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ABSTRACT

A direct vapor generation solar power system using cascade steam-organic Rankine cycle and two-stage
oil tanks is proposed. It offers a significantly enlarged storage capacity due to the unique discharge
operation mode. Synthetic oil Therminol® VP-1 is used as the heat carrier and storage medium.
Compared with the direct steam generation system, the steam turbine inlet temperature is elevated from
270 °C to 311 °C. Thermodynamic analysis indicates that the optimal equivalent heat-to-power con-
version efficiency (7eq op) is 27.91% when benzene is used as the bottom fluid and the mass of oil is 1000
tonnes. 7, oy is raised by 7.72—11.60% for the selected four organic fluids as compared with the direct
steam generation type. The temperature drop of oil during discharge can reach about 280 °C. Economic
studies demonstrate that the proposed system is more cost-effective. Its equivalent payback period is less
than 5 years for a 10 MW system with 2000 tonnes of oil. Further investigation shows that it is also more
advantageous than a conventional thermal oil-based indirect solar power system due to the cost
reduction in heat storage.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Direct steam generation (DSG) is an effective method to reduce
the levelized electricity cost and irreversible losses of concentrated
solar power (CSP) plants. However, some inherent barriers must be
tackled before this technology is popularized and applied on a large
scale. These include expensive long-term storage [1] and compli-
cated control strategies due to flashing during the discharge pro-
cess [2]. The DSG systems using cascade steam-organic Rankine
cycle (SORC)/cascade organic Rankine cycle (CORC) and dual-tank
steam storage have considerable potential to solve or alleviate the
above challenges [3—5]. The schematic diagram of the SORC is
illustrated in Fig. 1. In normal working conditions, water in the low-
temperature accumulator (LTA) is heated and partially vaporized by
solar collectors. The saturated steam in the high-temperature
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accumulator (HTA) is used to drive the SORC, and the hot water is
stored in the HTA. Stable power conversion can be facilitated by
adjusting the mass flow of water from the LTA to HTA according to
solar radiation. During discharge, the stored hot water moves from
the HTA into LTA and the released heat is used only to drive the
bottom organic Rankine cycle (ORC). The storage capacity can be
remarkably elevated due to the unique two-tank structure. The
optimization of steam condensation temperature has been con-
ducted [6], followed by the impact study of a regenerator on the
system performance [7]. In the above systems, water acts as both
the heat transfer and storage medium, as well as the working fluid
of the top steam Rankine cycle (SRC) in Fig. 1. A high inlet tem-
perature of the steam turbine is more beneficial from the viewpoint
of power conversion. Nevertheless, the steam generation temper-
ature in the parabolic trough collectors (PTCs) of the DSG systems is
generally limited to 250 °C [4,5,7] or 270 °C [3,6] on account of the
following two reasons.

First, in terms of heat storage, storing steam at high temperature
and pressure leads to a surge in steel thickness and processing cost
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Fig. 1. DSG system using two-stage steam accumulators and SORC.

for the tanks. The steam pressure in the vessels is merely 4.5 MPa
for Planta Solar 10 and Planta Solar 20, and it is 5.5 MPa for Puerto
Errado 1 and Puerto Errado 2 [3,8]. The corresponding saturation
temperature is 257 °C and 270 °C, respectively. The saturation
pressure will rise significantly at higher temperatures. For example,
it is 6.9 MPa at 285 °C and 8.6 MPa at 300 °C.

Second, in terms of heat collection, the sealability between the
glass sleeve and the metallic absorber tubes, and the interconnec-
tion reliability between the collectors and tubes cannot be guar-
anteed at high temperature and pressure [9]. The thickness of the
metallic absorber tubes produced by the major manufacturers
worldwide is generally 2 mm and the bearing capacity is limited to
4 MPa [10,11]. For instance, the PTCs of the 5 MW Thai Solar Energy
1 produce 3 MPa live steam [12]. The 2 MW Stillwater GeoSolar
Hybrid Plant uses demineralized water as heat transfer fluid [13],
and the pressure is 310 psi (about 2.1 MPa) [14]. Although there are
exceptions: the produced steam was at 7 MPa/410 °C and 10 MPa/
400 °C respectively in the demonstration DSG projects of INDITEP
[15] and DISS [16]. The absorber tubes were specially designed with
an inner/outer diameter of 0.055/0.07 m and a thickness of 7.5 mm
[15] and 10 mm [16] respectively, which inevitably resulted in huge
steel costs and fabrication expenses. These specially designed tubes
were no longer used in the subsequent DSG projects.

The selection of appropriate heat transfer and storage medium
emerges as a key issue in CSP plants. A typical synthetic oil Ther-
minol® VP-1 (composed of 26.5% biphenyl and 73.5% diphenyl
oxide) has been adopted in SEGS II ~ IX for decades [8]. Its satu-
ration pressure is merely 1.09 MPa at 400 °C [17]. The design
pressure at the solar field inlet has been set at 2.5 MPa to avoid
evaporation at the outlet [18]. It combines exceptional thermal
stability and low viscosity for efficient, dependable, uniform per-
formance in a wide use range of 12 °C—400 °C, and can be utilized

as aliquid or boiling-condensing heat transfer medium up to 400 °C
[19].

If the synthetic oil is in place of water in the DSG systems for
heat transfer and storage, the technical defects associated with
high-pressure steam can be resolved owing to the extremely low
pressure of oils. On this basis, a direct vapor generation (DVG)
system using two-stage oil tanks and SORC is proposed as exhibited
in Fig. 2. To the best knowledge of the authors, it is the first time
that the oil-based dual tanks have been combined with the SORC
for CSP application. Unlike the thermal oil of a conventional CSP
system in liquid state, the oil in the proposed system is vaporized in
the solar field. The oil acts as both heat carrier and storage fluid,
while water is still utilized for power generation in the top SRC.

The proposed DVG-SORC system has a few clear advantages.
First, compared with the DSG-SORC [3] or DSG-CORC system [5], it
has a higher thermal efficiency due to a higher evaporation tem-
perature of the top SRC. The pressure-bearing problems in both the
accumulators and the absorber tubes are greatly alleviated. The life
expectancy of the tubes will be longer and the initial investment in
the tanks will be smaller. Second, it can offer more efficient heat
collection than a conventional PTC system using synthetic oil. The
collectors benefit from constant temperature and a high heat
transfer coefficient in the binary-phase region as the oil evaporates
directly in PTCs. Third, in the discharge process the oil is employed
to drive the bottom ORC and the temperature difference between
the HTA and LTA can be significantly increased, leading to a larger
storage capacity at a given mass of oil. Fourth, the problems of high
condensation temperature, limited storage capacity and fluctuant
vapor generation rate inhered in DVG-ORC systems with single-
tank configuration [2,20—23] are also eliminated.

The operating principles and characteristics of the proposed
DVG-SORC system are elaborated. Mathematical models are built.
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Fig. 2. DVG system using two-tank oil storage and SORC.

Thermodynamic analysis on two typical modes is conducted, fol-
lowed by an economic performance assessment. A comparison
with the DSG-SORC and conventional thermal oil solar systems is
made.

