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ARTICLE INFO ABSTRACT

Handling editor: G Iglesias A unique direct thermal oil vaporization solar power system employing cascade organic-steam Rankine cycle is
proposed. The oil is a mixture of biphenyl and diphenyl oxide, and it is used for heat transfer, storage and power
cycle fluid in the novel system. Stable electricity output and prolonged storage capacity can be facilitated. In the
rated mode, the oil is vaporized at 390 °C in the collectors and drives a top turbine. The exhaust heat is used for
preheating and evaporating water of the bottom cycle. Meanwhile, the hot oil in a high-temperature tank (HTT)
superheats and reheats the generated steam. When the irradiation is insufficient, the heat released by the oil from
the HTT to a low-temperature tank drives the bottom cycle. Fundamentals, thermodynamic performance and
techno-economic feasibility are elaborated. The results indicate that, compared with the mainstream dual-tank
solar power systems, the proposed system has a higher thermal efficiency with a lower water evaporation
temperature (42.90% at 260 °C vs. 38.06% at 310 °C) and a larger temperature drop between the two tanks
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(121 °C vs. 100 °C). The equivalent payback time with respect to the top oil cycle is less than 3 years.

1. Introduction

Concentrated solar power (CSP) has attracted widespread attention
in recent decades. Unlike solar photovoltaic technologies, heat storage
enables solar thermal power to be dispatchable, self-sustainable and
flexible. The installed power capacity of global CSP reached 6.59 GWe
based on the data as of the end of 2019, and the parabolic trough col-
lectors (PTCs) related plants account for above 70% [1,2].

Fig. 1 illustrates the most advanced demonstration and commercial
PTC plant using thermal oil as a heat transfer fluid and molten salts as a
storage fluid [3,4]. The typical synthetic oil is a mixture consisting of
73.5% diphenyl oxide and 26.5% biphenyl, which possesses extraordi-
narily low viscosity and high stability in a large temperature interval
from 12 °C to 400 °C. Its thermal stability is the highest among general
organic heat carriers. Some key thermophysical parameters are provided
in Table 1 [5].

However, synthetic oil is mainly used for the liquid phase heat
transfer medium in existing CSP systems. The oil temperature increases
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from 290 °C at the solar field inlet to 390 °C at the outlet. The exergy of
the oil will be exploited more efficiently if it is vaporized in the collec-
tors. The efficient heat transfer coefficient and constant temperature in
the two-phase region are beneficial to improve the solar field efficiency.
Many organic Rankine cycle (ORC) working fluids have been studied in
direct vapor generation (DVG) applications [6-14]. DVG can avoid
secondary heat transfer and reduce irreversible loss as compared with an
indirect configuration. As there is no need to superheat the ORC fluids,
the sophisticated control strategies for the conventional direct steam
generation (DSG) systems due to the requirement of superheated steam
in the solar field are alleviated [6]. High-pressure (4-10 MPa) steam
generation is replaced by organic vapor generation at relatively low
pressure. Besides, the technical barriers accompanied by wet steam
turbines are avoided by more efficient, dry ORC turbines [15]. However,
only refrigerants, hydrocarbons and siloxanes are considered in the DVG
systems and the fluid evaporation temperature is relatively low
(<300 °C). Biphenyl-diphenyl oxide (BDO) mixture, which is suitable
for the high-temperature application, has not been discussed or studied
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in the DVG application.

High-temperature ORC technology is attracting increasing attention
for industrial waste heat recovery. Turboden, a company in the design
and production of ORC systems, has been developing ORC solutions that
run at up to 400 °C using the BDO mixture (such as Therminol® VP-1
and Dowtherm A) [16,17]. The systems allow an increase of about
15-20% of the net electrical performance as compared to those of the
conventional ORCs, and achieve maximum efficiencies of 30-35% [16,
17]. Superheat at the turbine inlet is not needed as the mixture is a dry
fluid [18]. Despite the successful application in waste heat recovery, the
potential of the BDO mixture as the power cycle fluid in the CSP
application has not been explored yet.

The BDO mixture needs to overcome some foreseeable barriers
before unlocking its potential. First, vapor generation under fluctuating
solar radiation is challenging. The vapor generated at strong radiation is
more than that at weak radiation. Without a reliable control strategy,
the vapor temperature may exceed the permissible range. There is a high
risk of temperature-related physical and chemical changes to the
mixture in the collectors. Second, cost-effective storage is lacking. At
present, long-term cost-effective storage is unavailable for commercial
DSG systems [19,20]. If the water is replaced by the mixture in a con-
ventional DSG system, it will face similar or even worse challenges as oil
is more expensive than water. The sliding-pressure control strategy is
commonly adopted for heat discharge of the direct systems. The tem-
perature decrement attributed to flashing in the oil vessels during
discharge will cause part-load operation of the entire thermodynamic
cycle. The reason is that the decline of turbine intake temperature will
cause an exponential decrease in the turbine intake pressure. The
permitted temperature drop in a single tank will be limited (e.g.,
<50 °C) to avoid inefficient heat-to-power conversion [15], resulting in
a limited and costly storage capacity. Third, the BDO mixture has low
saturation pressure, which is only 4520 Pa at 150 °C and 4 Pa at 30 °C
[21]. The vacuum is beyond practically achievable limits of 5000 Pa. A
single-stage ORC using the mixture may not be more efficient than a
conventional steam Rankine cycle (SRC).

A unique approach to thermal storage for DSG systems has been
recently devised by the authors [15]. It allows a more significant water
temperature drop. Upon completing a conventional first step discharge,
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Table 1
Thermophysical properties of Therminol® VP-1 [5].

Property Value, Units

Surface characteristic Clear, water white liquid
Hightest permitted bulk temperature 400 °C

Hightest calculated film temperature 430 °C

Standard boiling point 257 °C

Solidification point 12°C

Thermal expansivity @ 200 °C 0.000979/°C

Molecular weight (average) 166

Liquid density @ 15 °C/25 °C 1068 kg/m>/1060 kg/m*
Heat of vaporization @ 400 °C 206 kJ/kg

Kinematic viscosity @ 100 °C/40 °C 0.99 mm?/5/2.48 mm?%/s
Critical temperature 499 °C

Critical pressure 33.1 bar

the water in the high-temperature tank (HTT) is utilized to drive a
bottom ORC. The thermodynamic cycles in the nominal and discharge
processes are decoupled. The approach involves a particular second step
discharge, which can enhance the storage capacity more than four times
with an equivalent payback period of fewer than five years. As a result,
long-term effective storage becomes possible for DSG plants. The
decoupled thermodynamic cycles during charge and discharge processes
also provide easy control of the solar field in fluctuating solar radiation
conditions.

