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ABSTRACT

This work analyses a 150 MW, multi-tower solar-only combined cycle power plant (nominal efficiency
~50%) for evening peak operation. Olivine particles are used as heat transfer fluid and thermal energy
storage medium based on their suitable thermo-physical properties for high temperature operation.
Technical constraints to handle hot particles lead to an integration of the power block and thermal
storage system with an array of heliostat fields (with a solar receiver per field). Unitary 53.0 MWy, solar
tower was designed to satisfy these constrains. Two electricity dispatch strategies covering the evening
peak power have been analyzed. Number of solar fields and storage capacity have been optimized from
thermo-economic optimization. It is concluded that the best layouts have seven solar towers and storage
capacities of 2.0 GWh for the first dispatch scenario (with an electricity generation from 17:00 to 22:00)
and eight solar towers with 2.5 GWh for the second one (from 17:00 to 24:00). Solar multiple is between
1.1 and 1.25. These two configurations cover 56.2% and 55.8% of the total energy demand at full power
with LCOE of 14.6 c€ kWwh ! and 13.2 c€ kWh ™. A sensitivity analysis on the components costs indicates

that 11.0 c€ kWh™! could be achieved.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Bulk solar power production requires cost-competitive and
flexible-dispatching technologies at the multi-megawatt scale.
Concentrating solar power (CSP) has proven its ability to provide
dispatchable electricity using low-cost thermal energy storage
(TES) [1]. Ending 2019, an estimated 21 GWh of TES were indeed
operating in conjunction with CSP plants worldwide, which
doubled the battery storage capacity [2]. However, CSP electricity
cost is at least three times higher than that of photovoltaics (PV) [3].
Increasing CSP contribution in the energy mix might proceed by
means of different complementary actions; promoting hybrid solar
power plants, implementing modular concepts, and developing
advanced CSP technologies are three of them. The first one consists
of employing hybrid PV-CSP solutions where the PV electricity is
delivered to the grid during sunny hours while the more
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dispatchable CSP electricity provides support after sunset or during
cloudy transients [4]. The design of such CSP plants for hybrid
operation involves significant changes with respect to the tradi-
tional commercial plants, which are conceived to have high-
capacity factors to reach the lowest levelized cost of electricity
(LCOE). This new hybrid schemes might lead to low solar multiple
(SM) even close to unity and store PV electricity as heat in CSP TES
system. The second approach relies on using several solar collection
units, each of them composed of a heliostat field and a solar tower
in the case of central receiver systems (CRS), with a common and
centralized TES system and a single power block [5,6]. This modular
concept provides an alternative configuration in which individual
optical efficiency of each solar collection unit is higher than a single
system capable to supply the overall thermal power [7] and the
electricity generation can start earlier by operation at partial load
[8]. Finally, advances in CSP technologies address high-efficiency
power cycles, new heat transfer fluids (HTF), and low-cost ther-
mal storage, among other goals, which implementation would
promote higher solar-to-electricity efficiency and lower LCOE. Thus,
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Nomenclature

Acronyms

CAPEX Capital expenditure

CcC Combined cycle

CDF Cumulative distribution function
CF Capacity factor

CRS Central receiver system

CSp Concentrating solar power
DUFB Dense upflow fluidized bed

DS1 Dispatch strategy 1

DS2 Dispatch strategy 2

EPC Engineering, procurement and construction costs
FP Fluidized particles

GT Gas turbine

HRSG Heat recovery steam generator
HTF Heat transfer fluid

HX Heat exchanger

ISCC Integrated solar combined cycle
LCOE Levelized cost of electricity

LPT Low pressure turbine

0&M Operation and maintenance
OPEX Operating expense

ORC Organic Rankine cycle

P90 Ninetieth percentile

PTC Parabolic trough collector

PV Photovoltaics

sCO, Supercritical carbon dioxide

SM Solar multiple

ST Solar tower

STEC Solar thermal electric components
TES Thermal energy storage

TIT Turbine inlet temperature

TOD Time of delivery

™Y Typical meteorological year

UF Utilization factor

Latin Letters
Azimuth
Elevation
Energy
Hour
Number
Radius
Surface
Year
Time

f< LR Zomo o

Greek Letters

a Conveyor heat loss coefficient
A Variation

n Efficiency

Subscripts

Cav Cavity

HF Heliostat field

Th Thermal

e Electric

Rec Receiver

one of the main objectives for third CSP generation (or Gen3) is to
make use of solar technologies adapted to 50% nominal conversion
efficiency on the thermodynamic cycle [9]. However, current state-
of-the-art has a conversion efficiency below that target due to the
limited operation temperature [10]. Among different CSP technol-
ogies that are envisioned, higher receiver temperatures, which lead
to outlet temperature of heat transfer fluids above 650 °C, will favor
higher conversion efficiency by introducing supercritical Rankine
cycles [11] and high temperature Brayton cycles configurations
[12].

