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Abstract

Solar power towers (SPTs) integrated with thermal energy storage are promising solutions for solar
energy utilisation. Supercritical CO2 power cycles are acknowledged as an attractive option for dry-
cooling SPT plants. However, abundant low-grade waste heat exists in the SCO; gas cooler, which is
directly dissipated to the ambient. In order to further improve the performance of SCO»-based SPT
plants, organic Rankine cycle (ORC) systems can be introduced as a bottoming cycle subsystem. In
this paper, an ORC subsystem is added to four different SCO; cycle layouts, i.e., recuperated (RE),
recompression (RC), intercooling (IC), and partial cooling (PC) cycles, to form combined cycle
systems for SPT applications. A parametric study reveals that the thermal efficiency of the power
block (i.e., the whole power cycle system), and the salt temperature difference across the receiver are
the determining factors of the thermo-economic performance of SPT-SCO,-ORC plants. Design
optimisation and annual performance evaluations are implemented using actual weather data in
Delingha, China. Compared to the SPT plant with a standalone recuperated SCO; cycle system, the
annual electricity generation is increased by 19% by integrating a bottoming ORC subsystem. The
SPT-RC-ORC system produces the maximum electricity generation of 123 GW-h/year, while the
SPT-RE-ORC system achieves the lowest levelised cost of electricity (LCOE) of 0.12 $/kW-h and
the minimum payback time of 8.8 years. A wide range of solar irradiance conditions is further
considered to generalise the performance evaluation of such combined cycle systems, with results
showing that with the highest solar irradiance investigated (3700 sunshine hours, 1000 W/m?-h), the
LCOE of the SPT-RE-ORC plant can be as low as 0.07 $/kW-h and the payback time is as short as 6
years. This study investigates optimal SCO;-ORC configurations for SPT applications based on
annual performance evaluations, and presents preliminary assessments of the thermo-economic
potential of ushc SPT-SCO2-ORC plants across a variety of solar resource conditions.

Keywords: organic Rankine cycle; solar power tower; supercritical CO2 cycle; systematic

comparison; thermo-economic assessment.
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Greek symbols
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Subscripts

a, b 1,2 ...,13,01,02,...,06
comp

cond

eva

gen

heli

in

area, m?

cost coefficient of heat exchangers

cost, $

diameter, m

discount rate, %

electricity output, KW-h or MW-h

correction pressure factor

enthalpy, J/(kg-K); heat transfer coefficient, W/(m?-K)
height, m; hydraulic head, m

annual tax rate, %

cost coefficient of heat exchangers

length, m

mass flow rate, kg/s

number; rotation speed, rpm; plant life cycle, year
Nusselt number

working fluid pressure, Pa

Prandtl number

heat flux, W

fouling resistance of heat exchanger, m?-K/W
Reynolds number

temperature, K

operating hour, h

total heat transfer coefficient, W/(m?K)
velocity, m/s

consumption power or output power, W

split mass ratio

Stodola’s constant, 1/(m?s2.K)

temperature difference, K

component cost, $

mass flow coefficient, m-s-K?
thermal conductivity, W/(m-K)
recuperator effectiveness; emissivity
Stefan-Boltzmann constant

density, kg/m®

annual plant operation hours, h

point numbers in the schematic diagram
compressor

condenser

evaporator

generator

heliostat field

inlet
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Acronyms
CEPCI
CSP
DNI
EPC
HTR
IC
LTR
MC
ORC
O&M
PC
PCHE
PEC
PR
RC
RE
SCO2
SC
SIC
SPT
SRC
ST
STHE
TCC
TES
TDC
TIC
LCOE

log mean temperature difference
maximum value

outlet

power block

pinch point

receiver

reference year

isentropic

thermal

turbine

chemical engineering plant cost index
concentrated solar power

direct normal irradiation
engineering and procurement cost
high-temperature recuperator
intercooling SCO: cycle

low temperature recuperator

main SCO, compressor

organic Rankine cycle

operating and maintenance cost
partial-cooling cycle

print circuit heat exchanger
purchase equipment cost

pressure ratio

recompression compressor and recompression SCO- cycle
recuperated SCO; cycle
supercritical carbon dioxide

SCO2 compressor

specific investment cost

solar power tower

steam Rankine cycle

SCO- turbine

shell and tube heat exchanger

total capital cost

thermal energy storage

total direct cost

total indirect cost

levelised cost of electricity, $/kW-h
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1. Introduction

The world is planning to increase the use of renewables considering energy shortage and global
warming issues, as well as the benefit from the continuous decrease in the costs of renewable energy
technologies. According to the roadmaps to 2050 of the United States, the European Union, and China,
the share of electricity generated from renewables will increase to 80% [1], 100% [2], and 80% [3],
respectively. Solar energy can play a vital role in achieving these long-term strategic goals, of which
photovoltaic (PV) and concentrated solar power (CSP) are two primary technologies. The former has
the advantages of simplicity and relatively low capital costs [4], while CSP plants can provide
dispatchable power via the integration of thermal energy storage (TES) systems [5]. Current CSP
technologies are classified into four categories according to the optical types: parabolic trough,
parabolic dish, linear Fresnel reflector, and solar power tower (SPT) [6], among which SPT
technologies deliver the highest solar-to-electric efficiency and achieve the lowest nominal levelised
cost of electricity (LCOE) [7]. Up to now, conventional steam Rankine cycle (SRC) systems have
been adopted in SPT plants to generate electricity, which is a mature technology with a limited degree
to further improve performance and reduce costs. Therefore, employing alternative power cycle

systems is a key step to improving the market competitiveness for SPT plants.

Supercritical CO2 (SCOz) provides higher temperature operability than steam and allows
compact component and system structure thanks to the high density, and hence is regarded as a
promising working fluid for power cycle systems. In the 1960s, Feher EG [8] and Angelino [9] initially
proposed power cycle systems using SCO,. However, this technology attracted little attention over a
long period due to the low technology readiness level. In 2004, Dostal proposed recompression SCO2
Brayton cycle systems, which could avoid the pinch-point problem in recuperative heat exchangers,
establishing the thermodynamic fundamentals of SCO» cycle systems [10], which put SCO, power
cycle systems in the spotlight again. The advantages of SCO: cycle systems for SPT applications can
be concluded as follows: (1) CO2 shows “liquid-like” behaviour near the critical point (7.38 MPa,
31 °C), which reduces the compression work drastically and leads to higher cycle efficiency [11]; (2)
the high density of SCO> working fluid offers advantages of much smaller equipment sizes than
traditional steam Rankine cycle systems [12]; (3) the material costs of SCO; cycle systems can be
reduced due to the lower corrosiveness [13]; (4) SCO:z cycle systems can achieve high efficiency with
dry-cooling and therefore can accommodate arid climate, which is vital for CSP systems located in
droughty areas [14]. Consequently, SCO; cycle systems are identified as an attractive option in next-
generation SPT plants, and further investigation is necessary to comprehensively understand this

technology as well as the interaction with solar fields and thermal energy storage units.

Various layouts of SCO> Brayton cycle systems have been investigated in recent years, such as
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pre-compression, partial-cooling, preheating, intercooling and split expansion SCO> cycle systems [15].
Crespi et al. [16] reviewed 42 standalone SCO» system layouts and 38 combined system configurations
for power generation, using thermo-economic performance as the indicator to select the most interesting
cycle layouts for SCO, power cycle systems coupled with TES in CSP applications [17]. Intercooling
and partial-cooling SCO> cycle systems have been proved to achieve cycle efficiency of over 50% for
dry-cooling CSP plants [18]. Compared with recompression SCO» cycle systems, partial-cooling SCO>
cycle systems provided lower costs for recuperators and TES systems, which resulted in a lower
LCOE [19]. Several authors tried to add certain dopants to the raw carbon dioxide in the above CO»
cycle systems, also known as blended transcritical CO, power cycle systems, to avoid efficiency
degradation at high ambient temperatures [20]. Amongst these, Hexafluorobenzene (CsFs) and
Titanium Tetrachloride (TiCls) were numerically confirmed as suitable additives in the SCARABEUS
project [21], which enabled thermal efficiency to exceed 50% at high environment temperatures.
Although these SCO:> cycle systems demonstrate favourable performance in SPT applications,

significant heat loss still exists in the gas cooler [22].

