-
stage accumulators has recently been proposed. The system offers a significantly higher
heat storage capacity than conventional direct steam generation (DSG) solar power
plants. The steam condensation temperature (T>,) in the proposed system is a crucial

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

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

namely, the equivalent heat-to-power efficiency (1.4). 7.4 is @ compromise between
the efficiencies in different operation modes. The effects of main steam temperature

(T;), Baumann factor (a), mass of storage water (M,,), and ORC working fluid on T,

are investigated. The results show the following:

(1) The wet steam turbine efficiency (&g7) rises with the increase in T, and decrease
ina. However, &g reducesas T; increases. To guarantee the reliable operation of
the wet steam turbine, T, needs to be higher than 111-156 °C, provided that T,
ranges between 250 °C and 270 °C, and a varies from 0.5 to 1.5.

(2) The SRC thermal efficiency (nsgc) increases when T; risesand T, and a reduce.
Compared with a, T; and T, play decisive roles in nggc.

(3) The ORC thermal efficiency (norc) rises when T, increases. The operating time
of the bottoming ORC in the heat discharge process (tyg¢) first increases and then
decreases as T, rises. To obtain a higher tygc, a large T; and M,, as well as a
small a are preferable. For different ORC fluids, benzene delivers the best nyrc,
whereas pentane provides the highest tygc.

(4) neq isabetter indicator than ngogc. The optimum steam condensation temperature
(Ty,0p¢) that corresponds to the maximum 7., (Meqmax) is generally higher than
that based on the maximum 7gorc. T 0pe reducesas T;,andaand M,, decrease.
Neqmax '15€S With the increment of T; and the decrement of aand M,,. Benzene
is compliant, whereas pentane and R245fa are suitable for the system with high M,,
and superior moisture separation technology. Considering torc and 7.4, pentane
is a preferable ORC fluid, and the corresponding T,,,: and 7eqmax are
respectively 139-190 °C and 20.93%-24.24%, provided that T; ranges between
250 °C and 270 °C, a varies from 0.5 to 1.5, and M,, changes from 500 ton to
1500 ton.
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