Recent studies have concluded that supercritical carbon dioxide
(sCO,) Brayton cycles can reach the 50% conversion efficiency target
coupled to solar central receiver technologies [13—16]. The sCO;
Brayton cycle operates in the supercritical region, in which the fluid
exhibits liquid-like compressibility and heat transfer characteris-
tics, while still reaching high temperatures. This enables to reduce
the compressor work and increase the efficiency of the regenerator
heat exchanger [17]. Despite sCO, Brayton cycles can reach very
high efficiency (i.e. up to 58% at a turbine inlet temperature (TIT) of
800 °C [18]), the cycle operation is highly dependent on the
ambient temperature, which can penalize the plant performance in
desert areas [19—21]. Currently, sCO, Brayton cycles have not
reached the industrial stage yet and despite promising findings for
high temperature Brayton power cycles, 50% target efficiency under
real on-sun operation conditions is still to be demonstrated.
Consequently, CSP technology deployment in the short and me-
dium term should be focused on combined cycles (CC) consisting
on a topping Brayton cycle and a bottoming Rankine cycle, which in
CSP leads to Integrated Solar Combined Cycle (ISCC) concepts
[22—25]. Recently, Farsi and Dincer analyzed a solar-hybrid CC
power plant consisting of a Brayton topping cycle with pressurized

fluidized bed combustion and particles fluidized bed heat
exchanger for transferring the rejected heat to the bottoming
Rankine cycle [26]. They reported a 50% cycle energy efficiency and
53.8% exergy efficiency. Kang et al. presented a theoretical frame-
work for the energy analysis of a solar-hybrid ISCC plant. The au-
thors claimed an overall cycle efficiency from about 40% using a
combined low and high-pressure Brayton cycle only, and up to 48%
in a fully combined air-steam concept [27]. The use of other
working fluids may increase cycle performance but with more so-
phisticated plant layouts. Javanshir et al. compared different CC in
CSP plants and concluded that the Brayton and Organic Rankine
Cycle (ORC) exhibited the highest thermal efficiency. In that
configuration, helium and ethanol were used in the topping and
bottoming cycles, respectively. A peak 53% thermal efficiency was
reported at 1000 °C [28]. Zare et al. proposed a CC consisting of a
closed Brayton cycle using helium as working fluid and two ORCs
for waste heat recovery. Results shown a 56.9% power cycle thermal
efficiency at 1000 °C [29]. Even though current concentrating solar
thermal technologies are able to achieve this high operational
temperature, it may also cause severe material issues in the solar
receiver and seriously penalize heat losses by radiation.

Solid particles have been explored as HTF and thermal storage
medium in CSP [30,31], since they present additional advantages
with respect to commercially established molten salts, i.e. they are
chemically inert and stable well above 900 °C, capable of storing
energy over a greater temperature span, and are relatively cost-
effective [32—34]. In this context, fluidized particles (FP) have
been proposed as an alternative heat transfer fluid in dense upflow
fluidized bed (DUFB) solar receivers by Flamant et al. [35,36]. In this
solar receiver concept, fluidized particles (59 um, mean diameter,
dsp [37], and solid fraction volume in the range of 25%—35%) are
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indirectly heated, when they flow upwards in vertical opaque tubes
[35,36]. The DUFB solar receiver would enable to implement
highly-efficient power cycles such as sCO, Brayton and CC in CSP
plants [14]. Previous analysis reported up to 41% efficiency at name-
plate capacity and 23% annual solar to electricity efficiency with a
290 MWy, DUFB solar receiver working at 650 °C and a subcritical
Rankine cycle [38]. Steady-state preliminary results from Valentin
et al. reported a 150 MW, power block nameplate efficiency of
48.8% for a double reheat air topping cycle at 800 °C [39]. In turn,
Behar et al. claimed an overall nominal efficiency (solar-to-electric
efficiency) of 25.80% and from 21.16% to 24.7% for hybrid (i.e. solar-
fuel) and solar-only operation modes, respectively, for a particle-
based CSP plant with an 18 MW, combined cycle [6]. The general
conclusion is that DUFB-based CSP technology can achieve the re-
quirements in terms of solar to electricity efficiency, though the
cost impact and mechanical constraints of other key components
like heat exchangers and particles conveyors needs careful
assessment.

This work presents a thermo-economic assessment of a 150
MW, multi-tower unfired CC solar thermal power plant operating
at a TIT of 800 °C located in Ouarzazate (Morocco) and specifically
designed for evening peak power generation. This particular dis-
patching scenario constraints the period for electricity generation
(and consequently the capacity factor of the plant) to the necessary
to cover the evening peak power demand, when photovoltaics is
not able to provide any support either fully or partially. In fact, this
scenario considers that the solar field acts as a “solar battery” that is
charging during 8—14 h a day and discharging only during a limited
number of peak hours. Then the thermal power outlet from the
solar receivers and the power inlet to the turbine are fully decou-
pled. Consequently, a methodology for the optimization is required.
The manuscript is organized as follows; firstly, the CSP plant, the
components (TES, belt conveyors, and particles elevators) as well as
the electricity dispatching scenarios are described. Then, the
methodology, design procedure and figures of merit for select the
best plant layout are presented. Results and discussion section
addresses the solar field sizing, design, and determination of the
number of solar towers. Through the analysis of parameters of
merit, the most convenient layout in terms of number of solar
towers and stored energy for different dispatching scenarios have
been selected. A sensitivity analysis on the LCOE was then carried
out, on the costs influence of belts conveyor and DUFB heat ex-
changers, due to the uncertainty of the costs of these components.
Finally, for the two most convenient configurations, hourly elec-
tricity production and stored particles mass along the year are
presented and discussed.

2. Solar combined cycle power plant description

Fig. 1 (left) shows the schematic layout of the 150.0 MW, CSP
plant, a multi-tower design with a single thermal storage subsys-
tem and a CC power block. The number of solar fields (three units
have been depicted in Fig. 1 for the sake of clarity) depends on the
net power and energy requirements of the power plant. In turn, the
net nominal thermal power of the unitary solar field is established
by construction constraints, as it will be described later in this
section. The particle transportation system is composed of belt
conveyors and bucket elevators and it moves the particles between
storage tanks and the base of each solar tower, and between there
and the corresponding solar receiver. Each solar tower has two
independent belt conveyors for hot and cold particles trans-
portation and a bucket elevator for cold particles. Once at the solar
receiver dispenser, the fluidized particles flows upward inside the
absorber tubes onto which the concentrated solar flux is focused,
heating the particles to the desired temperature. Hot particles flow
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by gravity though a thermal-insulated pipe from the solar receiver
outlet towards the hot belt conveyor; no technical issues of the
particle transport systems have been addressed in this work.

