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Ceria-based H,0/CO,-splitting solar-driven thermochemical cycle produces hydrogen or syngas. Ther-
mal optimization of solar thermochemical reactor (STCR) improves the solar-to-fuel conversion
efficiency. This research presents two conceptual designs and thermal modelling of RPC-ceria-based
STCR cavities to attain the optimal operating conditions for CeO, reduction step. Presented hybrid
geometries consisting of cylindrical-hemispherical and conical frustum-hemispherical structures. The
focal point was positioned at X = 0, -10 mm, and -20 mm from the aperture to examine the flux
distribution in both solar reactor configurations. Case-1 with 2 milliradian S.E (slope error) yields a
27% greater solar flux than case-1 with 4 milliradians S.E, despite the 4 milliradian S.E produces an
elevated temperature in the reactor cavity. The mean temperature in the reactive porous region was
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Solar fuels most significant for case-2 (x = -10 mm) with 4 mrad S.E for model-2, reaching 1966 K and 2008 K
\s/gls'rlgzgess radially and axially, respectively. In case-2 (x = -10 mm) for 4 mrad S.E, model-1 attained 1720 K. The

efficiency analysis shows that the highest conversion efficiency value was obtained to be 7.95% for

case-1 with 4 milliradian S.E.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction temperatures (Fuqiang et al.,, 2017; Jafrancesco, 2018). This wide

range of applications of solar tower in power generation and

Solar power is a prominent and sustainable energy resource to
be used in household and industrial applications (Sandoval et al.,
2019). Solar technology is used to produce electricity using PV
cells and generate heat using solar thermal collectors (Widyolar,
2019). Concentrating solar systems use solar energy to gener-
ate heat at different temperature levels i.e. low, medium, or
high (Lilliestam et al., 2017). The application of solar technologies
is different according to their operating temperature range. The
parabolic trough and Linear Fresnel Reflector (LFR) are linear solar
concentrators having an operational temperature of 500 °C. While
the solar tower and dish systems can operate at very amplified
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solar dishes in high temperature-based applications makes it the
most promising renewable energy technology (Hafez et al., 2017).
Solar dish systems are used to generate power used in cooling,
heating, and chemical processes (Gavagnin et al., 2017; Moradi
and Mehrpooya, 2017; Mehrpooya et al., 2018; jia et al., 2018;
Ddhler, 2018). The study by Khan et al. (2019) exhibited that the
Al,03/0il-based nanofluid yields a maximum efficiency of 33.72%.
Solar concentrator coupled with the stirling engine reported the
system efficiency to be 10.4% and 19% (Barreto and Canhoto,
2017). The solar dish systems are designed to produce heat to
be used in high-temperature-based applications.

The solar concentrating technologies such as LFR, CPC, PTC
and solar dish with and without the application of nanofluids
were studied by Bellos and Tzivanidis (2019). Solar collector using
nanofluids by Rasih et al. (2019) proposed that the application of
nanofluids is able to enhance the thermal efficiency of CPC and
LFR. An investigation on the effects of Cu—H,0 nanofluid on PTC

2352-4847/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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showed that the Nusselt number (Nu) relies on Cu nanoparticle
concentration, and decreasing Reynolds number enhances heat
transfer as Cu concentration declines (Hong et al., 2020). The
maximum thermal efficiency of an LFR with an evacuated tube
receiver was increased by 1%. Fins also improve thermal efficiency
better than nanofluids (Bellos et al., 2019). The thermal efficiency
of PTC was enhanced using the conical strips and the results
predicted that the value of Nu advanced up to 91.95% and its
thermal performance was at best at Re = 8000. Solar energy is
available in abundance, inexhaustible, and has usage flexibility in
household and in industries. Solar thermochemical cycles convert
solar energy into solar fuels (hydrogen or syngas) by splitting H,O
or CO,.

High-performance cork-templated ceria produced H, via a
two-step H,O splitting cycle. The study pointed out that the
major challenge is to develop such materials that can withstand
extremely high temperatures and h redox chemical kinetics and
activity at relatively low temperatures. The study also revealed
cork-templated CeO, enhances the performance extensively. The
increasing reduction temperature by 50 °C results in the peak
H, generation rate (Costa Oliveira et al., 2020). Jia Zeng et al.
studied the direct solar thermochemical conversion of methanol
to hydrogen at low temperatures (Zeng et al., 2020). The study
reveals that nanoscopic catalysts improve direct solar thermo-
chemical conversion (CuO/ZnO/Al,03). Ezbiri et al. evaluated
Yo.5Bag5C003’s oxygen production and separation redox perfor-
mance (Ezbiri et al., 2020). It was pointed out that Yy 5Bag5Co03_s
has better performance than CuO. This compound has the greatest
reaction rate, maximum O, exchange capacity, and minimum re-
action temperature. Tou et al. demonstrated the first solar-based
CO, and H,0 co-thermolysis (Tou et al., 2019). Gaseous H,0/CO,
mixtures were passed across a non-stoichiometric ceria (CeO,_s)
membrane with 4200 suns of solar focused radiation. Isothermal
(1723-1873 K) and isobaric (0.2-1.7 Pa O,) conditions were used
to enhance the hydrogen generation rate. Dou (2019) studied the
issues and challenges in hydrogen production via thermochemical
biomass conversion. The study pointed out that Ni-based catalysts
are important for economically viable hydrogen production.

