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Abstract

Decarbonization is crucial to meet global environmental goals by 2050 and combating climate change.
The current work studies a thermal system combining CSP (solar dish) and thermal energy storage
(TES) technologies aimed at reducing CO, emissions. Given the Direct Normal Irradiance (DNI)
profiles of two southern Spain locations (Cérdoba and Mélaga), numerical simulations have been con-
ducted to analyze the power and the energy provided by this proof of concept on three representative
days of 2022 (two solstices and one equinox). One or several solar dishes first increase the temperature
of the heat transfer fluid (HTF). Then, following a simple decision-making algorithm, the mass flow
enters or bypasses a TES unit. If additional backup energy is required to reach a final temperature,
it is supplied externally from e.g. electric sources. A sensitivity analysis has shown that four solar
dishes in parallel configuration, combined with a TES unit of aspect ratio L/D = 1.5 (if in Cérdoba)
or L/D = 1.0 (if in Mélaga), is a suitable solution to effectively reduce the external energy consumed
by the system as well as the operation cost and the environmental impact. This study is completed
with the calculation of the levelized cost of heat (LCOH), resulting in a favorable economic viability
compared to other heating plants.

Keywords: Decarbonization, numerical simulation, solar dish (CSP), thermal energy storage (TES),

high-temperature heat, levelized cost of heat (LCOH).
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CAPEX Capital Expenditure

CAPEX Operating Expenditure

CDR Carbon Dioxide (COy) Removal
CFL Courant-Friedrichs—Lewy number
CSP  Concentrated Solar Power

DNI Direct Normal Irradiance (W /m?)
HTF Heat Transfer Fluid

LCOE Levelized Cost Of Energy

LCOH Levelized Cost Of Heat

LMTD Logarithmic Mean Temperature Differ-

ence
NG Natural Gas

PDE Partial Differential Equation
PV Photovoltaic

TES Thermal Energy Storage
TRL Technology Readiness Level
Greek

n Thermal efficiency

1 Fluid viscosity (Pa s)

p Density (kg/m?)

Roman

Q Time averaged thermal energy (W)

I

Ug

Mass flow rate (kg/s)

Heat power (W)

Volumetric heat flow (W/m?)
Dimensionless energy reduction

Area (m?)

Isobaric specific heat capacity (J/kg K)

Convective heat transfer coefficient (W/m?

K)
Solar radiation power or solar beam (W)
Thermal conductivity (W/m K)

Number of solar dishes in parallel connec-

tion
Thermal energy (J)

Global conduction, convection and radia-

tion heat transfer coefficient (W/m? K)
Interstitial velocity (m/s)

Superficial velocity (m/s)

1. Introduction

The potential impact of climate change on the

global environmental balance and the subsequent

effects on the global social and economic issues,

justify the efforts to achieve a relevant reduc-

tion of the COy emissions in the coming years.

The most significant advances have been made in



electricity generation, mainly due to solar photo-
voltaic (PV), wind energy, and concentrated solar
power (CSP). However, there is still a challenge
to overcome in terms of heat supply for the indus-
try, particularly in those considered hard-to-abate
sectors [I]. Similarly, renewables still account for
a reduced fraction (5.6% in 2021) of global heat
generation [2]. According to Madeddu et al. [3]
the replacement of fossil fuels for the industry is
at the core of the 2050 climate neutrality target
of the EU. Direct electrification of heat supply is
supposed to be one of the most convenient strate-
gies, but the limits of heat pumps for heat sup-
ply at high temperatures restrict the leeway of
this scheme for industrial processes that require
heat at temperatures higher than approximately
200 °C. It is worth noting that pumps operating
above 150 °C can barely be found in the litera-
ture [4]. Since this limitation, CSP in combina-
tion with thermal energy storage (TES) becomes
an ideal complement to reduce CO4 emissions for
such applications, especially in countries such as
Spain, due to two key factors. (i) The Spanish
generation mix is based on a significant share of
non-fossil sources for electricity generation. As of
2022, renewable sources account for 42.2% of the
energy in the Spanish grid, along with 20.3% from
nuclear [5]. (ii) Furthermore, the Iberian Penin-
sula benefits from suitable weather and solar ra-

diation conditions [0] for the massive deployment

of CSP, where the case of Andalusia can be high-

lighted, selecting two of its cities for the location

of this study.

In that sense, solar parabolic dishes are com-
monly accepted as the most efficient CSP technol-
ogy for the exploitation of solar energy area in the
range of kW|7] with a reduced land use. Due to
their optical efficiency and the nature of materials
(e.g. the Nickel foam of the solar receiver admits
very high operating temperatures), and of course
depending on the dish surface, the temperature
increase can be in the order of one thousand de-
grees. Moreover, the possibility of deploying the
dish as close as possible the final application is a
huge advantage in reducing thermal and mechan-
ical transport losses. These advantages make of
parabolic solar dishes a convenient technology to
be implemented in applications requiring heat at
high temperature and, therefore, high concentra-
tion factors. Basically, the dish adopted in this
work consists of a parabolic reflector concentrat-
ing the radiative energy of the sunlight at the focal
point, where the solar receiver is installed. Con-
centrated radiation enters the receiver through
a high-temperature glass window (made of e.g.
quartzite). Although not all the parabolic dishes
implement this part, it has been adopted in the
current study in order to reduce the thermal losses
and to operate at a higher pressure. Inside the
receiver, different convective-conductive heat ex-
change processes take place, with the aim of heat-

ing a Nickel foam, which is the heart of the so-



lar dish. Two reference works that model the
entire performance of the dish are those of Zhu
et al. [8] and Garcia Ferrero et al. [9]. Starting
from an optical analysis, considering the actual
dish geometry through view factors, they formu-
late the different thermal processes occurring in-
side the receiver to eventually provide the out-
let temperature, which is sufficiently high to sup-
ply specific activities requiring these conditions.
Thermal losses are also considered in both works.
The main difference between the two models is
the heat transfer considerations between the glass
and the foam. In particular, Garcia Ferrero et al.
[9] separated on the one hand the heat exchange
with the glass and on the other hand the con-
vective heat transfer with the foam. Additional
differences have been found in the heat transfer
correlations used by each author. This work has
been inspired by the aforementioned, but it also
considers the heat balance and the source term

within the glass window.

To gain flexibility, thermal energy storage has
become quite popular in recent years because it
represents an ideal solution to decarbonize en-
ergy systems, such as power generation on a util-
ity scale, industry, district heating and cooling,
buildings and cold chain logistics [I0]. Depend-
ing on the final temperature range, different TES
technologies might be used. For instance, in the
range 600-700 °C the most suitable strategy is

latent or sensible heat storage (e.g. solid-state,

molten salts and phase-change materials), which
are efficient (~ 90%) mature technologies with a
long lifetime. Thermochemical systems can deal
with higher temperature ranges, say 500-900 °C,
but their efficiency is lower (~ 50%) and the level
of technological maturity is still limited. Further-
more, the useful lifetime is considerably shorter
[10]. To improve the operation of CSP plants,
TES is without a doubt the most suitable so-
lution. Consequently, new and promising TES
materials with different configurations are being
investigated to minimize costs and to increase
operating temperatures in thermal applications
[11]. Two main categories can be proposed for
TES configurations in CSP plants. If the stor-
age medium is a fluid (e.g. molten salts [12-15]
or phase change materials [I6HIS]) it can be re-
ferred to as active storage. Otherwise, if a solid
is used to store sensible heat, it is considered pas-
sive. Each of these configurations has its own ad-
vantages and drawbacks (see [L1], but this work
is focused on the latter, and more particularly on
packed-bed systems, because solids are generally
cheaper and they can operate at higher temper-
atures and heat transfer rates. As an example,
Tiddens et al. [I9] used porous ceramic bricks as
a passive storage system at the Jiilich solar tower
facility. Typical filler materials for solid TES are
sand or concrete Pascual et al. [I1], John et al.