Under such configuration, TES system decouples solar energy
collection from power cycle operation. When it is required by the
dispatch strategy, hot particles leave the hot tank and transfer their
heat to the working fluid of the Brayton cycle (air) by means of a
particle fluidized bed-air heat exchanger. Outlet particles temper-
ature in the solar receiver has been set to 825 °C, since it is
considered the minimum threshold that the output DUFB receiver
temperature must reach to obtain a TIT for adequate ISCC efficiency
[6,39,40]. Dedicated design of the heat exchanger ensures limited
temperature drop, thus 800 °C TIT can be ensured [40]. Olivine, a
magnesium iron silicate, has been selected as particulate material
due to its thermophysical properties (density, 3400 kg m>; specific
heat, 1.27 k] kg K1 at 800 °C) and low cost (150—200 $/tonne) [41].
Thermal energy losses of the hot and cold particles path from the
solar receiver to the heat exchangers have been accounted as 5% of
the overall input thermal power from the solar receivers.

DUFB-based receiver was tested in a 100 kWy, prototype at the
PROMES solar furnace in Odeillo (France) [35], providing design
guidelines about solar peak flux, heat transfer coefficients and
tubes length. These variables together with experimental data ob-
tained from the EU project CSP2 [42] are the basis of a solar receiver
model used in this work, which has been already described and
applied to previous analyses [13,19,38]. Fig. 2 displays the particle
receiver model, the left figure shows the cross section of the tubular
panel located inside a cavity, while the right figure sketches the
longitudinal section.

By technical reasons (limitation of the height of the tower to
about 100 m because of the lack of availability of suitable systems to
convey very high flowrates of hot particles up to the solar receiver
beyond that height) and optimization of the solar receiver effi-
ciency by using cavities that reduce the impact of high radiation
thermal losses, the thermal power demanded by the 150 MW,
should be supplied with more than one solar field/receiver. Then a
multi-tower concept with several solar fields should be used to feed
a centralized storage system and a single turbine. From optical
analysis of solar field with a tower of limited height and use of a
cavity to minimize the radiation losses at the temperature of
operation, it has been concluded that the unitary size per receiver
should not be higher than 53 MWy, Therefore, the optimization
carried out is oriented to select the most appropriate number of
receivers. The tube height of the receiver has been set to 7 m as
trade-off length between the requisites in terms of fluidization
(limited because of fluidization behavior and the trend to form
slagging at higher lengths) [6,43]. Each tube has an internal
diameter of 53 mm, 2.0 mm of thickness, an emissivity of 85% and
an absorptivity of 90% [43]. Current literature on DUFB receivers
proposes particles receiver temperature of 880 °C with peak flux of
806.0 kW m~2 with 80.0% thermal efficiency [6]. However, this
work have considered an average and peak fluxes onto absorber
panel set to 500.0 kW m~2 and 600.0 kW m~2, respectively.
Moreover, receiver model assumes an internal heat transfer coef-
ficient of 2000 W m~2 K~! in the solar receiver [44] and an effi-
ciency as high as 80.0% for the solar receiver, which is a minimum
value required to make it competitive with respect to the efficiency
of molten salt receivers [45]. These values led to a 53 MWy, cavity
solar receiver of 9.0 m in radius that contains 240 tubes of and
separated 10.0 mm each other and an external wall temperature for
the tubes.

Fig. 3 illustrates the power block scheme of the CSP plant
analyzed in this contribution, while Table 1 summarizes its main
characteristics; in past work [38], the methodology and the results
were presented regarding the optimization of the mass flow rates
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Table 1
Power block main parameters of Fig. 3.

Parameter Value Unit
Particle inlet temperature in particles-air-heat exchangers 819 °C
Particle inlet mass flow rate in particles-air-heat exchangers 438 kg/s
First stage particle outlet temperature from particles-air-heat exchangers 670 °C
Last stage particle outlet temperature from particles-air-heat exchangers 613 °C
HPT outlet pressure 14 bar
IPT outlet pressure 5.82 bar
LPT outlet pressure 2.38 bar
Turbine Inlet Temperature 800 °C
Turbine Outlet Temperature 600 °C
High Pressure Steam Temperature 585 °C
High Pressure Steam Pressure 160 bar
High Pressure Steam Mass Flow Rate 40.8 kg/s
Intermediate Pressure Steam Temperature 575 °C
Intermediate Pressure Steam Pressure 20 bar
Intermediate Pressure Steam Mass Flow Rate 49.8 kg/s
Low Pressure Steam Temperature 299 °C
Low Pressure Steam Pressure 2.65 bar
Low Pressure Steam Mass Flow Rate 6.35 kg/s
Outlet HRSG Air Temperature 91 °C
Compressor Outlet Air Temperature 407 °C
Compressor Outlet Air Pressure 14.6 bar