Ardo (2018) presented a broad view on implementing solar-
based hydrogen production technologies. It was pointed out that
in the long run solar hydrogen technologies will have to compete
against the fossil fuel market in various aspects and the main
challenge will be to keep the fuel cost to a minimum. Marxer et al.
(2017) experimentally investigated the solar thermochemical-
based CO, splitting into different streams of CO and O,. This study
was conducted using the solar reactor (4-kW) consisting of an
RPC catalyst structure under the exposer of 3000x flux irradiation.
The result of the study proposed the highest ever measured
conversion efficiency of 5.3%. Qibin Zhu and Yimin Xuan simu-
lated heat and fluid transport in volumetric solar reactors (Zhu
and Xuan, 2017). Results demonstrated the small incidence an-
gle enhances radiation propagation, and pore diameter affects
the pressure drop. Shaner et al. (2016) compared solar-based
hydrogen’s techno-economics and revealed that low-CO, fossil
fuel is cheaper than solar or wind. Directly converting CO, into
hydrocarbon gasoline will require novel transportation and stor-
age ideas. Herron et al. (2015) presented the general framework
to assess solar fuel technologies. They discussed the catalytic
conversion and direct reduction of CO,. Bork et al. (2015) showed
the perovskite splits CO, 25 times more than ceria. Scheffe et al.
(2013) studied cobalt ferrite-zirconia oxidation and analzyed the
Il-order reaction and diffusion processes transpire concurrently
but at distinct oxidation rate. Furler et al. (2012) investigated the
H,0 and CO, splitting for syngas production using ceria. They
directly exposed ceria felt to the concentrated radiation of 2865
suns. Result show the fuel production 5.88 + 0.43 mL/g CeO,; in
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ten consecutive cycles. Roeb et al. (2011) presented an overview
in solar fuel technologies and trends. It was pointed out that the
application of CSP technology as primary energy source can help
in reducing the carbon foot print while increasing the electricity
generation.

Researchers have extensively explored the geometrical influ-
ence on the thermal performance of the reactor cavity. Jilte et al.
showed the conical cavity reported the lowest convective losses
compared to other shapes (Jilte et al, 2017). A study on the
volumetric receiver showed the loss of 12% of the input energy
through thermal losses (Harris and Lenz, 1985). Li et al. inves-
tigated the parabolic dish systems and the results showed that
the optical efficiency depends upon cavity aperture radius and
focal distance (Li et al.,, 2013). A study on 3 cavity geometrical
configurations with MCRT exhibited that the solar flux varies with
the geometrical aspect. It has been proved that cavity orientation
has a significant effect on convective losses, radiative losses, and
optical losses (Daabo et al.,, 2016, 2019, 2017; Pavlovic et al,,
2017; Cui et al., 2013).

Dish system performance is affected by the exterior and geo-
metrical parameters of the cavity, such as the aspect ratio and
wall absorptivity (Li et al.,, 2016). Kulahli et al. (2019) investi-
gated a novel reflective paraboloid design with adjustable focal
distance and reported that thermal behaviour is affected by the
non-uniform axial distribution of solar irradiation around the
absorber. Results also reported that the flow rate optimization in-
creases thermal efficiency by 0.21% and net energy gain by 0.63%
based on parametric studies. CO, photoreduction in a twin re-
actor was modelled using a 2D axisymmetric multiphysics model
and it was seen that the bubble flow pattern, gas-liquid interface,
and catalyst surface area affect CH3OH yield (Lu et al., 2021). SPTR
performance with steady and varying solar flux is also explored.
The redesigned tube and short intake cone-frustum tube function
better than the original tube, resulting in a 67% decrease in
catalyst use. The redesigned tube enhances CH3;OH conversion
efficiency of 4.3%, solar-to-fuel efficiency 8.2%, and H, generation
2.4% in comparison to the conventional tube (Tang et al., 2022).

An EPCM-filled solar reactor under constant solar radiation
can maintain elevated CH3;OH conversion efficiency (0.93%) (Ma
et al,, 2021). Two case studies compare the new SRs to the
current ones. The homogeneity of solar flux dispersion may be
enhanced by up to 90% for the current SR design, far greater than
previous systems (Tang et al, 2021). A novel receiver-reactor
idea blends proven systems with high-efficiency principles. By
eliminating cyclical heating of the solar reactor, the system fore-
casts an efficiency of over 14% for non-optimized designs. Simple
implementations of the heat recovery system model up to 20%
heat recovery (Brendelberger et al.,, 2022). Barreto et al. (2018)
examined the volumetric porous structure-based receiver and
the results showed the effects of the optical thickness of porous
media and inclination angle. The aspect ratio, incident radia-
tion, and system error also affect the flux on the cavity receiver
walls (Mao et al.,, 2014). The study performed by Huang et al.
(2013) confirmed that a concentration ratio above 3000 can be
achieved if the S.E. was kept less than 4 mrad. Garrido et al.
(2018) reported a dish-Stirling system’s analyses for four receiver
cavities shapes using the MCRT method.

According to the preceding research, the influence of focal
distance on the solar flux and temperature profile in STCR cavities
is not significantly available. The present study aims the following
objectives:

1. The optical analysis of STCR to explore the effect of varying
focal distance on thermal performance using the MCRT
method.

2. To analyse the geometrical parameter influence on the
thermal performance of the STCR cavity.
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Fig. 1. STCR design; (a) STCR-1 and (b) STCR-2.

3. To characterize the impact of S.E on thermal parameters
integrated with reactor cavity shape and focal point shift
using CFD-SolTrace technique.

A time-independent analysis was carried out on two hybrids,
cylindrical-hemispherical and conical frustum-hemispherical,
cavity shapes model to explore the effects of cavity shape on the
thermal parameters in STCR cavity. The analysis of focal distance
is a crucial factor to determine the temperature profile inside
the solar thermochemical reactor and to evaluate the required
temperature to start the redox reactions. Thus, the results of the
presented study will be helpful to design an efficient model of
solar thermochemical reactors.

