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ARTICLE INFO ABSTRACT
Keywords: Investigating supercritical natural fluids for efficient and clean energy production has become a trending
Supercritical carbon dioxide research topic due to their technical and environmental advantages. However, on account of the supercritical

Concentrated solar power plants
Thermal energy storage
Environmental impact

Levelized cost of energy (LCOE)

operational conditions, using specially-developed components increases manufacturing prices, especially when
dealing with solar-powered plants assisted by thermal energy storage (TES) systems. This paper assesses the
economic and environmental trends of an integrated supercritical carbon dioxide (s-CO3) solar-powered plant.
The system is composed of a packed-bed TES system, a solar field, and a power block while considering con-
ventional backup heating. Transient year-around numerical simulations explore several operational conditions
relying on detailed cost and typical meteorological year (TMY) data. Also, the modeling accounts for the system’s
environmental sustainability through a penalization cost regarding CO5 emissions due to auxiliary heating. With
parametric analyses, the study assesses the compromise solutions minimizing the levelized cost of energy (LCOE).
The results revealed the possible feasibility of the integrated system using such a TES technology for s-CO, and
evidenced several venues for further examination. In the end, a sensitivity analysis investigates the influence of
the specific costs and TMY data on the LCOE.

tank TES systems require large volumes for the storage medium, i.e.,
molten salts, at different temperature levels and an additional heat
exchanger, which inherently decreases the system efficiency. Also, the
operational limits of such salts constrain the set of allowable working
temperatures [17]. Although TES systems can increase the dispatch-
ability of power plants and reduce auxiliary heating power, they usually
add to a large extent the overall cost of such installations. Furthermore,
from an environmental standpoint, reducing conventional fossil-based
supplementary heating is recommended. The challenge, therefore, is
to appropriately match performance and expenses to overcome con-
straints related to s-CO, TES-aided systems.

The current literature provides some insight into TES systems and s-
COq solar-powered plants. For instance, Ref. [ 18] suggested that packed-
beds are technically feasible for a CSP plant running with s-CO,.
Nonetheless, the high operational pressure considered substantially
raised the costs turning it in one of the main limitations for such tech-
nology. Integrating a packed-bed with an s-CO, power cycle was
thermo-economically investigated by Refs. [19,20], but considering in-
direct heating and using air as HTF for the TES device and solar field. In
Ref. [21], an s-COg-based packed-bed had its exergetic efficiency

1. Introduction

When dealing with solar-powered plants, using thermal energy
storage (TES) technologies is undoubtedly one of the key aspects for
increasing energy dispatchability while boosting the solar fraction of
energy deployed [1,2]. In this sense, thermocline packed-bed and two-
tank molten salt systems are two technologies commonly used in com-
mercial applications of conventional concentrated solar power (CSP)
plants [3-5]. Because of the proven reliability of both TES technologies,
innovative power systems continue to assess them, which is the case of
plants using supercritical carbon dioxide (s-CO3) as heat transfer fluid
(HTF) [6-8]. Moreover, s-CO, stands out technically and environmen-
tally amongst other next-generation working fluids [9-13].

Arguably, packed-bed TES is a more efficient and compact option
since the HTF and the storage medium are in direct contact within a
single tank. However, the high-pressure and high-temperature levels
required in s-COgp-based plants might significantly increase the
manufacturing costs of packed-bed systems given the need for special
alloys and mechanically robust walls [14-16]. On the other hand, two-
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Nomenclature

A Area [m?]

b Iteration counter [-], specific cost [US$/(kg, J or MWh)]
C Constant [-], Cost [US$]

c Mass-specific heat at constant pressure [J/(kge°C)]

D Diameter [m]

DNI Direct normal irradiation [W/m?]

d Particle (sphere) diameter [mm]

e Mass-specific energy [J/kg]

E Thermal power transfer [W]

h Volumetric convective heat transfer coefficient [W/(m3s

°0)]
Mass-specific enthalpy [J/kg]
Given time step, counter [-]

Thermal conductivity [W/(me °C)], indexer [-]

Length [m]

Mass [kg]

Mass flow rate [kg/s]
Pressure [MPa]
Temperature [°C]

Time [s] or Thickness [m]
Tip speed [m/s]

Velocity [m/s]

Volume [m?]

Power [W]

Axial distance [m]
Discount rate [%]

Lifetime [a]

Global conductance [W/K]
Energy produced/consumed [J]

Subscripts and superscripts

Previous time step or reference value
Counters

Equation generic subindex
Approximated

Iteration counter or Indexer
Compressor, charging
Collector

East node

East interface

Effective

Electric generator

Fluid

High

Insulation, indexer

Inlet

Indexer

Indexer

Lid

Maximal

Net

Natural gas

Optimal

Outlet

Current node

Power block

Pump, compressor
Receiver

Reference

S Solid

s Isentropic

st Steel

Sto Stored

T Turbine

v Volumetric

w West node

w West interface
Wall Wall

z Axial direction
* Normalized
Air Air

Aux Auxiliary
Aper Aperture
Bypass  Bypass

Ele Electric

Env Environmental

Equip Equipment

Low Low

Mirrors Mirrors

MO Maintenance and operation

Site Site

SF Solar field

Sys System

TES Thermal energy storage system
Greek symbols

p Isobaric expansion coefficient [1/K]
r Distance to the origin point [-]

A Difference, increment, step

€ Porosity [-]

@ Given arbitrary quantity

n Efficiency [-]

0 Incidence angle [-]

K Isothermal compressibility coefficient [1/Pa]

Volume-specific mass [kg/m3]

p
c Yield strength [MPa]

¢ Dimensionless mass flow rate [-]
X Correction parameter [-]

w Shaft speed ratio [-]
Abbreviations

Co Cooler

CSP Concentrating solar power

EG Electric generator

HTF Heat transfer fluid

HTR High-temperature recuperators
LTR Low-temperature recuperators
LHV Lower heating value

LMTD  Logarithmic mean temperature difference
MC Main compressor

PCHE Printed circuit heat exchanger
RC Recompression compressor
s-CO, Supercritical carbon dioxide

T Turbine

Miscellaneous

B Averaged value

) Time-averaged value

- Vector designator




F.G. Battisti et al.

analyzed over cycles of charge and discharge, which pointed out thermal
dispersion and heat losses as the leading sources of irreversibility. Other
studies have explored different TES technologies. For instance, some
authors considered molten salts [22,23] and granite [24] TES tanks to
deal with solar input oscillations in s-CO, systems heated indirectly.
Ref. [25] compared several s-COq-based solar-powered cycle configu-
rations relying on a two-tank TES solution. Like Ref. [26], which
investigated the short- and long-term performance of a recompression
CO4 power cycle with a two-tank storage, other works also considered
off-design modeling for evaluating the annual performance of a central-
collector plant with TES alternatives, e.g., Ref. [27]. Ref. [28] used a TES
system composed of concrete concentric tubes while investigating the s-
CO5 power plant dynamics and mass inventory control. Also, some au-
thors suggested s-CO, as the storage medium [29] and a novel TES
system combining an ejector condensing cycle [30].

Despite that a few theoretical studies addressed the use of TES so-
lutions for s-COs-based plants, these do not provide sufficient informa-
tion on designing and minimizing inherent costs for such systems, i.e.,
highlighting optimal design and operation parameters and the system
integration. Ref. [31] presented a thermo-economic analysis of an in-
direct s-CO5 cycle with a two-tank TES system. Considering a molten salt
power tower, Ref. [32] optimized an s-CO3 power cycle minimizing the
levelized cost of energy (LCOE). Moreover, Ref. [33] performed an

Applied Energy 314 (2022) 118913

economic-environmental multi-objective optimization of a molten salt
indirect s-CO» cycle with two-tank TES system. However, none of them
evaluated a direct configuration using a packed bed TES system. The
present authors have previously modeled and investigated design trends
of a packed-bed TES running with s-CO5 in Ref. [34]. Although the study
investigated several technical aspects, it did not assess economic or
environmental elements nor considered an auxiliary heating system.