Adding a bottoming power cycle subsystem to the SCO: cycle system to effectively utilise the
low-grade waste heat can further improve thermal efficiency. Organic Rankine cycle (ORC) is
considered a suitable choice due to its excellent performance for residual heat power generation [23].
Many researchers evaluated the thermo-economic performance of the combined SCO>-ORC power
systems [24]. Specifically, ORC systems were added as a bottoming cycle subsystem for recuperated
SCO; cycle systems, recompression SCO> cycle systems [22], partial-cooling SCO; cycle systems
[25], and intercooling SCO; cycle systems [26]. The results showed that the combined cycle system
provided a thermal efficiency increase of 2-13% compared to standalone SCO; cycle systems. Adding
ORC subsystems also enables flexible utilisations of multiple renewables. Song et al. performed
thermo-economic assessments of various configurations of combined SCO> cycle and ORC systems
for hybrid solar and geothermal power generation, and the annual performance evaluation showed
that the combined systems could achieve significant improvements, ranging from 22% to 45%, over
the total electricity generation of the standalone SCO> plant [27]. However, previous studies only
focus on the thermodynamic and economic performance of SPT-SCO;-ORC plants at the design stage.
This places a significant limitation on their results because such systems usually need to operate at
off-design conditions. Annual direct normal irradiation (DNI) differs radically in different regions,
and weather condition fluctuates during the daytime and determines the operating features of the
power block. The heat input to the power block, heat storage capacity and power output are

significantly influenced by DNI and air temperature variations.

Moreover, previous research has mainly focused on the power block in CSP plants, while the
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interaction among the SPT, TES, and the power block is of interest and provides insights into such systems.
It is noted that the plant efficiency is simultaneously affected by the optical field efficiency, receiver
efficiency, and power block efficiency. In other words, each energy conversion process determines the
overall thermodynamic performance of SPT systems. With respect to the economic performance, the
capital cost of the heliostat field, which occupies 40-60% of the total investment cost of an SPT plant [28],
is significantly affected by the thermal storage capacity and power block efficiency. Therefore, the object
of this paper is to present an annual simulation for different SPT-SCO>-ORC systems using thermal
storage. The main novelties of this paper include: (1) an integrated model capturing the heliostat field,
solar receiver, TES, and power block is established to evaluate the overall thermo-economic performance
from a holistic perspective; (2) an ORC subsystem is added to four different SCO> cycle layouts, i.e.,
recuperated (RE), recompression (RC), intercooling (IC), and partial cooling (PC) configurations, to
explore for the optimal combined cycle systems for SPT applications; and (3) real weather conditions and

realistic off-design performance are considered to obtain accurate annual electricity generation.

The work is organised as follows: four combined SCO2-ORC systems for SPT plants are
proposed, along with comprehensive thermo-economic models, followed by a parametric study to
investigate the interactive influence between the molten salt loop and power blocks. Afterwards, a
case study, including design optimisation and annual performance evaluation, is performed based on
the local weather data in Delingha, China. The performance of different SPT-SCO- plants with and
without ORC systems are compared, and the optimal power system configuration is obtained.
Furthermore, a wide range of solar irradiance conditions is considered to assess the potential of

exploiting the proposed SPT-SCO2-ORC plants in different global regions.

2. System configurations

The concentrated solar power plants considered in this study contain three major parts: the SPT, the
TES, and the power block. The SPT subsystem consists of a heliostat field, a solar tower, and a molten
salt receiver, as shown in Fig. 1. The TES subsystem is constituted of two molten salt thermal storage
tanks (hot and cold) and ancillary facilities. The standalone SCO; cycle systems or combined SCO>-
ORC systems work as the power block.

Four SCO:> system layouts are investigated in this paper: the recuperated SCO- cycle system (RE),
the recompression SCO» cycle system (RC), the intercooling SCO; cycle system (IC), and the partial
cooling SCO> cycle system (PC). As shown in Fig. 2, the RE system configuration is derived from the
simple Brayton cycle system by adding a recuperator to avoid discharging a large amount of energy to
the ambient. However, a pinch-point problem caused by the significant difference in the heat capacity

between the high-pressure and low-pressure SCO» streams exists in the recuperator [10]. The RC system
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layout was proposed to mitigate this effect by dividing the recuperator into a high-temperature
recuperator (HTR) and a low-temperature recuperator (LTR) [29]. Moreover, an additional compressor,
i.e., the re-compressor, is included in the RC system, as shown in Fig. 3. Unlike the RE system
configuration, a portion of the low-pressure working fluid CO, bypasses the SCO, cooler and is
compressed by the re-compressor. This stream also bypasses the LTR after the compression process.
This configuration provides a better match of heat capacity between the hot and cold streams of

recuperators and effectively reduces the impacts of the pinch-point problem on cycle efficiency.

Intercooling is a classical approach to decreasing the compression work of multi-stage
compressors. It has been introduced into the recompression SCO: cycle system to further improve
system efficiency. As illustrated in Figs. 4 and 5, there are two technical routes to integrate the
intercooling process: recompression with main compressor intercooling [30] and recompression with
pre-cooling [10]; these two cycle systems are also called “IC” and “PC” systems, respectively. The
PC system involves a cooler and pre-compressor before the flow splits to the RC system, while the

IC system includes an intercooler in the main compression line.

In order to achieve better performance for the power block, a bottoming ORC system is added to
recover the heat rejected in the SCO: cooler. The SCO2 and ORC subsystems are coupled via a shared
heat exchanger. The heat recovery process occurs in the evaporator, and the condensed organic fluid
turns into a vapour after absorbing the heat from the CO, stream. In this work, the molten salt SPT and
TES system are integrated with the four specific combined SCO2-ORC systems mentioned above, and
the systems are named “STP-RE-ORC”, “STP-RC-ORC”, “STP-IC-ORC” and “STP-PC-ORC”, with

schematic diagrams and corresponding 7-s diagrams shown in Figs. 2, 3, 4, and 5, respectively.

Cold tank

Fig. 1. Schematic diagram of an SPT plant.
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Fig. 5. (a) Schematic diagram of a PC-ORC power cycle system, and (b) corresponding 7-s diagram.

3. Modelling methodology

Based on the principal assumption that the whole system always works at steady states, in-house
MATLAB models have been developed to analyse systems’ performance, with working fluid

properties obtained from REFPROP 9.1.

3.1 Solar field and molten salt loop

The total solar energy reflected by the heliostat field is given by:

Qheli,out =DNI - Aheli ’ Nheli ) ﬂheli (1)

where Oheli,out 18 the output solar energy of the heliostat field, DNI is the direct normal irradiance, Aneli
represents the area of each heliostat, Nneli 1s the total number of heliostats, and #neli 1s the optical

efficiency of the heliostat field.

The total energy collected by the receiver Orec equals Oheliout. The energy conservation equation

of the solar receiver can be expressed as:

Qrec,in - Qrec,conv + Qrec,rad + Qrec,cond + Qrec,ref + Qrec,out (2)

where Orec,convs Orec,rads Orec,cond and Orec,ref are the energy losses from convection, radiation, conduction,
and reflection. The conductive loss Oreccond 18 neglected by assuming that the solar receiver has good
thermal insulation. The solar receiver’s output energy QOrec,out €quals to the total heat transferred to the
molten salt, the thermal energy transferred by convection in the receiver tubes, and the heat transferred

by thermal conduction through the tube wall, respectively. It can be calculated from:
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Qrec,out = Mgt (hsalt,hot - hsalt,cold) (3)

Qrec,out = Kgalt ° Awall,in (T wall,in — T, salt,ave) 4)
Q — 21 Aybe 'Awall,in' (Twall,out_Twall,in) (5)
rec,out D; - In(Dy/Dj)

where msare 1s the mass flow rate of molten salt in the receiver, /Asaitihot and Asaicold represent the
enthalpies of the molten salt at the outlet state and inlet state, ksax is the convective heat transfer
coefficient of the molten salt, Awaiin is the sum of the internal surface area of the tube wall, Tai in and
Twaout 18 the temperatures at the internal and external surface of tube walls, Tsitave represents the
average temperature of molten salt, Awbe 1s the heat conductivity coefficient of the tube, and D, and

Di are the external and internal diameters of the receiver tube.

The shape of the solar receiver is a cylinder. The overall convection 10ss Orec conv 1S €xpressed as:

=n-k- Hieo” Dyee - (Twall,out - Too) (6)

Q rec,conv

where Hrec and Drec are the height and diameter of the receiver, T is the ambient temperature, and k

is the convective heat transfer coefficient, which can be calculated from [31]:

1

l —_—
k= [k +IZ T2 = (A Nup /D, Y2 + (0= Nuy / Hyge )12 7
where ki and ki are the forced and natural convective heat transfer coefficients. Nup and Nun are

Nusselt numbers associated with different characteristic lengths, which can be calculated from [31]:

0.8
0.3 +0.488 - Re%S - [1 + (Rep/282000)"%]  for Rep <3.7 x 10°

Nup = 40.53 - (0.00257 - Re%’®) +0.47 - (0.0135 - Re%®)  for3.7 x 10° <Rep < 10" (8)
0.0455 - Re®! for Rep > 10’

-0.14
Nuy =0.049 - - G033 - (2 )

The reflection loss of the solar receiver is calculated from [32]:

Qrec,ref - (1 - aTEC) ' Qrec,in (10)

where arec 1s the absorptivity of the receiver.