2. Methodology and STCR model description

Non-stoichiometric ceria (CeO,_x) thermochemical cycles
have been studied extensively (Montini et al., 2016; Otake et al.,
2003). Numerous investigations have examined ceria’s capabili-
ties for reduction and fuel generation. To minimize the needed
operating temperature, researchers have concentrated on mini-
mizing the operating temperature difference between the steps
of ceria-based redox cycles. The reactions for ceria based ther-
mochemical cycle have been given below;

Ceria reduction reaction

Ce0, — Ce0y_5 + goz (1)
Water splitting reaction

Ce0,_s + 8H,0 — Ce0, + SH> (2)
Carbon dioxide splitting reaction

Ce0,_s + 8CO, — Ce0, + 8CO 3)

In the presented study, two models of the solar thermochem-
ical reactor (Fig. 1) cavities were proposed to investigate the
influences of geometrical factors on its thermal performance.
Solar irradiation enters the STCR and heats the porous region
to induce the reduction reaction. The argon (Ar) gas is fed into
the reactor cavity through the inlets to sweep the remains of
hydrogen or oxygen from the cavity. The RPC thickness was
kept at 20 mm with a 5 mm wide inert gas flow divot. This
investigation is structured in three cases based on focal point
variation (X = 0, —10 mm, —20 mm) from the aperture as shown
in Fig. 2.

A quartz window is positioned in front of the cavity opening
to facilitate solar irradiation to enter the reactor. The solar flux on
the quartz glass window is applied using a user-defined function:
UDF solar flux profile. Inlets and outlets are provided in the cavity
for the circulation of flowing fluids. As the solar flux radiates the
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Fig. 2. Schematic of two STCR cavity shapes and three cases considered for each
model.

cavity and increases its temperature, the flowing fluid is injected
from the inlet, passes through the porous media and exits from
the outlet. The flowing fluid allows the temperature profile to be
distributed uniformly in the porous region. The outer region of
the cavity is packed in a stainless-steel shell, and outer layers
are made fully insulated to reduce the thermal loss. As some
geometric factors influence the thermal efficiency of the solar
thermochemical cavity. This study is focused on the investigation
of geometrical factors and their influence on the thermal and
optical performance of proposed solar reactor designs.

The S.E for each of the three cases was kept from 2 mrad
to 4 mrad, and numerical analysis was conducted by applying
the algorithm given in Fig. 3. The algorithm mentioned in Fig. 3
was used in performing the numerical simulation to estimate the
conversion efficiency of the solar thermochemical reactor. This
algorithm is a combination of the optical system (Solar concen-
trated system) and a thermochemical system (STCR). The optical
system is designed, and a solar flux profile is generated using
SolTrace software and the flux profile is used to generate the
temperature in the STCR to initiate the redox reactions through
the Computational Fluid Dynamics (CFD) analysis method. This
combination of SolTrace and CFD method integration allows us
to carry out the redox reactions at a specified temperature and
control the reaction dynamics to obtain the simulation results.
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3. Solution algorithm for the analysis.

Table 1
Material properties and expressions (Furler and Steinfeld, 2015).
Constitutes Characteristics Value T (K)
RPC-CeO, Density (kg/m?) 7220 298
Specific heat (J/kg-K) —(0.0001271) T? + (0.2697656) T + 299.8695684 280-1100
444.27 >1100
Thermal conductivity (W/m-K) —(1.72) 107973 + (1.12) 103T2 — (0.024)T + 17.80 280-2000
Absorption coefficient (m~!) (1—{=6(1075T + 0.411)} x 497.8) 300-2500
Scattering coefficient (m~1) —6{(1075T +0.411) 497.8} 300-2500
QZ glass Density (kg/m?) 2500 298
Specific heat (] mol~'-K~") —0.0001T% +0.1791T — 0.173 273-847
0.0072T 4 61.717 847-2000
- oo . 17966
Thermal conductivity (W m~—" -K™") 1.18 +(3.14)10°T + T2 273-2000

This particular methodology is crucial in designing an efficient
solar thermochemical reactor at the lab-scale, which can further
be scaled up to operate at the pilot scale.

The solar flux profile is generated by the MCRT method using
SolTrace software. ANSYS Fluent v16.0 was used to generate the
reactor cavity temperature and flux distribution. For numerical
analysis, the energy equations were solved using the Discrete Or-
dinates thermal irradiation model. Table 1 shows the simulation’s
thermophysical properties of RPC.

2.1. Numerical techniques

The numerical simulations are based on the following men-
tioned set of equations (Reich et al., 2015; Haussener et al,,
2009):

(1) Conservation of mass

8’O+V(*) 0
— (pv) =
ot p

(2) Conservation of momentum

(4)

(5)

In the above given Eq. (2), the Sp denotes the fluid pressure drop
source term and P and u designate the fluid pressure drop and

J . . -
T (pv) + V. (pvv) = =Vp+ V. (uVv) + S,
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dynamic viscosity, respectively. The pressure drop source term is
calculated as (Wu et al.,, 2011a):

1039 — 1002¢ 5

— prucs

(=)

0.66 <@ <0.93
In the above given Eq. (16), ¢ and d; denote material porosity and
mean cell size, respectively. The flow is given at the entrance in
the porous structure, the gradient is set to 0 at the fluid outlet.
Ar entrance of conduit: u =up, v=20

ou _ v _ v
dy — ax — ady

0.513¢)75.739
d;

Sp

At exit of conduit: 2! = =0

(3) Energy equation

i) -
3 (ph —p) + V.[5(ph)] = V. (Aeg s VT) + S (7)

In the above-mentioned mathematical expression, Sy, is known as
a source term which allows heat transport from the solid to the
fluid phase.

Sh = hy(Ts — Tf) (8)

where h, (W/m® k) is known as the volumetric convective
heat transport coefficient and it can be considered using the
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correlation given by (Wu et al., 2011a)
N s (32.504¢%%8 — 109.94¢"% + 166.65¢>*® — 86.98¢>3F) Re®43
v = 5
dz

{0.66 < ¢ < 0.93 and 70 < Re 800} (9)

The Eq. (10) is modified as follows to be used in the solid

]
o (ph) = V. (heg s VT) + S (10)

Aefr.f and A s denote the effective thermal conductivity and Ss
known as the volumetric heat source term. These entities can be
calculated using the following given correlations (Wu, 2015);

Aeff f = PAr (11)
)\eff.s = )\5(1 - ¢) (12)

The source term includes the radiative (S;qq), convective (Scony.s)
as well as heat dissipation (S,,).