Inspired by the above method, this paper proposes an improved
approach to tackle the challenges of the DVG systems by adopting two-
stage oil tanks and cascade organic-steam Rankine cycle (ORC-SRC). The
BDO mixture serves as the fluid for heat collection, thermal storage and
power cycle. In the nominal condition, the mixture is vaporized directly
in the collectors, and the saturated vapor from the top of HTT drives the
ORC turbine. Meanwhile, the subcooled water from the bottom SRC is
preheated and evaporated by the heat released from the ORC. The steam
is further superheated and reheated by the liquid BDO mixture from the
bottom of HTT before entering the steam turbines. In the discharge
process, the liquid BDO mixture flows from the HTT to a low-
temperature tank (LTT). The released sensible heat acts as the heat
source for the bottom SRC.

To the authors’ knowledge, it is the first time that thermal oil is
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Fig. 1. Schematic plot of the PTC plant [3].
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utilized as an ORC fluid in the CSP application. In the existing solar
power plants, thermal oil is only adopted as the heat carrier and storage
medium. Moreover, it is also the first time that thermal oil evaporates in
the collectors for power conversion. The ORC is combined with a bottom
SRC. Stable heat-to-power conversion can be guaranteed in the case of
fluctuating solar irradiation, with a considerably extended storage ca-
pacity. Compared with the mainstream sole SRC-driven solar power
systems, a higher thermal efficiency is achievable as the SRC is merely a
part of the ORC-SRC. The oil-to-salt heat exchanger is omitted and the
secondary heat transfer can thus be avoided. High heat collection and
storage temperature can be facilitated owing to the much lower satu-
ration pressure of the BDO mixture. For instance, the saturation pressure
is only 0.959 MPa at 390 °C [21], while it is 5.5 MPa at 270 °C for water.
The pressure-bearing difficulties existing in the steam vessels and vac-
uum tubes of traditional DSG systems are significantly alleviated. The
cost of steel for the tanks will be smaller and the service life of the tubes
will be extended. More details will be provided in the following sections.

The characteristics and operating principles of the novel system are
illustrated in detail. Technical feasibility is elaborated, followed by the
thermodynamic analysis in different operating modes. Finally, the
equivalent payback time related to the additional investment on the
ORC is analyzed.

2. System description

The schematic chart of the solar ORC-SRC is exhibited in Fig. 2. The
system consists of the PTCs, HTT, LTT, and ORC-SRC unit. The BDO
mixture in the HTT is in a state of vapor-liquid coexistence. The red box
indicates the regular multistage extraction regenerative SRC. Two ex-
tractions, 11 and 12, are taken from the high-pressure (HP) turbine to
the closed feedwaters (CF-1, CF-2). The closed feedwater heaters are
shell-and-tube-type recuperators, which are utilized to elevate the
feedwater temperature through condensation of the extracted steam.
Four extractions, 15-18, are bled to a deaerator (open feedwater, OF)
and three closed feedwaters (CF-3, CF-4, CF-5) from the low-pressure
(LP) turbine. Deaerator is a direct contact-type heat exchanger in
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which streams at different temperatures are mixed to form a stream at an
intermediate temperature [22]. Deaerators are also used for removing
dissolved gases which can cause corrosion problems.

Fig. 3 presents the T-s curve of the cascade cycle. It can be seen that
the BDO mixture behaves like a dry ORC fluid and it remains in super-
heated state during expansion. No complete saturated liquid curve or
saturated vapor curve is displayed. The reason is that the thermophys-
ical property data of the BDO mixture provided by the producer are in
the range of up to 420 °C [21], which is far below its pseudocritical
temperature of 499 °C.

The system can have several operating modes, determined by the
HTT temperature (Tyrr) and the direct normal irradiance (Ipy). The
follows are the two primary models.

Mode 1: Solar energy collection and cascade cycle operation are
conducted simultaneously, as depicted in bold red in Fig. 4 (a). Ipy in the
design condition is assumed to be 400 W/m?, at which the total solar
heat collection equals to the required rated heat of the ORC-SRC. The
system runs in this situation when Ipy > 400 W/m?. The subcooled BDO
mixture from the LTT is heated in the PTCs and vaporized. The thermal
oil at the collectors’ outlet can be either in vapor, binary phase or liquid
state depending on Ipy. But a saturated two-phase region state is more
desirable to prevent the BDO mixture from overheating.

The ORC turbine is driven by the vapor gushing from the top of HTT.
Meanwhile, the saturated steam is superheated and reheated by the
liquid from the bottom of HTT before entering the two steam turbines.
The residual solar energy can be stored in the HTT by increasing the oil’s
mass flow rate through P5 when irradiation intensity becomes strong.
When Ipy < 400 W/m? (e.g., transient moment due to passing clouds),
the system can still work in this mode. The Tyrr marginally drops from
the rated value and flashing occurs inside the HTT for sliding pressure.
The HTT acts as a Ruth’s accumulator in this period and the ORC-SRC
operates at off-design condition.

Mode 2: Heat discharge mode. The discharge process is similar to
that of the two-tank indirect system in Fig. 1. As displayed in Fig. 4 (b),
the BDO mixture flows from the HTT into the LTT and releases sensible
heat to drive the bottom SRC.
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Fig. 2. Schematic chart of the solar ORC-SRC system.
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Fig. 3. T-s curve of the ORC-SRC.

The working condition (i.e., the state parameters and mass flow at
each point) remains the same in the two modes for SRC. The total
electricity generated by switching between the two modes is depicted in
Fig. 5.

3. Technical feasibility

The BDO mixture is applicable in high-temperature ORC systems [5,
16,17,23,24] and does not seem to have any technical barriers [25].
Experimental results also indicated the mixture had perfect stability
after 5520-6000 h of repeated boiling/condensing cycles at nearly
380 °C [26,27]. But one challenge in solar ORC application is to prevent
the formation of various contaminants (water, air, or degradation
products). Water and oxygen/oxidizing agents can result in a faster in-
crease in viscosity, and acids may accelerate the formation of volatile
by-products. Oxidation by air shall be prevented. An expansion tank
filled with nitrogen gas is generally in place to maintain the oil tanks
positive pressure in conventional CSP plants, thereby preventing the air
infiltration. It can also be applied to the proposed system. By filling
nitrogen gas, the entire BDO mixture loops are sealed and free from
contaminants. Another challenge is complicated control strategies
associated with the need to generate superheated steam. Regarding the
temperature control in the collectors, most solar radiation for PTCs is
concentrated at the bottom section of the absorbers by the reflectors.
The heat flux is higher at the bottom section, which is beneficial for the
vaporization of the BDO mixture. The risk of the fluid temperature
exceeding the permissible value is low. Particularly, the BDO mixture in
the collectors is normally in a binary phase state and its wetness at the
outlet is adjustable. No superheated vapor is generated. The saturated
vapor is used to drive the ORC-SRC in the normal operation while the
saturated liquid BDO mixture is stored in the HTT and later utilized to
drive the bottom, conventional SRC when solar radiation is unavailable.
The control of the solar field is flexible and straightforward.