2. System description

Fig. 2 shows the schematic diagram of the DVG-SORC system. It
consists of three loops: the left oil cycle in blue, the top SRC in
magenta and the bottom ORC in green. The oil cycle is composed of
PTCs, HTA, LTA, heat exchanger 3 (HX3), pumps (P3 and P4). The top
SRC mainly comprises a steam turbine, condenser (HX2), and a
water pump (P1). The evaporator for the top SRC is a coiled pipe
heat exchanger (i.e., HX1) placed inside the HTA. The bottom ORC
includes an ORC dry turbine, condenser (HX4), and an organic fluid
pump (P2).

Depending on the direct normal solar irradiance (Ipy), the sys-
tem can operate in several modes. Two main modes are marked in
red lines in Fig. 3 and the operating fundamentals are described as
follows.

Fig. 4 shows the power output of the proposed system
throughout a typical day. Stable power conversion over a wide
range of solar radiation is guaranteed. When the solar radiation is
higher than 400 W/m?, the vapor generation rate is constant while
the residual solar heat is stored in the HTA. At weaker solar radi-
ation, the system uses the bottom ORC for power conversion with a
constant output. Thanks to the decoupled power cycles in the
charge and discharge modes, it overcomes the challenges of con-
ventional DSG systems under fluctuating radiation.

3. Mathematical models
3.1. Thermodynamics

3.1.1. Solar field

The solar heat collection is simulated by the System Advisor
Model (SAM) software, which is developed by National Renewable
Energy Laboratory [24].

PTC efficiency (nprc) is defined as the optical efficiency ()
minus an efficiency penalty term (7., ) representing heat loss [24]:

Lquoss,au
Aprc+Ipn

(1)

Nprc = Nopt — Moss = KMopr.o —

where K denotes the dependency of 7, on the incidence angle;

Nopt,0 1S the peak optical efficiency when the incidence angle is zero;

L is the length of receivers (m); qjoss o, i the average heat loss from

evacuated tube receivers (W/m); Aprc is the aperture area (m?).
Qloss,av 1S €valuated by Ref. [24]:

Tin + Tour — T
mmm:%+%ﬁﬁﬂ%+%ﬁﬁ%lLﬁggi
2 2
. Tl% + Tin* Tour + Tgut ta (Tin + Tout) (Tin + Tout)

+(ay + a4lpnK) 3 3 y)

(2)

where qq ... ag are the heat loss coefficients; vy, is the wind speed
(m/s); Ti, and Ty are the inlet and outlet temperatures of PTCs
(°C); Tq is the ambient temperature (°C).
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Fig. 3. Flow diagrams for two typical modes: (a) Mode 1; (b) Mode 2. (a) Mode 1 Mode 1: Simultaneous heat collection and SORC power conversion. It is assumed that when Ipy in
the design condition is 400 W/m?, the solar heat gain equals the rated heat input of the SORC. The system operates in Mode 1 when Ipy >400 W/m?. Power is produced through
SORC. All the pumps are operational. V1-V5, V9 and V10 are open. Liquid oil leaving LTA is heated and partially vaporized in PTCs. It is in a binary phase state at the HTA inlet (point
10) and the function of P4 is to control its dryness depending on Ipy. The binary phase oil is the mixture of saturated vapor with a constant flow rate and saturated liquid with a
variable flow rate. The former evaporates the water in the coiled pipe of HX1 and the produced saturated steam is used to drive the SORC, while the latter is stored in HTA with the
condensed liquid. (b) Mode 2. Mode 2: Heat discharge. V6—V8 and TV are open. P2 is operational. The dissipated hot oil in HTA flows into LTA via HX3, and the released heat is used

only to drive the bottom ORC.
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Fig. 4. Variations of direct normal irradiance and operation modes throughout the day.

The collectors consist of liquid and binary phase regions. The
collector outlet can be a steam-liquid mixture of different dryness
with the variation of Ipy, and npyc will change accordingly. The
collector efficiency in liquid phase region (npyc ;) is appraised by

_ Mgy 4hy
MeTC, 1= A (3)

where m,; is the mass flow rate of the oil.
The actual overall collector efficiency is

re =& = QU+ QMo Ay + ity - hy
PIC Ion-A ™ Ipn- (A + Ap) Mgy ARy Mgy 4hy
Nprc, 1 Nperc, b
Ahl+Ahb
= Tk 4 4, (4)
Mere, 1 Mprc, b

where 4h; and 4h,, are the enthalpy increments of the oil in liquid
phase and binary phase regions. The specific parameters and the
corresponding default values are indexed in Table 1.

K is calculated by Ref. [24]:

Co €os 0 + c10 + 6202
cos 0

Kprc = IAMpyc cos 6 = min| 1, cosfd (5)

where IAMprc represents the incidence angle modifier; 4 is the
incidence angle (°) and its calculation procedure can be referred to

Table 1

Specific parameters of PTCs in SAM [24].
Term PTCs
Receiver length, L 150 m
Aperture area, A 817.5 m?
Optical efficiency, nop 76.77%
Heat loss coefficient, Cy 4.05
Heat loss coefficient, C; 0.247
Heat loss coefficient, C; —0.00146
Heat loss coefficient, C3 5.65e-06
Heat loss coefficient, Cy4 7.62e-08

Heat loss coefficient, Cs -1.7
Heat loss coefficient, Cg 0.0125
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the author's previous work [3,7]; ¢g, ¢; and ¢, are the incidence
angle coefficients.

3.1.2. Turbines
The work generated by the wet steam and ORC dry turbines is
determined by

Wer =Tispe (b — hy) = Mispc (hy — hos)est (6)

Wor = Tigrc (hs — hg) =morc (hs — hes)eor (7)

where e and egr are respectively the isentropic efficiencies of the
wet steam and ORC dry turbines. ot is a constant because the ORC
turbine is operated without liquid droplets. g7 is associated with
steam wetness, as described by the Baumann rule [25].

est = est sh(1 — Way) (8)

Yav=1+Y2)/2 (9)

where &7 g is the reference isentropic efficiency assuming that the
turbine works with superheated steam; a is the Baumann factor,
which usually ranges from 0.4 to 2.0 [26]; ¥; and y, are the main
steam and exhaust steam wetness, respectively.

Given the main steam and steam condensation temperature, hq,
hys and y; are determined. y, can be derived by combining Eqs. (8)-
9)

_hy—hy  hi—[y2hy 1+ (1 -y2)hy,]
ST Ry —hys hy — hyg (10)
The result is
3 2 — hi —hy)—2(hi1—h
Vs _estsh(2 — ay1) (g — hos) (hy —hy,) (11

estsh@(hy — hys) — 2(hyy — hy,)

where h, j and h; , are the saturated liquid and vapor enthalpy at T,
separately.

3.1.3. Heat exchangers
The heat balance in HX2 and HX3 is determined by

Msrc(hy —h3) =mogc(h11 — h1a) (12)

My (hs — hg) =Morc(h11 — h14) (13)

The minimum temperature difference (4T;,;,) of HX3 may occur
at two places:

1) If 4T,;;;, takes place at the pinch point, then the heat balance in
the binary phase region is determined by

Myl (hs - hoil,pinch) =pgrc (h11 — 1)) (14)
where Ry pincy is the pinch point enthalpy of oil at the temperature
of (T11 + ATpin); hqq, is the saturated liquid enthalpy of organic
fluid at T1q.-

2) If AT,;;, occurs at the oil outlet, then Tg is obtained by

Ts =Ti4 + ATpin (15)

3.1.4. Pumps
The work consumed by P1 and P2 is calculated by
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Wp1 =Mispc(hq — h3) = Mspc(has — h3) / ep (16)

Wpp =Torc(h14 — hy3) =morc(hi4s — h13) / ep (17)

where ¢p is the pump isentropic efficiency.