S5 = Sconv,s + Srad + Sw (13)

i. Source term for thermal transport
The heat transport source term is given to estimate the amount
of heat exchange between the solid-to-fluid phase,

_hv(Ts - Tf)

ii. Wall heat dissipation source term
The solar thermochemical reactor operates at high temperatures
thus the heat dissipation consideration becomes crucial and it can
be calculated by the following equation,

Sw = —ewo (T} = Ty)

_Sconu.f = (14)

Sconv,s =

(15)

iii. Discrete Ordinates irradiative transfer model
The energy and radiative transfer equation through the porous
media can be written as follow (Keshtkar and Gandjalikhan Nassab,
2009);

(a) Fluid energy equation

aT|
— oty L — (1= ATy = T.) 4 Q()S(x)
3*T;  0°T,

— t+ (16)
(b) Solid energy equation

0x2 ay>

32T, 92T,
0x? ay?
The thermal conduction via. gas can be easily neglected because

of the marginal thermal conductivity of the inert gas.
iv. Radiation transport equation

dl).(i:a §)
ds

oy 4n R R
= S;»Ib‘)‘ + — / Ix(F, S/)¢x(§ — S,)dQ/
4 0

V.q+(l—(p)hA(Ts—Tf)—(l—w)kS( + ) =0 (17)

+ (kx + 0 (F, $)
(18)

The radiative heat flux (q) in the solid region of porous media is
computed by the equation given below;
q= / I(r, $)sd$2 (19)
4

In the DO irradiation model, a limited number of discrete angles
are solved through RTE. These angles are in connotation with the
vector quantity denoted by s. The DO irradiative model solves
the same quantity of conservation equations for all possible di-
rections (5). The RTE equation taken into account by the DO
irradiative model is given in Eq. (19).
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(4) Mass transfer
The mass transfer equations can be written as follows:

oY)

Y + V.(psvYi) =0 (20)
a(xprYo,)
=+ VXY o) = Smo, 1)
dm,
_ 22
a0 (22)

where Yi, 1, and Sy, o, are known as component concentration,
particle mass transfer rate and mass source term, respectively.

The oxygen evolution rate equates to the rate of particle mass
transfer. Therefore, the particle mass changed fraction defines the
reaction rate as shown (Ishida et al., 2014);

dx

E = kred(‘l - X) (23)

X = m-—m (24)
my —m;

where, kg is the reduction rate co-efficient and m, m; and my de-
note the particle’s time-dependent starting, and terminal masses
and the value of m can be calculated by Eq. (25)

Mo,
m = m; — dMceo, - (25)
Thus, the reaction rate can be given as Eqgs. (26) & (27);
d oMo
mp Mceo, -2
—— = (mp = mikpeg | 1+ 5——— 26
de (mf m() red ( + 2(mf — mi)) ( )
—0217 —195.6 k] — mol~!
———— = 8700 (Po,b 27
(0.35—9) (Po,bar) exl’( RT ) (27)

In the above-given equation, § denotes the non-stoichiometric
coefficient and depends on the reaction’s operational temperature
and O, partial pressure (Bulfin et al., 2013). The oxygen partial
pressure can be calculated from Eq. (28);

P02 = (M02 X Ptot) (28)

2.2. SolTrace modelling

The optical modelling and analysis are done using the MCRT-
based SolTrace software (Wendelin, 2003). The SolTrace mod-
elling has been executed in the following steps:

(1) Parameters selection

The angular intensity pattern on the area is described as a
sun shape. The SolTrace software provides the user with three
options to select the sun-shape as Gaussian, pillbox, or user-
defined profiles. Given the accuracy of the pillbox profile, it has
been adopted as the utmost suitable pick for optical simulation in
SolTrace. In this sun-shape distribution profile, the incidence of
solar irradiation stays steady but the collimated rays subtended
with 4.65 mrad S.E (Chen et al, 2016; Johnston, 1998). A DNI
value of 998 W/m? has been adopted to normalize the solar flux
in the solar ray tracing technique (Hasuike et al., 2006).

(2) CSP system properties

A CSP system’s concentration performance is limited by optical
imperfections. A CSP system’s vast surface area causes errors
to follow the Gaussian distribution. SolTrace enables users to
select the appropriate study-specific error type, such as Pillbox
or Gaussian. The specularity errors occur when the error scale
for surface flaws is less than the solar spectrum (Cooper and
Steinfeld, 2011; Huang and Han, 2012). The tracking inaccuracy is
caused by the optical system’s imperfect placement. The overall
error can be represented by the following Eq. (29).

2 2 2 2 2 ~ 2
0% = 0 specularity + 0 “slope T O “shape T 0 “tracking = O " slope,effective (29)
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Fig. 4. (a) Fluid phase temperature validation against Wu et al. (2011b) and (b) Fluid phase temperature distribution after the pre-heating stage validated against

Furler and Steinfeld (2015) in transient analysis.

Specularity errors consist of mirrored and tracking errors (Luo
et al.,, 2014). The Ospecutarity value of 0.2 mrad has been adopted
in this optical analysis (Binotti et al., 2017).

The optical error can be estimated by Eq. (30) as given be-
low (Wendelin et al., 2013).

Ooptical = \/(402510pe + stpecularity) (30)

For a typical solar concentrator, the S.E component lies within 2
to 4 mrad (Johnston, 1995; Marz et al., 2011).

The chemical performance of the solar thermochemical reactor
is estimated by the solar-to-fuel conversion efficiency estimating
by using the following mentioned Eq. (31).

ﬁfuelHHVfuel (31)

Tsolar~to~fuel Qinputfsolarfenergy
where 1, denotes the rate of H, production, HHVj, represents
the higher heating value of H, and Qinput—solar—energy i the solar
energy required to operate the reduction step.

(3) Profile generation

Two components of optical systems are reflectors and re-
ceivers. Thus, the optical system in SolTrace was created in two
stages, Dish and Target. The stages are arranged in a way that
the solar irradiation strikes first on the dish and then on the
target. The optical and surface properties, characteristics, element
position, and orientation is provided according to the analysis
requirement.