[20], Villarroel et al. [21], although rocks are also
a valid solution [22]. Carbon blocks [23] are be-



coming a promising alternative [24, 25], and this
will be the TES strategy adopted throughout this

work.

Therefore, the objective of this paper is to ana-
lyze the operation of a thermal system consisting
of parabolic solar dishes and a TES unit, to sup-
ply high-temperature heat for the decarbonization
of an industrial activity (e.g. chemical, cement,
steel, electrolysis processes, etc.[26H28]) through a
simple unsteady mathematical model considering
the performance of CSP (solar dishes) and (car-
bon blocks) TES technologies. The primary ob-
jective is to analyze and to understand the over-
all performance of the cycle, gaining valuable in-
sight into the configuration and design of CSP &
TES devices. Furthermore, the study aims to es-
timate the timescales involved in the processes,
which is important for the practical implementa-
tion of the CSP-TES system, ultimately respond-
ing to the patent request with application num-
ber P202330972[29]. The work is summarized as
follows. First, the operation of the system and
its elements are summarized. Sect. [3 describes
the mathematical models for the solar dish, for
the TES, and for the combined CSP-TES solu-
tion. Next, the numerical results obtained with
the mathematical models are shown and discussed
in Sect. [4], analyzing the use of a single or a paral-
lel arrangement of solar dishes, the adopted size of
the TES unit, the performance of the entire solu-

tion, and its economic and environmental impact.

An estimation for the economic viability of the
plant has been complementarily included through
the levelized cost of the heat (LCOH), and com-
pared to other thermal projects in the same term.

Finally, conclusions are drawn in Sect. [5]

2. Description of the proof of concept

The proposed solution depicted in Fig. [1] inte-
grates solar dish collectors (a parallel arrangement
can be used to scale up solar thermal power) (a)
and a solid state thermal energy storage system
(TES) (b), governed by a set of valves control-
ling the system operation. The system is con-
nected to external energy sources (c), preferably
those of renewable origin, which may provide ad-
ditional energy in a external heater (d) to satisfy
the constant demand profile (Qref ~ 27 kW at
Trey = 1000 K) of a given industrial activity (e).
It is also acceptable if the heat supply eventu-
ally exceeds these reference values. Compressed
air at about 5 bar (see e.g. [8, @] for similar air
conditions) is used as heat transfer fluid (HTF).
Pressure drops throughout the entire system have
not been considered because they will depend on
the actual layout of the cycle.

As shown in Fig. air passes through solar
dishes and undergoes a temperature increase due
to concentrated solar radiation. Subsequently,
the heated flowstream enters the TES unit or by-
passes it, following a simple decision-making al-

gorithm (see Sect. applied at the point O in



| >
b
(@) (b)
T a—> »—p4—>— TES
m, Cpa b, T (e)
.-_*_..
Qrefa Tref

Figure 1: Schematic of the proposed system with external energy hybridization (preferably from renewable origin). The

thermal elements considered in this work are labeled as: (a) solar dish, (b) thermal energy storage (TES), (c¢) external

energy sources (preferably of renewable origin) and (d) external heater to meet the demand for industrial activity (e) at

Qref == 27 kW at Tp.; = 1000.

Fig. [If to ensure that the reference conditions for
the demand (e) are met with the lowest energy,

supported by the external backup (d) if required.

The TES unit is a solid-state thermal battery
consisting of carbon-porous blocks with high ther-
mal conductivity, intended for heat charge or dis-
charge. The material fillers allow for high tem-
perature (> 2000 °C) storage (see a similar so-
lution in [24, 25]). This thermal storage plays a
dual role in the system. On one hand, it facili-
tates the temperature increase of the mass flow
passing through the unit when the solid temper-
ature is high enough. On the other hand, the
heat accumulated in the TES is transferred back
to the airflow when the algorithm requires it. It is
important to note that while more sophisticated

decision-making strategies could be implemented

involving either the cost of energy or the amount
of COs emissions, this study adopts a simpli-
fied logic centered primarily on thermal processes.
The evaluation of alternative control methodolo-

gies remains a subject for future research.

To carry out a comprehensive analysis, time
series from two specific locations in Andalusia
(southern Spain), Cérdoba and Mélaga, which
rely on abundant solar resources, have been used.
The data includes direct normal irradiance (DNI)
and ambient temperature. In addition to the
works of Garcia Ferrero et al. [9] and Zhu et al.
[8], Migliari et al. [30] also conducted a similar un-
steady analysis. For conciseness, this study only
addresses the case in which the TES unit is ini-

tially discharged (i.e., it is uniformly set at the

waste or return temperature T, = 500 K).



3. Description of the numerical models in-

volved in the cycle

3.1. Solar receiver model

The thermal model that predicts the perfor-
mance of the solar dish integrated in the cycle
(see Fig. [2)) is described below. It is worth men-
tioning that while this model shares similarities
with the approaches by Garcia Ferrero et al. [9]
and Zhu et al. [§], some additional features have
been incorporated. The following approach will
be detailed from the existing zones (1-4) in the
receiver.

For clarity, the same assumptions of Garcia Fer-
rero et al. [9] and Zhu et al. [§], considering a
dish area A; = 44 m? and an optical efficiency
Nopt = 0.8645, have been adopted throughout this
work. Consequently, the solar beam [, has been
calculated from the DNI values obtained from

[31], according to
[b = noptAd DNI. (1)

The view factors used in the model calculations

are those by Zhu et al. [§], i.e.
Fr, = 03171, Fj,, = 04340, F,, = 0.1340, (2)

representing foam to glass window, foam to inner
wall, and foam inner wall to glass window, respec-
tively. In general, unless otherwise specified, the
necessary information from [8, 9] will be used for
the following calculations. Note that only some

values are shown for conciseness.

In Zone 1, the heat transfer fluid (air) enters
the receiver at the waste/return temperature de-
livered by the industrial process T;. It undergoes a
progressive heat exchange with the inner cylinder
wall (zone 4 heated by foam) until temperature
T; is reached. At the same time, the air stream
that passes through the foam at temperature Ty
leaves the receiver at the lower temperature 7,.
The energy balance relating heat exchange be-

tween zones 1 and 4 reads

- To)7
(3)

indicating C,(T,,) the specific heat capacity at

Q1 =m Cy(Tin)(Ty — T;) = 12 Cp(Ty0)(Ty

constant pressure at the average temperature be-
tween a and b. Additionally, Zone 1 can be con-
sidered as a counterflow heat exchanger (see, e.g.
Cengel [32]) so that the heat exchange Q: can be
alternatively expressed by using the (natural) log-
arithmic mean temperature difference (LMTD),
ie.