Therefore, given the relevance of the cost of packed-bed TES systems
for s-CO; applications, this study aims to analyze the economic trends of
an integrated system composed of such a TES option, a solar field, and a
power block while considering s-CO5 as HTF and conventional auxiliary
heating as a backup. Transient year-around numerical simulations
explore several operational conditions regarding detailed costs and
typical meteorological year (TMY) data for a reference city on CSP ap-
plications, i.e., Daggett/USA. In addition, the modeling accounts for the
system’s environmental sustainability through a penalization cost
regarding CO5 emissions due to the backup heater. The results show that
the size of the TES system, the required auxiliary heating, and the
related costs all depend on the operational conditions. Through para-
metric analyses, the study assesses compromise solutions seeking to
minimize the LCOE. In the end, a sensitivity analysis investigates the
influence of the specific costs and TMY data on the LCOE.

Fig. 1. Integrated system’s layout and its
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G v A heater ) ¥ A heater field and TES system; (ii) with the solar field
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2. Methodology for the system modeling

The following subsections present the methodology employed for
system modeling and evaluation. Section 2.1 describes the integrated
system and its numerical routine, whereas Sections 2.2, 2.3, and 2.4
present the models considered for simulating the power block, the solar
field, and the packed-bed TES systems, respectively. Additionally, Sec-
tion 2.5 presents the approach for the system economics assessment.
Moreover, all numerical routines were implemented in MATLAB [35]
using fluids properties from CoolProp [36,37]. Previous works already
validated the overall modeling used for the solar field, packed-bed TES,
and power block.

2.1. Integrated system and its numerical routine

Fig. 1 presents the overall schematics of the integrated s-CO5 system
considered in this study and its operational strategies, which will be
presented in detail. For the power block, high-temperature s-CO5 solar-
powered plants already considered several Brayton cycle configurations,
including re-heating, recompression, and intercooling [9]. Nevertheless,
recuperative and recompression cycles may be considered satisfactory in
terms of performance-relative costs since further increasing the config-
uration complexity seems not to directly translate into a relative per-
formance upgrade. Therefore because the cycle enhancement is not the
main focus of analysis, the power block of the present study shown in
Fig. 2 operates as a conventional s-CO, recompression Brayton cycle,
which is a highly-ranked configuration for solar-powered plants
[38,39]. Moreover, the power block design has a nominal net power
production output of 10 MW while being assisted by a conventional
backup heater using natural gas as fuel. Such an auxiliary subsystem
ensures the power block inlet condition at all times; hence, it operates in
steady state regardless of the solar gain.

The solar power input is accounted for through parabolic trough
collectors (i.e., the solar field in Fig. 1), which have been tested with s-
CO5 and have valuable experimental data for theoretical modeling and
verification [40]. For extending the power production while still relying
on the solar source beyond its direct availability, a packed-bed TES
system is responsible for storing (charging) and releasing (discharging)
the surplus of thermal power from the solar field. Fig. 3 shows a sche-
matic representation of a single TES device employed. Although TES
devices and solar collectors are inherently more expensive than con-
ventional fossil-based heating, such systems enhance the environmental
sustainability of the power plant by reducing its CO, emissions. At this
point, it is worth recalling that specific optimization of the packed-bed
TES devices for s-COy-based CSP generation is a major feature still
requiring further investigation. Specifically, such systems may be more
efficient than two-tank devices, but the working pressures required by
the HTF might impair their economic feasibility [18]. Also, following
Ref. [34], the packed-bed TES device considered includes auxiliary

HTR| |LTR

)

Fig. 2. A heat source-dependent recompression Brayton cycle composed of a
turbine (T), main (MC) and recompression (RC) compressors, a cooler (CO), and
low and high-temperature recuperators (LTR and HTR, respectively).
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&% Porous medium
[] Thermal insulation|
I Steel wall

B Ground layer

¢ D TES >

Fig. 3. Schematic representation of the in-ground cylindrical packed-bed TES
device characterized by the diameter Drgps and length Lygs, with alumina
spheres composing the porous medium.

compressors at each end for recirculating the HTF (i.e., for reestablish-
ing the pressure levels), which were omitted in this graphic
representation.

As shown in Fig. 1, the parallel disposition between solar field, TES
system, and power block (with the auxiliary heater between the TES
system and the power block) allows different dynamic operation stra-
tegies. These alternatives are described in detail next and shown in the
five subplots of Fig. 1, in which red-continuous lines indicate active
flow, whereas black dotted lines indicate inactive paths.

First, the simplest strategy (i) disregards both the solar field and the
TES system, i.e., the system runs through the recirculation bypass with
the auxiliary heater as the energy source for the power block. Then,
other system strategies emerge from the solar field being able to act as
the heat source. If the solar field provides a mass flow rate equal to the
power block design value, the system disregards the TES device, and the
HTF flows through the auxiliary heater to the power block (ii). If the
solar collectors provide a mass flow rate higher than the power block
design value, the system splits the HTF flow; hence, the power block
receives the design value while the remaining fraction flows to the TES
for storing the surplus thermal energy (iii).

If the solar field provides a mass flow rate lesser than the power block
design value, the system assesses the possibility of discharging the TES
with the missing mass flow rate (iv). On the other hand, if such a process
is unavailable, the system uses the recirculation bypass and auxiliary
heater (v). Moreover, if the solar field cannot act as the heat source, the
system follows either one of the strategies just discussed but now
considering all the mass flow rate instead of just a fraction of it.

Furthermore, when the heat gain from the solar field is excessive
within a system time step (i.e., when the solar collector could provide a
surplus of mass flow rate) and if charging the TES device is unavailable
(i.e., it is thermally loaded), the system control defocuses the solar field.
With such a common practice, the rejection of thermal power surplus
enables the controlled mass flow rate to equal the power block design
value.

For easing the numerical simulations, in the current modeling, an
auxiliary heat exchanger was included at the charging outlet of the TES
system (see “Auxiliary HEx” in Fig. 1) for heating or cooling the mass
flow rate leaving the TES system during the charging, in order to
maintain its temperature always equal to that of the mass flow rate
exiting the power block. The inclusion of this auxiliary heat exchanger
was necessary for assuring the inlet condition to the solar field remains
at design condition throughout all time steps of all simulations as further
discussed in Section 2.3. This boundary condition allows for the annual
economic assessment to be performed in a time-efficient manner by
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avoiding the numerical iteration between the solar field and the TES
device within a system time step. Although real plants would not use
such a component, its inclusion becomes acceptable since it significantly
reduces the simulation time. Thus, an active overall controller would
consider the solar field-TES system interaction. Furthermore, all the
energy used by the auxiliary heat exchanger for heating the HTF adds to
the total backup heating. On the other hand, the routine disregards the
energy from cooling the HTF lost to the environment. Such a strategy is
similar to what happens with the solar gain when the solar field effi-
ciency decreases with the increase of its HTF inlet temperature.