and pressure level of the power block used in this analysis. As it can
be observed, the 150.0 MW, power block consists of an 80 MW,
double reheat gas turbine (GT), a 70 MW, three pressure level
steam turbines, a heat recovery steam generator (HRSG) connecting
both power cycles, and a series of air-particle fluidized bed heat
exchangers. During steady-state operation, heat exchangers are fed
with particles coming from the hot tank at 819 °C. Particles mass
flow repartition among heat exchangers shows that air coming
from the compressor can be heated up from 407 °C to 800 °C.
Particles leave the heat exchanger back to the cold storage tank at
606 °C predicted by heat exchanger modelling (brown line). Double
reheat GT configuration has been chosen based on its highly-
regenerative nature that maximizes energy recovery from air
expansion when it is divided across the high-pressure (HPT), in-
termediate (IPT) and low-pressure turbines (LPT). Besides it is
especially appealing when high efficiency is required for moder-
ated TIT as it is this case; the current literature indicates that reheat
Brayton cycle is used with particles-based solar receiver [39] or
with solar air receiver [46]. Exhaust air from the LPT feeds a 585 °C
and 160.0 bar reheat Rankine cycle before leaving the HRSG at
91 °C. In this analysis, considering previous research works proving
particles receiver operation [47] and particle-air heat exchanger
numerical modelling, a TIT of 800 °C has been considered [48].
Based on those considerations, and on the literature data [49], net
efficiency of the ISCC reached 49.4% for design conditions.

Together with the plant layout, this analysis incorporates two
dispatch strategies, labelled as DS1 and DS2, which are illustrated
in Fig. 4. In both dispatch strategies, electricity production starts at
17:00 and reaches full nominal power after 40 min. In DS1
(Fig. 4 left), the nominal power operation continues for 4 h and
20 min, and then it decreases to stop at 22:40 while in DS2
(Fig. 4 right) nominal power operation is 5 h and 40 min long. In
both cases, desired dispatch strategies correspond to a scenario of
evening and night peak demand; dispatching depends on the price
of electricity in the market of the day before, but a simplification
has been made in this discussion. Since solar field collection and
power dispatch are decoupled through the thermal heat storage,
those profiles could be easily shifted.

Connection and shut-down of the plant take place in 40 min
ramp-up and ramp-down periods [50,51]. These intervals are split
in two 20-min phases, in which the power block operates at lower
efficiencies of 19% and 40%. Considering the targeted operation

strategy, daily electrical energy production corresponds to 750
MWh, and 950 MWhe for DS1 and DS2, respectively.

3. Methodology
3.1. Design procedure

The design methodology and the performance analysis to carry
out annual simulations of solar power plants were presented in
previous works [38,49]. Both heliostat field design and receiver
aperture sizing were conducted simultaneously. The solar field
design of the unitary heliostat field and the flux distribution on the
aperture was carried out using SolarPILOT [52] taking into account
heliostat characteristics, tower height constraints, receiver peak
flux inside the cavity and geometrical restrictions of the tubes. Flux
maps inside the cavity and average and peak fluxes were obtained
using SolTRACE open-source tool [53]. Several iterations were
performed to optimize the solar field design and minimize thermal
and optical losses in the receiver. The optimized solar field matrix,
which was an output data from SolarPILOT, was encoded in TRNSYS
tool to simulate the power plant layout. Previous works describe
the TRNSYS methodology required for solar power plant simula-
tions, both using STEC library existing models [54] and in-house
encoded components for DUFB receiver and heat exchanger
[40,48]. In addition, detailed control and operation strategies were
defined to address storage charging and discharging operation
modes as well as power block start-up and shut down, and receiver
incident flux. Meteorological data of Ouarzazate (30°54'59.99”
North, 6°54'59.99” West) with a 10-min time-step Direct Normal
Irradiance (DNI) resolution from METEONORM database [55] was
introduced to the weather data control toolbox in TRNSYS. Finally,
data processing was performed using MATLAB scripts. The
geometrical data as well the optical parameters of the pentagonal
Stellio heliostats (from SBP) were considered in this analysis for
their low cost and their main data are displayed in Table 2 [56]. The
modelling assumptions and the boundary conditions considered
are also summarized in Table 2.

3.2. Solar field design and number of solar towers

The ninetieth percentile of the DNI Cumulative Distribution
Function (CDF) of the Typical Meteorological Year (TMY) data of
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Table 2

Modelling assumptions for the thermodynamic modelling.
Parameter Assumption ~ Value Unit
Heliostats
Area Ref. [56] 485 m?
Reflectivity Ref. [56] 93.5 %
Soiling factor Ref. [56] 95.0 %
Beam quality Ref. [56] 24 mrad
Tracking error Ref. [56] 0.6 mrad
Solar Receiver
Receiver active tube height Ref. [6,43] 7.0 m
Average flux inside the cavity Ref. [57] 500.0 kW m 2
Peak flux inside the cavity Ref. [57] 600.0 kW m~?
Absorptivity of tubes Ref. [43] 90.0 %
Emissivity of tubes Ref. [43] 85.0 %
Tubes thickness Ref. [57] 20 mm
Tubes spacing Ref. [57] 10.0 mm
Number of tubes Constrained 240 -
Surface cavity temperature Ref. [44] >900 °C
Particles inlet temperature Constrained 609 °C
Particles outlet temperature Ref. [57] 825 °C
Tubes internal diameter Ref. [42] 53.0 mm
Particles mass flow Ref. [57] 165.0 kg s™!
Internal heat transfer coefficient Ref. [27,44]  2000.0 Wm2K!
Cavity radius Constrained 9.0 m
Thermal power Constrained  53.0 MW,
Solar Field
Tower height Constrained  110.0 m
DNI design Point Optimized TMY P90 —
Receiver peak flux Optimized SolarPilot —
Solar field matrix Optimized SolarPilot
Fluxes maps inside the cavity Optimized SolTrace
Average peak inside the cavity Optimized SolTrace
Receiver thermal power Optimized SolarPilot
Power block
Gas turbine net power Ref. [49] 80.0 MW,
Turbine Inlet Temperature Ref. [47] 800 °C
Steam turbine net power Ref. [49] 70.0 MW,
Pressure levels Steam Turbine Ref. [49] 3 —
Air/Particles heat exchanger model  Ref. [40] - -
Power plant
Number of solar towers Optimized — -
TES capacity Optimized 1.0+ 3.0 GWh
Electricity production Constrained  150.0 MW,