(T, -T;) — (T, - T1)

To_Ti
log T

Ql = UlAl ’ (4)

where U is the overall (conduction and convec-
tion) heat transfer coefficient per unit area of Zone
1, and A; the heat exchange area involved in the
process. The heat transfer coefficient U; has been
calculated as in [9] to account for the convection
of T; to T1 and from T} to T,, and for the conduc-
tion through the wall between T; and T,.

In Zone 2, the temperature increase from 7} to

T, undergone by the mass flow can be expressed
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Figure 2: Schematic of the solar dish receiver modeled in this work. The volume is divided into four zones, each

representing a different heat transfer process: Zone 1 (blue), Zone 2 (orange), Zone 3 (purple), and Zone 4 (reddish

brown). For simplicity, the heat losses are not shown in the figure. Diagram adapted from Garcia Ferrero et al. [9].

as a convection process,
QQ — mcp<T1’2)(T2 - Tl) (5)

Similarly to Zone 1, () can also be calculated as
the heat transfer in a counter-flow heat exchanger,

Tw=T) = (Tw = T0)

Tw _Tl
log T

QZ = th2(

, (6)

where h,, is the convective heat transfer coefficient
at the inner cylinder wall, while A, is the surface
area. The wall temperature T}, is involved in ra-
diative heat exchange as a gray body. According
to the approach by Zhu et al. [§], the thermal

equilibrium reads as follows,
Qg = 6wFfw [€fAf0' (T;c1 — T:}}) + Tgpffb} s (7)

with e, the emissivity, A; = 7r7"12£ = 0.1041 m?
and T the cross-sectional area and the tempera-

ture of the foam, F,, the view factor between the

foam and the inner cylinder wall, 7, the glass win-
dow transmissivity, py the reflectivity of the foam,
I, the solar radiation power, and o = 5.67 x 1078
(W/m? K*) the Stephan-Boltzmann constant.
Later, during heat transfer from 75 to T3, the
air flow exchanges heat with the inner surface of
the glass in Zone 3 [8]. The process can be ex-

pressed as the convective heat exchange given by

Qs = 11 Cy(To3) (T3 — Ts)

g T =T) = (T, - T) (8
gty Ty T )
log To T
where A, = 7T’l“§ = 0.0491 m? is the cross-

sectional area of the glass-window surface. How-
ever, the temperature increase experienced by the
glass window due to the incident solar radiation

is analyzed separately for the inner and outer sur-

faces (see|Appendix A.3|for further information).




For the outer surface of the glass window, heat
flow ¢y, can be defined from the next balance

equation

g0 Ag = hgo Ag(Ta — Tyo) + 5/9"490-(,1—21 -7 )s

(9)

and for the inner border, ¢,; can be obtained from

Qs =G4y + oy FygepApo(T} — T,) (10)
+ Q;ng 5wAw O-(T;Ll; - T;,J’

with T, , and T, ;, the outer and inner glass tem-
peratures, T, the ambient temperature, and A,, =
mr, = 0.1788 m? the cross-sectional (effective)
area of the inner-wall surface.

The outer border balance in Eq. @D relates the
convective and radiative heat exchanges from the
glass window with the surroundings with the dif-
fusive heat flux at the glass outer border ¢,,. In
contrast, Eq. relates the inner diffusive flux
g, With the heat transfer to the fluid by convec-
tion Q3, and the radiative exchange with the foam
at T and the wall at T,,.

In Zone 4, the air has passed through the nickel
foam, absorbing the necessary heat to increase the
temperature to Ty. The heat exchange across the

foam can be considered convective, i.e.

Qu = 1 Cy(Tsa)(Ty = Ts) = hyp Asy (T — Taa),
(11)
where T34 is the average temperature between
zones 3 and 4. Since the metal foam is treated as
a porous medium, hsy and Ay represent the spe-

cific convective heat transfer coefficient and the

specific surface area of the structure respectively.
The latter is given by Zhu et al. [§]:

o 37Tdf 1—§Z5
b= g o (ot )| 02

with d the thickness of the foam. The ratio be-
tween the porous diameter d,, and the foam thick-

ness can be expressed as

B [1—¢ 1
dpfdy = 118/ == 1—exp[—(1—¢)/0.04]

(13)

The specific heat transfer coefficient hgy is typi-
cally taken from the work of Zukauskas [33], as
previously done by e.g. Zhu et al. [§] and Zhao
et al. [34].

On the other hand, thermal losses have been

computed as in Zhu et al. [§] as follows,

Qg,emission = 5/9A90(Tg4 - T;), (14)
Qg,reflectcmce = Pg]b7 ( )
Qfemission = ToFpge s Apo(Tpd — Tod),  (16)
Q trefiectance = ToFrops I, (17)
Qw,emission = T;ng%AwU(Té - Tf), (18)
(19)

Qcom}ecti(m = Aghgo<Tg - Ta>7
which leads to a heat power total loss

Qloss = Qg,emission + Qg,reflectance

+ Qf,emission + Qf,reflectomce (20)

+ Qw,emission + Qconvection-
The overall efficiency of the dish can be expressed

as the usual ratio between the energy input and

the output, i.e.

n= 1- Qloss/Ib; (21)



where [, is the solar radiation power.

The nonlinear algebraic system Egs. to
has been implemented in Python and solved using
the root function with the Levenberg-Marquardt
method [35] (see the SciPy optimization toolbox
[36]). Unless otherwise specified, the heat trans-
fer coefficients are calculated following the work of
Garcia Ferrero et al. [9]. As remarked by them,
there is a minimum DNI quantity ensuring the
convergence of the system of equations. In the
current study, the reference I} = 7 kW has been
selected as the threshold value to start the solar
dish simulations to ensure numerical convergence

(notice the mismatch in Fig. |4 comparing I, with
the rest of the magnitudes). Finally, the valida-

tion of the solar dish model is shown in
[Al

3.2. TES model

The TES unit has been modeled following the
work by Schumann [37], which accounts for the
one-dimensional convective heat transfer of a fluid
at a temperature 7' that flows through a solid
porous medium at a temperature T (indistinctly
if it is colder or hotter than that of the fluid). Be-
cause thermal diffusive effects and external heat

sources are considered here, the governing equa-

10

tions become

or | oTy 0T
“Nor Tz ) = o2
"
— T—-1T,),
oy T
(22)
0T, 0*T,
(1 _€> ot (1 e)ozs o2
N
+ T-1T,),
e LT
(23)

which have to be solved with the appropriate

boundary conditions

0T,
T = j—‘iny % = 07 at r = O, (24)
or  JT,
%, ate=1L 2
T e 0, atuxz , (25)

being € the void fraction or porosity, ug = u/e
the interstitial velocity, a = k/(pC,) and o, =
ks/(psCps) the respective thermal diffusivity for
the fluid and for the solid phase, k£ and k, the
conduction coefficients, C, and C,s the specific
heats at constant pressure, and A, the heat trans-
fer coefficient. The initial conditions assume that

fluid and solid are in thermal equilibrium, i.e.

T=T,=T,  att=0. (26)

It is convenient to indicate that although some
authors [15, 38 introduced additional terms for
the improvement of Eqs. and (23)) (e.g. the
influence of the external wall, thermal losses, or
the intra-particle diffusion), it has been shown
that the differences are practically negligible com-
pared to those obtained using Schumann’s origi-

nal model[37].
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Figure 3: Schematic of the thermal storage system. The porosity of TES in the figure is depicted arbitrarily.