The numerical routine runs the integrated system on an annual basis,
following the discussion above. The flowchart in Fig. 4 summarizes the
overall system control strategy. For all the simulations performed, the
system time step is Atgys = 1 h, i.e., the resolution of the TMY data used.
Moreover, from mesh independence studies, the TES device time step is
Atrgs = 60 s, and the TES axial discretization is N, = 160. For a given set
of input parameters and variables values (i.e., see Section 2.4), the
routine starts at tsys = 1 h = Atsys = 1 h by evaluating the solar field
availability. Then, the control scheme decides for TES charging (light

Input parameters

Variable(s) value(s) ‘

. . . Yes / NN
MrEs=Mpp-Mgp €< msy<lllp13.)/\
b \;\ /

No,

Y TES TES
discharging charging

. “_ No Charge?
< Dist'lmrg("’\/

N

i —1 Split mgp
Di-"'(‘ha1}‘-’;111('2;1 Recirculation Solar field - — -
loop | bypass defocus MTES=Mgp-Mpp

Charging
loop |
R V—
Auxiliary
HEx

mgp=mpp

mpp

L

; Auxiliary TES Idle
No | heater -
P \<— Power
Sys— 5_\'5.11/1§y block |
Yes Data |

stora %'o

Y N\
C End Y,

Fig. 4. Flowchart of the main numerical routine with TES charging and dis-
charging processes following the operations strategies of Fig. 1.

Applied Energy 314 (2022) 118913

blue background), TES discharging (light red background), or straight
auxiliary heating based on the outlet temperature for a TES time step of
Atrgs = 60 s. Also, although the numerical routines developed can ac-
count for short-term perturbations like in Ref. [26], the hourly resolu-
tion of the TMY data diminishes their influence on the system’s
performance. Hence, for enabling less computationally expensive
modeling, the overall system does not consider such perturbations in
detail.

2.2. Power block

As shown in Fig. 2, the power block is composed of a turbine (T),
main (MC) and recompression (RC) compressors, a cooler (CO), and low
and high-temperature recuperators (LTR and HTR, respectively).
Depending on the operation strategy, as already discussed along with
Fig. 1, the heat source may be the solar field, the TES system, the
auxiliary heater, or a combination of these.

The modeling of the power block employs the methodology of
Ref. [41] for s-CO, recompression Brayton cycles. More specifically, the
turbomachinery rely on the modeling of Ref. [42], which uses
experimentally-validated efficiency performance maps. The compressor
model requires adjusted isentropic values of the enthalpy change and
efficiency as [41,42]

(€8]

, X2
Aic, = - and Ne = C—""1cy
T o) @@ 07

for which i is the mass-specific enthalpy, w the shaft speed ratio, U is the
tip speed, and 1o the reference efficiency. The correction parameters j;
and yp are fourth-order polynomials, which are functions of the
dimensionless mass flow rate [41,42]

B m 1 0.2 (2)
= pun; (5> ’

for which m is the mass flow rate, p the volume-specific mass, and D¢ the
rotor diameter. Moreover, the turbine model determines the mass flow
rate and the device isentropic efficiency as [41,42]

U2 >0.5
- N7 s 3
(ZAI.T“‘)U.S ( 2Air, 7,0

i =p(24ir,)Ar and g, = 2{

for which 71, is the reference efficiency and Ahr, the turbine isentropic
enthalpy change. Additionally, the model for the recuperators considers
them as counterflow printed circuit heat exchangers (PCHE), following
the geometry presented by Ref. [43]. The discretized approach considers
energy balances for each fluid and the solid layer between them. The
heat exchangers consider pressure drops [42] and utilize the Gnielinski’s
correlation [44] for the heat transfer coefficients, as discussed by
Ref. [41]. Furthermore, it is worth mentioning that different authors (e.
g., Refs. [45,46]) already considered similar power block modeling ap-
proaches. For the sake of conciseness, for further details, refer to the
complete formulations of Refs. [41,42].

Focusing on the particular selected input parameters, for the 10 MW
net power production set as the design target, the power block input data
set considers an inlet (i.e., high-end or upstream the turbine) tempera-
ture of Tpg = 550 °C and main compressor inlet temperature and
pressure of 50 °C and P52 = 10 MPa, respectively. Following Ref. [42],
for the recompression stage, the optimal mass flow rate split fraction of
25.8% maximizes the cycle efficiency. With such parameters, the power

block model outputs a high-temperature-end pressure of nggh =25 MPa,
a mass flow rate of mpg = 133.2 kg/s, a power block outlet temperature

of Tpp,our = 407.42 °C and a net power output of Wﬁ,‘;t =9.93 MW ~ 10
MW.

The high operation pressure required by s-CO; systems remains the
main challenge for the application of such a fluid. The value of 25 MPa
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for the high-temperature-end pressure may represent a limitation for the
present system. Nonetheless, researchers are currently investigating
equipment and materials for withstanding high-temperature and high-
pressure conditions. Additionally, future works should consider alter-
native configurations as suggested by Ref. [47], in which the heat supply
to the power block occurs at the low-end pressure.

2.3. Solar field

For the solar field, the modeling of Refs. [26,41] is employed. The
solar heat gain in the solar collector field is calculated using the thermal
performance reported for a parabolic trough field, whose efficiency
depends on the average temperature of the absorber. For the time-
dependent collector outlet temperature, the efficiency is calculated
based on the LS-2 geometry and heat transfer mechanics reported in
Ref. [48]. Thus, the energy balance in the absorber is expressed as [41]

McoiCcolr

dT, Asper .
7dct i = }’]C{)“DNICOS(H) (7Al > + 2m[:Cp (T[:J,, — T[:)7 (4)
Coll

where m is the mass, ¢ the mass-specific heat at constant pressure, T the
temperature, t the time, 5 the overall efficiency, DNI the direct normal
irradiation, 0 the angle of incidence (details regarding its calculation are
shown in Ref. [48]), A the area, and N,y the number of independent
parallel collector rows. The subscripts Coll, Aper, F, and In refer to a
parabolic trough collector, total solar field aperture area of mirrors, the
HTF, and inlet, respectively. In Eq. (4), the LHS represents the energy
stored within the absorber, the first term in the RHS represents the
overall solar energy input, and the second term in the RHS refers to the
thermal transfer to the HTF. In this study, the solar field is split into N¢o;
= 100. Moreover, the total solar field aperture area of mirrors is ob-
tained as

Apper = SM-Agp ey, )

where SM is the solar multiple and Agg,s the reference solar field
aperture area. The Ag rf value definition was determined such that the
solar field would provide a total mass flow rate equal to that required by
the power block, i.e., mpg = 133.2 kg/s, while observing the HTF outlet
temperature to be equal to Tpp i, = 550 °C. Then, assuming the reference
conditions of solar normal radiation of 900 W/m?, air temperature of
20 °C, no wind, and HTF inlet temperature of Tpp oy = 407.42 °C, the
value of Aggrs = 435.5 m? was determined. For more detailed infor-
mation on the modeling employed for the solar collectors, one may refer
to Refs. [26,41].

Although P;I;gh = 25 MPa may be a high operating pressure for
conventional solar trough collectors, the optimal performance of the
solar collector at the target temperature set requires that specific con-
dition. Such a condition is possibly the main constraint for the collectors,
which are susceptible to mechanical failures, such as leaking. None-
theless, the value obtained from the power block modeling was
employed for the sake of fairness. For assessing the system appropriately
and enabling further comparisons, the simulations require the best
condition for the power block, i.e., its optimal performance. If the sim-
ulations used lower values of high-end temperature and pressure, the
sub-optimal operation of the power block could impair the analyses.
Then, operating at a non-optimal condition is not satisfactory. Further-
more, considering the high operation pressure as a possible limitation
for the system, future studies should address the topic investigating the
development of new equipment and materials, for instance.