Ouarzazate has been considered for the unitary solar field sizing at
design point, according the definition of percentile given by Peru-
chena et al. [58]. Once the unitary solar field is defined, the number
of solar towers (Ng7) is calculated as the ratio between the daily
energy needed for a given dispatch scenario, E, (withn=1, 2), and
the daily energy collected by the CSP plant (from all the solar
towers). This parameter is the daily energy collected by one solar
receiver Egec(day, tsart, teng) With a correction due to heat losses in
the particle conveying ay.

Eq
Egec(day, tstart, teng)

Ngr = (1+an) (1)

where tgq¢ and tenq are the operation starting and ending time of
the power plant.

The daily energy reaching a solar receiver per collecting surface
area, S, is evaluated by means of the instantaneous DNI and the
unitary heliostat field hourly efficiency, ny. This one is a function of
the solar elevation, e(day,t) and the azimuth a(day,t) [59] with
day=1,...,.365and 0 <t <24 h,

Lend

Erec(day, tsart. teng) /S = | DNI(day. e, a)dt 2)

tstﬂrt
Notice that the collecting surface area and the solar field effi-
ciency are result of the solar field optimization. It is assumed that
concentrated solar energy is collected and stored around solar noon

(12 h), when the solar resource is higher. Thus, eq. (2) is expressed
as

12+4t/2
EREC(day7 At) /S: DNI(day, t)nHF(67 a)dt
12-4t/2

3)

with 4t = t,;q — tstarr and 0 < At < 24 h. The highest limit (4t =
24 h) means that 24 h of the day are considered for the solar energy
collection, while the lowest limit (4t = 0 h) means that no energy
has been collected.

3.3. Power plant cost

Table 3 lists the costs used to estimate capital expenditure
(CAPEX) and operating expense (OPEX) expenses. Power block cost

Table 3

Power plant components costs.
Component Cost Unit Reference
Gas Turbine 23.23 M€ [62]
Steam Turbine 18.02 M€ [63—66]
Steam Recovery 2335 M€ [64]
Conveying® 9.17 M€ per solar tower [60,61]
Heliostat field 89.0 (100.0) €m2($m?) [67]
Tower 2.83 ME per solar tower [68]
Receiver 810.0 k€ per solar tower [68]
Storage 17.8 €kwh! [69]
Heat exchangers 21.24 ME€ per solar tower [65]
OPEX 20.0 M€ MWh !y [50]
EPC 5.0 % [70]
Installations costs 15.0 % [70]
Contingency 10.0 % [70]

2 Conveying and heat exchanger cost values range from half to double in the
parametric analysis.



F. Rovense, M.A. Reyes-Belmonte, M. Romero et al.

uniquely refers to the CC, while conveying, solar towers and heat
exchangers are considered apart, since they depend on the number
of ST units. Particle transportation system (“Conveying” in Table 3)
includes belt conveyors and bucket elevators. Two types of belt
conveyors, with a slope of 0.1 m and two different length modules
(0.4 m and 1.6 m) have been considered. Due to the multi-tower
solar plant arrangement, each ST requires two belts that connect
the TES system to the power plant (800 m length belt) and one
secondary line with 200 m length that conveys particles from the
main path to the bucket elevator. Considering that each path re-
quires two-tracks to separate hot and cold particles, transportation
costs are twice. Unitary cost of 120 $ m~! (106.8 € m™") for the
secondary path (0.4 m width, 200 m length) and 180 $ m~! (160.2 €
m™!) for the main path (1.6 m width, 800 m length) can be found in
mining-related literature [60,61]. Therefore, the cost of each track is
4.48 M€ per solar. Moreover, bucket elevator cost is estimated in
200 k€ including installation and transportation costs from mining
projects experiences. Consequently, the unit cost for the conveying
is 9.17 M€ per solar tower, since this has two tracks for the hot and
cold particle streams and a bucket elevator. TES costs is expressed
in terms of stored energy, while the OPEX costs are referred to the
electricity energy produced per year.

Finally, capacity factor (CF), utilization factor (UF), solar-to-
electricity efficiency (n) and the levelized cost of electricity
(LCOE) have been used to optimize the CSP plant. The difference
between the CF and the UF is related to the operational hours; first
parameter considers the ratio of the energy production and theo-
retical highest annual production (corresponding to 8760 h at full
power) while the second, the ratio of the yearly energy production
and dispatchable energy related to DS1 and DS2. The solar-to-
electricity efficiency indicates the capability of the plant to
convert the available solar energy in electricity. The parameters
related to the LCOE of the discount rate (5%) and plant lifetime
(30 years) have been considered [68].

4. Results and discussion
4.1. Solar field unit

Fig. 5 shows the CDF of the DNI (10-min data) and the daily
energy received by the solar field per square meter in red and blue
solid lines, respectively. The ninetieth percentile for the DNI curve
corresponds to 907.0 W m~2 that has been taken as the design
point. Similarly, the ninetieth percentile for the daily energy
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Fig. 5. CDF of daily energy incident into receiver and DNL
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Fig. 6. Solar field layout and efficiency.
Table 4
Main characteristics of the unitary heliostat field designed with SolarPILOT.
Component Value Unit
Heliostat area 83,971 m?
Number of heliostats 1731 -
Power incident on field 75.6 MW,
Shadowing and Cosine efficiency 92.7 %
Reflection efficiency 88.0 %
Blocking efficiency 99.1 %
Image intercept efficiency 88.8 %
Solar field optical efficiency 69.6 %

reaching the unitary heliostats field corresponds to 9.67 kWh m~2.