The oil flows from HTA to LTA continuously in the discharge
process to drive the ORC. For further circulation, it is necessary to
pump back the oil into HTA to supplement the diminishing mass.
The required power is defined as

Wp3 = Mlg;(hg — hg) = Mg (hos — hg) / ep (18)

3.1.5. Thermodynamic states of the oil

The thermophysical properties of synthetic oil Therminol® VP-1
cannot be acquired from REFPROP, but its saturated state parame-
ters at intervals of 10 °C can be obtained from a supplier Eastman
Corp [17]. The parameters in saturated state at any temperature
(like T, p, h, v) can be calculated by linear interpolation. The
enthalpy values of unsaturated states can be derived from the
thermodynamic differential equation

v_r(g_;)p]ap (19)

The saturated enthalpy hs can be calculated by linear interpo-
lation (hs = 603.78 k]/kg). The pressure drop in all HXs is negligible.
hoit pinch can be deduced by integrating Eq. (19).

dh =cpdT +

Ts
hS - huil,pinch = J CPdT (20)

Toil.pinch

where ¢, is the subcooled specific heat capacity. ¢, in each degree
Celsius integral interval can be approximately replaced by the
average of the initial and final saturated liquid specific heat
capacities.

hg can be obtained according to Eq. (14) if 4T, takes place at
the pinch point of HX3. Analogously, given the enthalpy variation,
unsaturated temperatures can also be acquired from Eq. (19). T can
be deduced by

Ts
hs — hg — Jcpdr 1)
Ts

Most ORC fluids at a liquid state are not compressible, and most
of the heat is taken out by the condensation process [27]. Therefore,

hgs = hg + vg(pgs — Pg) (22)

where pgs = pg = p19 = 0.3461 MPa (p;9 can be derived from Ty by
linear interpolation and Tig = T; + 4Ty;,). The parameters of
saturation state hg, vg and pg can be obtained by linear interpola-
tion as well.

3.1.6. Normal operation performance

Thermal efficiencies of the SRC, ORC and SORC are expressed by
Wsre _ Wsreg — Wpy (23)
Msgc(hy — ha)  Mispe(hy — ha)

Nsrc =
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_ Worc __ Woreg — Wp) 24
lore Morc(h11 — h1a)  Morc(h11 — h1a) (24)
WsoRrc Wsre + Wore
[ =— 25
TISORC = tiisre(hy — ha)  tiisgc(hy — ha) (25)

where ¢ is the generator efficiency.

3.1.7. Heat discharge performance

3.1.7.1. Operating time of the bottom ORC. For a certain amount of

storage oil, the operating time of Mode 2 (togc, i.e., the storage

capacity) is defined as
Moil

tORC =

26
My ( )

where M,; is the mass of stored oil; m,; is derived from Eqgs. (13)
and (14).

3.1.7.2. Annual power output during discharge. Annual power
output during discharge (Wpy 4) is calculated as

Wy a =365-torc*Wore d (27)

Worc,d =Woreg — (Wpp + Wps3) (28)

3.1.7.3. Bottom ORC efficiency. The bottom ORC efficiency during
the discharge process (npgc ¢) is determined as

Mokc. d— Worcd _ Woreg — (Wpp + Wp3) (29)
ORC 4 morc(h11 — hia)  More(h11 — hig)

Nore, 4 1S slightly lower than nogc as expressed by Eq. (24) owing to
the consumption of wp3. The reason that wps shall be taken into
account in ngpe ¢ but not in nege has been clarified [5].

3.1.8. Equivalent heat-to-power conversion efficiency
The equivalent heat-to-power conversion efficiency (7,4) com-

bines the efficiencies in the two modes [6]. It is appraised by

_ Wiotal tsorcWsore + torRcWorc d

= = _ . 30
" Qo1 tsorc*Mpc(h1 — ha) + tore *More(hs — hg) (30)

where tsogc is the operating time of SORC and it is determined by
the duration of irradiation. 7., comprehensively reflects the SORC
system performance. From the viewpoint of thermodynamics, 7,
indicates how effectively the absorbed solar energy, including that
stored in HTA, is converted into electricity.

3.2. Thermo-economics

An evaluation of the cost and payback time of the entire system
is not conducted due to its complexity. Instead, the economic ad-
vantages of the proposed system will be revealed as compared with
the system in Fig. 1. The DVG-SORC system can facilitate excess
power generation per year at the expense of additional investment.
An equivalent payback period (EPP) is defined as

_ Cadd
EPP = =44 (31)

where C,yy is the extra cost, which includes supplementary
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investments in PTCs, accumulators, HX3 and the oil. Y is the excess
annual yield.

For the convenience of comparison, the runtime of the rated
mode (tsorc) for both systems is 8 h Y consists of the output dif-
ference under both modes. Determining the EPP is reasonable by

ACPTC + ACaccumulutor + CHXB + Coil

EPP =
(Ypve, rated — Ypsc, rated) + (Ypve, d — Ypsc, d)

(32)

Each term in Eq. (32) is explained as follows.

3.2.1. Supplementary investments in PTCs (4Cprc)
The aggregate aperture area includes the area required by the
two modes. Accordingly, 4Cprc is divided into two parts.

ACprc =Pprc » AA=Ppre+ |
X (Apva, rated — Aps, rated) + (Apvc, d — Apsc, d) ] (33)

where Ppyc is the PTC price. A is the required PTC area.
Apyg is individually expressed by

tsorc*igc (M1 — hyg) (34)
ts.st*Ipn, st*"prC, DVG

ADVG , rated =

Myp_1+(hs — hg) (35)
ts, st*IpN, st*pTC, 1, DVG

Apvg, d=

where t; 5 is the standard sunshine duration (h); Ipy & is the
standard direct normal solar irradiance (kW/m?) and Nprc, pye 1S the
PTC efficiency corresponding to the optimal 7.

3.2.2. Supplementary investments in accumulators((+ Coccumulator)

The design of accumulators refers to the Boiler and Pressure
Vessel Code of American Society of Mechanical Engineers [28]. A
typical low alloy steel Q345R is exemplified. As large pressure
vessels have a cost in approximate proportion to the vessel weight
[29], the material cost of an accumulator is

-9
Caccumulator = Csteel = PsteelMsteel = Psteelpsteelvsteel x 10 (36)

where Cg., is the steel cost and Py, is the steel price. A cylinder
vessel is commonly adopted and the total volume of steel (V) is a
function of the inner diameter (D;), thickness (¢) and height (H) of
the vessel.

All the accumulators can be divided into two categories:
external and internal pressure vessels. The former is characterized
by a higher outer wall pressure than the inner wall pressure, and
the latter is the opposite.

3.2.2.1. External pressure vessel. The wall thickness of the cylinder
dOcy is [30].

6cy 3
Per=2.2E (D_o) (37)

where E is the elasticity modulus. D, is the outer diameter. p is the
critical pressure and the relationship between p. and the design
pressure p is [31].