4. Mathematical models
4.1. Thermodynamics
The thermodynamic states (1-33) are marked in Figs. 2 and 3. The

equations for heat collection, heat transfer and power conversion are
presented below.

4.1.1. Solar collectors

System Advisor Model software is employed to simulate the solar
heat collection. The models for the optical efficiency, heat losses, irra-
diance incidence angle and overall efficiency of the PTCs are presented
in Ref. [28].

4.1.2. Heat exchangers
The heat balance in the internal heat exchanger (IHX), preheater and
steam generator is calculated by

hyy — hag = h3y — h3, (@)
m()RC(hZ‘J - h3o) = Myteam (/’lgs/ - h9) 2)
m()RC(h28 - hZ‘J) = Mteam (h‘)sv - h‘)xl) (3)

where the subscripts sv and sl denote saturated vapor and saturated
liquid, respectively.

For the preheater, the minimum temperature difference (ATp) can
only take place at the outlet of saturated water

Ty — Tos = T30 — Tog = Tagey — Tog = AT pin @
The IHX efficiency (emx) is determined by

h27 - h28

hy — h(Ts1, pas) )

Enx =

where h(T31,pa2s) is the specific enthalpy of the BDO mixture at Ts; (the
pump’s outlet temperature) and psg (the condensation pressure). This
would be the theoretical lowest enthalpy value to which the hot stream
could be condensed. As T3y = Tagsy, P2ssy = P2s, and the liquid tem-
perature increment after pressurization is limited, h (Ts1,p2g) can be
deemed as the saturated vapor enthalpy at Ts;. The deduction of hy; and
Tog will be given in Sections 5.1.6 and 5.4.2, respectively. Then Ts; and
hgg can therefore be obtained from Egs. (8) and (9).

The terminal temperature difference, which is the difference be-
tween the saturation temperature of the extraction steam and the outlet
temperature of feedwater, is assumed to be 1.5 °C [29].

Tyapii — To = Tyapi — Ts = Twapis — T = Toapie — Ts = Tyapi7 — T
=Toyapis — T3 =15 (6)

The drain cooler approach, which is the difference between the
outlet temperature of drain and the inlet temperature of feedwater, is
assumed to be 5 °C [29].
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The energy conservation in CF-1 and CF-2 can be appraised by
myy (hiy — hoa) = Mream (ho — hig) 8

miphia + mashyy + myphy = mghg + ma3hys ©

The same is true for OF, CF-3, CF-4 and CF-5.

The condensed steam is throttled by throttle valves and flows into the
neighboring feedwaters. The enthalpy of water after throttling is equal
to that before throttling, h,y = has, hyy = ha3, hyy = hap and hy; = ha;.

The pressure drop in feed water extraction lines usually ranges from
2.5% to 3.5% [29]. In this study, the pressure drop is set at 3%.

4.1.3. Turbines
The mechanical work generated by the two steam turbines can be
estimated as

Whr = Myeamhio — mithyy — miphyy — myzhys (10)

Wir =mighiy — mishis — mighi — myzhiy — mighis — myohyg an

The specific enthalpy of each extraction can be obtained by the
isentropic efficiencies of HP and LP turbines

hio—hu _ hiy —hi
Epr = = (12)
o hio — by ha — gy

hyy —h his —h hie—h hy;—h hig—h
e = 14 15 _ s 16 _ e 17 N 18 _ Mg 19 (13)

h]4 - hle B hlS - h]ﬁx B h16 - h]7y B h17 - hlSc B h18 - hl9\'

where s stands for isentropic.

The steam at the outlet of HP turbine is superheated, while the last
stage of the LP turbine outlet is usually wet steam. ¢;7 is related with
steam wetness, as appraised by the Baumann rule, which is a long-
standing empirical formula in the turbomachinery history [30,31].

err =€rran(l — aya) 14
yav:(yl4 +Y19)/2 (15)

where ;7 is the reference isentropic efficiency supposing that the inlet
and outlet of LP turbine are superheated steam; a is the Baumann factor
and its common value is 1.0 [31]; y14 and y;9 are respectively the
wetness of live and exhaust steam.

For the HP turbine, a higher inlet pressure leads to greater steam
density, smaller volume flow rate, less nozzle flow passage area and
lower specific speed. The corresponding nozzle and moving blade losses,
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blade height loss, leakage loss, impeller friction loss and other losses
have negative effects on the efficiency, and finally results in a lower
turbine isentropic efficiency.

For the ORC turbine,

Wor = mORC(h26 - ]’l27) = mORC(h26 - ]’l27.\-)6'0T (16)

where ¢o7 denotes the isentropic efficiency of ORC turbine.

4.1.4. Pumps

The consumed work by P1, P2 and P4 is obtained by
Wer =my(hy —hy) =my(hys —hy) [ €p a7n
W = Meam (h7 — he) = Mysean (Mo — he) [ €p 18)
Whes = more(hs1 — hao) = more (hars — hao) / €p 19

where ¢p is the pump efficiency.

4.1.5. Entropy of BDO mixture in saturated state

The high-quality BDO mixture brands include Therminol® VP-1
(US), Dowtherm-A (US), Therm-S-300 (Japan) and Diphyl (Germany).
The datasheet of Therminol® VP-1 supplied by Eastman Corp is
employed in this paper for the thermophysical properties. The saturated
liquid and vapor parameters at intervals of 10 °C can be acquired [21].
Eastman Corp has a strong foundation of more than semicentury in in-
dustry production, and it provides high-quality fluids backed by expert
technical support which are adopted by more than 15,000 projects
around the world [32]. The saturation state parameters (like T, p, h, v) at
different temperatures can be calculated by linear interpolation.

The manufacturer’s datasheet provides the enthalpy in saturated
liquid and vapor states, together with temperature, pressure, and spe-
cific volume. The entropy is not directly provided. However, it can be
derived from thermodynamic relation.

dh=Tds + vdp (20)

As entropy or specific entropy is a state parameter, the selection of
the reference state will have no impact on the thermodynamic calcula-
tion results of ORC. The turbines’ efficiencies are related to the change of
entropy rather than the absolute value. It is assumed that the saturation
entropy of BDO mixture at 313.34 °C is s3p = $31334:cs1 = 3 kJ/kg-K. The
reference temperature of 313.34 °C is chosen because it can be a cold
side temperature of the ORC, which is 10 °C above the steam evapora-
tion temperature in a common CSP system using thermal oil.

4.1.6. Enthalpies of BDO mixture at the outlets of ORC turbine and IHX

The enthalpy of BDO mixture in superheated state is not provided in
the manufacturer’s datasheet. The information is generally necessary in
modelling the ORC efficiency. As shown in Eq. (16), the enthalpy at
point 27 is required to calculate the output work of turbine, which is
beyond the saturation vapor curve. It is difficult to apply a conventional
ORC efficiency model without the parameters in superheated state. To
overcome this problem, the authors have put forward an ORC efficiency
model based on the equivalent hot side temperature (Tgusr) [331], in
which only the saturated parameters are required.

hae — h3o — vao(P2s — P3o)

826 — 830

21

Tensr =~

The ORC efficiency in a basic structure (1yg¢;,) can be built with the
assistance of Tgysr. fopc, ShOws a good match with the actual value. The
relative error ranges from —0.7% to 3.4% for 27 fluids [33].