The radiation loss of the solar receiver is calculated from [32]:

Qrec,rad =&rec 0" Arec (Tévall,out - Tgir) (11)

where o is the Stefan-Boltzmann constant, erc is the receiver emissivity, and A4r.c is the total surface
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area of the solar receiver.

The receiver efficiency is expressed as:

_ Qrec,out
Mee™ 5 (12)

The hot molten salt splits into two streams after absorbing heat in the solar receiver: one part drives
the power system to generate electricity (Ops,in), and the redundant hot salt is stored in the tank (QOstorage)-
Thermal storage efficiency, which is the ratio of the amount of energy sent to the thermal storage unit
and the amount of energy discharged to the steam generator for downstream use, is normally used to
evaluate the thermal insulation effects. In practical applications, thermal storage efficiency in
commercial plants can achieve 99.5% thanks to good thermal insulation [33], for example, the top and
side surfaces of tanks can be insulated with mineral wool blankets overlaid with fibreglass boards, and
foam glass insulation can be considered for the bottom. More technical details of insulated thermal
storage systems can be found in Ref. [33]. In the present work, good thermal insulation is considered
and the heat loss of the storage tanks is neglected, while the electricity generation can be easily re-
calculated if a certain thermal storage efficiency is considered, as the two values are linearly related.

Therefore, the energy balance equation of the molten salt thermal storage subsystem is expressed as:

Qstorage - Qrec,out - st,in (13)

3.2 Power block

The steady-state thermodynamic models for the main components of the power block are developed
based on the first law of thermodynamics, and the energy balance equations. Table 1 lists all
thermodynamic balance equations for the combined RE-ORC system, in which the recuperated SCO-
cycle (RE) is selected as the topping system. Detailed thermodynamic models of other combined power

cycle systems are described in the Appendix.

A simple ORC system works as the bottoming system in this work, with R245fa as the working
fluid, which has been considered in ORC systems in extensive studies thanks to the good thermal
performance [34], non-flammability and low leakage risks. The maximum operating pressure of R245fa

is limited to 3470 kPa and 160 °C to ensure operational safety [27].
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Table 1. Thermodynamic models of the combined RE-ORC system.

Component Thermodynamic balance equation
SCO: turbine Warsco, = ma * (ha = hs), My, sco, = (ha = hs) / (hg = hsg)
ORC turbine Warore = moa * (hoy = hoa), 1y ore = (hos = hoa) / (hoz — hoas)
SCO> compressor Nge = (hos — hy) [ (hy — hy), Wsc =my - (hy — hy)
ORC pump Npump — (hoss = ho1) / (hoy = ho1)y Woump = moy = (hoy — hoy)
Heater Mt * (Tsathot = Tsalteold) = My * (g — h3)
Recuperator hs —hg=hy — hy
Evaporator mg * (he — hy) = mgy + (hgz — hgp)
SCO.-air cooler my - (hy =) =myg - (hyy = hyo)
Wiancooler = 0.5 = myg = APy (p 1o — P11) / Mg
Condenser moy + (hog — ho1) = mys - (hos — hos)

Wan,cond = 0.5 - mgs = APy, - (p05 - p()(,) / Man

3.3 Thermodynamic performance criteria

The thermal efficiency is used to evaluate the thermodynamic performance of the power block and is

defined as follows:

_ Wnet,total _ Wnet,total
Mn = = (14)

Qheater Mgalt (Tsalt,hot_Tsalt,cold)

where Oheater 18 the total energy input from the molten salt-SCO, heat exchanger, and Whet,otal 1S the

amount of electric power produced by the combined SCO>-ORC system, which is calculated from:
Wnet,total = WST + WBT - WMC - WRC - Wfan,cooler - Wfan,cond (15)

The overall efficiency of the whole STP plant at the design condition is calculated from:

. _ Wnet,total + Qstorage /AN
nplant,design ety Mree " Min = DNI - Apeli * Npeli

(16)

" Mheli

where #neli, rec, #tn are the efficiencies of the heliostat field, solar receiver and the power block.

3.4 Economic performance criteria

The costs of the solar field, TES and main components of the power block can be calculated using

formulas listed in Table 2.
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Table 2. Cost formulas used for the main components of the SPT-SCO,-ORC plant.

CEPCI (Reference

Component Cost formulas year) [30]
Heliostat field  Zyo; = 156 - Apei * Mieti [36] 776.9 (2021)
Power tower Ziower = 3+ 10° - 00113 hower [36] 776.9 (2021)
Bigwer = 72.31 - e/tneti - M- 8<107 1367

Solar receiver  z . =1.0310° - (Ayeceiver /157" [36] 776.9 (2021)
TES Ztes =22 284 (T = Taaticod)]  Oyoage * tsomae 1371 7769 (2021)
Compressor Zeomp = TL1 = meomp /(0.93 =1 ) * PReomp ~ IN(PReomp) [38] 381.7 (1996)
Turbine Zuw =479.3 - myye / (0.93 — 1, ) - In(PRy) - (1 + 003 Turin=544)) [38]  381.7 (1996)
Electrical Zyen = 60 - W, > [39] 567.3 (2013)
generator

Cooling fan Zin = 12400 - (W, 1 50)°7¢ [40] 468.2 (2005)

The module costing technique is adopted to estimate the costs of other components in the power

block. The equations for the purchase costs of these components are given by:

72=7" Fyn (17)

1g2° = K; + K, - 1gX + K - (1gX) (18)
IgF, =F, +F, - 1gP + F; - (1gPy° (19)
Fom =B, +B, - Fy, - F, (20)

where Z° represents the cost at the base condition, Fom stands for the correction factor, and Fi, and Fy
are material and operation pressure correction factors, respectively. The other coefficients K1-K3, F'i-

F3, B1, and B; are listed in Table 3, and the reference year is 2001.

The Chemical Engineering Plant Cost Index (CEPCI) updates the component cost. The

relationship between the present capital cost and the reference cost is expressed as follows:

o CEPC]2021
Zequip - Zequip,ref CEPCl,o¢ (2 1)
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Table 3. Coefficients for purchase cost estimation of heat exchangers and pumps [41].

Coefficient Cooler and condenser Heater Evaporator Pump

K1 4.0336 4.6656 4.3247 3.3892
Kz 0.2341 -0.1557 -0.303 0.0536
Ks 0.0497 0.1547 0.1634 0.1538
F1 -0.1250 -0.1250 -0.0016 -0.3935
Fo 0.1536 0.1536 -0.00063 0.3957
Fa -0.02861 -0.02861 0.0123 -0.00226
B1 0.96 0.96 1.63 1.89

B> 1.21 1.21 1.66 1.35

Fm 1 3.5 1 1.6

The total capital cost or total installed cost (7CC) of the SPT plant can be calculated by functions

listed in Table 4.
Table 4. Total capital cost (7CC) functions.
Cost Subitem Equations
Purchase equipment cost Solar field PECte1a = Zneli + Ziower T Zreceiver
(PEC)
TES PECrgs = Zrgs
SCO; system PECSC02 = Zheater T Zst T Zsc T Zutr T ZiR T Zeooler
ORC system PECorc =Zgya * Zpr + Zpump + Zeondenser
Subtotal PEC oy = PECfie1q + PECrgs + PECsco, + PECorc
Contingency cost / Costyoptin = 0.07 - PECyy [36]
Total direct cost (TDC) / TDC = PEC 4y + COStopniin
Total indirect costs (TIC) Land cost Costigng = 2471 * Ajana =2.471 - Apeti * Npeti / @ [36]

Total capital cost (TCC)

EPC and owner cost

Sales tax

Subtotal

/

Costgg, = 0.13 - TDC [36]
Cost =0.8 - TDC - 1y, [36]
TIC = Costignq + Costyg, + Costyy

TCC=TDC+TIC

The total specific investment cost (S/Crotal) of a SPT-SCO2-ORC plant is calculated from:

SI Ctotal =

PEC (22)

Wnct,total
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The annual operating and maintenance (O&M) cost is given by:

COStO&M =Co&M Wnet,total (23)

where cogm 1s the annual operating and maintenance cost per unit of power and Whaetotal 1S the total

output power.