Equations to have been imple-
mented numerically by adopting a finite differ-
ence scheme. The diffusive terms are discretized
following a second-order central differencing [39],
while the convective term has been upwinded.
The temporal discretization follows an implicit
Euler method for robustness. The system of par-
tial differential equations (PDEs) has been im-
plemented in Python using differentiating matri-
ces to exploit the NumPy[40] capabilities. Ex-
clusively one (temporal) loop exists in the code.

[Appendix A.3| shows the validation of the TES

numerical model.
Finally, for the actual TES used in the proposed
thermal solution, the thermophysical properties of

the carbon blocks are described in Table [1l.

3.3. Combined dish-TES model

Because the waste heat temperature has been
considered constant, the temperature of the air
exiting a solar dish will depend exclusively on
the dish size, the thermophysical properties of
the receiver, the mass flow rate (this will be af-
fected by the number of dishes in parallel) and
the DNI. Therefore, the solar dish performance

remains independent from the rest of the elements

11

of the system. However, the role of the TES
may adopt different working strategies switching
between charge, discharge, or bypass modes, de-
pending on the following simple decision-making

algorithm:
Tin > They and Topg > Trep: Charge,
Tin, > Trey and TRgg < Thef: Bypass,

Tin, < Trer and Thpg > Thep: Bypass,

- W =

Tin < Threp and T5y, < TPpg and Thpg < Trey
and Tgg < 510 K: Bypass,
Tin < Threp and Tjy, < TPpg and Thgpg < Trey
and T5pg > 510: Discharge.

In charge mode, high temperature air is used to
increase the temperature of the solid fillers within
the TES. When the air temperature drops, the
process is reversed to energize the airstream per-
forming a heat discharge. Otherwise, the tem-
perature level of the TES is considered to have
marginal benefits (or drawbacks), and the bypass
mode is activated [although Egs. (22) to keep
evolving in time]. After each of these operation
modes, a certain backup power Quqq(t) is added
to the mass flow to reach and maintain the ref-
erence conditions required by the industrial pro-

cess. It should be noted that this is a flexible



Table 1: Thermophysical properties of the carbon-block TES material (temperatures in K where needed). Data taken

from Butland and Maddison [41].

pec  kgm3 1800

CpG J kg_l K-!

4184 (0.54 +9.11 x 1077 — 90.27T~!

+1.593 x 107 773 — 1.4379 x 10°T~%)

ke Wm K1 120

and extremely simple strategy aimed at reducing
the additional energy (Q.qq to meet the thermal
demand.

The combination of the thermal elements de-
scribed in Sect. 3.1l and in Sect. 3.2l has been im-
plemented by directly connecting the outlet tem-
perature of the solar dishes to the corresponding
element of the cycle, depending on the aforemen-
tioned operating modes. Thus, the TES boundary
condition Eq. becomes time dependent, and
in consequence it may switch between Dirichlet

(in charge or discharge modes),

oT,
or

mx=020.

(27)

T<t) = Tin(t) Tos (t)v 07

and Neumann (or adiabatic) type (when the by-

pass mode is enabled),

8_T_8T5_
or  Or

0, (28)

max=0.

The outlet boundary conditions remain un-
changed from those of the original model [Eq.
and Eq. ], independently of the operation
mode. A quasi-steady approach [note the steady-
state formulation in Eqs. (3) to (11])], has been
considered for the solar receiver because the time

response is fast compared to that of the TES unit.

12

For illustration’s sake, Fig. |4] shows the output
temperature of the solar dish of 44 m? used in [8|,
9] operating with the same mass flow ratio as that
used by Pacheco et al. [42] (rh = 0.043 kg/s). The
return temperature has been fixed to the constant
value T, = 500 K, which is similar to that used by
[9] (528.66 K/493.88 K in June 22"¢/Dec. 22"9),
so it will be assumed that the mass flow returns

to the dish (or dishes) at that value.

4. Results and discussion

4.1. Solar dish performance for N =1, 2 and /

dishes in parallel configuration

The solar contribution for N = 1, 2 and 4 dishes
in parallel is firstly analyzed in Fig. [4] across the
days March 22" (a), June 22°¢ (b) and Decem-
ber 22" (c), at the selected locations of south-
ern Spain (Cérdoba and Mélaga). The number of
dishes in parallel (if any) is taken into account in
the numerical model through the mass flow rate
so that m = /N, with mg = 0.043 kg/s (as pre-
viously discussed), meaning that the analysis has
been carried out per single dish. The inlet temper-

ature is that of the waste heat, i.e. T}, = T,,. It is
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Figure 4: Transient evolution of the (scaled) ambient T, output T, and foam Ty temperatures, irradiance beam I, and
dish performance 7 for each of the indicated days in Cérdoba (a)—(c) and in Mélaga (d)—(f). Solid lines: one solar dish
(N = 1), dashed-point: two solar dishes in parallel connection (N = 2), dashed: four solar dishes in parallel connection
(N =4). The temperature and irradiance curves correspond to the left axis, each with the scale indicated in the legend.

Only the efficiency curve corresponds to the right axis (both in purple).

worth mentioning that the raw data for both the  orologia (AEMET) [43] and Agencia Andaluza de
ambient temperature and DNI are openly avail-  la Energia [31], respectively.

able and obtained from Agencia Estatal de Mete-
When a single dish is used (N = 1), the highest

13



outlet temperature reaches about 500 °C, 750 °C
and 250 °C on the corresponding day of the study
(a)—(c) and (d)—(f). The maximum efficiency [see
Eq. (21))] of the solar dish considering the inlet
temperature as T, IS Npmae = 72%, which is found
on March 22" and on June 22°¢. However, on
December 2274 the radiation impinging the dish
decays dramatically, leading to a lower efficiency
of 10%, i.e. n ~ 62%. It can be observed that the
influence of location is practically indistinguish-
able in terms of the DNI (note the temporal evo-
lution of I), and only a slightly thinner profile
can be identified when comparing (c) vs. (f). In
contrast, the ambient temperature presents larger

differences due to the coastal climate in Malaga,

but with a limited influence on T,,.

For two dishes in parallel configuration (N =
2), Fig. {4 shows a significant increase on the out-
let temperature, as expected. The maximum tem-
perature at which the airstream exits each of the
dishes is now around 750 °C [(a), (d)], 900 °C
[(b), (e)] and 500 ° C [(c), ()], i-e. a 50%, a 20%
and a 100% compared to the case with N = 1.
With this configuration, the resulting dish effi-
ciency remains practically unchanged compared
to the former case. This is explained by the fact
that thermal losses scale up with the increasing
temperature for the same ambient temperature,

as it can be deduced from Eq. (21).

If the number of dishes in parallel connection is

further increased to four (N = 4), the efficiency
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of the dish undergoes a sudden drop at noon on
March 22" and June 22"4. These hours coincide
with higher levels of I, leading to peak outlet
temperatures about 1400 °C [(a), (d)], 1600 °C
[(b), (e)] and 600 °C [(c), (f)]. As a result, the
thermal losses on March 22" and June 22" are
high enough to decrease the value of 7,4, even

below the efficiency observed during the early

hours of the day.