Der
p < 3 (38)

The length of the cylinder L¢y, can be figured out by the vessel
volume
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vsteelzw = Tr(Do — zacy)z‘Lcy‘1076 (39)
PaTip,

A cylinder vessel generally has two elliptical heads at the top
and the bottom. The standard ratio of the half-long axis to the half-
short axis of an ellipse is 2:1. The thickness of the head 0deqq is
regulated by [32].

Opead =3-46R, \/Ig (40)

where Ry is the equivalent outer radius of the spherical shell. For a
standard ellipsoidal head, Ry = 0.9D,.

Energy 257 (2022) 124776

Hey

Fig. 5. Horizontal placement of cylinder accumulator.

[33]. p for the horizontal disposition is

_ _ 109
The material mass used for the elliptical head is defined as [33]. P=Ps+Pg =DPs+ pwgDi-10 (46)
Diz 5 2 2 -9
Mhead = PsteeTOhead | 5~ + gDi%head +30head” + (Di + Oneaa)thead | + 10 (41)

where hy,,q is the edge height of the head (mm) and is regulated by
the standard [34].
The material mass required for the cylinder is [33].

MQ/ = 71'(3Cy (Di + 6Cy)LCypsteel -107° (42)
The total material mass for the vessel is

Migee :Mcy + 2Mpeqq (43)

3.2.2.2. Internal pressure vessel. ¢y of an internal pressure vessel is
also correlated with p [35].

pD;

ETCET )

o

where @ is the welding coefficient. [¢]" is the permissible stress, as
posted in Table 2.
Opead 1S expressed by

pD;

2[0)'@ — 0.5p (45)

6head =

p is the sum of the saturation pressure of water at the design
temperature (ps) and the static pressure caused by gravity (pg). The
accumulator can be laid in a vertical or horizontal way. But the
horizontal layout in Fig. 5 appears to save more material of steel

Table 2
Permissible stress for Q345R [33], unit: MPa.

Standard Thickness (mm) Temperature (°C)
200 250 300 350 400 450
GB 713 3-16 183 167 153 143 125 66
>16-36 170 157 143 133 125 66
>36-60 160 147 133 123 117 66
>60-100 150 137 123 117 110 66
>100-150 147 133 120 113 107 66

>150-200 143 130 117 110 103 66

3.2.3. Cost of HX3 (Cpx3)
The purchased cost of HX is [36].

loglon =Ki +K>log10S + K3 (log105)2 (47)

where G, is a basic cost concerning with the HX area S. Considering
the specific material of the construction and operating pressure, the
bare module cost for HX should be corrected as [36].

Cpm = Cp(By + BaFumFp) (48)

Cgy is the corrected cost, Fy is the material correction factor, and Fp
is a measure that reflects the pressure factor, which is appraised by
[36].

log 10Fp = C1 + Calog 19(10p — 1) + C3[log 19(10p — 1)} (49)

K1, K5, K3, By, By, C1, C; and C3 are coefficients for the cost
evaluation of components. The values are listed in Table 3. Since the
unit in the parentheses of the second term in the right-hand side of
Eq. (49) is gage pressure in bar, a transformation from MPa to bar is
thus needed to fit the equation request.

The actual cost of 2018 needs to be converted from that of 2001
by introducing the Chemical Engineering Plant Cost Index (CEPCI)
[38].

Crix3 = Com, 2018 = Cam, 2001 * CEPClag18 / CEPCly001 (50)
where CEPCl»p01 = 397, CEPClyg13= 648.7.

3.2.4. Cost of oil (Cyy)
Coir is 2.2 $/kg [39,40].

3.2.5. Excess annual yield (Y)
Ypyc is individually expressed by

YDVG, rated = P+ WDVG, rated

8760 (51)
= Pefisopc* Y _, <7IPTC * Ipn * Apvc, rated )
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Table 3
Values of constants [37].
Coefficient K, K> K3 Cq C, Cs B B, Fy
Value 43247 —0.3030 0.1634 0.0388 —0.11272 0.08183 1.63 1.66 1.40
. 30 — T ; — . 30
YDVG. = Pe . WDVC. d= Pe torc 'WORC,d 365 (52) —8— 77opc for benzene  (—W— 77, for MM
' ' —8— 1), for toluene —— spc e
where P, is the electricity price. Wpy¢. sorc is the annual electricity 25 & ToncTorcyclohexaney It -y, . W"" 425 &
. . . . d Q
output in Mode 1. ngpgc is the SORC efficiency corresponding to the = GO ' .g
optimum 7. (7eq op)- The meaning of 7,4 o, Will be explained in §20 ; 2 =)
Sec_tlon 41. Nprc s the hou_rly PTC efﬁc1§ncy ina typlcfal meteoro- 2 § £
logical year. Given the quality of stored oil, Ypy¢ 4 remains constant g H 8
. o H 7]
for different areas. S5t : J15 %
o T 7]
= : 6
4. Results and discussion g : m £
o 10 | f 410 ©
2 ;
Higher main steam inlet temperature and pressure lead to a : §
higher heat-to-power conversion efficiency but greater technical 51 : 45 8
challenges and more investment cost of steam turbines. The power : 5
blocks of the current PTC plants using thermal oils have main steam : . : . P '
temperat.ure and pressure of 380 °C/10 MPa (th? correl.‘flted water . 50 100 150 200 250 300 3500
evaporation temperature is 311 °C) and the major turbine manu- T, (C)
facturers are Siemens and Man-Turbo [1,8]. In light of this, the inlet
steam pressure (p) and temperature (T7) are selected as 10 MPa Fig. 6. Variation of steam turbine exhaust wetness, ORC and SRC efficiencies.

and 311 °C respectively. Other specific parameters are posted in
Table 4. Besides, the following assumptions are made. Saturated
steam/vapor is assumed at the turbine inlets. Only subcritical cycles 32 —
are considered. The oil in both HTA and LTA is at the saturated state
of vapor-liquid coexistence. The mass of stored oil/water (M,;;/ Mw)

—&— ngopc for cyclohexane
V— 7sorc for MM

is divided into three levels: 1000, 1500 and 2000 tonnes. Four 30F Al
widely investigated and adopted fluids are selected: benzene @
[3,5,6], toluene [5,45,46], cyclohexane [5,47,48] and hexame- °~>: - 182
thyldisiloxane (MM) [5,49,50]. 2

é —— 75opc for benzene
4.1. Performance of the DVG-SORC system 0 6| oo

2

2

Variations of the top and bottom cycle efficiencies, steam tur-

1
-2
[

1
[
(=]
Isentropic efficiency of steam turbine(%)