The levelised cost of electricity (LCOE) is chosen as the economic performance indicator to
compare different configurations of the SPT-SCO2-ORC plant from an economic point of view,

and it is calculated from [8]:

_ N Costogm - (1 +ip™"
LCOE= [TCC+ Yy — 1 ] / Yo 1(1+z ¥ (24)

AEG = 3600 : Wnet,total T (25)

where AEG is the annual electricity generation, 7 is the annual full-load operating hour, and the plant
life cycle N is set to 25 years [42]; the inflation rate ir is assumed to be 2.5% [43], and the discount
rate iq is taken as 5% [44].

The payback time (PBT) of the power plant is given by [44]:
PBT=In [TCC(’f L 1]/ I (26)
Id

where the electricity purchase price Cei is set to 0.19 $/kW-h [45].

3.5 Model validation

In order to validate the solar receiver model, simulation results of receiver efficiencies are compared to
those from Ref. [32]. The input parameters are listed in Table 5, and the comparison results are shown
in Fig. 7. It can be seen that the deviations between this work and the reference are less than 3% in the
hourly simulation. The good agreements with the reference results indicate that the developed model is
reliable in predicting the receiver performance. The SAM software [36], which specialises in SPT
modelling, is used to obtain the heliostat field layout and efficiencies. Validation of the combined SCO»-
ORC model can be found in the authors’ previous work [22]. A recompression SCO; cycle system with
a simple ORC system, using five organic working fluids (Isobutane, R123, R114, R141b, RC318), is
investigated under different pressures and evaporating temperatures. The power output and thermal
efficiency calculated from our self-built models were compared with the performance indicators from
Ref. [38]. The deviations were within 0.1% under the same operating parameters and organic working

fluids, which indicates our model is accurate and sufficient for the simulation in this work.
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Table 5. Input parameters for model validation of solar receiver [32].

Parameters Values
Number of effective heliostats, Nheii 4946
Heliostat area, Aneii 144 m?
Receiver diameter, Drec 15m
Receiver height, Hrec 195m
Number of panels, Npanel 28
Number of tubes per panel, Nune 40
Number of the flow path, Npatn 2
Tube external diameter, Do 42 mm
Tube internal diameter, D; 40.4 mm
Receiver absorptivity, arec 0.94
Receiver emissivity, erec 0.85
100 LI N U N A BN B B RN L LA BN BN B
| |—m=— Reference
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Fig. 7. Comparison of solar receiver efficiency predicted by the developed model with data reported

in Ref. [32].

4. Parametric analysis

Based on the above mathematic models, parameter analysis is performed for the solar field, TES and
power block. In this section, we investigate the effects of the key parameters, i.e., salt temperatures,
SCO, operating pressures and ORC evaporating pressure, on the systems’ thermodynamic and
economic performance. The rated output power of the integrated SPT plants is 20 MWe, which
corresponds to a typical medium-scale solar power plant. A DNI of 850 W/m? and an environment

temperature of 25°C are considered design conditions. The solar multiple, which is defined as the
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ratio of the maximal receiver output to the rated output power, is set to 2.8, so as to allow 24 hours of
operation in summer. In the ORC subsystem, R245fa is selected as the working fluid. Tables 6 and 7

list the input parameters of the solar field, receiver and power block.

Table 6. Main input parameters of the solar field and receiver.

Parameters Values
Annual heliostat field efficiency, #neii 0.6 [46]
Receiver absorptivity, orec 0.94 [32]
Receiver emissivity, &rec 0.85[32]
The ratio of receiver height to diameter, Hyec/Drec 1.3 [47]
Number of panels, Npanel 28 [32]
Number of tubes per panel, Nube 40 [32]
Number of the flow path, Npamn 2[32]

Table 7. Main input parameters of the power block.

Parameters Values
*Main compressor inlet temperature, T1 (°C) 35 [48]
Compressor efficiency, nmc, rc and nec (%) 85 [49]
SCO: turbine efficiency, nst (%) 90 [49]
Bottoming cycle turbine efficiency, nsr (%) 85 [50]
Generator efficiency, ngen (%) 98 [51]
Pump efficiency, 7pump (%) 80 [48]
Cooling fan efficiency, #fan (%) 60 [52]
Effectiveness of HTR, eutr 0.9 [42]
Effectiveness of LTR, eLtr 0.9 [42]
PPTD of the air-cooled condenser, ATpp,cond (°C) 10 [53]
PPTD of the evaporator, ATppeva (°C) 5 [53]
Temperature difference at both heater ends, ATpp heater (°C) 15 [54]
Temperature difference at the cold end of SCOz-air cooler, ATpp cooler (°C) 15 [55]
Overall heat transfer coefficient of the heater, Uneater (W/(m?-K)) 330 [52]
Overall heat transfer coefficient of HTR, Uprr (W/(M?-K)) 3000 [50]
Overall heat transfer coefficient of LTR, ULtr (W/(m?-K)) 1600 [50]
Overall heat transfer coefficient of evaporator, Ueva (W/(m?-K)) 1600 [42]
Overall heat transfer coefficient of air-cooled condenser, Ugong (W/(m?-K)) 300 [52]
Overall heat transfer coefficient of sSCO2-air cooler, Ucooter (W/(M?-K)) 77 [56]

* Note: For the intercooling cycle and the partial-cooling cycle, T, = Ti. = 35 °C.
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A chloride ternary salt (mixture of 24.5 wt% NaCl, 20.5 wt% KCI and 55.0 wt% MgCl) is
selected as the heat transfer fluid in the molten salt loop considering the wide operating temperature
range, low cost, and high volumetric heat capacity [57]. The correlations of the thermal properties of

the salt are summarised in Table 8.

Table 8. Thermal properties of the solar salt [52].

Property Correlation

Density, p (kg/m?) 1899.3 —0.43 - (T —273.15)
Specific heat, ¢, (J/(kg-K)) 1180

Thermal conductivity, 2 (W/(m-K)) 0.5423 — 0.0002 - (T —273.15)
Absolute viscosity, u (Pa-s) 82510 - "

4.1 Solar field and TES system

The parametric analysis is performed in this section to investigate the effects of Thotsalt, Zcold,salt, and
nt on the thermodynamic and economic performance of the solar field and TES subsystem. The
power block thermal efficiency (nu) is set as 30%, 40% and 50% to represent power cycle systems
with different thermodynamic performance. The variation range of the Thotsal, and Tcold,salt are 565-
800 °C and 400-465 °C, respectively. The economic performance indicator considered here is the

purchase equipment cost (PEC).

Figure 8 shows the variations of #rec, PECfield, and PECtgs With the Thotsalt, Zcold,salt and 7. With
the decrement of Thotsalt, the solar receiver can achieve better thermodynamic performance and the
maximum receiver efficiency reaches 85%. It is also noted that the effects of Tcoidsait and #im on #rec
can be neglected. In addition, a larger solar field area and higher tower are required due to the drop
in 7rec. Therefore, an increase in Thotsait 1S associated with an increase in the solar field cost, as shown
in Figure 8(b). It can be seen that increasing Thotsait has no benefit on the solar field, but higher Thotsalt
can always result in better performance and lower cost of the power block. On the other hand, PECteld
decreases significantly as 7 increases. It shows that the solar field with #m of 50% has the lowest
PECrieid of $ 8.1x107, which is 34% lower than that of the case with #m of 30%. Since the required
heat input is inversely proportional to #u for the given power output, the total heliostat area and the
tower height increase drastically as 7 decreases, affecting the solar field cost. Therefore, improving
the thermal efficiency of the power block not only boosts the solar-to-electricity efficiency of the

whole plant but also dramatically reduces the total capital cost.

Figure 8(c) shows the variation of PECtes with Thotsalt, Tcold,salt and 7, and it can be seen that
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these three parameters can significantly affect the cost of the TES subsystem. As the power block
thermal efficiency (#wm) increases from 30% to 40%, the purchase equipment cost of the TES system
(PECrtEs) decreases by ~25%. A 10% further increase in 7 is estimated to save 20% on the PECrgs.
This is because the required heat storage capacity decreases as the 7, increases within the same design
power output, which also implies that TES cost is quite sensitive to the power block thermodynamic
performance. Therefore, the cost of SPT plants can be reduced to some extent if the traditional steam
Rankine power blocks are replaced by novel SCO> power blocks. On the other hand, the value of
PECtes in this work is scaled from the commercial molten-salt power tower model using the widely
used solar salt (mixture of 60 wt% NaNO3 and 40 wt% KNOs3), which has a temperature difference
between the hot salt and cold salt (ATsair) of 284 °C, and a unit value of 22 $/kW-h is used as suggested
by the SAM software [36]. As seen in Fig. 8(c), PECtes shows a decreasing trend with an increase
in ATsai, which is the determining factor of the TES cost because the size of the thermal storage
capacity is inversely proportional to AZsar. The lowest cost of TES system can be achieved in the
case of 7w, Thotsalt, and Tcoldsalt €qual to 50%, 800 °C and 400 °C, respectively. In summary, the
values of Thotsait and Teold,salt Need to be carefully considered, and improving #na is essential to

achieve superior performance of the whole SPT plant.