4.2. TES sizing procedure

A single TES unit either receives the mass flow
exiting the solar dishes at the corresponding out-
let temperature (if in charge or discharge modes)
or it only contains and evolves the heat trans-
fer internally (if in bypass mode). Although the
aperture area of the solar dish has been fixed at
44 m? (as that used by Zhu et al. [8], Garcia Fer-
rero et al. [9]), the appropriate TES size needs
to be determined. Dimensional analysis is an ef-
fective approach to establish a functional depen-
dence among a reduced set of dimensionless pa-
rameters [44) 45]. Because one of the main inter-
ests in this work is to determine the most conve-
nient size of the TES to reduce the backup energy
(.qa necessary to feed the industrial process, the

following dependence can be established:

Qadd - f(L7 -D7 m7 mO? P0>7 (29)

where L is the TES length and D is the diame-
ter, r is the mass flow rate passing through each

of the dishes, 1y = 0.043 kg/s is the total mass



flow rate considered in this work, and py is the air
density in standard conditions. With these vari-
ables, the basic magnitudes of length, mass and
time are covered, and three independent dimen-
sionless groups can be built (see e.g. [45] for a

similar dimensionless analysis),

po D
)

QaddEQaddm :f(L/DamO/mEN)a (30>

0
namely the dimensionless energy Qaqq, the aspect
ratio L/D and the number of solar dishes in paral-
lel connection N. However, since g is very small,

it is convenient to express Eq. as

_ Qadd
1 Cp(T)(Tret = Tw) tasy (31

:f(L/D7 N),

Qadd = Qaad/Qo =

with

Qo = 11 Co(T)(Thet — Top) tatay (32)

the amount of (theoretical) energy required to ele-
vate the waste temperature T}, to that of reference
Tef demanded by the industrial process (QO ~ 27
kW and Qg ~ 650 kWh).

Figure |5 displays the relationship Eq. in
terms of the energy reduction R with respect to

QO? _

Qadd
Qo
where Qaqq stands for the yearly-averaged added

R=1-—

(33)

energy defined as

_ 1 ty
Qadd = E /0 Qaqa(t) dt, (34)

with ¢, the total yearly time in the corresponding

units. Because the days in the study represent
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two solstices (22"¢ June and 22°¢ December) and
one equinox (22" March), Eq. can be ap-
proximated by

Quaa = 7 (2Q2 + QI+ Q™).

(35)
assuming that the year 2022 is fully represented
by these four dates, and that the fall equinox is

similar to that of spring.

The calculation of each term @'y, (with i
2214 March, 2274 June, or 22"¢ December) in
Eq. has been conducted by integrating nu-
merically the system of equations governing the

entire cycle operation (see Sect. ,

. 24h
add = on ada(t) dt, (36)
where Q' ,(t) is the heat power necessary to meet
the industrial process demand instantaneously.
The numerical code has been run for the ranges
0.25 < L/D < 2.00 (with a resolution of 0.25)
and 1 < N < 4, at the two locations in the study.
Fixed D = 1 m as a reference diameter of the
TES, the sensitivity analysis in Fig. [5] illustrates
that the maximum energy savings in (),qq occur
for N = 4 dishes in parallel and for the aspect
ratios L/D = 1.5 in Cérdoba and L/D = 1.0 in
Malaga.

Unlike Van Lew et al. [46], where the sizing of
a molten salt tank (with similar charge/discharge
operation modes) was calculated for steady state
inlet conditions, the current approach offers a

more accurate tool capable of handling time-

dependent inlet temperatures. Figure[fand Fig.



L/D

Figure 5: Summary of the energy reduction R given by Eq. with respect to the aspect ratio L/D and to the number

of dishes in parallel N in (a) Cérdoba, and (b) Malaga. The red markers indicate the most interesting scenarios analyzed

in this work.

in Sect. [4.3]depict the time evolution of some mag-
nitudes of interest for the selected points marked
in Fig.5|at the two distinct locations, one of them
representing, of course, the most suitable TES size

according to this approach.

4.8. Combined dish-TES operation

Figures [6] and [7] show the numerical results
of the whole cycle operation, according to the
models in Sect. Bl For the various combinations
of L/D and N selected in Fig. |5, these graphs
show the daily evolution of the outlet tempera-
tures from the solar dish and from the TES, as
well as the additional power and added energy,
for the selected days of the year. Note that the
charge/discharge and bypass modes of the TES
unit are identified in Figs. [6|and [7], providing use-
ful information for cycle analysis.

For the cases where only one dish has been con-

sidered, Figs. [0 and [f[(a), (d), and (g), it can be
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shown that the solar input cannot overcome the
reference temperature during that day on its own,
indicating that neither charge nor discharge pro-
cesses occur at any of the chosen locations, and
the TES is always bypassed. As a result, the en-
ergy captured by the solar dish is the only input
received by the industrial process, which must
be backed up by the added external power (see
the power curve mirroring that of the solar dish
outlet temperature Tgp). In the best cases (on
2274 June), this leads to an energy consumption
of 434 and 451 kWh in Coérdoba and Malaga, re-
spectively, which represents about 30-33% energy
savings with respect to cycle performance without
any support. On December 22", the solar con-
tribution is much scarce, and the energy savings

decay to 3.8-2.6%.

Alternatively, if two solar dishes are used in par-

allel configuration, the dish outlet temperatures
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Figure 6: Transient evolution of the solar-dish outlet temperature Tsp (orange), and of the air temperatures in the
TES in bypass mode T%gs (blue), in charging mode T¢hy (yellow), and in discharge mode T8k, (grey). The reference
temperature Tof and the produced temperature are depicted by dashed lines in pink and black, respectively. The right-
hand side scale accounts for the additional heat power Qadd to meet the industrial demand of 27 kW (bullets line in
green). The shaded green area represents the back up energy consumed during the day given by Eq. . The total

amount of energy is superimposed (in green). All these results refer to March 22", June 22"¢ and December 22"¢ in

Cérdoba, for the configurations indicated on the top.

increase considerably, and some of the cases in  operation. For example, regarding the results on

Figs. [6] and [7(b), (e) and (h) enables the TES  March 22" in Cérdoba [see Fig. [f(b)], it can be
17
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Figure 7: Same as in Fig. [6] but for Mdlaga.

observed that there is a time window around noon
where Tsp becomes higher than 7., and conse-
quently, the TES charge is activated. Later, once
Tsp decays below T, the bypass mode is acti-
vated until discharge begins, when Tsp further
decreases below the TES temperature in bypass

mode (T%%s). The energy savings in this case are

~ 45%, which is substantially greater than those
obtained with N = 1. It is worth mentioning that
the TES charge/discharge modes are not reached
in Mélaga [see Fig. [[b)] resulting in energy sav-
ings of approximately a 30%, which are compara-
ble to those obtained with N = 1 on June 22"
[see Figs. [6] and [7(d)]. On June 22", the con-
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tribution of the dish raises the air temperature
above T, during most of the solar hours both in
Cérdoba and Malaga [see Figs. [f] and [7|(e)]. This
fact leads to longer charge period from approxi-
mately 10 to 20 h, and minimizes the bypass ac-
tuation, which is of course beneficial (note that
bypass mode generally implies Quaq > 0). It can
be observed that external power is added to the
system during the first ten hours of the day, and
a zero-energy window results for approximately
the following 10 hours. The energy reduction un-
der these circumstances is greater than 60%, i.e.
twice the savings achieved in its counterpart with
N = 1 in Figs. [6] and [7[d).
and (h)], the solar power captured by the dish

In winter [Figs. [0]

is not enough to overcome the reference tempera-
ture, and back up power becomes necessary. The
savings in this case are slightly higher than those
in Figs.[6|and [7|(g), but in any case they are below
8%.