All analyses used the DNI, air temperature (T,;), and wind speed
(uair) data for Daggett/USA as inputs, which is a reference city on CSP
applications. Similar to Ref. [26], the TMY basis of Ref. [49] provided
such data, which are shown graphically by the 8760 black dots in each
plot of Fig. 5 — each dot represents one hour of the year. Furthermore,
the solar field modeling and the TMY data were used for obtaining the
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Fig. 5. Graphic representation of the Typical Meteorological Year (TMY) data
for Daggett/USA from Ref. [49]: direct normal irradiation (DNI), air tempera-
ture (Ty;), and wind speed (ua;).

CSP HTF outlet temperature and mass flow rate for each hour of the year
considering that the HTF always entered the solar field at Tppour =

407.42 °C and P;I,;gh = 25 MPa, as previously mentioned. Then, for each
SM value investigated, the solar field annual outputs were obtained by
optimizing the mass flow rate so that Tsr o, would be as close as possible
to Tpp 1, = 550 °C. Therefore, intending to exam a broad range of inputs,
this procedure was observed for SM values of 1.5, 2.0, 2.5, 3.0, 3.5, and
4.0.

2.4. Packed-bed TES system

The numerical model utilized for evaluating the performance of the
packed-bed TES system in this study follows Ref. [34]. As shown sche-
matically in Fig. 3, a single TES device consists of an in-ground tank
characterized by the diameter Dygs and length Lygs, with alumina
spheres of diameter d composing the packed-bed whose porosity was
fixed at € = 0.35.

The core numerical model is axisymmetric and uniformly axially
discretized, which uses a two-temperature formulation, i.e., one for the
alumina spheres (porous medium) and another for the s-CO5 (fluid).
Appx. A provides the general expressions of the energy conservation
equations for the fluid and solid phases within the packed bed. With this
modeling, the thermal capacitances, pressure drop, and the fluid vari-
able thermophysical properties are taken into account while predicting
realistic dynamic behaviors. Ref. [34] provides further information and
details on the packed-bed modeling, which go beyond the scope of the
present work. Furthermore, aiming to better account for the thermal
losses, following the indications of Ref. [50], instead of a fixed value for
the ground temperature, this was considered as 3 °C above the air
temperature at each system time step.

Additionally, for all time steps when the TES device idles, i.e., when
it is not being charged or discharged, the numerical routine follows the
procedure described in Ref. [34], except for the improvements detailed
in Appx. B. Briefly, during idle, the pressure field becomes spatially
uniform, but still time-dependent; then, the pressure value for each time
step is numerically obtained regarding that the fluid total mass within
the TES must remain constant while heat is exchanged between fluid and
porous medium as well as lost to the surroundings.

From an energy balance between the solid releasing and the fluid
receiving thermal power, the sizing of the total TES volume is obtained
as a function of the selected number of storage hours (trgs) as
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tives [ir (Tesius Pes) — ir (Tes.ous Pes) | tres

= ) (6)
(11— E‘)/)SCSO~8(TPB.ln - TPB.Ouz)

VTES Total —

for which ir is the fluid mass-specific enthalpy as a function of temper-
ature and pressure, ¢ = 0.35 the porosity, ps ~ 3950 kg/m3 and ¢ ~
1150 J/(kg K) the particles volume-specific mass and average mass-
specific heat at constant pressure, respectively [34]. For design, the
solid axially-averaged temperature difference was considered as 80% of
the inlet and outlet power block temperature difference, and it was
assumed that the time-averaged thermal power released by the solid
equals the power required for taking the power block mass flow rate mpg
from the outlet to the inlet power block conditions. Moreover, using Eq.
(6), the length for each cylindrical TES device is given by

Lygs — 4VZTES.Toral ’ @
D7 Nres

with which the Lrgs values shown in Table 1 are obtained for various
Nrgs, tres, and Drgs.

Including the parameter Ngs in the study intends to deal with the
possibly large pressure drops related to higher mass flow rates flowing
through the porous medium structure of the packed bed. Hence, the
charging or discharging mass flow rate is equally divided between the
Nrgs packed-bed TES devices. Also, because all TES devices are equal
and subjected to the same inputs and boundary conditions, just one is
simulated, and its response is replicated for all the remaining. Moreover,
since the TES simulation uses a much smaller time step than that of the
integrated system, for easing the further calculations, the TES outlet
mass flow rate and mass-specific enthalpy are obtained as temporal
averages for each system time step. Also, the power spent with the
auxiliary compressors adds to the outlet fluid flow through energy bal-
ances, i.e., it contributes to the actual outlet enthalpy.

2.5. System economics

The economic assessment of the integrated CSP plant evaluates the
costs of the main equipment composing of the three major subsystems, i.
e., solar field, TES system, and power block. Based on the literature (e.g.,
Refs. [51,52]), the widely-regarded approach of using scalable functions

Table 1
TES length (Lgs) in m] based on the discharging time (t7gs) TES diameter (Drgs),
and number of TES (Nygs).

Nigs =5
Drs trss=0.25h  05h 1h 2h 4h 6h 8h
[m]
2.0 4.01 8.03 16.05 32.10 64.21 96.31 -
3.0 1.78 3.57 7.13 14.27 28.54 42.81 57.08
4.0 1.00 2.01 4.01 8.03 16.05 24.08 32.10
5.0 0.64 1.28 2.57 5.14 10.27 15.41 20.55
Nrgs =10
Digs tr;s=0.25h 05h 1h 2h 4h 6h 8h
[m]
1.5 3.57 7.13 14.27 28.54 57.08 85.61 114.15
2.0 2.01 4.01 8.03 16.05 32.10 48.16 64.21
3.0 0.89 1.78 3.57 7.13 14.27 21.40 28.54
4.0 0.50 1.00 2.01 4.01 8.03 12.04 16.05
Nrgs =15
Dygs trgs = 0.25 h 0.5h 1h 2h 4h 6h 8h
[m]
1.5 2.38 4.76 9.51 19.03 38.05 57.08 76.10
2.0 1.34 2.68 5.35 10.70 21.40 32.10 42.81
3.0 0.59 1.19 2.38 4.76 9.51 14.27 19.03

4.0 0.33 0.69 1.34 2.68 5.35 8.03 10.70
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was chosen. This method indicates that the costs for different sizes of
components are related to references cases previously determined
following an expression similar to

C S\"
= 8
Crﬂf <Sref> ' ( )

where C is the cost, S a metric for the equipment size, n the scaling
exponent, and the subscript ref refers to the reference case. Therefore,
the costs of manufacturing the subsystems within the power block may
be estimated relying on reference data for s-CO5 [53]. Additionally, Eq.
(8) may also be used for estimating the costs for the solar field and the
auxiliary heating process. Table 2 presents the expressions used for
determining the equipment costs for the power block and the solar field.

Therefore, for the power block considered in Fig. 2, using the ex-
pressions from Table 2, the cost is estimated as

Cpg = Cr+Cuyc+Cre+Curr+Crr+Coc, + Crg, (C)]

which also includes an electric generator (Cgg). The costs of the turbine
and compressors are estimated based on the power produced/consumed
per each, which are determined by the mass flow rate through and the
inlet-outlet enthalpy difference of each one. For the recuperators, the
costs are estimated based on the global conductance, which is obtained
using discretization (into N sub-heat exchangers), considering the total
thermal power transferred within each heat exchanger and its loga-
rithmic mean temperature difference (LMTD) as [55]

v (E/N)

= ATy,

(UA) = (10)

The air cooler cost is estimated based on the thermal power
exchanged (ECO>, which is also determined by the mass flow rate

through and the inlet-outlet enthalpy difference of the heat exchanger.
The electric generator cost is estimated based on the electric power
generated, which was set as ~10 MW.