. . . . . — £ :
bine exhaust wetness (y,) and isentropic efficiency (esr) in Mode 1 24 - & ;
are graphed in Figs. 6 and 7. ngg decreases linearly while nggc rises : 0
monotonically with the increment of steam condensation -
1 " 1 1 " 1 " i 1 > 1 " 74
Table 4 50 100 150 200 250 300 350
Specific parameters for calculation. T (C)
Term Value
Rated power output of SORC, Wret [3] 10 MW Fig. 7. Efficiencies of SORC and steam turbine.
Reference efficiency of superheated steam turbine, esr 5, [6]  0.85
Inlet pressure of steam turbine, p; [1,8] 10 MPa
Baumann factor, a [26] 1 temperature (T). In contrast, ngogc exhibits parabolic variation.
ORC turbine efficiency, eor [5,6] 085 Nsorc.max 15 31.54%, 31.41%, 30.97% and 29.42% for benzene, toluene,
Pump efficiency, ep [5,6] 08 cyclohexane and MM. Higher T, is more favorable to steam turbine
Generator efficiency, ¢ [3,5,6] 0.95 .
Runtime of SORC (i.e., duration time of radiation), tsorc [5,6] 8 h performance because y, falls down and esr increases as T, elevates.
Wind speed, vy [3,5,6] 5m/s The reference superheated steam turbine efficiency (esy ) of 85% is
Standard direct normal solar irradiation, Ipy, st [3] 0.8 kW/m? achieved when y, = 0 (The corresponding T, is 311 °C). Generally,
grgcblceo“;;:gsgg&g'g;g‘é r[:tﬁle T 15.6] ;g E ¥, should not be higher than 14% to ensure the reliable operation of
Minimum temperature differen'ce,ltlTn;,-,, 13,5.6] 10 °C wet steam turbines [6,51]. The two dot dash lines denote y, of 14%,
Density of steel, pyee [41] 7850 kg/m? which correspond to T, of 230 °C and egr of 79.05%. Bearing this in
Elasticity modulus for Q345R, E [41] 206 x 10° MPa mind, sorc max Might be impractical and only the data in the right
Edge height of head, fipeqq [34] 25 mm parts of the dotted lines is reasonable.
\[:\:Sgg‘fgpfr(’c‘jfg::?;g][3 3 ?fo $/m? Discharge duration (togc) at variable mass of stored oil (M,;) is
Price of steel, Psee [3,43] 0576 $/ke presented in Fig. 8. Similar to those in Fig. 7, peak values of topc fall
Price of electricity, Pe [3,44] 0.184 $/kWh on the left half of the dotted line and are not preferable. Given T, of
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—&—benzene, M,
—e—toluene, M,;=1000 tonnes
|—&—cyclohexane, M,;=1000 tonnes
—v—MM, M_,;=1000 tonnes
—&—benzene, M ,;=1500 tonnes
—<—toluene, M,,~1500 tonnes
—>»—cyclohexane, M;=1500 tonnes
—e—MM, M,,~=1500 tonnes
—k—benzene, M,,=2000 tonnes
—&—toluene, M,;~2000 tonnes
—a—cyclohexane, M,;=2000 tonnes

——MM, M _=2000 tonnes

oil

;~1000 tonnes

50 100 150 200
T, (C)

250 300 350

Fig. 8. Discharge duration at different M,;.

230 °C, togpc ranges from approximately 4 h—10 h when M,; is
between 1000 tonnes and 2000 tonnes. Given M,; and T, > 230°C,
the longest togc is obtained with cyclohexane, followed by benzene
and toluene.

Particularly, the three curves with benzene have steep in-
crements near 300 °C. The reason is that the latent heat (hy; —hyq )
of benzene decreases sharply when approaching its critical tem-
perature of 288.87 °C. For instance, (h1q —hyq ) drops from 60.35 k]/
kg to 44.81 KkJ/kg when the ORC evaporation temperature (T7q)
climbs from 287 °C to 288 °C (the related T, increases from 297 °C
to 298 °C). While the increase in mogc and hyj pincn is respectively

) [
(=2 =3
T T

()
=
T

o4
=3
T

Equivalent heat—to—pgwer efficiency (%)
o0 [\

(=)}
T

=

1.03 kg/s and 2.17 kJ/kg, which is limited. Meanwhile, Ty, is 321 °C
in view of the 4T,;;; in HTA. Given hs of 161.69 kJ/kg, m,; declines
noticeably according to Eq (14). togc is inversely proportional to m,;
when M,; is constant according to Eq (26). Therefore, togc rises
dramatically.

The equivalent heat-to-power efficiency (7,) at different M, is
illustrated in Fig. 9. Less M,; corresponds to smaller storage ca-
pacity (torc) but higher n,,. The reasons are as follows: as tsorc is
fixed at 8 h and ORC efficiency during discharge (ngrcq) is lower
than 7ngore, Nsore IS dominant in 7., when tore < tsorc- It can be
inferred that 7., equals nsorc When topc = 0 and 74 equals nore g
when topc = co. Given My, nq for benzene is marginally higher

—&—benzene, M,,=1000 tonnes
—e—toluene, M,,~1000 tonnes

o

—aA—cyclohexane, M,;=1000 tonnes
—v—MM, M,;~1000 tonnes
—~&—benzene, M,,~=1500 tonnes
—<—toluene, M,,=1500 tonnes

—>»—cyclohexane, M,;=1500 tonnes

il

——MM, M .=1500 tonnes

oil

—=k—benzene, M .=2000 tonnes

oil

—=#—toluene, M,,=2000 tonnes
—a—cyclohexane, M,;=2000 tonnes
——MM, M,;=2000 tonnes

oil

50 100 150 200

T,(C)

250 300 350

Fig. 9. Equivalent heat-to-power efficiency at different M.
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Fig. 10. Heat transfer during Modes 1 and 2 for different ORC fluids when M,; = 1500 tonnes: (a) benzene; (b) toluene; (c) cyclohexane; (d) MM.

than that for toluene, and they are appreciably higher than those
with cyclohexane and MM.

Notably, T, corresponding to 7eq max (T2,max) falls in the right part
of the dotted line for benzene and toluene, which is contrary to the
results for the remaining two fluids. The optimum 7eq (1eg,opt) 1S
defined as the peak 7,4 taking into account the constraint that y, <
14%. Neq opt = Negmax fOr benzene and toluene, while 74 opr < Teq.max
for cyclohexane and MM.

The heat transfer characteristics in HX2 and HX3 at 7,4 o, are
exhibited in Fig. 10. M,; of 1500 tonnes is exemplified. The evap-
orator for the bottom ORC is HX2 in Mode 1 and it is switched to
HX3 during Mode 2. Since the thermodynamic parameters and
mass flow rate of the bottom ORC stay unchanged, the T-Q curves of
the four fluids remain constant in various modes. In particular, the
minimum temperature difference (6T;,;,) takes place at the pinch
point for benzene and toluene, while it occurs at the ORC fluid inlet
for cyclohexane and MM in HX3.

4.2. Thermodynamic performance comparison with the DSG-SORC
system

Design parameters corresponding to 7eq,p; are displayed in

10

Table 5. The maximum 7 o, is 27.91% for benzene at M,; = 1000
tonnes and the minimum is 20.69% for MM at M,;; = 2000 tonnes.
As explained previously, Ty for g o5 (T2,0pr) €xceeds 230 °C for
benzene and toluene, while T, ,,c = 230 °C for cyclohexane and
MM. The LTA temperature (T;74) with benzene and toluene as the
ORC fluid is considerably higher than that with cyclohexane and
MM. The reason can be illustrated by the location of 4T,;;, in Fig. 10,
and simultaneously Ty = Tg.