Finally, when four dishes are connected in par-
allel, the temperature of the air exiting the solar
dish is further increased with respect to the pre-
vious configurations, reaching considerably peak
values of about 1400, 1700, and 700 °C in both lo-
cations. On March 22" and on June 22", it can
be seen in Figs. |§| and (c) and (f) that Tsp > Tref
for practically all the solar hours, enabling the
charge mode of the TES during that period, and
the discharge from the sunset until the end of the
day. The bypass mode is barely active [only for
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a short period in Fig. [f|f)]. This configuration
only requires extra energy during the first third
of the day and in the last 2—4 hours, depending
on the location [see Fig. [f[c) vs. Fig.[f|(c)]. The
respective energy reduction on March 22°¢ and on
June 22" rises up to a 63-68% and a 70%. The
energy savings in winter are small, but somewhat

larger that with the N = 2 configuration (16% in
Cérdoba and 11% in Mélaga).

In summary, one can note that the larger the
number of dishes in parallel configuration, the
higher the air temperature, and therefore the
greater the energy amount that can be stored in
the TES unit. Figure ] illustrates that the TES
size needs to be determined analyzing the energy
requirements of the cycle. In this work, an energy-
based decision-making algorithm has been imple-
mented for simplicity, and the TES size has been
adopted accordingly. However, one can see that
the energy contained in the thermal battery is not
fully discharged at the end of the day, which would
set the air temperature at a higher level for the
next day, and in practice would indicate that the
actual TES size might be smaller. Because the
ultimate aim for the real implementation of this
proof-of-concept is to estimate the ROI (return of
inversion), a more accurate TES sizing approach
will be proposed for future studies, conducting
numerical simulations either during more days or
analyzing the sensitivity of the initial temperature

in the TES.



4.4. Economic savings and environmental impact

Besides the former results in terms of thermal
energy and power, it is also convenient to quan-
tify the economic aspects and the COq-equivalent
emissions (the latter also involving economic ben-
efits but not considered here) in operating con-
ditions. The electric market will be considered
here because historical data on the evolution of
Spanish grid pricing are freely available from Red
Eléctrica Espatiola [47].

At first glance, one can observe in Fig. [§(a)
or (b) that while the theoretical energy price on
March 22" is comparable to that on June 22", it

was much lower on December 2274

, mainly due to
the wind energy generation. From these rates, the
accumulated theoretical prices resulted in about
240, 210 and 75 EUR at the end of the respective
days. If one solar dish is introduced, the contribu-
tion is clearly observed during the central hours
of the day, e.g. through a decreasing curve in (a)
and (c), or through a smaller-slope period in (b)
and (d). The maximum cost reduction per hour
is reached on June 22%¢ and it is about four times
with respect to the instantaneous energy price.
However, at the end of the day, the total cost is
comparable to that on March 22", ie. around
160 EUR. The winter day is by far cheaper than
the other two, but this is exclusively due to the
fact that the electricity pricing on December 224

was rather low compared to the other days of the

study.
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Some periods of free energy can be reported
(see Fig. [8) when the cycle is implemented with
four dishes in parallel. For example, the operating
price in (a) and (c¢) drops to zero from 9 h until
the end of the day on 22 June™, and virtually
the same on March 22"d. This can be observed
as a plateau in the charts (b) and (d), where the
accumulated price no longer increases. The total
price at the end of the day is about 50 and 75 EUR
under this scenario. By comparison, on December

2274 the free energy condition is not met and the

final price results in ~ 62 EUR.

Alternatively, Fig. [9] compares (a) the addi-
tional energy and (b) its (electric) cost for the
different CSP-TES configurations in Cérdoba and
Malaga, for each day of the study. It is evident
that (Q,qq decreases monotonically with the num-
ber of dishes in parallel configuration, which is
basically an illustrative summary of Fig. [6] and
Fig. [ Obviously, the days with a smaller in-
put of Q.qq are those receiving more solar radia-
tion, i.e. March 22" and June 22" at both lo-
cations. Although it had been discussed that the
environmental conditions of Cérdoba and Malaga
are quite similar, there is a noticeable difference
of ~ 100 kWh in Fig. @(a) on March 22", How-
ever, in economic terms, it does not follow the

same trend because the amount of renewable en-

ergy production (see Sect. in terms of CO,)

2nd

on December 22" reduced the prices of the elec-

tric market substantially, as it can be observed in
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Figure 8: Transient evolution of the respective cost per hour (a),(c) and of the (accumulated) cost for the system
performance (b),(d). The first column (a), (b) corresponds to Cérdoba, whereas (c), (d) to Mélaga. Solid line: theoretical
cost satisfying the industrial demand without dish or TES, dashed line: cost with N = 1 solar dish and L/D = 2, dotted
line: cost with N = 4 dishes in parallel and L/D = 1.5 (for Cérdoba) and L/D = 1.0 (for Malaga).

Table 2: COs-equivalent kg emissions at each location for each day of the study. The pair X/Y stands for the amount
of COz-eq. kg in Cérdoba (X) and in Mdlaga (Y), with N =1, N = 2 and N = 4, dishes in parallel connection. The
Theo. raw is the theoretical quantity of COs-eq. kg emissions (i.e. without using the current concept).

March 22" June 22" December 2274

Theo. 71 105 39
N=1 59/62  77/79 38 / 38
N=2 41/52 45 /45 37 / 37
N=4 24/28  39/39 34 /35
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Figure 9: Comparison of the overall energy (a) and cost (b) of the cycle operation for the different configurations marked

in Eq. , for each of the days in the study. Left columns of each pair indicate Cérdoba, and right columns Mélaga.

Black dashed-dotted line is the required theoretical energy, and colored dashed-dotted lines indicates the accumulated

cost per each of the days in the legend.
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Fig. [O[b). This situation leads to the case where
N =4, and Q,qq is so small (due to the large re-
ceived energy) that it surpasses (or compensates)
the excessively cheap price of energy on December
2274 Particularly, the cost in Cérdoba, follows the
(QQada trend in (a) ( i.e. the larger the additional
energy, the more expensive the system operation
on that day). In Malaga, it barely reaches an
equilibrium point, meaning that regardless of the
day in analysis, the operation cost will remain the
same.

In terms of COy emissions, Sect. [£.4] summa-
rizes the equivalent quantity in kilograms, com-
paring the result obtained under different config-
urations (N, L/D) for each of the days and lo-
cations in this study. As a reference, the total
amount of emissions when operating only by con-

suming electrical energy from the Spanish grid



(theoretical case) are 71, 105 and 39 COy eq.
kg on March 22" June 22" and on December
2274 respectively. A general look at Sect.
shows that the amount of CO4 emissions is consis-
tent with the price of energy because lower emis-
sions mean more renewable generation and conse-
quently a more competitive energy pricing. With
N =1, the percentage of reduction with respect
to the theoretical case represents approximately
15%, 26%, and 2%, respectively. If two dishes are
connected in parallel, the decarbonization of the
industrial activity may reach 37%, 57%, and 5%.
The highest CO, cut corresponds to the parallel
configuration with N = 4 dishes, avoiding 63%,
63%, and 13% CO, emissions with respect to the

baseline.