Ty ) gor+€y + V30(P2s 7p30)/<£13.f22:.w V.\'vdp>

Norcpy = <1 - o
1+ v30(p2s — P30) / ( f;: ) V,wdp)

(22)

TEHST
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where f2268 * yedp can be calculated by piecewise integration and then

summation.
28sv 380 370 320 313.34
/ Vadp = / vedp + / Vadp + o+ + / vedp + / Vadp
26 390 380 330 320
23)
Meanwhile, 7opc; can be expressed as
hag — )€, — (h31 — h3)
’70RC.1::( & ) & — (ko . @4

hag — hay

The majority of ORC fluids are not compressible in liquid state, and
the condensation process can carry away most of the heat [33]. In
consequence,

h31s = hag 4 v30(Pats — P3o) (25)

where ps3i;s = ps1 = P32 = P2 = 0.959 MPa. ps3g, h3p and vz can be
deduced by linear interpolation. hy; can be derived by calculating Egs.
(19) and (21-25) as the ideal electricity generated is associated with
ORC efficiency and the heat input.

With the heat recovered from the IHX (morc (h32 — hsz1)) and the
electricity generation of a basic ORC, the ORC efficiency with the IHX
can be estimated below.

4.1.7. Thermal efficiency
The bottom SRC represents the traditional dual-tank structure sys-
tem. Its thermal efficiency can be defined as

- Wsre _ (Wyr + Wir)-g, — Wpy — W,
SRE™ Ospe ™ Myeam (1o — o) + my3(hys — his)

The heat-to-power conversion efficiency of the top ORC can be
determined by

(26)

Worc ~ Wor-e, — Wpy

= = 27)
Nore mORC(h26 - hsz) mORC(hZG - h32)
The thermal efficiency of the cascade ORC-SRC is defined by
0 _ Wore-sre _ Worc+Wsrc
ORC=SRC™ Qorc—src  Myean (h1o — how) + my3(ia — hiz) + mope (hag — h3)
(28)

4.1.8. Operating duration of the bottom SRC

Given the mass of BDO mixture in the storage tank, the duration of
the bottom SRC operation during the heat discharge mode can be
described by

Isrc = (29)
m,

where tsgc represents storage capacity; Mppo is the mass of BDO mixture
in the HTT; and my is the discharge flow rate, which can be derived from
the heat balance in the steam generator, reheater and superheater.

:m:tmm(hlo — hog) + my3(hiy — hys)
hagst — haoa

(30)

my

where hyg 4 stands for the enthalpy of point 29 during discharge. It is
worth noting that hyg 4 differs from hyg because point 29 is in liquid state
during discharge, and it is in binary-phase state under the rated mode.
T29 can be acquired from Eq. (4) and then hyg 4 is obtained by linear
interpolation.

The electricity generated by 1 kg BDO mixture from the HTT to the
LTT in the discharge mode is calculated by

_ (hurr—herr)isee
Wgpo = 3600 31
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4.1.9. Equivalent heat-to-power efficiency

In order to comprehensively consider the efficiencies in the nominal
and discharge conditions, an equivalent heat-to-power efficiency is
introduced [34,35], and is expressed by

~ Wi tore—sre(Wore + Wsrc) + tsee Wsre
= =
Qt()!d[

e (32)

torc-SRC QORC*SRC + [SRC QSRC
where torc_src is the ORC-SRC operating time. Neg comprehensively
reflects the performance of ORC-SRC system. From the perspective of

thermodynamics, it implies how effectively the collected solar heat,
including that stored in HTT, is converted into power output [34,35].

4.2. Thermo-economics

It is difficult to accurately assess the overall investment and payback
period of the novel system on account of its complexity. Alternately, a
conventional SRC system based on dual-tank thermal oil structure (such
as SEGSIor SEGSII) is taken as a reference. The economic superiorities of
the novel system in Fig. 2 will be outlined through a comparison with the
reference. The proposed system can facilitate generation of excess
electricity each year at the cost of extra ORC investment. Thus an
equivalent payback period (EPP) with respect to the additional ORC is
defined as

Cadd
Y

EPP=

(33

where Cyqq is the added cost due to installing the ORC, and Y is the
excess annual yield. Cpyq includes the investments in supplementary
PTCs, IHX, ORC turbine, ORC generator and P4.

For a better comparison, it is assumed that the operation conditions
including temperature, pressure, flow rate and power output of the
bottom SRC in the proposed system are the same as those in the refer-
ence system. Since common dual-tank systems are equipped with 7.5 h
of storage [3], given the same discharge duration of 7.5 h, the electricity
generated by the two systems during the discharge process are the same.
Therefore, Y is only attributed to the difference of output under the rated
mode. Determining the EPP is reasonable by

Cpre + Ciux + Cor+Corc,g + Cpa

Ym/zd,ORC—SRC - Yrated,ref

EPP=

(€D)]
Each term in Eq. (34) is clarified below.

4.2.1. Cost of supplementary PTCs (Cprc)

The total aperture area of a CSP system consists of the area required
by both rated and discharge modes. The latter is the same for the two
systems due to the same discharge working condition and duration. The
extra cost for the former is

CPTC = PPTC' (APTC,ORC—SR(‘ - APT(‘,ref) (35)

where Pprc is the PTC price per square meter, and Aprc is the required
PTC area in the nominal condition.
Assume that the runtime of both systems under the rated condition is
8 h, i.e., torc_src = tref = 8 h. Aprc is respectively expressed by
Qorc—src*torRC—sRC

Aprcorc-src = i (36)
Ls.st*IDN st "N pre si,0rc—skRC

Osre tref 37)

APTC.r =
J t,y.st'IDN,sr"]pTC,S;,,-pf
where t; is the standard sunshine duration (h); Ipn is the standard
direct normal solar irradiance (kW/m?) and Nprcs: is the standard PTC
efficiency.
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4.2.2. Cost of IHX (Ciux)

The precise calculation steps of the IHX area and the corresponding
cost are presented in the authors’ previous work [28]. The actual cost
needs to be converted from the cost of 2001 by calculating the Chemical
Engineering Plant Cost Index (CEPCI) [36]. The cost of 2018 should be
corrected as

Ch2018 = Cpu2001-CEPClagy5 / CEPClgyy (38)

where CEPCly0; = 397, CEPClyn5 = 648.7.