The related parameters for the DSG-SORC system are listed in
Table 6. The mainstream inlet temperature and HTA temperature
are 270 °C. Other device efficiencies and fixed parameters are the
same as those listed in Table 4. 7, o Varies from 18.54% to 25.75%
for the DSG-SORC system. The relative improvement of 7eg o 1S
7.72—11.60% by replacing water with oil as the heat carrier and
storage fluid. The remaining indicators (nsogrc, More: Nore,a a0d Nsge)
are elevated appreciably except for MM. It is worth noting that y, is
less than 14% for the four fluids, which manifests 7eq opr = Neq,max
and T, opt = T> max in the case of DSG-SORC.

Compared with the DSG solution, T;74 in the DVG scheme is
dramatically reduced by 66—104 °C except for MM. Given Tyys of
321 °C, the temperature drop between the two accumulators rea-
ches 200—280 °C (117—155 °C greater than that of the DSG type). A
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Table 5
Design parameters corresponding to 7eq opr When y, < 14% for the DVG-SORC system.
ORC fluids M, (tonne) Teg.opt (%) TNsorc (%) TNorc (%) Norc.a (%) Nsrc (%) T2 opt (°C) ¥2 (%) Ti1a (°C) torc (h)
Benzene 1000 27.91 30.25 23.50 23.42 8.94 231 13.90 67.81 450
1500 27.32 29.63 24.19 24.07 7.30 247 12.33 84.56 6.14
2000 26.94 29.19 24.56 24.42 6.25 257 11.17 95.42 7.65
Toluene 1000 27.75 29.97 2331 23.17 8.84 232 13.81 80.50 428
1500 27.17 2936 23.99 23.84 7.20 248 12.22 102.44 5.67
2000 26.82 28.83 2443 24.26 5.93 260 10.79 122.19 6.74
Cyclo 1000 26.26 28.70 21.74 21.63 9.04 230 13.99 40.89 4.68
-hexane 1500 25.57 28.70 21.74 21.63 9.04 230 13.99 40.89 7.02
2000 25.07 28.70 21.74 21.63 9.04 230 13.99 40.89 9.36
1000 21.92 24.25 16.81 16.72 9.04 230 13.99 40.64 3.96
MM 1500 21.23 2425 16.81 16.72 9.04 230 13.99 40.64 5.93
2000 20.69 2425 16.81 16.72 9.04 230 13.99 40.64 7.91
Table 6
Design parameters corresponding to 7eq opr When y, < 14% for the DSG-SORC system.
ORC fluids My (tonne) TNeg.opt (%) Nsorc (%) Norc (%) Norc.a (%) Nsre (%) T3 0pt (°C) ¥z (%) Tyra (°C) togc (h)
Benzene 1000 25.75 27.55 23.41 21.99 5.49 229 6.70 161.06 4.08
1500 25.26 27.02 23.86 2225 422 239 5.34 181.26 4.88
2000 25.01 26.56 24.19 22.48 3.17 247 419 199.79 5.07
1000 25.55 27.42 23.07 21.65 5.74 227 6.95 161.17 4.07
Toluene 1500 25.07 26.74 23.66 21.96 4.10 240 5.23 187.93 448
2000 24.77 26.26 23.99 22.06 3.05 248 4.03 206.81 4.53
Cyclo -hexane 1000 24.10 26.87 21.07 20.05 7.45 213 8.55 106.93 5.94
1500 23.47 26.06 21.63 20.46 5.74 227 6.95 130.90 7.30
2000 23.09 25.75 21.81 20.56 5.12 232 6.32 141.11 8.89
1000 2033 26.09 14.78 14.05 13.40 161 13.13 40.18 8.54
MM 1500 19.21 25.05 15.51 14.78 11.40 179 11.73 40.26 12.00
2000 18.54 24.19 15.94 15.21 9.92 192 10.61 4033 15.18
larger temperature difference is desirable for improving the storage 150 £ 1 69.0 - 40
capacity. Besides, T;74 on the use of cyclohexane in Table 6 far ex- s B %z't‘it?nz;the cylinder .
o o Feir 4685
ceeds the ORC fluid inlet temperaFure of 30.8 C: For the DSG—SORC, - n e i iimee /
ATin usually occurs at the fluid's pinch point. Finally, togc is g - Z4680930.2
<
extended by 0.42—2.58 h for benzene and 0.21—2.21 h for toluene. Bloo - g =
A larger mass of storage medium leads to a more appreciable _i = S E
extension. But togc is shortened by 0.28—7.27 h for cyclohexane and 2 5 d670 720
. . = = T
MM. It indicates that the DVG has an adverse effect on the SORC b /' s )
storage capacity by using these two fluids. 808 \-><. ] 00 k
= » il - 10
& /.><. -\.\ 66.0
4.3. Thermo-economic performance comparison between the two -—" \-\_ om0 ]
b i
systems o Rl 1o
1 1 1 1 (750

In this section, benzene is employed as the ORC fluid in both
systems. The design parameters in accordance with 74 o, When
the stored mass is 1500 and 2000 tonnes are exemplified.

4.3.1. Cost of the accumulators

Take the LTA at M,; = 1500 tonnes as an instance. It is an
external pressure vessel. Variations of total mass of steel (M),
length of the cylinder (Ly), and length-diameter ratio with the
outer diameter (D,) are depicted in Fig. 11. Lgy could be extremely
high at low D,. There will be great difficulty in fabricating and
transporting such a vessel. Since the volume of stored oil is con-
stant, the consumed weight of steel varies moderately due to the
slight mass change in the elliptical head. Considering the simplicity
of manufacturing and transportation, Lsy of 25—35 m and length-
diameter ratio of 2—6 are constrained. Finally, D, of 8000 mm is
determined and the relevant parameters are indexed in Table 7. The
data for dcy and 0peqq are rounded off.

The LTA at M,; = 2000 tonnes is also an external pressure vessel
and the rest accumulators are internal pressure type. Notably, the
volume of HTA will be exceedingly huge if a single vessel is

1

1
8000 10000
Outer diameter (mm)

4000 6000 12000

Fig. 11. Variations of Mg, Ly and length-diameter ratio of the LTA with D, when
M,; = 1500 tonnes.

employed for My, = 1500 or 2000 tonnes. Two or more vessels in
parallel provide an effective solution [33]. The HTA is divided into
two containers at My, = 1500 tonnes and three containers at M,y =
2000 tonnes. As displayed in the last row, the steel cost (Cye) for
the DSG system dramatically exceeds (78.7 times at 1500 tonnes
and 72.4 times at 2000 tonnes) that of the DVG system.