Finally, because the decision-making algorithm
applied in this work is purely temperature-based,
these new insights are exclusively informative, but
as previously commented, it gives some guidelines
to minimize important alternative aspects such
as the ROI of the proposed system or the COq
removal (CDR).

As an example, consider a final industrial activ-
ity consuming natural gas (NG) at a fixed com-
bustion rate ensuring 650 kWh per operational
day. Following e.g. Steen et al. [4§], the CO,
emission factor from NG-fired power generation
is estimated to be in the range 56-78 COs-eq.
kg/MJ, resulting in 131-182.5 COy-eq. kg/day in

all. These values are in general higher than those

from the theoretical case reported in Sect. [£.4] in
which the system is fully powered by the Spanish
electric grid. The highest CDR would be achieved
on December 22°¢ because of intense renewable
production. In contrast, the 105 COs-eq. kg emit-
ted on June 22" are only ~ 25% (26 kg) smaller
with respect to the lower limit of the range esti-
mated from NG (131 kg/day) . This explains that
despite the high production of PV energy on that
day (of course during sunny hours), a consider-
able amount of fossil fuels was necessary to com-
pensate for the decrease in wind and hydraulic
energy generation (the latter induced by drought
periods)[47].

4.5. Levelized Cost of Heat

The main metric used to assess the cost per unit
of energy in a real project is the widely known
term Levelized Cost of Energy (LCOE). This is
a useful tool to analyze the economic viability
among different technologies. Basically, this rate
connects the capital investment costs (CAPEX)
and the operating costs (OPEX) of a technology
with the output energy over the entire lifespan of

the project, i.e [49]
LCOE =

K
> (CAPEX + OPEX; + C*') (1 +7)™"  (37)
=1

)

K .
Z Ez(l + 7’)71
=1

where ¢ is the year counter, K the project lifes-

pan (in number of years), E; stands for the energy



output per year, and C for the fuel (e.g. elec-
tricity or gas) cost per year. Note that Eq.
and Eq. have been discounted at a constant
rate r over the lifetime of the plant [49].
However, whereas most of parabolic dish
projects are intended to generate electric power
through a Stirling engine or a gas microturbine
[49-51], the only outcome of this proof-of-concept
is high-temperature thermal energy. This is the
reason why the LCOH (levelized cost of heat)
shall be used instead. As presented in the work,
the output temperature is guaranteed by the use
of a TES unit and an external heater (backup) op-
erating under an appropriate and simple control

logic. Considering all these elements, the LCOH

can be expressed more particularly as

LCOH =

K
> (CAPEX" 4+ OPEX] + Cfel) (1 +7)~"

=1

)

éQi(l + 1)
(38)

which accounts for the total (indicated by the su-
perscript T) acquisition costs of N dishes and a
single TES unit.

For a single parabolic-dish (considering collec-
tor and receiver), the capital costs can be inferred
from Garcia-Ferrero et al. [49], Ragnolo [52] to be
around 353 EUR/m?, and because the projected
area of the solar dish model used in this work is
44 m?, the acquisition cost per dish accounts for

15500 EUR. On the other hand, the acquisition
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Figure 10: Time evolution for the electric energy price
given by [57] for a 10-years fixed contract, and extrapo-
lated to 25 years. Blue markers: original fixed-contract

prices, black line with bullet markers: extrapolated value.

cost per cubic meter for the graphite-blocks TES
unit have been estimated in about 1200 EUR/m?,
which results in 960 EUR for a cylindrical TES
unit of D = L = 1 m, including the external
case and the thermal insulation [53,[54]. However,
in addition to the acquisition costs, installation,
civil, and contingency costs must be considered
[49]. Following Garcia-Ferrero et al. [49], the in-
stallation costs are about 20% of the equipment
cost [55]. Civil costs represents around a 23%
of the acquisition cost in the worst scenario [56].

For the contingency costs, a 10% of acquisition,

installation and civil costs have been considered.

The operating and maintenance costs can be es-

timated as in Garcia-Ferrero et al. [49] assuming



a 3% of the acquisition costs (note that here there
is no hybrid receiver/combustor or electric gener-
ation). However, a more conservative value for
the OPEX will be adopted, assuming a 6% of the
CAPEX. It will finally considered that the plant
will operate for 8760 h per day, during K = 25
years.

The electric cost will be fixed during the entire
plant’s lifespan through a PPA or a fixed-term
contract. In particular, the reference prices of
the 10-years (SPEL Base Futures) contract from
OMIP [57] have been used in this study as a base-
line, extrapolating these values from the year 11
to obtain the forthcoming. It can be visible in
Fig.

The quantity of thermal energy supplied by the
external heater per year will be calculated accord-
ing to the temporal evolutions appearing in Figs. [0]
and[f|(b),(e),(h), assuming that entire year consist

of two equinoxes and two solstices, i.e.

Ef =365 <? L:GOO) ~ 140MWh/year,
(39)
EM =365 (4—22 + w) ~ 160MWh /year,
(40)

standing the superscripts C and M for Cérdoba
and Malaga, respectively.

= 9% as
in Ragnolo [52] and in [49], and a total out-
put energy of 650 kWh x 365 days 237
MWh/year, the LCOH for N = 2 and L/D =

1.5 (in Cérdoba) or N 2 and L/D 1.0

Assuming an interest rate of r

~

25

~

(in Mélaga), results in LCOE 66 and 71
EUR/MWh, respectively. This final rate is simi-
lar to some examined projects referenced in Yang
et al. [58] involving heat supply with thermal
storage , e.g. in Marstal, DK [59, 60] (LCOH
= 87.69 EUR/MWh), in Bradstrup, DK [60,
61] (LCOH = 81.19 EUR/MWh), or in Brass-
chaat, BE [62] (LCOH = 86.22 EUR/MWHh). In
contrast, the LCOH reported by the Andalou-
sian project [63] considerably exceeds (LCOH =
130.80 EUR/MWh) the estimation for the cur-
rent proof-of-concept, which makes it more com-
petitive. Alternatively, the value of the LCOH
can also be compared to that of NG for simi-
lar high-temperature applications, such as Ethane
crackers or blast furnaces [64] (LCOH around
37 and 55 EUR/MWHh, respectively). It results
that at higher temperatures, the LCOH of NG
is comparable to that obtained with the current
CSP+TES concept. However, one must keep in
mind that in [64] NG is a fuel delivered for an
industrial application, and in consequence, the
LCOH is inherent to the industrial process where
it is consumed, which differs completely from the
CSP+TES plant where heat is generated and dis-
patched. The comparison with Gilbert et al. [64]
indicates that the LCOH for the concept proposed
in this study might be further reduced if NG is
used as fuel for the external heater instead of
electricity (a techno-economic, sensitivity analysis

could be interesting for a future study).



Finally, it is worth mentioning that this eco-
nomic analysis is a simple estimate, providing
rough values due to a number of assumptions. For
instance, the land price has been excluded from
the CAPEX calculation because the plant layout

has not even been defined yet.

5. Conclusions

The unsteady simulation of a combined CSP-
TES proof of concept delivering constant high-
temperature heat has been analyzed numerically
in this work. It aims to decarbonize a given indus-
trial activity (e.g. cement, glass, chemicals, etc.)
in two reference locations of Andalusia (southern
Spain): Cérdoba and Malaga, on the days March
227 June 22" and December 22" (i.e. two sol-
stices and one equinox). To this end, the influence
of a single solar dish or multiple dishes in paral-
lel configuration together with a TES unit size
have been evaluated through a sensitivity anal-
ysis considering two main dimensionless param-
eters, namely the number of dishes N and the
TES aspect ratio L/D. The results have shown
that the configuration L/D = 1 (in Cérdoba) or
L/D = 1.5 (in Mélaga) is that providing the max-
imum reduction of the back up energy required to
ensure the demanding heat of 27 kW at 800 °C
(~ 650 kWh).