2.3. Numerical implementation

The numerical simulation was carried out using SolTrace which
traces solar ray paths using the MCRT technique. MCRT uniformly
distributes solar power by dividing it into a larger number of rays
determined by the sun shape and S.E (Shuai et al., 2008). The in-
teraction between the rays and the reactor cavity is influenced by
transmissivity, reflectivity and absorptivity. The SolTrace results
were validated against Lee’s study and further used as radiative
flux boundary conditions on the quartz glass window. ANSYS Flu-
ent v16.2 solver was utilized to compute the conservation equa-
tions by the finite volume technique with a tetragonal/hexagonal
unstructured mesh having a 0.5 mm element size.

The DO irradiation model was employed to calculate the RTE
equation in the solar thermochemical reactor cavity. Steady-state
simulation with COUPLED first-order upwind for discrete ordi-
nates and second-order for energy calculation was implemented.
The boundary conditions applied in the numerical simulation
have been mentioned in Table 2.

104

Table 2
Boundary conditions.
Surface Boundary conditions
¥
v
Inlets Vintet = ——— Tintet = Tinitial
Acinlet
Outlet Pout = Patm

aT
Inner surface kqa— = Sgrad + hqAT; ¢ = 0.08, 7 = 0.86
n

aT
Insulation wall ksa— = Aq; + hsAT; e =0.28,7 =0
n

Quartz window Taperture = Tinitial; € = 0.08, T = 0.86
aT

Other surfaces — =
on

2.4. CFD-SolTrace model validation

The fluid-phase temperature in the porous region has been
validated against Wu et al. as demonstrated in Fig. 4. Wu et al.
focused on the thermal transport modelling of a volumetric foam
reactor having a pore size of 0.5-3 mm. The present modelling
of STCR is also focused on thermal transport modelling coupled
with species transport modelling. Hence the thermal transport
result of the present study is validated against the Wu et al.
results. The findings of the presented CFD analysis are in very
good conformity with the referenced study. It was also seen that
the attained results are in high concordance with other research
reported. The outcomes of this study can also be validated against
some other studies such as Cooper and Steinfeld (2011), Huang
and Han (2012), Luo et al. (2014) and Loni et al. (2016).

3. Results and analysis
3.1. The sensitivity of flux distribution at the STCR cavity aperture

The thermal analysis examined two STCR cavity configurations
(Fig. 1). Semi-transparent quartz glass allows solar irradiation
into the cavity. Geometry modification improves radiation disper-
sion and achieves the highest temperature at low solar flux in the
porous RPC region. The length of the cylindrical section is kept at
80 mm while the hemispherical section has a radius of 20 mm
for the first model. In the second model, the length of the conical
frustum section is 70 mm and the hemispherical section radius is
30 mm. The aperture radius of both models was taken as 20 mm
with a porous catalyst region thickness of 20 mm.

Fig. 5 illustrates the solar flux pattern for all three situations as
computed by the SolTrace software. The focal distance (f) for 1%,
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Fig. 5. Concentrated solar flux distribution.

2™ and 3" cases was kept at 0.9803 m, 0.9703 m, and 0.9603 m,
respectively. It was readily apparent from the graph that 1st case
with 2 mrad S.E yields the peak value of solar flux at the cavity
aperture. In 2™ case of 2 mrad S.E, the flux value is relatively
low. The flux value for case-1 with 4 mrad S.E is substantially
higher than the attained flux value for case-2 with both S.E values.
These flux profiles were later used as a UDF profile to generate
the solar flux in the solar reactor on the porous walls to generate
the required temperature for carrying H,O0/CO, splitting redox
reactions.
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3.2. Temperature distribution

Optical and geometrical optimization achieves consistent tem-
perature and distribution of solar flux on the STCR wall for
H,0/CO, splitting. The temperature contours for STCR - 1 & 2
have been shown in Fig. 6(1) & (2), respectively. 1°* model of
STCR cavity for 4 mrad milliradians S.E has a more consistent and
higher temperature distribution than 2 mrad S.E. Cases 1, 2, and
3 with 2 mrad S.E. yield elevated values of solar flux, whereas 4
mrad S.E. yield the higher temperature distribution in the porous
matrix. In case 1, the incidence of solar flux was not uniformly
distributed throughout the porous zone, resulting in a lower
temperature than anticipated. Meanwhile, with a 4-mrad S.E, the
solar flux reaches the STCR and creates uniform flux distribution,
leading to larger temperature distribution than a 2-mrad S.E. The
geometrical aspect of STCR cavity design plays a significant role
in uniform flux and temperature distribution as represented in
the temperature contours. The 2" model poses the advantage of
having conical frustum at the entrance which allows the more
uniform distribution of collimated rays resulting in yielding a
higher temperature at the porous region as compared to the 1%
model.

3.2.1. Radial direction

The RPC zone is where redox reactions take place to produce
H, gas. Thus, the investigation of radial temperature distribution
in the catalyst region is a crucial factor to optimize the RPC
thickness in the solar reactor. The radial temperature profile in
the porous media for the 1%, 2" and 3" cases in which the focal
point was considered at (x 0, —10 and —20 mm) has been
shown in Fig. 7(a) and (b) for model-1 and 2, respectively. Case-
2 with 4 mrad S.E produces the maximum temperature zone in
a 20 mm porous medium. Both models exhibit uniform radial

N )
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u
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Fig. 6. Fluid phase temperature contours (1)
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STCR - 1 (2) STCR - 2, for all three cases.



J.P. Sharma, R. Kumar, M.H. Ahmadi et al.