4.3.2. Cost of HX3

The HX cost is mainly related to its area and amount of materials
in use [7,52]. The investigated HX3 is a single shell and double tube
pass HX. Shell and tube HXs have advantages of great flexibility,
high operating pressure/temperature, great availability, high value
of heat transfer and low costs [7,53]. The hot fluid is located in shell
side and the cold fluid is in tube side. A tube outer diameter of
19 mm and a tube pitch of 25 mm are adopted, which are common
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Table 7
Design parameters of the accumulators.
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Accumulators DVG-SORC system DSG-SORC system

M,; = 1500 tonnes M,; = 2000 tonnes My, = 1500 tonnes M,, = 2000 tonnes
Parameters HTA LTA HTA LTA HTA LTA HTA LTA
p (kPa) 486 0.294 498 0.544 5548 1102 5548 1719
D, (mm) 10,043 8000 12,052 10,000 6367 8083 6367 10,176
Ocy (mm) 21 10 26 15 183 42 183 88
Ley (m) 33.66 33.23 31.16 28.65 34.56 33.69 30.72 28.75
Length-diameter ratio 335 4.15 2.59 2.86 5.43 4.17 4.83 2.83
D; (mm) 10,000 7980 12,000 9969 6000 8000 6000 10,000
Vteel, cy (m?) 22.57 8.33 30.78 13.78 123.04 35.44 109.37 80.30
Oheaq (MmM) 21 1 26 2 181 42 181 88
Mjeqq (tonne) 17.72 0.50 31.28 1.32 58.22 22.34 58.22 74.26
Mjsteel, ¢y (tonne) 177.19 65.38 241.68 108.16 965.85 278.18 858.57 620.33
Mg¢eer (tonne) 212.63 66.37 304.25 110.79 1082.28 322.86 975.01 778.84
Csteer (x10%S) 12.25 3.82 17.52 6.38 1246.79 18.60 1684.82 44.86

in industrial production. Over design area of approximately 5—10%
is ensured.

HTRI software, which is considered to be the industry's most
advanced thermal process design and simulation software [54], is
used to estimate the HX3 area. The physical parameters of the oil
can be derived from Aspen Plus [55] by importing mass fraction of
26.5% bipheny and 73.5% diphenyl oxide. Then the parameters like
density, heat capacity, thermal conductivity and viscosity can be
imported from Aspen Plus into HTRI. The calculation procedure of

the required area (S) in HTRI is given in the authors' previous work
[7]. The scheme of HX3 is graphed in Fig. 12 and the design pa-
rameters are provided in Table 8.

4.3.3. Equivalent payback period (EPP)

The standard direct normal solar irradiance (Ipy, 5) is 0.8 KW/
m?, and is perpendicular to the collector aperture. The standard
wind speed (vw, s¢) is 5 m/s. The standard sunshine duration (&s, ) is
8.373, 6.890, 6.392, 5.534, 7.649 and 4.729 h for Phoenix,

TEMA type BFM
Shell diameter 1700 mm
Tube length 19m
i
[ I l I
| | | |
| | | | 1700
[ | [ | mm
| | | | |
| | | |
LI
\ 19 N
N m I
(a)
TEMA type BFM
Shell diameter 1800 mm
Tube length 17 m
/ ‘ I ‘ I | I | I [ I 7
| | | | | 1800
( ‘ [ ‘ [ | [ | [ [ | mm
k | | | \ | L
Ty
17 N
. .

(b)

Fig. 12. Scheme of HX3 for (a) M,; = 1500 tonnes; (b) M,; = 2000 tonnes.
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Table 8
Design parameters of HX3.

Process data

HX3 (1500/2000 tonnes)

Shell side heat transfer coefficient, kW/m2K 0.637/0.609
Shell ID, mm 1700/1800

Shell side velocity, m/s 0.11/0.19

Tube side heat transfer coefficient, KW/m2-K 0.701/0.679
Tube length, m 19/17

Tube side velocity, m/s 0.22/0.20

Tube count 5476/6249
Overall heat transfer coefficient, kW/m2K 0.284/0.274
Heat duty, MW 30.763/31.982
Inlet/Outlet height under nozzles, mm 0/0

Baffle central spacing, mm 2000/1200
Effective mean temperature difference, °C 22.4[23.7

Area, m? 5163.00/5253.17
Over design, % 6.94/6.47

Chxs (x10% ) 183.619/186.540

Energy 257 (2022) 124776

5. Comparison with the conventional PTC system using
synthetic oils

In the above analysis, a maximum 75ogc of 30.25% is achieved at
the given p; of 10 MPa and T; of 311 °C. nggrc can be further
improved by elevating p; and T;, and modifying the structure. The
modified system is graphed in Fig. 13. p; and Typs are set at
18.6 MPa and 393 °C, which are the same as the input pressure in a
boiler power plant [57] and the hot tank temperature in the
traditional PTC systems [1]. The saturation temperature of water at
18.6 MPa is about 360 °C. T;; and T;g are selected as 280 °C and
120 °C, respectively. Toluene is exemplified as the ORC fluid and all
the key parameters are indexed in Table 13.

It is figured out that esy = 80.97%, nggc = 7.09%, norc = 32.15%
and nsorc = 36.82%. nsorc is in close proximity to 37.7% that ach-
ieved by the conventional PTC systems [1]. But the temperature

Table 9

Required PTC area and annual output at M,; = My, = 1500 tonnes.
Region Phoenix Sacramento Cape Town Canberra Lhasa Delingha
Apve. rated] Apsc. rated (x10% m?) 5.351/5.891 6.502/7.158 7.010/7.716 8.096/8.912 5.857/6.448 9.475/10.430
Apvc. a | Apsc. a (x10% m?) 3.777/3.413 4.590/4.147 4.948/4.471 5.715/5.164 4.135/3.736 6.688/6.043
Wove rated | Wosc. rated (<10 KWhjyear) — 2575.83/2586.68  2558.69/2569.55  2404.47/2414.60  2582.28/2593.47  2249.23/2258.98  2636.55/2648.53

Sacramento, Cape Town, Canberra, Lhasa and Delingha, respec-
tively, based on the typical weather data [56]. The economic in-
dicators for the two scenarios are presented in Tables 9—12. The
required PTC area in Mode 1 for the DVG system (Apyg, rgreq) 1S less
than that of the DSG system, while the area in Mode 2 (Apyc 4)
exceeds that of the DSG system. Annual power output in the rated
mode for the DVG system (Wpyg rareq) 1S marginally reduced
(9.76—11.98 x 10* kWh at 1500 tonnes and 5.90—7.16 x 10* kWh at
2000 tonnes) by comparison with the DSG configuration. The yearly
electricity generated in Mode 2 (W,) is not listed as it does not
change with the location. Wpyg 4 is 1679.59 x 10 kWh and
2181.38 x 10* kWh when M,; = 1500 and 2000 tonnes; Whpsc. g is
1408.22 x 10* kWh and 1463.30 x 10* kWh when My, = 1500 and
2000 tonnes. Notably, the supplementary investments in PTCs
(4Cprc) are negative in Table 10, which indicates the DVG system
saves area at 1500 tonnes. EPP is generally within 7.5 years at 1500
tonnes and 5 years at 2000 tonnes.

drop between the two tanks reaches 208 °C, which is magnified by
2.08 times (the storage temperature of the existing plants ranges
from 293 °C to 393 °C [1]). Besides, the technical challenges
inherent in the low-pressure cylinders in wet steam turbines are
omitted. Unlike water, dry organic fluid will enter a superheated
state if it expands from a saturated vapor state, thereby offering a
safe and efficient expansion process. The ORC turbine is typically a
dry turbine with an isentropic efficiency exceeding 90% [58]. There
is still large room for efficiency improvement in 95orc by optimizing
T11 and Tqg, as well as employing more efficient ORC turbines.
Given the above conditions, the power generation by 1 kg
thermal oil in the discharge process is 0.0437 kWh. In comparison,
it is only 0.0255 kWh/kg in the discharge process of conventional
solar PTC systems. The proposed system has a lower heat-to-power
efficiency during discharge (32.15% vs. 37.7%) but a significantly
higher temperature drop, leading to a larger storage capacity per
mass. It may be able to reduce the payback time of the solar power
system owing to the cost reduction potential in the storage unit.