Regarding the main heat supplying device, similar to Eq. (9), the
solar field cost is obtained as

Csr = Csie + Chirrors + Chrec- 11)

Both the site preparation and the mirrors costs are estimated based
on the aperture area, which is simply obtained from the reference area
and the solar multiple - as indicated in Eq. (5) —, whereas the receivers
cost depends on their tube external area. Given the current non-
availability of specific costs data for solar trough collectors operating
with s-COg, costs for a solar tower collector were employed as a
compromise scaling.

Table 2
Equipment cost expressions for the solar field and power block.

Equipment Cost expression* [US$]
Turbine [53] 9923'7W0v5886
Compressor [53] 643A15W0’9142
Recuperator [53] 5A2<UA)0.8933

Air cooler [54] Ez E3
1100 (177,031250 ——C +ﬂ>

10% 108
. 0.7
Weie
6-10°
(160)

Electric generator [54]

Site preparation [54] 20Apper
Mirrors [54] 120Aper
Receivers [54] A 0.7
140-106 ( 2R
1571

* [W] = kW, [UA] = W/K, [Eco] = MW, [Wge] = MW, [Agper] = [Age] = m’.
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On the other hand, for the packed-bed TES system, the cost estima-
tive relies on a different approach since parameters for scaling this
component are still somewhat unknown. Such an approach relies on
assuming the major costs of the packed-be TES device to be related to the
pressure vessel [18] and the alumina particles. In this sense, the steel
cost may be estimated as

Cress = byupy (Vieswars + 2Vres Lids) 12)
for which the TES steel wall and lid volumes are defined as
” 2 2
VrEs waitse = 1 [(Dres + 2t; + 2t4)* — (Drgs + 24:)° | Lygs
(13)

V. =D
TES.Lid st — Z TES"st

and by = 1.553 US$/kg is the steel specific cost, which was obtained as
the average of the global composite prices for carbon steel and stainless
steel 304 from Ref. [56], from January to August of 2019. Moreover, to
bear the s-CO; pressure, the steel wall thickness is given by [57]

Py (Dres + 21;)

by =——— o 14
) 2(0'3, — O.GPﬁ,'fh) a4

for which nggh is the high-temperature-end pressure and t; = 0.2 m is the
insulation thickness. Considering steel as the commercial reference
material for pressure vessels and not accounting for any other possible
mechanical improvements (i.e., the worst-case scenario), o5; = 140 MPa
corresponds to the adjusted material tensile strength for high working
temperatures with a safety factor [34]. Within the limit values of 1.5 m
and 4.0 m for Dygs in Table 1, ty varies linearly from 0.19 m to 0.44 m.
From a technical standpoint, and regarding novel under-development
materials, using steel may not appear as the most reasonable option.
Despite the expected increased and uncertain costs of such materials,
they should offer a higher tensile strength, which leads to thinner walls.
Thus, the adopted approach compensates for the non-ideal material by
increasing the wall thickness.
For the alumina, similar to for the steel, the cost is estimated as

Cress = bsps(1 — €) Vs, (15)

where Vygg is the TES total internal volume and bg = 1.15 US$/kg is the
alumina specific cost, which was obtained based on the range of 1.0 US
$/kg and 1.3 US$/kg for ceramic particles indicated by Ref. [53].
Therefore, the total cost for the TES system is obtained as

Cres = Nigs(Cresg + Crass), (16)

where Nygs accounts for the number of TES devices employed.
Thus, from Egs. (9), (11), and (15), the overall equipment investment
cost is estimated as

Cequip = Cpg + Csr + Crgs, 17)

which disregards any equipment cost related to the auxiliary heat
exchanger discussed in Section 2.1.

For the auxiliary heating, which was adopted as using natural gas as
fuel, the cost is estimated based on the specific fuel cost as

Caux = bauxEnux, (18)

where bau = byng = 3.5 « 10 US$/J is the specific cost of the
auxiliary heating fuel, which was obtained as the average value for
California/USA considering the available data for the last 10 years from
Ref. [58] - it was considered that the energy of 1 ft3; ~ 1030 Btu =
1.0867 MJ [59]. Also, Eayy accounts for the annual overall summation of
energy obtained from the auxiliary heating, which is determined as

Epu = EPB 4 ETES 19)

‘Aux Aux
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where the auxiliary heating energy spent with the power block inlet
(EFB.) and with the TES outlet (EYE) are obtained from summations
throughout the 8760 h of the year as

8760
PB . (i In
By = E mpp (’F.PB - ’F.Aux,,‘) Ay, (20)
J=1

and

ETES | (rirzesc) ( FIPB <ig.l¥ES,C>j) Aty T?Eué.c < ngl;‘t
Eyw = NTESZ ) 1)
0,79, > 1O
Also, the auxiliary heater inlet mass-specific enthalpy i,  is ob-
tained, for each system time step j, from the thermal balance from the
solar field and TES outlets and the bypass as

nitsp i?f?F + Nres (mTES} <il€.uTtES> + mBWﬂSSiZIgB = titpp i;“n‘ch‘ (22)

The environmental cost associated with the emission of CO5 due to
the use of auxiliary heating is also accounted for. Considering a lower
heating value (LHV) of LHVy¢ = 45.5895 MJ/kg [60] for the natural gas

and that, from stoichiometry, the complete combustion of 1 kg of natural
gas produces 2.75 kg of CO», the environmental cost is estimated as

2'75EA14X
LHV ’

Ceny = by (23)
where bgp, =90 » 107 US$/kg [61] is the environmental specific cost for
the CO, emitted, i.e., taxation regarding the reduction of greenhouse
emissions. It is worth mentioning that a future sensitivity analysis
regarding such a value is recommended.

Furthermore, considering the difficulty of estimating the mainte-
nance and operation costs, following Ref. [54], these were estimated as

Cuo = byoWep Nets 24

where Wpp net, the net energy produced by the power block, is obtained
from

8760
Wesner = Y WieAtsys, (25)

Jj=1

and by = 3.5 US$/MWh [54].

Therefore, as the figure of merit to evaluate the costs of energy
production over the system lifetime, the economic analysis uses the
levelized cost of energy (LCOE) approach [62], for which the LCOE in US
$/MWh is given by

r
Crauip + Zj:l (rdry

(CALIAJ+C511\‘,/+C.1IO j ) :|

LCOE = 3.6:10° (26)

s
ZLT Wsys Netj
J=1 (1+dry

considering, for a given year j within the system LT years lifetime, all
costs described above to produce the annual system net energy Wisys netj,
which is obtained as

8760
ump
Weysvet = WepNer — Z W;ES] Atgys, 27)

=

i.e., by subtracting from the annual net energy produced by the power
block — considering that W;’;t = 9.93 MW =~ 10 MW is constant
throughout the year — the annual energy expenditure with the TES
auxiliary compressors, whose individual power consumption is
expressed by [63]
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. Pump 1 Yz pae + e \ (Pryw — Pre
W ( )Z My + My, ( F. 1-.) . (28)
Neomp/ 5 2 Pr.p

=

Also, for all analyses, following Ref. [64], a lifetime of LT = 20 years
and an annual discount rate of dr = 5% were considered.

Finally, it is important to mention that the adopted cost estimation
methodology and reference values are not specific for the HTF consid-
ered. Therefore, it is expected, based on the available literature, accu-
racy of results roughly limited to a £30% range [54,64].

3. Results and discussion

The following subsections present the results obtained and their
discussions. Section 3.1 analyzes parametrically the system’s economic
behavior concerning the independent variables. Section 3.2 presents the
economic-environmental assessment of the power plant. Then, Section
3.3 discusses the system’s economic sensitivity to specific costs and TMY
data.