4.2.3. Cost of ORC turbine (Cor), P4 (Cps) and ORC generator (Corcg)
The purchased cost of turbine and pump is [37].

log,,Cpr = K| + K, log,y W + K (log,, W)* (39)

where C, is a basic cost concerning with the work output or consump-
tion. K3, K2, and K3 are coefficients and their values are displayed in
Ref. [28]. The bare module cost of pump is calculated by Eq. (30) in
Ref. [28]. The bare module cost of ORC turbine is [37]

CBM,OT = CPFBMFP (40)
The cost of ORC generator is [38].

)0.95 (41)

CORC.g =60 (Eg WOT

4.2.4. Annual revenues in the rated mode for ORC-SRC (Yiqted.0rC—SRC)
and the reference system (Yrqted ref)
The annual yield is

8760
Yyaea.orc-src = Pe * Noge—sre § :(”PTC,ORC—SRC'IDN “Aprc.orc-sre ) (42)
1

8760

Yiased,ref = Pe *Hsge Z (Mprc.seeon - Aprerer) (43)
T

where P, is the electricity price.
5. Results and discussion

Only subcritical Rankine cycles are considered, because a constant
pressure and temperature in the evaporation process can be maintained.

Table 2

Fixed parameters in calculation.
Term Value
Gross electric power of SRC [22], (Wur + Wir)- & 50 MW
HP turbine efficiency [22,39], eur 0.855
LP turbine efficiency [22,39], err 0.895
Pressure of extraction no. 1 [39], p11 4.54 MPa
Pressure of extraction no. 2 [39], p12 2.06 MPa
Pressure of extraction no. 3 [39], p1s 0.875 MPa
Pressure of extraction no. 4 [39], p1e 0.3627 MPa
Pressure of extraction no. 5 [39], p17 0.1224 MPa
Pressure of extraction no. 6 [39], p1s 0.03461 MPa
Steam condensation pressure [22,39], p1g 0.008 MPa

Pressure drop in feed water extractions lines [28] 3%

HP turbine inlet temperature [39], T1o 370 °C
HTT temperature [40], Tyrr 390 °C
Minimum heat transfer temperature difference [40], ATpn 10°C

ORC turbine efficiency [40], eor 0.85
Generator efficiency [15], & ¢ 0.95

Pump efficiency [41], ep 0.75
Internal heat exchanger efficiency [41], enx 0.8
Runtime of ORC-SRC [31], torc_src 8h
Standard direct normal solar irradiation [15], Ipy.s 0.8 kW/m?
Standard wind speed [15], vy 5 5m/s
Standard ambient temperature [41], T, 25°C
Price of PTC [42], Pprc 170 $/m?
Price of electricity [15], P. 0.184 $/kWh
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Some hypotheses are made as listed in Table 2.

The SRC evaporation temperature (Tos,) is a vital parameter because
it affects not only the cascade cycle efficiency (1pgc_sgc) in the nominal
operation condition, but also the bottom cycle efficiency (15z¢) in the
discharge process. In this simulation, T, varies from 260 °C to 310 °C
based on the following considerations. First, a higher live steam tem-
perature and pressure correspond to a higher power cycle efficiency, but
result in greater technological challenges and higher investment cost of
the steam turbine. The power blocks of state-of-the-art PTC plants
adopting conduction oils have live steam temperature and pressure of
380 °C/10 MPa (the corresponding steam evaporation temperature is
311 °C) and the available turbine manufacturers include Man-Turbo and
Siemens [3]. The upper limit of Ty, is selected as 310 °C. Second, the
minimum inlet steam pressure (p1o) is theoretically higher than the first
stage suction pressure (p;1) of 4.54 MPa (the corresponding saturation
temperature is 257.98 °C). The lower limit of Ty, is chosen as 260 °C.
The simulation below will also show that Ty corresponding to the
maximum #gpe_spe is not lower than 260 °C.

5.1. Thermodynamic performance of ORC-SRC in the rated mode

All the flow rates correlated with the turbines are illustrated in
Figs. 6 and 7. The flow rates of main steam (mjp Or Mseqm), reheating
(m3) and condensing (mj9) go down almost linearly while the ORC flow
rate (mogc) first drops and then climbs. With the increment in Ty, the
electricity output of the SRC turbines per kilogram of steam rises. mo
falls down as the gross electric power of SRC is fixed at 50 MW. The flow
rates of each extraction are much lower than mjo, m;3 or my9, and range
from about 2.0 to 6.0 kg/s. As my3 = myo — my; —my2, the decline of mo
is greater than the sum of m;; and m;», and thereby m;3 goes down as
depicted in Fig. 6. The same is true for myg9. The variation of mogc is
because the total heat input from ORC to SRC Meqm(hosy —hg) drops

Table 3
Thermodynamic parameters of each state point when Tos, = 260 °C.

State Temperature Pressure Enthalpy (kJ/ Quality (%)
point Q) (MPa) kg)

1 41.51 0.008 173.84 0

2 41.60 0.875 175 subcooled

3 70.92 0.875 297.60 subcooled

4 103.86 0.875 436.02 subcooled

5 138.61 0.875 583.55 subcooled

6 172.66 0.875 730.76 subcooled

7 173.49 4.692 736.43 subcooled

8 212.38 4.692 909.40 subcooled

9 256.48 4.692 1117.50 subcooled
10 370 4.692 3128.10 superheated
11 365.44 4.54 3119.86 superheated
12 265.43 2.06 2939.63 superheated
13 265.43 2.06 2939.63 superheated
14 370 2.06 3181 superheated
15 265.37 0.875 2980.97 superheated
16 174.32 0.3627 2808.80 superheated
17 105.36 0.1224 2633.38 97.75

18 72.42 0.03461 2457.08 92.56

19 41.51 0.008 2279.26 87.64

20 46.60 0.03357 195.16 subcooled
21 75.92 0.11873 317.94 subcooled
22 108.86 0.35182 456.75 subcooled
23 178.46 1.9982 756.92 subcooled
24 217.38 4.4038 932.13 subcooled
25 41.51 0.008 1932.26 73.20

264 390 0.959 774.40 0

26 390 0.959 987.60 100

27 344.43 0.133 928.62 superheated
28 288.04 0.133 806.14 superheated
28, 270 0.133 773.80 100

29 270 0.133 489.63 -

30 270 0.133 486.30 0

31 271 0.959 487.60 subcooled
32 322.59 0.959 610.08 subcooled
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Fig. 6. Variations of the flow rates of main steam, reheating, condensing
and ORC.

significantly while the latent heat of BDO mixture for condensation
(hagsy — hso) varies slightly. For example, mgpeqm(hosy —hg) is 105.22,
97.53 and 92.16 MW respectively at Tos, of 260, 285 and 310 °C, while
(hogsy — hgp) is respectively 287.5, 274.0 and 259.7 kJ/kg.