Energy Reports 10 (2023) 99-113

2000

2000 S F-FF X
e T TV I IV VIV TZET, Tope emor-2 mrad
nnnnn =
-t 1900 —O— Case-1, Slope error=4 mrad
1900 - AL W T I IV IV gasal z:ope mor: mra: —A— Case-2, Slope emror=2 mrad
—O— Case-1, Slope error=4 mra
a 7 Case-2, Slope error=4 mrad
1800 4 —&A— Case-2, Slope error=2 mrad 1800 & Case-3, Slope error=2 mrad
¥ Case:2, Slope eor=4 mead —3€— Case-3, Slope error=4 mrad
—— Case-3, Slope error=2 mrad 1700 4 oA A
1700 4 3 Case-3, Slope etor=4 mad A A-ODDDDB
- ) A~
1 7 =
S 1600 3 o 1600
£ 15004% 5 15004
e = o
2 14004 £ 1400 -
1300 1300
1200 4 1200
1100 = T T T T T T T T T 1 1100
0 2 4 6 8 10 12 14 16 18 20
Porous thickness (mm) Porous thickness (mm)
Fig. 7. Radial temperature distribution (a) STCR - 1 and (b) STCR - 2.
2100 A 7 2200 4 —8— Case-1, Slope error=2 mrad
R 5 A % —O— Case-1, Slope error=4 mrad
2000 4 A% 100 —A— Case-2, Slope error=2 mrad
- R
A b o= 5 ~7— Case-2, Slope mor—4 mrad
1900 \A Ve 7 T 7 000 Vg P _VQ_ ase-3 Slo ad
—I— Case-1, Slope error=2 mrad k —3€— Case-3, Slope crror'% mrad
—O— Case-1, Slope error=4 mrad 1900 4
1800 —&— Case-2, Slope emor=2 nwrad x
o —§7— Case-2, Slope error=4 mrad ~ 1800 o N
% 1700 4 —@— Case3,Slope aror=2mrad £ __ o RA\
; 9""@ —*— Case-3, Slope cnor"J mrad E 1700 ~ “\ﬁ\‘\ BB A A A A A AA
= ks =
5 1600 6 % 5 1600 4 m
5 "o &gww—@** €4 £ 1500 0—0—0—0—0—0—0°
= 1500 4 -0—0—0—0—0— =
1400 4
1400
1007 -\‘\'\l~——-—.————-—I—i—l
1300 (
a) 1200
(b)
1200 T T T T T T T 1 1100 T T T T T T T T 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

Porous length (mm)

Porous length (mm)

Fig. 8. Fluid phase axial temperature distribution (a) Model - 1 and (b) Model - 2.

temperature distribution, although model-2 yields 52 K higher
than model-1.

If the flux is uniformly distributed in the porous region, a
higher, more uniform temperature could be produced at an in-
creased inert gas velocity. Statistics reveal that cavity geometry
affects radial temperature distribution. Model-2 offers more uni-
form and significantly increased radial temperature distribution
than the model-1. The frustum section evenly distributes flux and
results in increasing radial temperature in the porous structure.
The influence of S. E on radial temperature is small for both S.Es.
Considering that the focus point is at 20 mm within the STCR, the
solar flux could enter with little dispersion, resulting in uniform
flux distribution and consistent temperature distribution in the
catalyst zone.

3.2.2. Axial direction

The axial temperature profile is critical for determining the
optimal RPC reactive surface area of the STCR. The axial tempera-
ture distribution in the catalyst section should be addressed. Since
the cavity’s cylindrical and conical frustum are 80 and 70 mm,
respectively. Thus, the axial temperature distribution for this area
was assessed, and the semi-circular section of the solar reactor
is included in the assessment of the temperature profile along
the solar reactor centreline. The fluid phase temperature profile
of the porous media in the axial direction has been plotted in
Fig. 8(a) for model-1 and (b) for model-2. It is reported that
case-2 (x = —10 mm) exhibits higher temperature trends among
all three cases in both models. However, a comparative analysis
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of both models reveals that model - 2 for case-2 with 4 mrad S.E
yield 328.8 K higher mean temperature as compared to model-
1 while subjected to similar conditions. It was also seen that in
terms of consistency of temperature profile along the longitudinal
axis in a porous material, from x = 0 to x = —80 mm, model-2
offers a significant advantage over model-1. The uniformity in the
temperature distribution throughout the length is a result due to
the geometric effects.

3.2.3. STCR length

The study of fluid-phase reactor temperature is required in
order to optimize the fluid-phase reactor temperature in the solar
thermochemical reactor for redox reaction. When it is necessary
to switch between two parts of a continuing process, improved
temperature control is advantageous.

Through the semi-transparent glass, concentrated solar radi-
ation enters the solar reactor and the temperature of the STCR
cavity started to rise by means of convection (heated inert gas)
and radiation. Fig. 9(a) and (b) presents the temperature profile
of the fluid phase along the longitudinal axis in the STCR for
model-1 and 2, respectively. Given the stipulation that the point
of focus is at the x = 0 which results in the scattering of the
collimated rays starts at this point. It is observed in Fig. 9(a) and
(b) that case-2 with 4 mrad S.E yields the highest reactor temper-
ature for both models. However, model-1 reached 21.28 K higher
mean temperature as compared to model-2. In terms of unifor-
mity throughout the entire length of the solar thermochemical
reactor, both models perform equally well.
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Fig. 10. Flux distribution contours for model-1 for all three cases with both S. Es.

3.3. Flux distribution in the porous region

The optical interpretation is based on the STCR flux distribu-
tion. Fig. 10(1) and (2) for model-1 and model-2 illustrate flux
distribution contours for all three conditions. The flux distribution
contours indicate that focal distance is key to uniform solar flux
dispersion in porous regions. When the point of focus is within
the cavity, rays scatter better, resulting in uniform flux and tem-
perature distribution for both models. In both Fig. 10(1) and (2),
the solar flux dispersion is reported to be far more consistent
and higher in magnitude for 4 mrad S.E. However, the effect was
only apparent if the point of focus was within the solar reactor
i.e. in case-2 and case-3. Another important observation was that
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when the point of focus was at the aperture of the solar reactor
in the model-1, it achieved a higher flux magnitude and better
uniformity but as the focal point slides further inside in cavity,
model-2 becomes a better choice for achieving the uniform flux
as compared to model-1.