3.1. Parametric analysis

For the economic assessment, first, the influence of the size of the
TES system is examined in Fig. 6. Such a figure shows the integrated
system LCOE variation with the design discharging time trgs while
considering three TES diameters, a solar multiple of SM = 2, and Ngs =
5 TES packed-bed devices. Additionally, the dash-dotted line indicates
the LCOE value if no TES system is considered, which is referred to as the
reference LCOE value. Regarding the configurations with an embedded
TES (solid lines), one may notice that none achieved a lower LCOE than
the reference. Furthermore, the rightmost portion of Fig. 6 reveals that a
larger Drgs is preferable for smaller trgs values, whereas the leftmost
portion, which is zoomed in the detailed plot, shows that there is a swap
between the preferable Drgg as trgs decreases.

It should be mentioned that the convergence for the reference LCOE
value as trgs — 0 is not observed. This convergence may be expected
because the system response for ever-decreasing TES sizes approaches
that of the system without any TES device and also because the associ-
ated cost should approach zero. Nevertheless, although for a given Dy,
Ltgs — 0 as tygs — 0 [34], the associated steel cost for the TES lids does
not depend on Lrgg (as is the case for the associated steel cost for the TES
wall), but only on Dygs. Thus, this discussion clarifies the non-
convergence of the LCOE curves for different Drgg as trgs — 0.

To account for the effects of the solar field size, which is expressed in

95 . . . : : : :
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Fig. 6. LCOE variation with trgs for fixed TES diameters of 2 m, 3 m, and 4 m
while considering SM = 2 and Nrgs = 5.
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terms of the solar multiple SM, on the levelized cost of energy, Fig. 7
shows the LCOE variation for five design discharging times trgs,
considering a TES diameter of Drgs = 2 m and Nygs = 5. Once again, the
dash-dotted line indicates the reference LCOE values for each SM if no
TES system is considered. The main point to be observed is the existence
of local minima, i.e., for each tygg, there is an SM minimizing the LCOE.
Moreover, the optimal SM values decrease from roughly 3.5 to 2.0 as t7gs
decreases from 8 h to the reference line (i.e., 0 h). This optimal trend is
arguably related to matching the sizes of the solar field and TES systems.
Furthermore, as shown in Fig. 6, the greater the TES size (i.e., its storage
capacity), the greater the LCOE.

Furthermore, although the number of TES devices showed a minor
influence on the LCOE when considering Nygs = 10 for longer dis-
charging times, the variation within the range of Nygs = 5 and Nrgs = 15
is arguably insignificant.

3.2. Economic-environmental assessment

As discussed in Section 3.1, the solutions with packed-bed TES sys-
tems did not present substantial improvements compared to their
respective references if focusing exclusively on the LCOE. Moreover, the
LCOE already accounts for the environmental-related economic cost of
CO;, emissions through specific taxation. Nonetheless, accounting for the
monetary cost does not reduce the importance of reducing the actual
environmental footprint. Hence, it is arguably reasonable to seek a
compromise solution that minimizes the LCOE while also regards
sustainability.

Considering the annual CO, mass emitted by the auxiliary heating
(mco2) as a second independent figure of merit, Fig. 8a shows with black
markers the values of LCOE (y-axis) and mgoz (x-axis) for 140 combi-
nations of SM, Nrgs, trgs, and Dygs — whose ranges are, respectively, 1.5
and 4.0, 0 and 15, 0 h and 8 h, and 1.5 m and 5 m. Both figures of merit,
i.e., LCOE and mcpy, were normalized by the maximal and minimal
values of each for the set of combinations considered as

o = P — Puin (29)

Prax — Pwmin

while using, for the LCOE, the values 75.30 US$/MWh and 94.64 US
$/MWh; whereas, for the mcgy, the values 19.36 « 10° kg and 32.15 »
106 kg.

It is somewhat expected a competing effect (i.e., trade-off) between
LCOE and m¢qy, i.e., the cleaner the solution, the greater the associated
cost. Such a trend is visible in Fig. 8a, especially in its left lower quad-
rant, which suggests the possibility of using an optimization-based
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Fig. 7. LCOE variation with SM for fixed trps valuesof 1 h,2h,4h,6 h,and 8 h
while considering Nrgs = 5 and Dygs = 2 m.
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Fig. 8. (a) Normalized LCOE versus normalized annual mgo, considering
several combinations of SM, Nygs, trgs, and Drgs; (b) Values of SM, Nygs, trgs,
and Drgs for the 20 best combinations of Fig. 8a.

approach for finding the Pareto front. Then, considering even weights to
both figures of merit, the distance I" of each point to the origin was
simply evaluated as

(30)

T = \/(LCOE™* + (m}py)’.

Thus, the 20 best out of the 140 evaluated combinations (i.e., those
with smaller I') are indicated in Fig. 8a by the x markers and named
alphabetically according to the increasing distance to the origin while
the remaining combinations are indicated by the dot markers. The best
compromise solution, i.e., point “A”, was obtained with the combination
SM = 4, NTES = 10, trEs = 6 h, and DTES = 4 m and achieved LCOE =
79.08 US$/MWh and mcoy = 20.68 « 10° kg.

Focusing on the aforementioned 20 best combinations and aiming to
clarify the components of each one, Fig. 8b shows the values of SM, Ngs,
tres, and Dgs for each of those cases. It is possible to verify that, for these
combinations, none was obtained with an SM value smaller than 3.0,
which indicates that an arguably larger solar field is preferred. Also,
regarding the TES system, it is not possible to infer any clear tendency
regarding the number of devices — which agrees with the discussion at
the end of Section 3.1. Moreover, on the design discharging time (which
is directly related to the TES volume), the best combinations were ob-
tained with at least 4 h, which is roughly half of the range considered;
then, it is conceivable that small TES systems do not play a significant

10
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role. Finally, regarding the Drgg parameter, there seems to be a prefer-
able geometry with 75% of the combinations indicating a TES diameter
of 3 m.

Now, Fig. 9a breaks down the LCOE of the aforementioned 20 best
combinations into percentage components, which are sorted according
to the LCOE. First, with regard to the percentage costs, one may check
that there is a somewhat direct correlation between LCOE and the per-
centage Cgqup — a specific discussion on the equipment cost will be
presented next. Then, it is also possible to verify a fairly inverse corre-
lation between LCOE and the combined percentage Cayx + Cegny-
Following, the percentage Cyo remained nearly constant for all the 20
best combinations. Moreover, the last column on the RHS of Fig. 9a
brings the total emitted mass of CO,, whose tendency follows that of the
combined Cayy + Cgny, which is something expected because mcoz2, Caux,
and Cgy, are all directly dependent on E,, (see Egs. (18) and (23). Also,
yet on the combined Cayy + Cgny, given the values adopted for bayy, bgny,
and LHYV, it is possible to infer that this summation is dominated by the
environmental taxation, which represents roughly 60% of the total
amount, against the remaining roughly 40% due to the fuel cost.
Furthermore, the competing effect between LCOE and m¢qz discussed in
Fig. 8a becomes even clearer when comparing the first and last columns
of Fig. 9a.