Fig. 6 sketches the unitary heliostat field layout obtained after
optimization with SolarPILOT. Table 4 summarizes the results from
the design of this unitary solar field. As it can be observed, the
average optical efficiency at design point reaches 69.6% while the
thermal efficiency of the receiver reaches a value of 79.4%, very
close to 80.0%.

4.2. Number of solar towers

Fig. 7 shows the CDF of the daily energy reaching the DUFB solar
receiver aperture versus the percentile of the days for different
collecting energy time. Violet solid line labelled by At = 24 h rep-
resents the CDF of the highest daily energy available that a solar
receiver can collect. The plot points out that the DNI selected in the
design point and defined by criterion of the ninetieth percentile of
days (black dashed line) enables to collect from 237.55 MWh in 8-h
operation of the solar tower up to 448.32 MWh in 24-h.

Fig. 8 displays the numbers of solar towers, calculated from Eq.
(3), as a function of the CDF of the days for the dispatch scenarios 1
and 2. As expected, the lower the daily energy collected per ST, the
higher the number of ST will be. In particular, around 21 ST are
needed in both scenarios when the solar fields operates 6 h.
Enlarging the collection time, the number of ST is reduced and
reaches 7.9 for scenario one and 8.3 for scenario two for At =12 h
and 7.2 for scenario one and 7.5 for scenario two, when total
available energy is collected.

Cases At = 12 h and At = 24 h show very similar results for both
dispatch strategies, since main difference are night hours; also the
number of ST is similar, considering the ninetieth percentile.

The SM is defined as the ratio between the thermal power
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Fig. 7. Daily collected energy in the receiver for a single solar tower.

collected from all the solar towers and the thermal power required
by the power block for both dispatch strategies. Fig. 9 shows the
number of solar towers (solid lines) and the respective SM (dashed
lines) trends versus the At from 6 h to 24 h; the blue trends display
the dispatching scenario 1 while the red the ones of DS2. The right
y-axis indicates the SM and refers to the dashed lines, while the left
y-axis indicates the number of ST and refers to the solid lines. It can
be noticed that for At > 12 h, the Ny remains between 7 and 8 and
the corresponding SM is between 1.1 and 1.25. Based on previous
discussion, annual simulations of the proposed solar power plant
were performed considering both dispatch strategies and taking
into account seven and eight solar towers. For each scenario, six
different TES capacities were considered, what results into twenty-
four different simulations.

4.3. Electricity production

Based on the energy required by the dispatch strategy
(described in the previous section), 2.0 GWh TES capacity was
considered as the starting point for the sensitivity analysis (which
corresponds to an amount close to 30,000 tonne of particles). In
addition, the available literature data report for PTC and molten salt
towers the same amount of stored energy [70]. A sensitivity anal-
ysis on the storage capacity has been conducted in order to inves-
tigate on the plant performance implications.

Table 5 gathers different capacity scenarios and the equivalent
amount of particles in terms of storage capacity (in GWh) and the
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Fig. 9. Number of solar towers and solar multiple vs. operation time of solar fields.

corresponding operational hours. Parametric analysis was con-
ducted for stored energy increments of 0.5 GWh for both preferred
configurations (seven and eight ST). As it can be noticed, for a given
dispatch scenario and solar towers number, there is a maximum in
the operational hours of the power block as the collected solar
energy cannot further increase by enlarging storage tanks capacity.
In all cases, TES system was considered fully insulated and no
thermal losses were accounted .

Table 6 shows energy production results, considering the part
load operations of the power block, for the different scenarios. As it
can be observed, increasing the energy capacity of the storage tanks
(from 1.0 to 2.5 GWh) is translated into an increase of the electricity
produced by the power block. However, the expansion of the TES
above 2.5 GWh does not make any difference in the electricity
production in any case, since thermal energy harvested from the
solar fields is not enough. In fact, enlarging tanks capacity up to
3.0 GWh makes no difference if either the number of ST is
increased, or the dispatch strategy change. For the smallest tank
capacities (1.0 GWh and 1.5 GWh) the power block annual pro-
duction is not affected by the dispatch strategy but a small increase
is observed when moving from seven to eight ST. Main differences
in the energy production and dispatch strategy are found as the TES
increases in the range of 2.0 and 2.5 GWh.

4.4. Capacity and Utilization factors

Fig. 10 displays the capacity factor and the utilization factor of
CSP plants with 7 and 8 solar towers as a function of the energy
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Table 5

Amount of particles corresponding to energy stored and operational power plant hours.