The relative decrements of the extracted steam in the LP turbine are
about 10%, which are similar to those of mjg. According to the heat
balance in OF, CF-3, CF-4 and CF-5, a decreased my9 results in a smaller
extraction rate. However, the flow rates of the extracted steam in the HP
turbine are flatter, especially for m;;. The change in my; is caused by
another conflicting factor working in conjunction with mie. In this
simulation the extraction pressures are fixed despite a variable steam
pressure at the HP turbine inlet. A higher Ty, is accompanied by a higher
live steam pressure (p1o) while a constant temperature of 370 °C. Given
the extraction pressure, T1; decreases with a larger steam pressure ratio
during expansion in the HP turbine. h;; consequently drops, which tends
to cause a higher my;.

Variations of the electricity output by the two steam turbines are
graphed in Fig. 8. Wyr increases while Wyt decreases as To, climbs. Wyt
is approximately 2.5-4.0 times as much as Wyr. The reason for the
increment in Wyr can be obtained by the variations of mass flow rates
and enthalpy values. Both m;y and m;3 decrease and the difference
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Fig. 7. Variations of the flow rate of each extraction.
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Fig. 8. Variations of the power output by the two steam turbines.

between them is approximately constant as Ty increases, and the
changes in my; and my, are slight. Meanwhile, hyo, hi1, hi2 and hjs
(h12 = hy3) decline as Ty, elevates. But the magnitude of the decline in
hi1, hi2 and hys is larger than that in hjo. For instance, the difference
between h;o and h; is 188.47, 215.68, 237.80 kJ/kg when Tq, is 260,
270, 280 °C, respectively. Although m;o declines, Wyr rises with Tog,
because of a larger enthalpy drop of the HP turbine. The decrement in
the Wyr is attributed to the decreasing m;3 and the increasing Wyr.

Variations of the net electricity output of ORC and SRC are exhibited
in Fig. 9. Wggc declines marginally while Wog¢ reduces considerably as
Tos, elevates. Given total electricity output of the steam turbines of 50
MW, the increment in T, leads to more water pump power consump-
tion, so Wsgc is slightly reduced. The ORC condensation temperature
climbs and 7pge drops as Tos, rises, and thus Wogc reduces. Wgge is
approximately 2.56-5.21 times as high as Wor¢c. Wsgc is 49.59 MW and
Worc is 19.41 MW at the optimal condition of Tos, = 260 °C.

The higher efficiency results from a higher average heat absorbing
temperature of the cascade cycle. The heating process of the ORC-SRC is
composed of three parts: 1) the BDO mixture enthalpy increment from
state point 32 to point 26; 2) the steam enthalpy increment from point
9sv to point 10; and 3) the steam enthalpy increment from point 13 to
point 14. For a conventional SRC, the heating process consists of two
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Fig. 9. Variations of the net power output of ORC and SRC.
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Fig. 10. Variations of SRC, ORC and ORC-SRC efficiencies #op¢, #sgc and
Norc_sre are presented in Fig. 10. Given Tyrr and steam condensation pressure
(p19), both Tgysr for the SRC and the equivalent cold side temperature for the
ORC increase as Tos, rises, resulting in increasing ngp. and declining nggc.
Norc—sre 1S @ compromise between 7pge and #gpe. The maximum #gpe_gpe Of
42.90% is achieved at To, of 260 °C. The relevant parameters under this
optimal rated mode are summarized in Table 3. Notably, a To, of 260 °C will be
beneficial for the steam turbines because the tip-leakage flow loss in the HP
turbine can be reduced as compared to a traditional one operating at 10 MPa.
Given T, the steam wetness during expansion also reduces and a higher tur-
bine efficiency is expected.

parts: 1) the water/steam enthalpy increment from point 9 to point 10;
and 2) the steam enthalpy increment from point 13 to point 14. The
average absorbing temperatures of the two cycles can be expressed by:
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Fig. 11. Variations of Tjrr, mg and wgpo in the heat discharge process.

10 14
Tds +my / Tds +m;3 / de) / [morc(s26 — $32) + muo(S10 — Sosv) + M3 (14 — 513)
9 1

10
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10 14
Tav.SRC: (/ Tds+ / Tds) /(5107S9+S147S13)
9 13

Based on the above expression, Tq, orc_src at Tosy, = 260 °C is 363 °C,
while T, src is 273 °C for a conventional SRC.

(45)

5.2. Thermodynamic performance of ORC-SRC in the discharge mode

The proposed system has a similar discharge process to a conven-
tional CSP system. A difference is that a lower water evaporation tem-
perature is achieved. Variations of the LTT temperature (Tirr),
discharge flow rate (my) and power output by per kg mass of BDO
mixture (Wppo) are depicted in Fig. 11. my increases as Tos, climbs owing
to the temperature increment in BDO mixture leaving the steam
generator and preheater. The temperature gap between the two tanks
decreases. The discharge capacity (tsgc) is inversely proportional to my
according to Eq. (29). It indicates that a lower To,, leads to a longer
discharge duration at a given storage mass (Mppo). For example, given
Mpzpo of 2000 tonnes, tspc declines from 1.164 h to 0.851 h when Toy,
rises from 260 °C to 310 °C. Similarly, tsg¢ reduces from 10.476 h to
7.661 h when Mppo is 18,000 tonnes.

In typical PTC plants, the storage temperature varies from 293 °C to
393 °C [20], and the steam evaporation temperature is approximately
310 °C to achieve efficient power conversion in the normal operating
conditions. The storage capacity is not maximized. Most heat is trans-
ferred to the binary phase region on account of the huge latent heat of
water. In order to avoid an uneconomically low efficiency, the LTT
temperature is relatively high (293 °C). In contrast, the ORC-SRC can
simultaneously provide lower T;rr and Tos. The power generation per
kg of storage fluid increases as Tos, decreases, as shown in Fig. 11. The
relative storage capacity in MWe is increased by about 38% when Ty,
goes down from 310 °C to 260 °C. A significant temperature drop of
more than 100 °C from HTT to LTT is available when Ty, is lower than
288 °C. A lower Ty, results in a decreased g, but a significantly larger

(44)
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Fig. 12. T-Q chart during the discharge process at Tqg, of 260 °C.
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Fig. 13. Variations of 7,, at different mass of storage BDO mixture.

storage capacity and a greater temperature difference between the two
tanks. It will also offer a higher #ypc_grc. From this viewpoint, a lower
Tos, seems to be more beneficial to the ORC-SRC.

Assume the BDO mixture temperatures at the outlets of both reheater
and superheater are the same (equal to T33), the T-Q diagram when
Tosy = 260 °C is graphed in Fig. 12. The four heat exchangers are divided
by five dotted lines. Tyrr is 268.96 °C, which is approximately 24 °C
lower than that of a conventional LTT.