Receiver efficiency, 7, ()

350 600 400
630" 700 s
Hot salt temperature, Ty, 0 890 g5

(a)
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Fig. 8. Variations of: (a) receiver efficiency 7, (b) purchase equipment cost of solar field PECfeid,
and (c) purchase equipment cost of thermal energy storage system PECtgs with different hot salt
temperatures (Thotsait), cold salt temperatures (7cold,salt), and thermal efficiencies of power block (nm =
30%, 40%, 50%). The rated output power of the SPT plant is 20 MWe, and the solar multiple is set
as 2.8. The design DNI is 850 W/m? and the environment temperature is set as 25 °C.

4.2 Combined SCO2-ORC systems

Effects of five key parameters, i.e., the hot salt temperature (7saihot), the maximum pressure of the SCO»

cycle (Pmax), the minimum pressure of the SCO» cycle (Pmin), the ORC evaporating pressure (Peva), the
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ratio of pressure ratio (RPR) on the thermal efficiency (#u) and the purchase equipment cost (PECpb) of
the power block are discussed in this section. Among these parameters, Tsaithot i the parameter of the
molten salt loop, Pmax, Pmin, and RPR are parameters of the SCO, subsystem, and Peva is the key
parameter of the ORC subsystem. The ratio of pressure ratio, RPR, is only expressed for the cases with
an intercooling SCO; cycle and the partial-cooling SCO> cycle, and it is defined as:

RPR= e @

where Pinter 1s the intermediate pressure in the SCO> compression process.

The following are set as baseline conditions for all the investigated layouts: Tsaihot = 565 °C,
Tsaltcold = 445 °C, Pmax = 25 MPa, Pmin = 7.4 MPa, Peva = 800 kPa, and RPR = 0.8. When the effects
of one parameter are studied, the other parameters are fixed at their basic values. Fig. 9 shows the
variations of nm and PECy, of the power block at various maximum pressures of the SCO> cycle
subsystem (Pmax). It can be seen that higher Pmax enables better thermodynamic and economic
performance of the combined power systems with the RE, IC, and PC SCO: layouts. In the case of
RC-ORC layout, nu increases first and then decreases as Pmax increases, while the PECp, shows an
opposite variation. The comparison results of the four proposed combined SCO,-ORC power systems
indicate that the IC-ORC system yields the highest thermal efficiency when Prax is higher than 21
MPa, and the PC-ORC layout always provides the lowest PEChpp.

Figure 10 shows the comparison of #un and PECy, of different SCO,-ORC system configurations
at various minimum pressures of the SCO; cycle subsystem (Pmin). It shows that decreasing Pmin benefits
thermal efficiency and reduces unit cost for the RC-ORC layout and the PC-ORC layout. With respect
to the RE-ORC layout, #n decreases with the increase in Pmin, While PECy, decreases with Ppin in the
low-pressure range and increases in the high-pressure range. For the RC-ORC layout, the highest 7w
exists when Pmin is 8 MPa, and decreasing Pmin can result in a lower power block cost. Fig. 11 shows
the comparison of #m and PECy, with different SCO2-ORC system configurations at various hot salt
temperatures (7Tsalthot). As expected, 7 increases with Tsanot for all SCO2-ORC layouts. It also can be
seen that the PEC,, decreases with Tainot for all SCO2-ORC layouts, indicating that increasing 7aithot
is beneficial for both the thermodynamic and economic performance of the power block. More precisely,
the RC-ORC system with Tsaighot of 800 °C achieves the highest #m of 48% and the lowest PEC, of
$1.7x107, which are 26% higher and 47% lower than that of the case with Tsai¢hot of 500 °C.

Figure 12 shows the effects of the ORC evaporating pressure (Peva) on 7 and PECy. It is noted
that the operating ranges of Peva for the RE-ORC and RC-ORC systems are larger than those for the IC-
ORC and PC-ORC systems. This is because the Peva of ORC working fluid is in proportion to the SCO,
inlet temperature, which differs greatly in these combined SCO2-ORC systems. For the RE-ORC system,
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the SCO» inlet temperature corresponding to the maximum Peva is about 200 °C, while the maximum
SCO:; inlet temperature is only 80 °C for the PC-ORC system. It is also observed that 7 in all cases
increases first to a maximum and then decreases. Moreover, higher Pey, results in higher PECyb, and
PECy, of IC-ORC and PC-ORC layouts are sensitive to the change in Peva. In particular, for the PC-ORC
system, the PEC;p increases by 10% when Peya increases from 400 kPa to 1500 kPa. Fig. 13 demonstrates
the effects of the ratio of pressure ratio (RPR) on nn and PECpy. It is found that an optimum value of
RPR exists for the IC-ORC and PC-ORC layouts when it ranges from 0.8 to 0.9. The PECyy of these two

combined systems always increase with RPR, and the IC-ORC layout has a more significant increase.

It can be concluded that the combined IC-ORC system yields the highest thermal efficiency, and
the combined PC-ORC system provides the lowest specific investment cost under most conditions.
Although the system configurations of IC-ORC and PC-ORC are complex due to the additional SCO»
compressor and cooler, they have distinct advantages in terms of cost or thermal efficiency over the
RE-ORC and RC-ORC layouts. In addition, the effects of Pmax, Pmin, Peva, and RPR on the thermal
efficiency and purchase equipment cost of the power block are not simply monotone. Moreover, the
whole SPT plant performance also relies on the characteristics of the solar field and TES subsystems,
and the incorporation abilities of different SCO2-ORC systems with the molten salt loop are of vital
importance. Therefore, the performance coupling between the solar field, TES, and SCO,-ORC systems

needs to be carefully considered and the key parameters need to be optimised at the design stage.
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5. Comparison of different STP-SCO2-ORC systems

A case study in Delingha (37.4°N, 97.4°E), China is considered for performance comparison of
different STP-SCO,-ORC systems. The SPT plant design is performed at solar noon on the summer
solstice [58], assuming a DNI of 850 W/m? and an environment temperature of 25 °C. To provide a

fair performance comparison, all power blocks are integrated with the same solar field configuration
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which derives from the GEMASOLAR plant located in Fuentes de Andalusia (Seville, Spain). The

solar multiple is set to be 2.8. The main parameters of the solar field are listed in Table 9.

Table 9. GEMASOLAR plant main parameters [59, 60]

Parameter Value
Number of heliostats 2650
Mirror aperture area 306660 m?
Tower height 140 m
Receiver diameter 81m
Receiver height 10.6 m
Storage size (extend power block operation without sun radiation) 15 hours

5.1 Design optimisation

It can be concluded from the parameter analysis study that Thotsait, 7coldsalt, Pmax, Pmin, Peva, and RPR
have a non-monotonic effect on the component efficiency and costs. Therefore, these parameters are
selected as the decision variables for design optimisation, and for each integrated system, the vector

of decision variables is presented as follows:

(Thot,salts Tcold,salt: Pmax: Pmins Peva) for SPT-RE-ORC SyStem
(Thot,salta Tcold,salta Pmaxa Pmina Peva) for SPT-RC-ORC syStem
(Thot,salta Tcold,salta Pmaxa Pmina Pevaa RPR) for SPT-IC-ORC SYStem
(Thot,salt: Tcold,salt: Pmaxs Pmins Peva: RPR) for SPT-PC-ORC SyStem

X= (28)

The specific investment cost of the whole SPT plant (S/Ciotal), 1s selected as the optimisation objective:

min. SICio(X) (29)

which is subject to the following conditions:

(565 < Thorsa(°C) < 800
290 < Teo1d5a1t(°C) < 565
Prnin < Pmax(MPa) < 30
738 <P, (MPa) < P,
0.2 < P,,,(MPa) <2
\ 0<RPR(-)<1

(30)

The thermo-economic optimisation for each system is conducted by using the genetic algorithms
(GA) method, with detailed optimisation results listed in Table 10. The SPT systems with standalone
SCOs systems are also included as a baseline case for comparison. The results indicate that all SPT-SCO»-

ORC systems can achieve a decrease in S/Cial relative to the corresponding SPT plants with standalone
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SCO; systems, and also, adding an ORC bottoming system is beneficial to the overall performance.