Fig. 11 shows that the solar flux dispersion in the solar reactor
depends on the focal point shift and the cavity shape. It is evident
that the flux distribution in the STCR cavity also depends on
the S.E. The flux distribution in model-1 and model-2 was seen
to be greater for 4 mrad S.E compared to 2 mrad for case-1.
However, the flux distribution in mode-1 is comparatively more
sophisticated than model-2. It can be also seen in both Figures
that the model-1 STCR cavity shape provides more uniform flux
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Fig. 12. Average fluid phase temperature in radial direction wrt. Inert gas velocity for S.E 2 and 4 mrad.

distribution as compared to model-2. As the point of focus moves
10 mm within the STCR in the second case, the flux distribution
for both models and for both S.E increase significantly. It is also
seen that model-1 with 4 mrad S.E offers more unvarying flux
distribution as compared to model-2. In the third case, as the
point of focus was located at 20 mm further within the STCR,
the solar flux profile in the solar reactor reduces drastically in
comparison to the 2nd case but still yields greater magnitude
than in the 1st case. The magnitude of flux in model-1 is higher
for 4 mrad S.E while in model-2, the impact of S.E does not show
much significance.

3.4. Influence of optical error

Concentrators may have optical imperfections, which can af-
fect the solar flux profile. The optical errors are mainly caused
by the S. Es and its value varies between 2 to 4 mrad. The
dissimilarity in solar flux distribution profiles caused by S. Es can
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be seen in Fig. 5. It can be seen quite well that the magnitude
of the solar flux decreases with the increase in solar error value.
However, the distribution of flux distribution for 4 mrad S.E is
higher than for 2 mrad S.E. The extreme values of solar flux
15, 7 and 2 MW/m? are obtained for case-1, 2 and 3 with 2
mrad S.E, respectively. The statistical influence of S.Es on average
fluid phase temperature in the porous media for both models by
taking the effects of inert gas velocity into account have been
discussed in Fig. 12 fluid temperature in the radial direction,
Fig. 13 fluid temperature in the axial direction and Fig. 14 for fluid
temperature in reactor along the centreline.

The average fluid phase temperature in the porous region for
all three cases has been plotted in Fig. 12. When the inert gas
velocity was 0.1 m/s at the inlet and the 2 mrad S.E, the avg.
fluid temperature in the RPC region reached 1220 K and 1168
K for model-1 and 2, correspondingly. However, the avg. the
temperature reached the value of 1500 K and 1510 K for 4 mrad
S. E with the same velocity as shown in Fig. 12(a) for case-1. This
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Fig. 15. (a) Oxygen evolution contour; (b) Solar-to-fuel conversion efficiency for model-1.

rise of 280 K and 342 K in avg. temperature for model-1 & 2,
correspondingly signifies the importance of S.E. It also should be
noted that the increment in inert gas velocity from 0.1 m/s to
0.3 m/s causes in decrease avg. temperature by 296 K and 354 K
for model-1 and 291 K, 378 K for model-2 for 2 mrad and 4 mrad
S.E, respectively.

In the 2" case where the focal point of focus is 10 mm (x
= —10 mm) inside the STCR, the avg. fluid temperatures for
both models have been exhibited in Fig. 12(b). Further, it was
observed that the avg. temperature reached much higher than
in case-1. Statistically, for the inert gas velocity of 0.1 m/s, the
avg. temperature for model-1 goes up to 1604 K and for model-
2 goes up to 1664 K for 2 mrad S.E. However, if S.E. is set to
be 4 mrad, the avg. temperature goes up to 1917 K and 1966
K for model-1 and model-2, respectively. Whereas shifting of
point of focus 20 mm inside the cavity (at —20 mm) reduces the
avg. temperature for both models with both S. Es is shown in
Fig. 12(c). The model-1 and model-2 with 2 mrad S.E yield 1528 K
and 1560 K and with 4 mrad S.E yield 1634 K and 1571 K of avg.
temperature, respectively. Thus, it is statistically stipulated that
model-2 provides the best-case scenario to achieve the highest
avg. fluid temperature with 4 mrad S.E and 2™ case, when the
point of focus is 10 mm within the solar reactor, is the best choice
among all three cases.

The avg. fluid temperature distribution in axial direction has
been demonstrated in Fig. 13(a), (b) & (c) for case-1, 2 and 3. In
the first case as shown in Fig. 13(a), the avg. temperature goes up
to 1280 K for model-1 and 1200 K for model-2 at 2 mrad and 1570
K for model-1 and 1572 K for model-2 at 4 mrad S.E at 0.1 m/s
inert gas velocity. By shifting the focal point 10 mm inside the
cavity (2™ case) as exhibited in Fig. 13(b), the avg. temperature
gets higher and reached up to 1670 K and 1722 K for model-1 &
2, correspondingly at 2 mrad and 1955 K and 2008 K for model-1
& 2, correspondingly at 4 mrad S.E. While in case-3 as shown in
Fig. 13(c), the avg. temperature for model-1 & 2 reached up to
1561 K and 1594 K, respectively at 2 mrad and 1667 K and 1599
K, respectively at 4 mrad. It is clear that the distribution of avg.
fluid temperature in the axial direction is highest for case-2 at 4
mrad and model-2 is the best suitable choice in this scenario.

The avg. temperature of the reactor along the centreline for
all three cases have been plotted in Fig. 14(a), (b) & (¢). In the
1st case as demonstrated in Fig. 14(a) the avg. temperature goes
up to 852 K and 798 K for model-1 & 2, correspondingly for 2
mrad and 1070 K and 1079 K for model-1 & 2, correspondingly
at 4 mrad S.E for 0.1 m/s fluid velocity. However, for case-2 the
avg. reactor temperature for model-1 and model-2 reached up
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to 1156 K and 1201 K, respectively at 2 mrad and 1720 K and
1700 K for model-1 & 2, correspondingly at 4 mrad as illustrated
in Fig. 14(b). However, in the 3rd case as shown in Fig. 14(c),
the avg. reactor temperature goes up to 1353 K and 1335 K for
model-1 and model-2 at 2 mrad and 1434 and 1374 for model-
1 and model-2 for 4 mrad. Thus, model-1 reached the highest
temperature at 4 mrad S.E in case-2 at 0.1 m/s fluid velocity.