R : 1 .
T ]
D ]
P ]
(0]
H ]
= 1
sK
s i
S8 ,
QA :
I ]
J
N
G ]
L
M ‘ | | . ‘ .
76 80 8440 45 50 5540 45 50 554 4.5 518 20 22 24
LCOE CEquip C’Aux + C1E11v C’MO mgOQ
[US$/MWh]|  [%] [%] %] (10°kg]
(a)
R : 1 . ,
T ]
D ]
P ]
0] ]
% 1
S5 ]
= 1
SK ]
Sk 1
SPmm
S| 1
I 1
J 1
N 1
G 1
L 1
M 1

76 80 84354045 5030 35404525 35 4520 25 30 35

LCOE  Cgqup Csr Crrs Crp
(US$/MWh] [10°0SS] %) %) %)
(b)

Fig. 9. (a) LCOE, its percentage breakdown into components, and mcq; for the
20 best combinations of Fig. 8a (combinations are sorted according to their
LCOE values; (b) LCOE, total equipment cost and its breakdown into compo-
nents for the 20 best combinations of Fig. 8a (combinations are sorted ac-
cording to their LCOE values).
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Considering the equipment cost, Fig. 9b shows, once again, the 20
best combinations sorted according to their LCOE, but now it brings the
total equipment cost and its percentage breakdown into the solar field
(Csp), thermal energy storage (Crgs), and power block (Cpg). It is possible
to observe that the increase of the total equipment cost for the 20 best
combinations is mostly driven by the TES cost, given that both the
percentage Cgr and Cpp decrease as the LCOE increases. This analysis
indicates the importance of investigating better and cost-effective ma-
terials for the TES construction.

3.3. Performance sensitivity analysis

Up to this point, the analyses considered fixed values for the specific
costs. Because they depend on several factors, such as resource avail-
ability, environmental policies, market oscillations, it is important to
verify the sensitivity of the results with respect to variations of those
specific costs. Then, first focusing on the TES device, Fig. 10a shows the
variation of the LCOE for the best compromise solution of Fig. 8a. For
obtaining Fig. 10a, the values of the specific costs of alumina bg and steel
bs varied within —50% and +50% with respect to standard values
adopted. The LCOE for each combination was recalculated using the
modified specific costs and is expressed in terms of percentage difference
with respect to the baseline case - i.e., the LCOE = 79.08 US$/MWh
from Fig. 8a, which is indicated by the black circle marker. As expected,
the smallest value in Fig. 10a is obtained when both specific costs are
decreased by half, whereas the largest when they are increased by half.
Also, within the ranges considered, the variation of the LCOE is between
roughly +£10%. Based on the tilt of the black dashed lines, which indi-
cate constant values of LCOE, it is possible to infer that the figure of
merit is more strongly influenced by by than by bs.

Similar to Fig. 10a, Fig. 10b presents the variation of the LCOE
focusing on the auxiliary heating needs, i.e., it shows the influence of
varying the specific costs of the environmental taxation bgy, and auxil-
iary heating bayy. While by, also varies from —50% to +50%, the range
for bgpy was considered from —100% to +100%, which aims to consider
non-uniform local environmental policies, i.e., such a range enables
cases when no environmental taxation is applied and when an even
heavier taxation is considered. By comparing Fig. 10b with Fig. 10a, it
becomes clear that the auxiliary heating presents a stronger influence on
the LCOE than the TES device, a conclusion that agrees with the dis-
cussion of Fig. 9a. For instance, with an equal variation of +50% for bg
and by in Fig. 10a and for bgpy, and bayx in Fig. 10b, the the LCOE
increased ~22% for the latter and ~10% for the former. Also, again
from the tilt of the black dashed lines, it is possible to infer that the figure
of merit is more strongly influenced by bgy,, than by bay-

Given that Fig. 10a only focused on the equipment cost of the TES
system, Fig. 10c now complements the analysis by exploring the influ-
ence of varying the overall costs of the solar field and the power block.
For both parameters, the variation considered a range of —50% to
+50%. The results show that the effect on the LCOE of varying Cpp is
~70% of that of varying Csp by the same amount. Also, with an equal
variation of +50% for both parameters, the LCOE increased ~16%.

Similar to the specific costs, up to now, all analyses considered only
the TMY meteorological conditions for Dagget/USA. Then, it is impor-
tant to investigate the influence of meteorological data on the perfor-
mance of the power plant. Based on favorable solar characteristics, the
analysis gathered TMY data from seven more cities with prospects for
developing CSP projects regarding Ref. [65]. For each new location
considered, the Electronic Supplementary Material provides the mete-
orological data from Ref. [49] graphically, similar to Fig. 5.

For focusing on the effect of the meteorological input data, the
analysis uses, once again, the fixed baseline values for the specific costs.
The simulations for each TMY data set adopted a fixed number of TES
devices of Nrgs = 10 and a discharging time of trgs = 6 h, whereas the
solar multiples SM of 2.0, 3.0, and 4.0 and TES diameters Drgg of 2.0 m,
3.0 m, and 4.0 m. The reason for fixing Nygs is its non-important
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Fig. 10. Sensitivity of LCOE for the best combination of Fig. 8a with respect to
(a) the specific costs of the TES device, i.e., the steel cost by, and porous medium
material bg; (b) the auxiliary heating, i.e., the fuel cost ba,, and environmental
taxation bgp,; (c) the equipment costs for the solar field Csp and the power
block Cpp.

influence on the result, as previously discussed at the end of Section
3.1. Now, regarding trgs, apart from being a common practice to define a
design discharging time, fixing such a parameter enables fair compari-
sons. Additionally, the simulations also considered the solutions without
a TES system for each SM value and TMY data.

To build Fig. 11, besides (1) Dagget/USA, the other TMY data refer to
(2) Medicine Hat/Canada, (3) Antofagasta/Chile, (4) Casablanca/
Morocco, (5) Sevilla/Spain, (6) Delingha/China, (7) Anantapur/India,
and (8) Adelaide/Australia. This figure, similar to Fig. 8a, shows the
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China, (7) Anantapur/India, and (8) Adelaide/Australia.

LCOE versus the annual mgpz for each combination, but it does not
normalize the values for enabling direct comparisons. From that data
obtained, it is clear that Dagget/USA remains the best compromise so-
lution, followed by Antofagasta/Chile and Anantapur/India. The region
in detail in the low-right quadrant exhibits the options without any TES
system, i.e., those relying entirely on the auxiliary heater as backup. The
variability of the results between locations with favorable meteorolog-
ical characteristics for CSP applications points towards the necessity of
additional optimization-oriented investigations. Although such detailed
analyses escape the scope of the present work, it is worth mentioning
that, apart from the required TMY data, they must use updated specific
costs accounting for local characteristics.

4. Conclusions

This study economic and environmentally investigated an integrated
s-CO4 solar-powered plant composed of a solar field, packed-bed TES
system, and power block. The annual transient simulations employed
thoroughly detailed models and specific costs for subsystems. From the
parametric analysis of the economic behavior of the integrated system,
the results showed that (i) larger Dgs values are preferable for smaller
trgs values, whereas there is a swap between the preferable Drgs as tygs
decreases and (ii) the existence of local minima of LCOE for different trgg
with respect to SM, whose optimal trend is arguably related to matching
the sizes of the solar field and TES systems.

Moreover, the trade-off assessment pointed towards a compromise
solution concerning economic cost and environmental footprint, i.e., the
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combination SM = 4, Nrgs = 10, trgs = 6 h, and Drgs = 4 m, which
achieved LCOE = 79.08 US$/MWh and mcoy = 20.68 10° kg. The
analysis indicated the importance of investigating better and cost-
effective materials for the construction of the TES system. Addition-
ally, the sensitivity analysis of the system performance concerning the
specific costs of the TES system and the auxiliary heating showed that
the auxiliary heating presents a stronger influence on the LCOE than the
TES device. Specifically, concerning the latter, the figure of merit is
more sensitive to b than to bs. Now, regarding the auxiliary heating, the
figure of merit is more strongly influenced by bg,, than by bayy.
Furthermore, on the sensitivity to the TMY data, the variability of the
results requires considering updated local characteristics and further
optimization-oriented investigations. Considering the uncertainties
associated with the economic model, a possibly attractive option is
associating the genetic algorithm with the Monte Carlo method.