The SPT-IC-ORC system is found to have the lowest SI/Cioal 0f 7990 $/kW, followed by the SPT-
PC-ORC system of 8060 $/kW, but their SICiotal reductions after adding bottoming ORC subsystems
are quite small (< 2%). Also, the SICioa1 of the SPT-RC-ORC system just decreases by 3% relative to
the SPT-RC system. The amount of performance improvement by adding bottoming ORC subsystems
to the SPT-RC, SPT-IC and SPT-PC systems is not as expected. Fig. 14 shows a breakdown of power
outputs by the topping SCO» subsystem and the bottoming ORC subsystem. It can be seen that the
Whetorc 1s relatively low at the optimal S/Ciotal condition for the cases of the SPT-IC-ORC and SPT-
PC-ORC systems. By comparison, the ORC subsystem in the SPT-RE-ORC system yields a
considerable amount of power output (2.8 MWe), which enables the SPT-RE-ORC system to achieve
the largest SICiotal decrease (11%) by adding an extra ORC subsystem. This is because the ORC
evaporation temperature of the SPT-RE-ORC plant is the highest among the four proposed integrated
SPT systems, and the ORC subsystem can absorb the maximum amount of the waste heat from the

SCO; working fluid, thereby improving the performance of the power block.

Table 10. Optimisation results of different SPT systems with environment temperature 7eny = 25 °C.

spT-  ST- gpr. SPT SPT- spT- sPT-PC-
e RE- ~c  RC- SPTIIC  IC- C ORC
ORC ORC ORC
Prmax
(Mpay 300 300 299 298 29.1 29.7 29.5 29.6
Pmin
(MPa) 8.2 7.4 9.5 8.7 75 7.6 7.7 75
Optimal Peva
operating (MPa) / 3.47 / 0.83 / 0.54 / 0.47
parameter T(“;’g;“ 800 800 774 800 800 800 800 783
ng'(":’s)a“ 583 584 603 630 616 616 586 562
RPR / / / / 0.65 071 071 0.73
’7"'&(';,‘/'(‘)’;5‘9“ 201 230 235 242 23.9 24.3 22.7 23.2
Wnet,total
performance (M) 187 214 219 225 222 22.6 21.2 21.6
indicators ITC 172 174 184 183 1.81 1.80 1.73 1.74
($-109)
SlCtotaI
Ghw) 9180 8150 8400 8160 8130 7990 8190 8060
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Fig. 14. Power output with breakdown contributed by the topping SCO: cycle subsystem and the
bottoming ORC system of SPT plant integrated with different power cycle systems. The solar-array
area and solar multiple are set to be 306660 m? and 2.8. The design DNI is 850 W/m? and the
environment temperature is set as 25 °C. Results correspond to the optimal conditions with the

minimum specific investment cost of the whole plant shown in Table 10.

Furthermore, Fig. 15 shows the purchase equipment cost (PEC) breakdown of TES, SCO> and
ORC subsystems, corresponding to the operating condition at which the SPT plants can achieve the
lowest SICiwow1. For SPT plants integrated with SCO,-ORC systems, the total PECs do not show
significant changes compared to those of the standalone SCO, systems. Using the SPT-RE-ORC
system as a reference, the relative differences in PEC are 16.9%, 11.3% and -0.2% for the SPT-RC-
ORC, SPT-IC-ORC and SPT-PC-ORC systems. As the salt temperature differences (ATsart) in the
SPT-RE-ORC and SPT-PC-ORC systems are lower, these two systems provide smaller salt storage
tanks; thereby, their TES costs are relatively low.
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Fig. 15. Purchase equipment cost (PEC) of subsystems for SPT plant integrated with different power
cycle systems. The solar-array area and solar multiple are set to be 306,660 m? and 2.8. The design
DNI is 850 W/m? and the environment temperature is set as 25 °C. Results correspond to the optimal

conditions with the minimum specific investment cost of the whole plant shown in Table 10.

Fig. 16 shows the effect of the environment temperature on the optimal specific investment
cost of the whole SPT plant. The environment temperature varies between 5 and 45 °C, and the DN/
is fixed at 850 W/m?. The results show that the specific investment costs of SPT plants will increase
by more than 7.6% while the design environment temperature increases from 25 to 45 °C, which
means that higher investment costs for SPT plants are needed in hot areas. The reasons can be
summarised as follows: firstly, higher environment temperature corresponds to higher condensation
pressures of the ORC system and results in a drop in the unit output work of the ORC turbine.
Secondly, the SCO> main compressor deviates from its optimum operating condition if the
environment temperature is higher than 25 °C. At relatively high environment temperatures ( 7eny >
25 °C), the main SCO; compressor inlet deviates from its design operating condition and causes a
drop in the SCO; system efficiency. Thirdly, environmental temperature is one of the major factors
affecting the performance of air-cooled equipment. Any change in environment temperatures
induces a change in the airflow rate in the cooler and condenser, which can lead to a change in the
power consumption of cooling fans. Therefore, at high environmental temperatures, more power

consumption is required, and less output power is produced.



559
560

561

562

563

564
565
566
567
568
569

570

571

572

8800

T T
—=— SPT-RE-ORC
—4a— SPT-RC-ORC

g?/: 86004 |7 SPT-IC-ORC _
e —e— SPT-PC-ORC
O
@
‘:8) 8400 8
<
[«5}
£ 8200+ 4
3
>
£
2 8000- ]
S
&
7800 4

5 10 15 20 25 30 35 40 45
Environment temperature, T, (°C)

Fig. 16. Effects of environment temperature 7eny to the optimal specific investment cost of the whole

SPT plant SICiota for different SPT systems.

5.2 Annual performance simulation

The annual performance of the proposed STP-SCO,-ORC integrated systems is assessed based on
real weather data in Delingha, China (37.4°N, 97.4°E), of which the environment temperature and
DNlyay are shown in Fig. 17. System parameters correspond to the optimal design scheme with the
lowest specific investment cost in Table 10. Off-design models are used to predict performance under
different operating conditions. The annual electricity generation of the four proposed SPT-SCO>-ORC

systems is calculated based on real weather conditions.
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Fig. 17. (a) Year-round direct normal insolation (DNlqay) fluctuation, and (b) maximum and minimum

daily environment temperature in Delingha, China.

The total energy input to the solar field is directly proportional to the value of DNI. Therefore, the
heat transferred from the solar receiver to the molten salt loop constantly changes with time. In addition,
the SCO> compressor inlet temperature and the condensing temperature are influenced by the
environment temperature. The output power of SPT plants changes frequently, and an off-design
analysis should be implemented to obtain accurate electricity generation. Some assumptions are made
to simplify the analysis: (1) weather conditions are constant for each hour and hourly-daily-monthly-
yearly electricity generation is calculated in sequence; (2) the dynamic response of the systems are not
taken into account and systems always runs in a steady state; (3) the SPT plants are designed to meet
the base load and do not undertake the tasks of peaking and frequency modulation. The power block
supplies the rated power when the heat input is sufficient, so as to address the maximum annual
generating capacity of different SPT plants; and (4) the efficiencies of all SCO> compressors, turbines
and pumps are kept constant at the design values, assuming that their deviations from the design

condition will be small due to the adoption of variable-frequency speed control systems.

The geometric characteristics of the solar field and receiver, the design parameters of the power cycle
system and the design conductance (UA) of heat exchangers are obtained in the design stage and
considered known parameters. The heliostat field efficiency (#neii) is obtained using the SAM software
[36] for every hour and is determined by the heliostat field layout, geographical location and sun direction.
The off-design performance of the solar receiver and heat exchangers is evaluated using the models in

Section 3. For off-design analysis of heat exchangers, the correlation between the conductance (UA4) and
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the mass flow rates of hot fluid and cold fluid (m2not, 7c01d) can be expressed as [61]:

1 1 1
3 08
U-A4 mgg gy

(1)

Given the design and off-design mass flow rates of both the cold and hot fluids, the ratio of the

off-design conductance UAofr and the design conductance UAgesign can be calculated from [32]:

0.8 0.8 0.8 0.8
U- A)off Meold,off ~ Mhot,off . Meold,design + Mpot,design 32
(U A) - 0.8 . m0.8 ) ( 0.8 + 0.8 ( )
design mcold,design hot,design Meold,off ™ Mhot,off

Based on the above off-design analysis method for the SPT plant, the effect of environment
temperature variation on the thermal efficiency of the power block can be assessed, as shown in
Fig. 18. The ambient environment temperature varies from -30 °C to 30 °C, which correspond to
the lower and upper-temperature limits in Delingha, China. It can be seen from the figure that the
thermal efficiency (nm) of the power block decreases as the environment temperature (7eny)
increases. This is because an increase in 7eny results in a decrease in ORC efficiency and an increase

in the power consumption for SCO2 compression.
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Fig. 18. Effect of environment temperature on the thermal efficiency of different combined SCO»-
ORC power systems. System design parameters correspond to the optimal conditions with the

minimum specific investment cost of the whole plant shown in Table 10.