3.5. Solar-to-fuel efficiency

The chemical performance of a solar thermochemical reactor
is evaluated by estimating solar-to-fuel conversion efficiency as
mentioned in Eq. (31). Solar-to-fuel conversion efficiency was
evaluated as a function of solar flux distribution for all three cases
considered in the presented study. The thickness of the porous
region loaded with the reactive cerium oxide (CeO,) was kept
constant at 20 mm. The SolTrace-generated solar flux distribution
profiles were subjected to produce the re-oxidation temperature
(T,) in the solar reactor ie. 1250 K. The reduction stage was
carried out for the period of 60 mins and the solar-to-fuel con-
version efficiencies for all three considered cases were plotted as
a function of oxygen evolution obtained from the simulation of
the re-oxidation step.

The oxygen evolution contour is presented in Fig. 15(a) and it
can be observed that when the reactive porous region of the solar
reactor attains the re-oxidation temperature (T ), the oxygen evo-
lution becomes apparent. The solar-to-fuel conversion efficiency
for all three cases for 60 min cycle period has been plotted in
Fig. 15(b). The analysis shows that the highest value (7.95%) of
the conversion efficiency was recorded for case 3 with 4 mrad
S.E at the 40th min of the cycle. It can be deduced that case 3
with 4 mrad S.E offers the highest efficiency because it produces
uniform solar flux distribution in the reactive porous region.

The previous studies in the literature have shown the solar
thermochemical reactor efficiency for the cerium oxide-based
thermochemical WS cycles to be less than 6% at the best possible
operating conditions. However, the present study has proposed a
solution to adjust the thermo-optical conditions to improve the
distribution of temperature profile inside the reactor to sustain
the continued operation of the thermochemical reactor which
leads to better conversion efficiency, as demonstrated in Fig. 15.

4. Summary and conclusion

The thermal performance of the solar reactor is highly af-
fected by the geometric configuration and optical parameters. The
numerical research yielded the subsequent conclusions,
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1. The STCR flux distribution is more uniform in model-1 for
case-1 with 4 mrad S.E. Case-2 exhibits a more homoge-
neous flux distribution with 4 mrad S.E.

. A high heat flux does not necessarily result in a high
temperature if it is not evenly distributed within the cavity.
Case-1 with 2 mrad S.E. yields 27% more solar flux, whereas
Case-2 with 4 mrad S.E. produces a higher solar reactor
temperature.

. In cases 1 and 2, evenly distributed solar flux on the cav-
ity walls produces a higher temperature in the porous
zone. The flux distribution in case —3 loses homogeneity
and magnitude. Thus it does not reach the same high
temperature as case 1.

. Model-2 for case-2 with 4 mrad S.E. produces the highest
average STCR cavity temperatures in radial and axial direc-
tions. Model-1’s centreline fluid temperature reached 1720
K in case-2 with 2 mrad S.E. Further, Model-2 produces
greater homogeneity and higher radial catalyst tempera-
ture than model-1 in case-1 and case-2. In case 3, model-1
and model-2 offer similar radial catalyst temperatures.

. The solar-to-fuel efficiency analysis shows that model-1
yields the highest efficiency of 7.95% for case-3 with 4 mrad
S.E.

The foregoing findings offer geometrical and optical character-
istics. The reactor cavity design and heat losses (convective and
radiative) must be studied.

The optical analysis and cavity shape optimization are primary
and important parts of the two-step H,0/CO, splitting process
of hydrogen and syngas production. It helps in choosing the
perfect cavity shape which will allow to achieve the uniform solar
flux distribution and maximum catalyst temperature. Further
research will focus on the hydrogen production rate based on the
optimized STCR cavity shape.

Nomenclature

Symbols Subscripts

A Area (m?) b Body

d Collector aperture conv Convection
diameter (m)

f Focal length (m) E Energy

F Force (N) f Fluid

Fs Particle surface force fo Fluid-particle
(N) interphase

g Gravitational fs Fluid-solid interphase
acceleration (m/s?)

G Incident radiative heat fuel  Chemical fuel
flux (W/m?)

h Collector height (m) m Mass

I Radiative intensity p Particles
(W/m?)

k Thermal conductivity Db Particle black body
(W/m-K)

ks  Absorption coefficient g Quartz glass
(1/m)

kpa  Particle absorption rad  Radiation
coefficient (1/m)

kps  Particle scattering reac  Reaction
coefficient (1/m)

kiea Reduction rate rim  Rim
coefficient

ks Scattering coefficient S Solid
(1/m)

p Pressure (Pa) solar Solar energy
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qr Re-radiation (W/m?) t Total
Q Heat amount (J) th Thermal
Qap Absorption efficiency i Initial
of particle
r Reaction rate (mol/s) f Final
v/4 Parcel position Abbreviation
S Distance in £2 CFD  Computational fluid
direction dynamics
S Source term DEM Discrete element
method
T Temperature (K) DNI  Direct normal
irradiance
\Y Velocity (m/s) DOM Discrete ordinate
method
\Y Volume (m?) HHV Higher heating value
Yi Component STCR Solar thermochemical
concentration reactor
Smo, Mass source term RPC  Reticulated porous
ceramic
Sp Fluid pressure drop source term
ds Mean cell size
Sh Convective heat transfer source term
hy Volumetric convection heat transfer coefficient
Ss Volumetric heat source term

Greek Symbols

Extinction coefficient
Non-stoichiometric coefficient
Dirac delta function
Efficiency

Dynamic viscosity (Pa s)
Density (kg/m?)
Stefan-Boltzmann constant
Angle (rad)

Solid angle

Porosity

Effective thermal conductivity

S O
S =

S HA™DE=

Aeff
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