Energy 240 (2022) 122798

Energy stored

Operational hours DS1 — 7  Operational hours DS1 — 8 Operational hours DS2 — 7

Operational hours DS2 — 8 Required particle mass

[GWh] ST [h] ST [h] ST [h] ST [h] [10° tonne]
1.0 949.7 954.5 949.7 954.5 14,062
15 1439.7 1482.3 1439.7 1482.3 21,093
2.0 1769.5 1856.7 1794.3 1888.5 28,124
2.5 1777.5 1865.2 2004.8 21495 35,155
3.0 1777.5 1865.2 2010.0 21495 42,186
Table 6 4.5. Solar-to-electricity efficiency
Electricity energy production [GWh].
Stored Energy [GWh] DS1 DS2 As it can be observed in Fig. 11, the highest conversion efficiency
Seven ST Fight ST Seven ST Fight ST is 17.38% for scenario two with seven ST and a storage capacity
between 2.5 GWh and 3.0 GWh. Using eight ST leads to a lower
}g };g:g;; };i:ggg };;g;g gzg%) maximum efficiency equals to 16.37% for the highest capacity
20 238.050 251.125 241.775 255.900 values. For dispatching DS1, a maximum 7 of 15.09% is observed for
25 239.250 252.400 274.125 295.050 seven ST configuration and 2.0 GWh storage capacity while it drops
3.0 239.250 252.400 274125 295.050 to 13.93% for eight ST layout. Solar-to-electricity efficiency indicates
that seven ST and 2.5 GWh capacity is the optimum configuration
for DS2 dispatch strategy while eight ST with 2.0 GWh capacity is
0.3 0.35 the most suitable one for DS1 dispatch scenario.
Efficiency is directly related to the thermal storage capacity,
A= '_':: --c-3 which is mainly established by the dispatch scenario as shown in
7025 o e o] 03 o section 4.3. Thus the longest dispatch scenario, that is, DS2, pro-
- ’ PR 3 vides the highest solar-to-electricity efficiency. This result suggests
-g ’ o that other dispatch scenarios that include early-morning as well as
s 02r o 1025 & evening peak demands might lead to higher efficiency (and in turn
e ? “
- —+——CF.-DS1. g lower LCOE).
-"50_15. CF-DS1-8ST (g9 5
© —+—CF-DS2-7ST i\ ) o
% =—+—CF-DS2-8ST = 4.6. Levelized cost of electricity
O o4} s Hos 5 4 .
rices UF=DE5-ET LCOE versus the storage cape11c1ty has be?n plotted in Fl.g. 12. The
— & CF-DS2-8ST lowest LCOE is 13.2 c€ kWh™' for the dispatch scenario 2 with
0.05 0.1 2.5 GWh storage capacity and an arrangement of eight solar towers.
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Stored Energy [GWh]

Fig. 10. Capacity and Utilization factors results for all ST configurations.

storage capacity (GWh) for both dispatch scenarios. Regarding the
dispatch strategy 2, the highest CF are 20.86% and 22.45% using
seven and eight ST, respectively. In turn, the highest UF is 33.48% for
dispatch scenario DS1 when using eight ST and 2.0 GWh storage
capacity. As it can be observed for dispatch DS2, the highest UF
appears for 2.5 and 3.0 GWh storage capacity. Simulation results on
eight ST show a maximum UF value of 31.06%, while that on seven
ST configuration illustrates that the higher UF is 28.86%. Utilization
factor confirms, regarding the energy storage, the most suitable
configurations are 2.0 GWh for DS1 and 2.5 GWh for DS2.

The trend observed for the dispatching DS1 shows that the
highest CF value of 18.21% is reached for the 2.0 GWh storage ca-
pacity with no benefit when increasing it up neither to 2.5 nor
3.0 GWh. With eight ST layout, an increase in CF is observed up to
19.11% with no improvement beyond 2.0 GWh storage capacity.

It must be pointed out that for this index (CF), it has been
considered the electricity production of the power block along the
year (8760 h) but not the limitations due the plant dispatch stra-
tegies. Therefore, the increasing of ST numbers has a direct impact
into the increase of the plant capacity factor. Regarding energy
utilization factor, 2.0 GWh is the optimum storage capacity for DS1
strategy while 2.5 GWh is the optimum for DS2 strategy.

Regarding DS1, the minimum LCOE is 14.6 c€ kWh~! with 2.0 GWh
storage capacity and seven ST. LCOE comparison between ar-
rangements composed of seven and eight ST for each scenario
points out small differences. For instance, 14.6 c€ kWh~! and 15.0
c€ kwh! for seven and eight ST, respectively, and 2.0 GWh storage
capacity in scenario one. This happens because the dispatch
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Fig. 11. Solar-to-electricity efficiency vs. thermal energy storage capacity.
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Fig. 12. LCOE vs. storage capacity for DS1 and DS2 and arrangements of seven and
eight solar towers.

scenarios constraint the maximum energy produced, which are
covered for both configurations and penalties due to the additional
ST cost has not a significant impact on the LCOE. As shown in the
previous section, the set number of delivery hours limits the CF and
UF values; the increase in storage size (over 2.0 GWh for DS1 and
2.5 GWh for DS2) does not allow to increase the energy production.
Consequently, the LCOE reaches a minimum value for 2.0 GWh (for
DS1) and 2.5 GWh (for DS2), which corresponds to the best CF of
18.21% and 22.45%, after which it increases again. This figure points
out that increasing solar plant capacity beyond 2.0 GWh (for DS1)
and 2.5 GWh (for DS2) will have a negative impact in plant LCOE as
extra stored energy will not be sufficient to compensate the larger
plant sizing for the given dispatch scenario.

CAPEX of several CSP components such as those of the particles
transportation system (belts conveyors and bucket elevators) and
particles-air heat exchangers exhibits important uncertainties. The
following analysis is necessary to understand how these costs can
influence the cost of electricity; therefore, a sensitivity analysis of
these costs on the LCOE has performed for the best cases at each
dispatch strategy. This study assumes that these costs could double
the reference base CAPEX.