In this section, we take the SPT-RE-ORC system as an example to show the annual electricity
generation calculation process. Parameters such as 7eny, DNI, the power block thermal efficiency (#),

receiver efficiency (#rec), heliostat field efficiency (#neli), and plant design efficiency (#plant,design) OVer
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a typical winter and summer day are shown in Fig. 19. Lower Teny in winter results in higher #a due

to the decrease in power consumption of cooling fans and the increase in power output of the ORC

expander. Therefore, nm of the SPT-RE-ORC can be as high as 51% on a typical winter day (12th

January). On the other hand, the sunlight lasts 9 hours on the selected winter day and 14 hours on the

summer day. During the summer, the heliostat field receives more solar energy; thus, the SPT plant

has a longer operating time. In this case, #nel and #rec are determined by DNI over a day, and the real-

time solar-to-electricity efficiency (#solar-el) 1S positively associated with the DNI. The hourly-daily

electricity generation can be obtained based on the above data and the solar field parameters.
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January), and (b) a typical summer day (21st June) of an SPT-RE-ORC system in Delingha, China.

Figures 20 and 21 show the daily direct normal insolation (DNl4ay) and electricity generation
(Eday) 1n January and June, respectively. The Eqay always follow the trend of the change in DNlgay,
which shows dramatic fluctuations due to the unstable weather conditions. The maximum DNlgay in
January and June are 7003 kW-h/m? and 9185 kW-h/m?, respectively. The DN/ difference between
the summer and winter can be explained by the different sun positions and amount of solar hours.
Therefore, on a clear day, the peak value Eqay in June is higher than that in January. Figure 22 shows
the monthly electricity generation and operation hours of the SPT-RE-ORC system. It can be seen
that the maximum monthly generating capacity (Emonth) appears in November, while the SPT plant
has the lowest Emonth in February, which is linked to the Delingha climate. The monthly total DN/
value (DNImonn) reaches the maximum value of 209 MW-h/m? in November while the DNImonth in
February is 128 MW-h/m?. The full-load operation hour is calculated by dividing the rated power
output into the monthly electricity generation. It can be seen that the electricity generation of the SPT-
RE-ORC plant exceeds 11000 MW-h in October, November and December. The total electrical
energy over a year reaches 119.8 GW-h, and the full-load operation time is 5600 h.
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Fig. 20. Daily direct normal insolation and electricity generation of an SPT-RE-ORC system in
Delingha, China, in January.
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657

658 The annual electricity generation of four proposed SPT-SCO»-ORC systems, along with comparisons
659  with different SPT-SCO: systems, are shown in Fig. 23(a), which indicates that an improvement (from 3%
660  to 19%) in the electricity generation can be achieved by adding a bottoming ORC subsystem to the power
661  block. The levelised cost of electricity (LCOE) and payback time of these SPT-integrated systems are
662  calculated using the actual annual electricity generation data. As shown in Fig. 23(b), it is not surprising

663  that the SPT systems integrated with combined SCO»-ORC systems have lower costs, which benefits from
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the improvement in energy conversion efficiency. As shown in Fig. 23 (¢), the capital cost of the SPT-SCO»
plant integrated with ORC systems can be paid back in a shorter period, which further proves that the

combined SCO»-ORC systems are promising technologies for SPT plants.

Among the eight cases, the STP-RE-ORC layout has the lowest LCOE of 0.12 $/kW-h, followed
by the STP-IC-ORC layout and the STP-RC-ORC layout. In addition, the SPT-RE-ORC system has the
simplest structure, and the operational controls and procedures are also much simpler than other systems.

Therefore, the combined RE-ORC system is preferred and can be considered in practical applications.
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Fig. 23. Comparison of (a) annual electricity generation, (b) LCOE, and (c) payback time for different
SPT-SCO; systems with and without ORC subsystem, using the weather data in Delingha, China.

5.3 Sensitivity analysis

As the SCO; power blocks are emerging technology and therefore not commercially mature, the
investment cost data is not sufficiently accurate. Therefore, the sensitivity analysis of economic
performance is conducted to address the uncertainty in the modelling variables, including the total
purchase equipment cost (PEC), the discount rate (iq), the inflation rate (ir) and the overall heat
transfer coefficient of heat exchangers (Ung). At the design stage, the overall heat transfer coefficient
of heat exchangers (Ung) 1s the input parameter, which is a reference value. The design values of Ung
are related to the detailed structural parameters and vary in a given range, which induces the
uncertainty of heat exchanger cost. In addition, most cost correlations of the SCO> equipment are
derived from the process industries and the accuracy is not enough, leading to the calculation error of
the total purchase equipment cost (PEC). The discount rate (iq) and inflation rate (ir) usually have
different values in different engineering projects. It is estimated that the uncertainty of these variables

ranges from -30 to +30% of the nominal values [62].

The uncertainty analysis results that the effects of Ung, PEC, i4, and ir on levelised cost of
electricity (LCOE) and payback time (PBT) are presented in Figs. 24, 25, 26 and 27, respectively.
The economic performance is most sensitive to PEC and for every 10% by which the PEC changes
from the nominal value, the LCOE and PBT change by about 8.7% and 11.0%, respectively. This is

because the SPT plant construction is a capital-intensive project. The next most influential factor
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in the SPT economic performance is i4, which leads to a change in LOCE of 4.3% and PBT of 2.9%
for a 10% change in its value. For every 10% change in Ung, the LCOE and PBT change by about
1.5%. Finally, ir has little impact on the economic performance of SPT plants. The sensitivity
analysis results indicate that the accuracy of equipment cost correlations should be improved when
the central tower solar thermal technology and SCO> power system become mature in the future.
Also, stakeholders should give careful consideration to the interest charged to the loan when

evaluating the economic performance of SPT plants.
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Fig. 24. Sensitivity analysis with the overall heat transfer coefficient of heat exchangers (Unug).
Analysis results of (a) levelised cost of electricity, LCOE, and (b) payback time, PBT for different
SPT-SCO; systems with and without ORC subsystem, using the weather data in Delingha, China.
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Fig. 25. Sensitivity analysis with the total purchase equipment cost (PEC). Analysis results of (a)
levelised cost of electricity, LCOE, and (b) payback time, PBT for different SPT-SCO, systems with
and without ORC subsystem, using the weather data in Delingha, China.
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Fig. 26. Sensitivity analysis with the discount rate (iq). Analysis results of (a) levelised cost of
electricity, LCOE, and (b) payback time, PBT for different SPT-SCO> systems with and without ORC

subsystem, using the weather data in Delingha, China.
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Fig. 27. Sensitivity analysis with the inflation rate (ir). Analysis results of (a) levelised cost of
electricity, LCOE, and (b) payback time, PBT for different SPT-SCO; systems with and without ORC

subsystem, using the weather data in Delingha, China.

6. Generalised multi-climate analysis

The annual direct normal solar irradiance in Delingha as a case study above is around 2,080
kW -h/m?*/year (~2450 sunshine hours, 850 W/m?/h), while it can reach 2900 kW/m?*/year in Australia
and even >3700 kW/m?/year in Chile [62]. In this section, the performance of SPT plants in multi-

climate regions is focused, with DNI and annual sunshine hours taken as input parameters [64].

Of interest, for a fixed mirror aperture area of 306660 m?, the SPT-RE-ORC system is always
the optimal system with the lowest LCOE for different solar conditions considered here, thereby
the results of the SPT-RE-ORC system layout are presented. Fig. 22 shows the annual electricity
generation increases with DN/ and annual sunshine time. The SPT-RE-ORC plant can generate
261 GW-h of electricity annually when DNI and the annual sunshine time reach 1100 W/m? and
4000 hours, respectively. The variation of LCOE in different solar conditions is shown in Fig. 23.
Obviously, the plant has lower LCOE in regions with high solar resources. With the increment of
solar irradiance, the capital cost of the SPT plant can be reduced, especially for the solar field, due
to the reduction of the number of heliostat mirrors. Moreover, longer sunshine hours enable the SPT
plant to produce more electricity. For instance, the SPT plant located in Delingha has an LCOE of
0.12 $/kW-h, while the LCOE of the SPT plant in Chile (3700 sunshine hours, 1000 W/(m?-h)) can
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be as low as 0.07 $/kW-h. As shown in Fig. 24, the payback time of the SPT plant in Chile is less
than six years. It is noted that an SPT plant with a RE-ORC power system can pay back in <10
years when the annual direct normal solar irradiance exceeds 2000 kW-h/m?*/year, which reveals

that the SPT-RE-ORC system is attractive for many regions in the world.