Finally, this work may be considered an exploratory effort on
assessing the feasibility of TES-aided solar-powered plants using s-CO,.
Although the solutions with packed-bed TES systems did not present
substantial improvements in terms of LCOE by themselves compared to
the respective references, the results revealed the possible feasibility of
the s-CO; integrated system and evidenced several venues for further
examination. Since several parameters substantially influence such an
economic-environmental assessment, follow-up broader sensitivity an-
alyses are highly recommended for exploring the influence of other
parameters and figures of merit. Therefore, these analyses and discus-
sions comprise a preliminary assessment for facilitating and encouraging
further related developments.
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Following Ref. [34], for the porous medium of the packed-bed TES system, the general conservative form of the energy conservation equations are

given by [34]

opi) =, . g Dp
o +V-(puwi)=V (kVT)JrDt’

and

d(pe)

= V-(kVT),

ot

(A1)

(A2)
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for the fluid (in terms of the mass-specific enthalpy i) and solid (in terms of the mass-specific energy e) phases, respectively. The packed-bed model uses
the finite-volumes method and axial discretization to solve these equations. In the present work, for improving the stability of the numerical routine , a
new approach couples the mass-specific enthalpy and temperature (T) of the fluid. By linearizing the mass-specific enthalpy as

. . Oi
ir(Tr) ~ ip (Tr = Tra) + (Tr — TF.a)aTﬁ , (A3)
FlTp=Tr,
and using 0dir/0TF = c, the expression for the temperature of the fluid becomes
ir(Te) — ir (Tra
Ty 2 Ty | 207~ i Tra) r(Tra) | (A4)
CF(7¥A)

for which cris taken as the mass-specific heat at constant pressure and the subscripts F and a denote fluid and approximated, respectively. This simple
approach uses the previous iteration value as an approximation to update the temperature of the fluid through a somewhat correction factor. In
addition, this method improves the convergence of the numerical routine. Such an improvement is due to the linearization providing better guesses for
the subsequent iteration. Then, the discretized version of Eq. (A1) becomes

N[V o heVe | hwarAwae) EVepl iy irpa
( - mp.w> irw+ { PApF'P +mpe + #‘FM} irp+ (—hpVe)Tsp = (M +h,pVp ( —Trpa+—2 )

t CFPa CFPa At CFPa

IFPa Mr e Mg

(Pl-',c *Pl-‘.P) +

Fe PFEw

+ Awan pPAwair.p <TWall,P —Trpat ) +eVp (Pl-',P - P(},p) + (PF.P - P[-‘.w)~ (A5)

CF,P,a

Similarly, the discretized expression of Eq. (A2) becomes

ks o wAw (1 — &)Vppgay p ksegwhw | KsefeAw ks efr eAe —h,pVp\ .
Sl g |8 gy, Kl KsereBu | (0 BsareBle\ gy (TR
( Az ) sw+ { AL +hpVp+ Az + Az sp+ Az sE+ crra ip

1 —&)Vppg (el — ir Pa
_ ( ) PPAAE P 2,P) Tl pVp (TKM 7(’::1; ) (A6)

In both expressions, m is the total mass flow rate through the packed bed, V the node total volume, h the convective heat transfer coefficient, p the
volume-specific mass, t the time, P the thermodynamic pressure, h, the volumetric convective heat transfer coefficient, k the thermal conductivity, A
the total transversal area, and q; the solid mass-specific internal energy linearization factors. The subscripts S, eff, and Wall refer to solid, effective, and
wall, respectively. The superscript O refers to the previous time step, whereas no superscript, the current time step. Also, the subscripts W, P, and E
refer to west, current, and east, respectively, with the upper case indicating a node and lower case a boundary. For the complete packed-bed modeling,
see Ref. [34].

For the sake of clarity, it is essential to justify the assumption dir/0Tr = cr. From thermodynamics, it is possible to express a variation of the mass-
specific enthalpy as

oi 0i
di = —| dT +—| dP. Al
=51, 9T+ op) ¢ (A7)
Then, from the definition of the mass-specific heat as constant pressure, i.e.,
oi
=— A8
“~orl|, (A8)
it is possible to rewrite Eq. (A7) as
di = cdT + di dP (A9)
1= 0P , .

Because, during an iteration of the packed-bed routine, the numerical process for obtaining the new distributions of mass-specific enthalpy of the
fluid and temperature of the solid considers a fixed pressure field, the pressure variation in Eq. (A9) is null. Specifically, within an iteration, after
solving the distributions mentioned above, as already discussed, the routine updates the pressure. Hence, Eq. (A5) indicates the reasonableness of the
assumption 0dir/0TF = cp used in the linearization of Eq. (A3).

Appendix B

When the TES device idles, Ref. [34] numerically finds the equilibrium pressure at each time step, i.e., the value of the pressure that maintains
constant the total mass within the TES vessel. Such a process is very time consuming because it relies on finding the zero of an equation that depends on
updated thermophysical properties. Then, for diminishing the run time of the algorithm, an alternative process was used. From the thermodynamics, it
is possible to express a variation of the volume-specific mass as
op

T+
L Top

0
dp:—p

aT dP (B1)

T

Also, using the isobaric expansion coefficient () and the isothermal compressibility coefficient (x), which are defined as
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_lov 1 dp
(3-8
v) oP|, oP|,
it is possible to rewrite Eq. (B1) as
%p = — fdT +«kdP. (B3)

Similar to other thermodynamic properties, both  and « are easily obtained from CoolProp [36,37]. Then, integrating both sides of Eq. (B3) over a
generic thermodynamic process, it becomes

ln(!%) — T =T+ (P—PY), (B4)

for which (i) the superscript 0 indicates the previous state (i.e., previous time step) and the lack of such a superscript indicates the current state (i.e.,
current time step) and (ii) the superscript i-1 indicates the evaluation at a previous iteration and the lack of such a superscript indicates evaluation at
the current iteration. So, Eq. (B4) may be rewritten as
i—1 0
exp|k (P —P
p:pﬂ [ ifl( )} . (B5)
exp [ﬂ (T — TO) ]
Now, considering that while the fixed-volume TES device idles, the fluid mass within it at the end of the discharge (M) remains constant and that
the pressure at a given time step for all of the axial nodes j is uniform, i.e., P; = P, it is possible to express such a fluid mass as

ey = [yl (P 7) ]

M= ;(Vjeﬂ,) = ; st )] (B6)
Focusing on the term containing the pressure P, following Eq. (A1), one may linearize such a term as

expli (P P)) | mexp[x ! (P = P) |+ (P= P ) texn [ (P = ) | (B7)

Then, using Eq. (B7), Eq. (B6) may be rewritten as
. N [ Vieplexp [K,’?l (P]’Fl - P?) } (1 P KI‘Z*IP"*‘> “o B8)
2 el (5]

Finally, because the equilibrium pressure is uniform and constant at a given time step, it is possible to express it as

e f e sl ()
M2 SGRIGER)
P= . (B9)
N, Vb‘p?l(]oexp k! P;"—PJ‘?
o [steals )

exp[p ! (1-17) ]

With Eq. (B9), the equilibrium pressure may be simply updated between iterations, without requiring a dedicated numerical solver.
Appendix C. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.apenergy.2022.118913.
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