5.3. Equivalent heat-to-power efficiency

The power conversion in both charge and discharge processes can be
comprehensively reflected by the equivalent heat-to-power efficiency
(1¢¢), and it can represent the overall efficiency of the system. 7, is
influenced by both Ty, and the total storage mass (Mppo). Its variation is
graphed in Fig. 13. As the efficiency during discharge (gzc) is lower
than that in the normal operation (1pr¢_src), @ shorter tsge and less Mppo
leads to a higher 7,,. But the amount of electricity generated during
discharge is also reduced. The peak 7,, drops from 42.16% to 40.03%
and the corresponding Tos, elevates from 275 °C to 310 °C as Mppo in-
creases from 2000 tonnes to 18,000 tonnes. When Mppo is 10,000
tonnes, the peak Neg is 40.69% and the corresponding Ty, is 295 °C. The
thermodynamic parameters of each state point when Tos, = 310 °C are
indexed in Table 4. Some points are missing because they are the same as
those in Table 3.

The Ty, corresponding to the maximum equivalent heat-to-power
efficiency (Toseq) is higher than that corresponding to the maximum
Norc—sre- A design Tog, lower than Togy e, can be recommended for the

Table 4
Thermodynamic parameters of each state point when Tos, = 310 °C.

State Temperature Pressure Enthalpy (kJ/ Quality (%)
point “Q) (MPa) kg)

7 174.61 9.865 744.11 subcooled

8 212.38 9.865 911.21 subcooled
9 256.48 9.865 1117.10 subcooled
10 370 9.865 3002.70 superheated
11 273.34 4.54 2856.61 superheated
12 213.88 2.06 2724.67 95.86

13 213.88 2.06 2724.67 95.86

23 179.61 1.9982 761.84 subcooled
27 369.60 0.340 958.77 superheated
28 331.50 0.340 883.11 superheated
28, 320 0.340 861.10 100

29 320 0.340 651.26 -

30 320 0.340 601.40 0

31 321 0.959 602.44 subcooled
32 352.34 0.959 678.09 subcooled
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proposed system, because it can increase the efficiency in the normal
condition and enlarge the electricity generation in the discharge mode.

5.4. Cost regarding the implementation of the ORC

The discharge period is selected as 7.5 h for both the ORC-SRC and
the reference systems as mentioned in Section 5.2. For a simple com-
parison, the design steam evaporation temperatures are chosen as
310 °C in the economic analysis for the two systems, which are consis-
tent with the operating conditions in mainstream PTC plants.

5.4.1. Cost of supplementary PTCs

The ORC-SRC increases the power output of the rated mode, but
supplementary PTCs must be installed to concentrate solar energy in the
daytime. The standard direct normal solar irradiance (Ipys) is 0.8 kW/
m?, and is perpendicular to the PTC aperture. The standard wind speed
(Vwst) is 5 m/s. The standard sunshine duration () is respectively
8.373, 7.649, 6.890, 6.392, 5.534 and 4.729 h for Phoenix, Lhasa,
Sacramento, Cape Town, Canberra and Delingha according to the typical
meteorological data [43]. The PTC inlet temperature is T3y for the
ORC-SRC, while it is Ty for the reference system. The PTC efficiencies
in the standard condition are respectively 72.284% and 72.964%. The
required aperture area (Aprc) and the extra PTC cost (Cpr¢) are reported
in Table 5. The least area is required in Phoenix as a result of the most
abundant solar resource. Aprc,orc-src is 8% more than Aprc s for each
territory.

5.4.2. Cost of the IHX and other units

The investment of large heat exchangers is primarily determined by
the heat transfer area and hence the total amount of required materials
[44]. HTRI software ranks among state-of-the-art thermal process
simulation and design software [45]. The required IHX area is estimated
by HTRI software. A BFM type fixed tubesheet heat exchanger with
double tubepasses and double shell side is adopted on account of its wide
application, simple structure and small temperature drop (<50 °C) of
the shell side. The fluid with higher pressure is located in the tube side to
reduce the IHX fabricating cost. Rod baffle is employed to reduce the
flow resistance and the vibration in the shell. The tube pitch of 25 mm
and tube outer diameter of 19 mm are adopted, which are common
values in heat exchanger design.

It is difficult to accurately calculate the BDO mixture temperature in
superheated (27 and 28) or subcooled (31 and 32) states according to
the saturation pressure and enthalpy. Nevertheless, given the heat ca-
pacity and heat exchanger structure, the heat transfer coefficient is
affected comprehensively by the temperatures, pressures and flow rates
of both inlet and outlet, as well as the physical properties of fluids and
the likelihood of phase change. It can be predicted that a deviation of
several degrees Celsius on the inlet or outlet temperature has little effect
on the design area of IHX. Take point 27 as an example, according to the
conservation of energy, Q = mogrc(h27—hagsy) = Morc-Cp(T27 — Togsy)-
Where ¢, is the average specific heat capacity and ¢, = (cp27 + Cp2ssy) /2.
Cp27 can be deduced approximately by linear interpolation based on hy;
and the saturated vapor parameters, as there is little difference between

Table 5
Required PTC area and the additional cost in the rated mode.

Region Required PTC area for Required PTC area Additional cost
the ORC-SRC ( x 10° for the indirect of PTC ( x 10* $)
m?) (Aprc.orc-src) system ( x 10% m?) (Cprc)
(AprC ref)
Phoenix 227.993 211.035 288.281
Sacramento  277.036 256.430 350.293
Cape Town 298.648 276.435 377.620
Canberra 344.923 319.269 436.133
Lhasa 249.551 230.989 315.540
Delingha 403.676 373.652 510.422

11
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Table 6

Design parameters of the IHX.
Process data THX
HTC at the shell side, kW/m2.K 1.159
Internal diameter of the shell, mm 2200
Average velocity at the shell side, m/s 16.22
HTC at the tube side, kW/m?-K 1.621
Length of the tube, m 13
Average velocity in the tube, m/s 0.87
Number of tubes 5423
Overall HTC, kW/m?K 0.500
Thermal load, MW 24.612
Average central spacing between baffles, mm 1000
Logarithmic mean temperature difference, °C 13.5
Area, m? 4142.33
Over design, % 13.33

the specific heat capacity of saturated vapor state and superheated state

when the enthalpy values are the same. It can be obtained cj2; = 2.038

kJ/(kg - K) and T27 = 369.60 °C when To,, = 310 °C. Analogously, ¢,2s =
1.927 kJ/(kg - K) and T»g = 331.50 °C.

The margin of IHX area is guaranteed to be above 10% and the
process data is posted in Table 6. The scheme of the IHX is depicted in
Fig. 14. The investments in IHX, ORC turbine, ORC generator and P4 are
151.305, 232.698, 33.995 and 20.675 x 10* §, respectively.

5.5. Equivalent payback period (EPP)

The computational procedure of EPP can be summarized in Fig. 15.
Given the same design parameters of SRC, the rated generating power of
SRC is the same for the proposed and reference systems. Meanwhile, the
power outputs during discharge are the same for the two systems since
the storage capacity is the same. But the initial investment for the pro-
posed system is larger due to additional ORC equipment and PTCs,
which results in higher normal efficiency and more power generation
during the rated mode. The total power generation covers the nominal
and discharge modes. The generated power is Worc_src and Wsgrc
respectively for the proposed system, while it remains Wggc during the
two modes for the reference system. EPP is the ratio of the extra in-
vestment to the difference between the annual yield of power generation
under the rated mode of the two systems, as indicated by Eq. (34).