Fig. 13 results of the sensitivity analysis for the case of seven ST
— 2.0 GWh TES (Fig. 13, left) and eight ST — 2.5 GWh TES (Fig. 13,
right), respectively. Fig. 13, left, shows that doubling the cost of heat
exchangers, the LCOE increases up to 15.6 c€ kWh™!, while

20
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reducing the costs in one half decreases the LCOE to 13.9 c€ kWh™.
As it is depicted, doubling the transportation cost, the LCOE reaches
17.3 c€ kWh™!, while halving them, the LCOE decreases to 12.2 c€
kWh™. As for the previous case, in Fig. 13 on the right, has been
displayed the sensitivity analysis for the case powered by eight ST. If
the particle transportation costs doubles, the LCOE could grow up
to 15.8 c€ kWh™!, while if decreases could be of 11.0 c€ kWh™',
with a subsequent reduction of 2.2 c€ kWh~!. On the contrary, the
effect of the heat exchangers variation is lower, in fact, by
increasing the CAPEX, the LCOE could be of 14.1 c€ kWh™!, while
decreasing could be possible to reach only 12.7 c€ kWwh~,

The LCOE analysis made it possible to choose the best system
configuration and enable to compare this technology with others
currently existing. The best configuration of eight solar towers and
2.5 GWh of storage reaches a LCOE of 13.2 c€ kWh™!, while the
CAPEX reduction of the conveying system allows a LCOE of 11.0 c€
kWh~!. These costs show that the technology, despite the highly-
constraint dispatch scenarios analyzed, are in-line with the cost
predictions, between 10.0 and 13.0 ¢$ kWh~!, from other particles
receiver research works [71] and project perspectives in North
Africa [72].

4.7. Dispatch strategy

Fig. 14 displays the electrical energy output along the year for
the CSP plants with lowest LCOE for DS1 and DS2. As it can be
observed, nameplate power production of 150.0 MW, is achieved
and secured for the most part of the year; from day 66—271 in DS1
and from day 68 to day 272 in DS2, which represents 56.16% and
55.8% of total days. It can be noticed that during winter and fall
there is not enough thermal energy harvested from the solar field
and nameplate capacity can only be satisfied for a couple of hours.

Fig. 15 shows the amount of stored particles as a function of
time; the day of the year is on the x-axis and the hour of the day is
on the y-axis. The color bar on the right shows the number of stored
particles (in 10% tonne) and change from dark blue (when no par-
ticles in the storage) to dark red (for a totally full storage). As it can
be observed, the hot tank reaches it maximum capacity before
electricity supply starts (at 17:00) between days 60 and 280.
Moreover, the hot tank is not completely emptied in summer,
although the remaining amount of particles is not enough to
consider an extension of the electricity production.

5. Conclusions
In this work, the thermo-economic analysis of a multi-tower
integrated solar-only combined cycle power plant has been car-

ried out. Two cases for evening peak electricity dispatch have been
considered. The use of different unitary solar fields (powering the
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Fig. 13. Sensitivity analysis on LCOE. (Left) 7 ST — 2.0 GWh TES; (right) 8 ST — 2.5 GWh TES.
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Fig. 14. Net electricity production along the year for the optimum CSP plants in each dispatching scenario. (Left) DS1, seven ST, 2.0 GWh; (Right) DS2, eight ST, 2.5 GWh.

o

Mass of particles stored [10’ tonne]

25

20

15

10

0
60 120

1 180 240 300 360
Days

Mass of particles stored [10° tonne]

1 60 120 180 240

Days

300 360

Fig. 15. Amount of particle stored in the hot silo along the year for the optimum CSP plant size in each dispatch scenario. (Left) DS1, seven ST, 2.0 GWh; (right) DS2, eight ST,

2.5 GWh.

150.0 MW, CC), with a solar cavity receiver capacity of 53.0 MW,
is based on technical constraints imposed by the DUFB technology
(maximum tube length and peak flux onto the absorber), particles
conveyors vertical uplift, and the reduction of cavity thermal losses
at high operating temperatures. Considering the two analyzed
dispatch scenarios, the solar energy harvesting, and the electricity
production are decoupled and a methodology for storage capacity
sizing and number of solar towers determination has been pro-
posed. That methodology has been based on the selection of the
90th percentile of the Cumulative Distribution Function of the DNI
and of the hours of solar energy collection; it allowed to choose the
number of solar towers and SM minimizing the LCOE and the stored
energy, and at the same time fulfil the electricity demand imposed
by the different dispatch scenarios. The use of figures of merit (UF,
CF, and n) related to the energy analysis allowed for optimum
storage size selection.

Seven and eight solar towers that correspond to a SM of 1.1 and
1.25 were determined for each dispatch scenario as the optimum
solution. The LCOE analysis for the 150.0 MW, solar-only CC CSP
plant shows that the most economic configuration for the dispatch
cases given are seven solar towers with 2.0 GWh of storage for DS1,
and eight solar towers with 2.5 GWh for DS2, with a LCOE of 14.6 c€
kWh~! (CF = 18.21%) and 13.2 c€ kWh™! (CF = 22.45%), respec-
tively. In these configurations and considering the dispatch strat-
egy, the power block is able to cover 56.16% of the total time of
delivery for the DS1 and 55.8% for the DS2 at full power rate. The
analysis suggest that additional LCOE reduction might be expected
in dispatch scenarios that include evening as well as early-morning
electricity peak demands.

A sensitivity analysis on costs of the particle transport system
and the particle-air heat exchanger points out that LCOE below 11.0
c€ kWh~1if the first is uniquely considered and the contribution of
the particle transportation is three times higher than that of the
heat exchanger. This analysis suggests that multi-tower configu-
ration is highly affected by DUFB-based CSP due to the strong

1

penalties on costs though particle transport subsystems.
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