Table 10
ACpyc, Cagar Y and EPP at My; = My, = 1500 tonnes. Table 12
ACprc, Cagq, Y and EPP at My = My, = 2000 tonnes.
Region ACprc (x10*S)  Coqq (x10%S) Y (x10% Sjyear) EPP (years)
Region ACprc (x10*S)  Caqq (x10%S) Y (x10% Sjyear) EPP (years)
Phoenix —-29.773 356.641 47.937 7.440 -
Sacramento —36.179 350235 47.933 7.307 Phoenix 124.378 561.482 130.810 4292
Cape Town —39.001 347.413 48.067 7.228 Sacramento 151.133 588.237 130.866 4495
Canberra _45.044 341370 47.873 7131 Cape Town 162.923 600.027 131.043 4.579
Lhasa —32.589 353.825 48.137 7.351 Canberra 188.168 625.272 130.938 4.775
Delingha ~52715 333.699 47.728 6.992 Lhasa 136.139 573.243 130.924 4378
Delingha 220.220 657.324 131.023 5.017
Table 11
Required PTC area and annual output at M,;; = My, = 2000 tonnes.
Region Phoenix Sacramento Cape Town Canberra Lhasa Delingha
Abvc. rated! Apsc. rated (x10% m?) 5.435/6.010 6.604/7.303 7.119/7.872 8.222/9.092 5.949/6.578 9.622/10.641
Apve a | Apsc. a4 (x10% m?) 4.837/3.530 5.877/4.289 6.336/4.624 7.317/5.340 5.204/3.864 8.564/6.250
Wove sorc | Wosc. sore (x10% KWhjyear) — 2575.18/2582.35  2557.83/2564.69  2403.37/2409.26  2581.03/2587.50  2248.69/225524  2634.63/2640.63
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Fig. 13. Modified DVG-SORC system in higher temperature application (>380 °C).

Table 13
Thermodynamic parameters of each state point.
State point Temperature (°C) Pressure (MPa) Enthalpy (kJ/kg) Quality (%) Mass flow rate (kg/s)
1 383 18.67 27559 superheated 18.79
2 290 7.44 2626.7 90.52 18.79
3 290 7.44 1290 0 18.79
4 295.28 18.67 1310.27 subcooled 18.79
5 393 0.998 782.23 0 52.67
6 184.66 0.998 305.37 subcooled 52.67
7 184.66 0.013 305.37 0 52.67
11 280 2.53 588.44 100 55.67
12 191.51 0.131 491.46 superheated 55.67
13 122,51 0.131 377.33 superheated 55.67
14 120 0.131 19.03 0 55.67
15 121.32 2.53 22.18 subcooled 55.67
16 (17) 174.66 2.53 137.30 subcooled 55.67
18 120 0.131 373.46 0 55.67
19 51.76 0.005 286.17 superheated 38.09
20 30 0.005 —149.69 0 38.09
21 30.06 0.125 —149.50 subcooled 38.09
22 118.83 0.125 371.99 superheated 17.58
23 118.1 0.125 15.16 0 55.67
24 118.1 0.131 15.16 subcooled 55.67

6. Conclusion

The proposed DVG-SORC system has great potential to solve the
technical difficulties associated with heat collection and storage
inherent in the DSG-SORC and DSG-CORC systems. By replacing
water with the synthetic oil Therminol® VP-1, the pressure-bearing
problems in both the tanks and the absorber tubes are greatly
alleviated on account of the much lower saturation pressure of the
oil. The results show that:

(1) neq balances the electricity outputs in the two operation
modes. 7eq0p Tanges from 20.69% to 27.91%, which is

14

7.72—11.60% higher than that of the DSG-SORC scheme. 75ogc,
Norc» More.d and Nspc are improved to varying degrees except
for MM. togc is elevated by 0.42—2.58 h for benzene and
0.21-2.21 h for toluene, but shortened for cyclohexane and
MM.

(2) The temperature difference between the HTA and LTA can
reach about 280 °C, which is significantly higher than that of
100 °C in a conventional PTC system. The proposed system
can have a higher storage capacity at a given amount of
thermal oil.

(3) The thickness of the oil tanks is noticeably thinner than that
of the steam accumulators, thus saving the consumption of
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steel. Cyccumulator 1S 1€ss than one-seventieth of the steam
tanks. The DVG system saves 29.773—52.715 x 10* § in PTC
cost at 1500 tonnes but requires additional
124.378—220.220 x 10* $ for aperture area at 2000 tonnes.
The excess annual yield is approximately 48 x 10* $/year at
1500 tonnes and 131 x 10% $/year at 2000 tonnes. The cor-
responding EPP is merely within 7.5 years and 5 years for the
six territories with abundant beam solar radiation, which
implies that the DVG-SORC system seems more cost-
effectiveness.
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Nomenclature

A: aperture area, m?

a: Baumann factor/heat loss coefficient
C: cost, $

c¢: incidence angle coefficient

cp: specific heat capacity, kJ/ (kg-K)
D: diameter, mm

E: elasticity modulus, MPa

F: factor

H: height, m

h: enthalpy, k]/kg/edge height, mm
I: solar irradiance, W/m

K: incidence angle modifier factor
L: length, m

M: mass, tonne

m: mass flow rate, kg/s

P: price, $/m? | $/kg | $/kWh

p: pressure, MPa

q: heat loss coefficient, W/m

q: absorbed heat, kW

R: equivalent outer radius of spherical shell, mm
S: heat exchanger area, m?

T: temperature, °C

t: time, hour

V: volume, m?
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v: speed, m/s /specific volume, m>/kg
W: annual power output, kWh
w: work, kW

Y: yield, $

y: steam wetness, %

o: thickness, mm

e: device efficiency, %

n: efficiency, %

0: incidence angle, °

¢: welding coefficient

p: density, kg/m?

[0]': permissible stress

Abbreviation

CEPCI: Chemical Engineering Plant Cost Index
CORC: cascade organic Rankine cycle
CSP: concentrated solar power

DSG: direct steam generation

DVG: direct vapor generation

EPP: equivalent payback period

HTA: high temperature accumulator
HX: heat exchanger

IAM: incidence angle modifier

LTA: low temperature accumulator
ORC: organic Rankine cycle pump

P: pump

PTC: parabolic trough collector

SAM: System Advisor Model

SORC: steam-organic Rankine cycle
SRC: steam Rankine cycle

TV: throttle valve

V: valve

Subscript

0 ... 14: number
a: ambient

add: added

av: average

b: binary

BM: bare module
cr: critical

cy: cylinder

d: heat discharge
DN: direct normal
e: electricity

eq: equivalent

g: generator/static
i: inner

in: inlet

I: liquid

loss: heat loss

M: heat loss

max: maximum
min: minimum

o: outer

OT: ORC turbine
opt: optical

out: outlet

p: pressure/purchased
pinch: pinch point
s: isentropic/sunshine/saturation
ST: steam turbine
st: standard

sh: superheated
v: vapor

w: water/wind
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