Considering that the TES unit is uniformly
charged at the waste/return temperature at start,

a simple decision-making algorithm has been im-
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plemented to analyze the unsteady operation of
the device, dealing with charge, discharge or by-
pass strategies. In general, it has been shown that
the TES unit plays a role in the system when the
solar-dish outlet temperature exceeds that of the
reference, e.g. on March 22°¢ and on June 2274
with L/D = 1.5 and N > 2, in Cérdoba. The
results are very similar to those in Malaga, ex-
cept for the case on March 22" with N = 2 and
L/D = 1.0, where no TES operation takes place.
Although the applied strategy seems reasonable,
there are some cases in which the TES unit is
not fully discharged at the end of the day, result-
ing in a waste of energy. This fact motivates fur-
ther studies to consider several consecutive days
for the TES sizing. Alternatively, since the waste
temperature and that of the demand could change
depending on the industrial activity, a sensitivity
analysis ranging along different values could re-
sult of interest to characterize the performance of

the proposed system.

In economic terms, the impact of the CSP-TES
combined solution has been analyzed assuming
that the additional energy to meet the heat de-
mand is accomplished by means of electric energy
from the Spanish grid. This study has shown that
although the electric price on December 22" was
extremely low due to a high renewable energy pro-
duction, the use of the CSP-TES system has re-
sulted in savings of up to a 33% with one dish, a

66% with two, and a 69% with four dishes, com-



pared to the case operating with only electrical

energy.

Furthermore, the CO5 footprint has also been
evaluated by means of the emissions derived from
the instantaneous generation structure of electric-
ity in the Spanish grid. Simulations have shown
that the CO5 removal is considerable, emitting up
to 28, 60, and 66 fewer equivalent kg with respect
to the baseline case. For illustration, an simple
application example has been included to show
the important CO4 removal of the proposed proof
of concept with respect to the reference industrial

activity exclusively operating with natural gas.

To further underscore the potential of this
proof-of-concept, the economic competitiveness
has been analyzed using the LCOH metric and
compared to some existing projects in Denmark,
Belgium and Southern Spain, demonstrating sig-
nificant economic viability in heat supply. How-
ever, a more detailed techno-economic analysis is

necessary before elevating the concept’s TRL.

In summary, the evaluation of the proposed
CSP-TES system has revealed suitability for prac-
tical implementation, considering both energetic,
economic and environmental aspects. It has been
shown that the role of the TES unit with an
appropriate control logic is essential for the sys-
tem operation. Moving forward, further research
could focus on refining the TES sizing method-
ology and exploring adaptive control strategies to

optimize system performance under varying oper-
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ational conditions.

Appendix A. Validation

Appendiz A.1. Solar dish

The solar dish model in Eqgs. to has
been validated against the experimental measure-
ments of Zhu et al. [8] in Table[A.3] In terms of
thermal efficiency Eq. , the solar dish model
implemented in this study provided n = 81.27%,
which is quite in agreement with the experimen-
tal measurements of Zhu et al. [§] (81.5%), at
the same mass flow rate i = 0.043 kg/s. Effi-

ciency was obtained from the heat losses depicted

in Fig. [A.11, computed by means of Egs. (14)
to ([19).

Table A.3: Validation of the numerical results provided by
the solar dish model in Egs. (3]) to (L0].

T (°C) Num. Ref.[§]
T; 56.00 —
Ty 77.08 77.0
75 99.17  90.9
15 107.51  97.0
Ty 478.44  495.8
Ty 585.95  300.5
Tw 389.68  257.6
T, 404.34

233.1
T,  354.11
T, 453.16  ~ 450

Note that the results depicted in Fig. may
differ slightly from those of Zhu et al. [§] due to



the different thermal coefficients adopted in each
work. However, the trend in heat power losses is
similar and the global efficiency is below 0.3 %

with respect to the experiments.

Appendiz A.2. Thermal Energy Storage (TES)
As in previous studies [12] [14] 15, B8] [65], the
validation of Egs. (22)) to has been carried
out against the experimental results of the ther-
mocline tank pilot at Sandia National Laborato-
ries [42], and with those of [22] [66], resulting in
a good agreement for both cases. The choice of
At = 3.6 s and Az = 1.2 cm [14], B8] was in rea-
sonable agreement with the reference, as shown in
Fig. The CFL condition (uAt/Ax) result-
ing from this configuration is maintained below 1,

which ensures the stability of the simulations [39)].
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Figure A.11: Thermal losses in the validation case [8] com-

puted with the current model of the solar dish.
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The thermophysical properties of the molten
salts and quartzite [14], 46], and air [67] and rock

[66] adopted in the simulations are shown in Ta-

ble [A4l

Appendiz A.3. Thermal model of the glass win-

dow

The high concentration ratio of solar radiation
entering the receiver along with the volumetric
absorption effects taking place into the thickness
of the glass window L,, makes it interesting to
model this phenomenon. It implies the use of two
different temperature values on both sides or bor-
ders of the glass window: T,; and T,, and the
volumetric source term, which is defined based on
the assumption that all visible radiation ¢, ab-
sorbed by the glass windows is homogeneously
distributed throughout its volume. Only the di-
rect concentrated solar beam [, together with that
reflected by the foam has been approximated as

follows.

agly + 1oLy Frg py

» (A.1)

(2

This source term acts as an internal volumetric
generation term within the glass domain to solve
the 1D diffusion equation, based on a local coordi-
nate system 2 and constant thermal conductivity

kg =14 W m™ K™! of the medium,

T,

)
_QU:L‘ gi

2k

- Tgo + ij Lg
L 2k,

T(2) = T+ Tyo.

(A.2)

g

From the temperature profile T (&) across the

glass window and Fourier’s Law, heat transferred



Table A.4: Thermophysical properties of the HTF and of the packed bed material (temperatures in K where needed).

Solar salt p;r kgm™3 2090 — 0.636 T
Oy Jkg'K' 1443401727
kp Wm K 0443+ 1.9 x 10747
nr Pas (22.174 — 0.12T + 2.281 x 10~477
—1.471 x 1077 T%) /1000
Quartzite rocks py; kg m™ 2640
C. Jke ' K1 1050
ks, Wm 'Kt 25
Compressed air  p, kgm™ 15.4
(5 bar) Cpa Jkg 'K 1032
k, Wm 'K 0.037
e Pas 2.53 x 107°
Rock pr kgm™3 2560
O, Jkg'K' 960
E,  Wm™' Kt 048
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Figure A.12: Comparison of the numerical results (solid lines) with the experimental data from Sandia Laboratory

pilot for molten salts [42] (a), and with the results of [22] [66] (b) for air flowing through a rocks packed-bed tank.

Thermophysical properties are given in Table

at each border can be defined,

T o T 7 QvL
q o — k 9, 9, _ g’ (A.3>
g g Lg 2
. T, o T, K qu .
dgi = Ky g 7 9t 4 5 g = Golg+ dgo (A4)
g
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