Land cost is not considered as it is supposed to be lower than 8.0% of
the solar field in a CSP system [11]. Annual electricity output in the
rated mode and EPP are indexed in Table 7. The proposed system can
generate an excess 1893.2-2208.5 x 10* kWh electricity (i.e.,
348.349-406.364 x 10* $ revenue) per year at the additional cost of
726.954-949.095 x 10* $. The EPPs are less than 3 years in the six
districts with rich solar radiation resource. The advantages of using the
ORC as a top cycle of the SRC are evident. Notably, Ty, of 310 °C is
selected to better compare the proposed and conventional systems. The

TEMA type BFM
Shell diameter 2200 mm
Tube length 13 m

P
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optimum Ty, of the proposed system is expected to be below 310 °C to
elevate the ORC-SRC efficiency and storage capacity. Therefore the EPPs
will be further shortened if Ty, is optimized.

Given conditions:

+Same size of HTT and LTT (Varr & Vm)
+ Same design parameters of SRC (7, p, A, m)
</ + Same rated generating power of SRC (Wszc) :>
\ Y <+ Same storage capacity (fszc) // /

N

+ Same power output during discharge Y
(Wszc-tsze) §

" Proposed system V'S
) iuReference system

) 2

Comparison Results: “
+ Additional investment for the proposed

system (Cadd): Additional PTCs, IHX,
ORC turbine, ORC generator, P4
+ Normal efficiency: 42.90% V'S 38.06%

+ Power output during the rated mode:
" Worc-sze VS Wsze /

~

Fig. 15. Computational procedure of EPP.

Table 7
Annual electricity output in the rated mode and equivalent payback time.
Region Annual electricity Annual electricity Equivalent
output for the ORC- output for the indirect payback period
SRC ( x 10* kWh) system ( x 10* kWh) (years)
Phoenix 14561.181 12404.214 1.832
Sacramento 13921.013 11873.135 2.094
Cape Town 14408.357 12294.115 2.098
Canberra 15118.424 12909.918 2.153
Lhasa 12813.475 10920.277 2.165
Delingha 13558.375 11632.303 2.678

2200

mm

|

5 13

m

Fig. 14. Scheme of the IHX.
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Fig. 16. Different modes of the modified system.

6. Additional aspects

Notably, the proposed ORC-SRC system is also applicable for thermal
storage using molten salts by slight alteration. BDO mixture is still used
for heat carrier and ORC fluid. An extra buffer tank is essential to store
the BDO mixture. The two operating modes with molten salt storage are
graphed in Fig. 16. The ORC-SRC efficiency is the same as that of the
system in Fig. 2.

13

7. Conclusion

A novel DVG-CSP system combining cascade ORC-SRC with two-tank
storage structure is presented. The ORC is on top of a conventional SRC
and the high temperature vapor for the ORC is generated in the PTCs.
The BDO mixture is employed as the heat carrier and storage medium, as
well as the ORC working fluid. The system has two main operation
modes. In the nominal mode, the vapor in the HTT drives the ORC
turbine directly while the liquid, together with the exhaust heat released
by the ORC, drives the SRC. In the discharge process, the liquid in the
HTT flows into the LTT with a temperature drop of 81-121 °C, and the
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bottom SRC is driven by the released sensible heat. Following conclu-
sions are drawn.

1) There are good reasons for vapor generation of the BDO mixture in
the solar field. The boiling/condensing heat transfer technology
using the mixture up to 400 °C has reached a high level of maturity.
The potential of the mixture in the waste heat-driven ORC systems
has also been explored by both researchers and manufacturers, and
no technical barriers have been identified in the literature.
Contaminant prevention measures on the conventional oil-based CSP
systems are still applicable for the proposed system, and a long BDO
mixture lifespan is expected. No complicated control strategy is
needed for vapor generation as the mixture can leave the solar field
in either vapor or binary phase state and the power cycles in the
charge and discharge processes are decoupled.

From the thermodynamic aspects, the proposed system not only el-
evates the average heat absorption temperature in the collectors
(from 273 °C to 363 °C), but also guarantees stable power generation
under fluctuating irradiation conditions. Moreover, it can increase
the heat storage capacity considerably. The maximum temperature
drop (from 390 °C to 269 °C) is larger than that of conventional dual-
tank PTC-SRC systems (from 393 °C to 293 °C). It has an appreciably
higher power efficiency (42.90% vs. 38.06%). The water evaporation
temperature corresponding to the maximum cascade cycle efficiency
is 50 °C lower than that in conventional PTC-SRC systems (260 °C vs.
310 °C). The equivalent payback period related to the implementa-
tion of ORC is generally within 3 years in the territories with abun-
dant beam solar radiation resource. A shorter payback time is
achievable via optimization of the water evaporation temperature.
Though dual-tank thermal oil storage is demonstrated in this paper,
the improved efficiency, extended storage capacity and economic
advantages are applicable when dual-tank molten salt storage is
adopted.

2
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Nomenclature

A: aperture area, m
a: Baumann factor

C: cost, $/ coefficient
C,: basic cost

F,: pressure factor

h: enthalpy, kJ/kg

I: irradiance, W/m?
K: coefficient

15

Energy 282 (2023) 128963

M: mass, kg

m: mass flow rate, kg/s

p: pressure, MPa

P: pump

P: price, $

Q: heat, kW

s: specific entropy, kJ/(kg:-K)
S: entropy, kJ/K

T: temperature, °C

t: time duration, h

v: specific volume, m®/kg
W: work, kW

w: power output by 1 kg BDO mixture, kWh/kg
Y: yield, $

y: wetness

e device efficiency, %

n: efficiency, %

Abbreviation

BDO: biphenyl/diphenyl oxide mixture
CEPCI: Chemical Engineering Plant Cost Index
CF: closed feedwater

CSP: concentrated solar power

DSG: direct steam generation

DVG: direct vapor generation

EPP: equivalent payback period

HP: high-pressure

HTC: heat transfer coefficient

HTT: high temperature tank

IHX: internal heat exchanger

LP: low-pressure

LTT: low temperature tank

ORC: organic Rankine cycle

ORC-SRC: organic-steam Rankine cycle
OF: open feedwater

PTC: parabolic trough collector

SRC: steam Rankine cycle

Subscript

0,1,2 ...: number

a: ambient

add: additional

av: average

b: basic

BM: bare module

col: collectors

d: discharge

DN: direct normal

e: electricity

EHST: equivalent hot side
temperature:

eq: equivalent

g generator

HT: high-pressure turbine
in: inlet

LT: low-pressure turbine
min: minimum

out: outlet

OT: ORC turbine

P: Pump

rated: rated mode

ref: reference

s: isentropic

s h: superheated

sl: saturated liquid

st: standard

sv: saturated vapor
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