Annual electricity generation (GW-h/year)
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Fig. 28. Annual electricity generation of SPT plants based on RE-ORC power systems, with a fixed
mirror aperture area of 306660 m? which is the same as the GEMASOLAR power plant. The annual
sunshine hour ranges from 1600 to 4000 h, and the DNT (at the summer solstice) ranges from 600 to

1400 W/(m?-h), representing solar sources at most locations with high levels of DNI around the world.
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Fig. 29. LCOE of 20 MWe SPT plants based on RE-ORC power systems, with a fixed mirror aperture
area of 306660 m? which is the same as the GEMASOLAR power plant. The annual sunshine hour ranges
from 1600 to 4000 h, and the design DNI (at the summer solstice) ranges from 600 to 1400 W/(m?h),

representing solar sources at most locations with high levels of DNI around the world.
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Fig. 30. Payback time of 20 MWe SPT plants based on RE-ORC power systems, with a fixed mirror aperture
area of 306660 m* which is the same as the GEMASOLAR power plant. The annual sunshine hour ranges
from 1600 to 4000 h, and the design DNI (at the summer solstice) ranges from 600 to 1400 W/(m?-h),

representing solar sources at most locations with a high level of DNI around the world.

7. Conclusions

In the present study, bottoming ORC systems are coupled with different SCO; systems in order to
assess the potential for further performance improvement in SPT plants. Four configurations of such
SCO2-ORC systems are presented: (1) recuperated SCO2-ORC system (RE-ORC); (2) recompression
SCO,-ORC (RC-ORC); (3) intercooling SCO,-ORC (IC-ORC); and (4) partial-cooling SCO,-ORC
(PC-ORC). A systematic comparison of these SPT-SCO2-ORC system variants is conducted based
on an integrative model, which includes the heliostat field, the solar receiver, the molten salt thermal

energy storage system (TES), and the power cycle system.

Parameter sensitivity analysis is first conducted to evaluate the impact of power block
characteristics and TES operating temperatures on the thermodynamic and economic performance of
SPT plants. Gains in the power block efficiency contribute to the whole plant efficiency and reduce
the heliostat number (i.e., solar field size) and heat storage capacity (i.e., storage system size),
resulting in lower solar field and TES subsystem investment costs. On the other hand, various power
cycle systems present different salt temperature differences (ATsat) across the solar receiver. Larger
ATsai contribute to obtaining smaller salt storage tank sizes and reduced TES costs, which benefit the
incorporation of power cycle systems with TES. Further work on novel SCO2 power systems in SPT

applications should aim to obtain higher cycle efficiency and larger ATsart.
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An annual system performance evaluation case study is undertaken based on the weather data in
Delingha, China. Levelised costs of electricity (LCOE) and payback time for different integrated
systems are calculated. The results show that adding a bottoming ORC system to SCO, systems
improves system thermal efficiency and reduces the cost of power blocks for SPT applications. Since
the RE-ORC system has a larger ATsat and reduced flow rates of solar salt and SCO, it achieves the
lowest LCOE and payback time. Specifically, the SPT-RE-ORC plant exhibits the greatest annual
electricity generation improvement (19%), and the most significant decrease in the LCOE (14%) and
payback time (20%) thanks to the largest amount of waste heat recovery from the SCO, cooling
process. In addition, this system has the simplest layout and highest technology readiness level (TRL)
among the four SPT-SCO,-ORC systems presented in this work. Therefore, the integration of ORC
bottoming cycles is recommended for solar power utilisation in these combined systems.

Finally, a generalised multi-climate analysis, conducted to provide insight into the techno-
economic feasibility of SPT plants over a range of different solar irradiance conditions, indicates that
LCOEs as low as 0.07 $/kW-h and payback times as short as 6 years can be achieved in some regions
with an abundant solar resource (annual sunshine hours >3700, design DNI >1000 W/(m?h)).

In future work, the cost correlations will be further improved when more cost data is available to
enhance the reliability and accuracy of economic evaluation. More working fluids will be considered to
explore the optimal working fluid selection along with the optimal design of the ORC systems. Moreover,
a comparison with steam Rankine systems, condensation-based systems (e.g., with CO, mixtures as
working fluids for the topping CO: cycle systems) as well as other bottoming cycle system options will

be performed to address the potential of using the presented systems in practical applications.
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Appendix

The combined recompression SCO>-ORC (RC-ORC) system is selected to describe the detailed
modelling process of the power blocks.

(1) Turbine modelling

Based on the energy balance equation, the output power of the SCO: turbine (ST) can be

calculated as:

Wirsco, =ma * (hy = hs) (Al)

where m4 is the turbine mass flow rate. /4 and /s are the CO- enthalpies at the inlet and outlet of ST,
respectively.

The efficiency of ST is defined as:

Nursco, — (14 = hs) | (hy = hss) (A2)

where 455 is the CO; enthalpy at the ST outlet for an isentropic expansion process.
The output power and efficiency of the turbine in the bottoming ORC system can also be

calculated as follows:

Wiarore = moa * (hoa — hos) (A3)
Murore ~ (hos = hos) / (hos = hoss) (A4)

(2) Compressor modelling

The isentropic efficiencies and power consumptions of the SCO, compressors are expressed as

follows:
Nye = (has = hy) [ (hy — hy) (A5)
Wac =my - (hy — hy) (A6)
Npe = (has — hg) / (h3 — hy) (AT)
Wrc = mgp, * (h3p — hgp) (A8)

where subscripts “MC” and “RC” represent the main compressor and recompression compressor in
the SCO» system, respectively.
(3) Pump modelling

The isentropic efficiency and output power of the ORC pump can be calculated as follows:
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Moump — (hoas — ho1) / (hoa — ho1) (A9)

w.

pump — Mo1 ° (h02 - hOl) (A10)

where /Koo 1s the r245fa enthalpy at the pump outlet for an isentropic expansion process. /ois is the
r245fa enthalpy at the pump inlet.

(4) Heat exchanger modelling

In the heater, the hot salt transfers the heat to the CO> working fluid of the power block. The

energy balance equation for the heater can be expressed as:

Mgaltp * (Tsalt,hot - Tsalt,cold) =My (hS - h4) (All)

where msaiep denotes the mass flow rate of salt entering the heater, Tsai,in and Tsai,ou are salt inlet and
outlet temperatures, respectively.

There are two recuperators in the recompression SCO> cycle: high-temperature recuperator
(HTR) and low-temperature recuperator (LTR), the energy conservations for them are given by,

]’lé - h7 = h4 - h3 (A12)
hy = hg = (1 = x)(h3a — hy) (A13)
The effectiveness of recuperators is defined as:

&€= (Tlp,in - Tlp,out) / (Tlp,in - Thp,in) (A13)

where Tipin, Tip,out are the inlet and outlet temperatures of the low-pressure CO2 working fluid. Thp,in
denotes the inlet temperature of the high-pressure CO2 working fluid in the recuperator.

The topping SCO> cycle and the bottoming ORC cycle are coupled by a heat exchanger called
an “evaporator” in this work. The R245fa working fluid absorbs the waste heat from the CO> stream
and it turns into vapour. The energy conservation equation of this process is expressed as:

my -+ (hgy — ho) = mgy - (ho3 — hop) (A15)

The SCOz-air cooler works as the heat sink in the SCO> cycle. The energy balance equation for

the cooler is given by:
my - (hg — hy) =myg - (hyy — hyo) (Al6)

The power consumption of the cooling fan is calculated as:
Wfan,cooler =0.5myg - APy, - (pIO _pll) / Mean (A17)

where m1o denotes the mass flow rate of the air in the cooler, APai- represents the pressure drop of air
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across the cooler. pi1o and p11 are the densities at the cooler inlet and outlet. #fn 1s the fan efficiency.
The exhausted R245fa vapour changes into liquid at the condenser, and the energy conservation
equation of the condensation process and the power consumption of the fan are expressed as:

moy - (hog — ho1) = mgs - (hog — hos) (A1B)

Wfan,cond = 0.5 mos " APy, - (p05 - p06) / Hean (A19)
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