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Abstract: In this work, the solar-thermal-chemical integrated design for a methane dry reforming
reactor with cavity-type solar absorption was numerically performed. Combined with a multiphys-
ical reactor model, the gradient optimization algorithm was used to find optimal radiation flux
distribution with fixed total incident solar energy for maximizing overall hydrogen yield, defined
as the ratio of molar flow of exported hydrogen to imported methane, which can be applied for
guiding the optical property design of solar adsorption surface. The comprehensive performances
of the reactor under the conditions of original solar flux and optimal solar flux were analyzed and
compared. The results show that for the inlet volume flow rate of 8-14 L-min~?, the hydrogen
production rate was increased by up to 5.10%, the energy storage efficiency was increased by up to
5.55%, and the methane conversion rate was increased by up to 6.01%. Finally, the local absorptivities
of the solar-absorptive coating on the cavity walls were optimized and determined using a genetic
algorithm, which could realize the predicted optimal radiation flux distribution.

Keywords: solar-thermal-chemical integrated design; dry reforming of methane; gradient optimization
algorithm; genetic algorithm; optimal solar radiation heat flux distribution

1. Introduction

To combat global warming and fossil energy shortages, it is important to increase the
share of renewable energy consumption to achieve sustainable development [1-3]. It is
noteworthy that the solar-driven dry reforming of methane (DRM) is a promising clean
energy technology that integrates hydrogen production, carbon sequestration, and solar
energy utilization [4,5], which uses concentrating mirrors to collect light and heat to create
a high-temperature environment and achieve an increase in the calorific value of fuel [5-7].

For solar thermochemical reactors and absorbers, the construction plays a major
role in the energy utilization’s efficiency and safety. According to the form of contact
between fluid /particles and solar radiation, solar absorbers/reactors can be divided into
the direct and indirect system [8-10]. For direct solar absorbers, much of the research has
been devoted to maximizing the ‘volumetric effect’” and thus achieving higher utilization
efficiency. This effect is defined as solar radiation penetrating the absorber and volumetric
absorption, the lower frontal temperature of the absorber which is lower than the outlet
fluid temperature due to convection cooling the inlet fluid, and finally the lower frontal
face heat radiation loss [11,12]. The thermal performance of the silicon carbide foam solar
absorber with four different geometric parameters was investigated by a combination of
experiments and simulations by Wang et al. [13]. The results showed that the maximum
thermal efficiency of this direct solar absorber is 72.48% at a porosity of 0.95, which proves
that the increase in porosity has a positive effect on the ‘volumetric effect’. In addition,
for absorbers with the same porosity (a porosity of 0.85), the pore size reduction also
helps to increase thermal efficiency. Unlike ref. [13], Du et al. [14] used super-alloy Inconel
718 as a material, combined with pore-scale reconstruction and 3D printing techniques,
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and fabricated several porous samples with different geometric parameters as porous
volume solar receivers. The experimental results show that for a uniform solar radiation
receiver, the small aperture sample is beneficial for enhancing convective heat transfer and
reducing the front surface temperature and heat radiation loss, but weakens the radiation
penetration depth. In addition, the researchers also proposed a radial gradient variation
design, which improves the thermal efficiency of the bulk absorber and reduces the flow
resistance. Kasaeian et al. [15] studied the performance of a multi-channel volumetric solar
absorber with different aperture shapes of the same internal surface area by numerical
simulation. The results showed that the triangular channel achieved the highest outlet
gas temperature of 894.2 °C and an efficiency of 0.697, while the circular channel showed
the lowest outlet temperature of 869.8 °C and an efficiency of 0.676. Li et al. [16] built a
numerical model of solar-thermal integration for volumetric solar absorber and optimized
the two parameters of porosity and pore size in radial and axial sub-regions by combining
it with a genetic algorithm. The optimization results show that, compared with a uniform
porous absorber, the thermal efficiency of an optimal sub-regional gradient porous absorber
can be improved by 1.23~9.76%, and the pressure drop can be reduced by 7.88~55.73%.
Raffaele et al. [17] creatively designed and fabricated a needle-type volumetric absorber
and tested its performance, which showed that the absorber has an outlet fluid temperature
higher than the front surface solid temperature and a thermal efficiency reaching 90%,
much higher than other types of absorbers, achieving the so-called volumetric effect. Based
on these studies, some scholars have also carried out a lot of work for the volumetric solar-
thermal-chemical reactor. For instance, Shi et al. combined the biomimetic leaf-type [18]
and biomimetic venous [19] concepts to propose two hierarchical porous structure reactors
and showed that the methane conversion of the two new reactors increased by 4.5% and
5.9%, respectively, compared to the conventional homogeneous pore structure reactor.
Correspondingly, Liu et al. [20] also proposed a foam reactor with concave geometry at
the front end, and optimized the porosity, pore size, and reactor length parameters by
numerical simulation combined with a multi-island genetic algorithm, and the results
showed that the optimized solar fuel efficiency reached 53.3%.

Indirect solar heat absorbers/reactors have also been extensively studied by many
scholars because of their simple structure, safety, and stability. Most indirect solar ab-
sorbers/reactors have a cavity structure because of the cavity effect (multiple reflections
and the absorption of visible infrared radiation at the cavity wall), which enhances solar
radiation utilization. Therefore, Bellos et al. [21] studied five different coil-type cavity
receivers for solar dish concentrators, and the results showed that the cylindrical-conical
structure has the best optical efficiency of 85.42% and the highest thermal efficiency of
67.95%. Beyond that, a novel construction for a gas-phase solar indirect irradiation receiver
was also crafted by Sedighi et al. [22], combined with impact jet compound technology,
and the findings revealed that the cylindrical cavity with an inverted conical base has the
maximum optical efficiency of roughly 92%. Huang et al. [23] exploited a numerical model
of radiation transfer within a coupled cavity to evaluate the absorption performance of
solar radiation by both structures (direct/indirect). The results revealed that the indirect
radiation receiver shows a higher solar thermal efficiency compared to the direct absorption
radiation receiver.

Carbon deposition is an unavoidable problem during the thermochemical reaction
of methane reforming. In commercial applications, carbon deposition in the chemical
reaction imposes regular cleaning requirements for the glass window of direct solar thermal
chemical reactors. The safety of the glass window also seems to be difficult to guarantee
under a high temperature. Indirect solar thermochemical reactors can be designed without
glass windows, and combined with the concept of cavity design, can also achieve a higher
optical efficiency and energy storage efficiency. The indirect thermochemical reactor is also
simpler in structure, which is convenient for early installation and later maintenance. In
summary, indirect solar thermal chemical reactors seem to be more suitable for commercial
application and promotion.
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For cavity receivers, the concentrated solar radiation is absorbed by the surface of
the cavity, and the heat flux distribution on the cavity wall is normally extremely uneven.
Thus, when extreme operating conditions occur, the cavity walls can develop local hot
spots due to large temperature gradients, resulting in large thermal stresses, which are a
great challenge for the reliability of the receiver [24-26]. On the other hand, the radiant heat
flux distribution on the cavity surface also affects the overall temperature field distribution,
which in turn affects the overall energy storage efficiency of the device [27-30]. In order
to solve the above problems, Yan et al. [25] proposed a structural optimization method
for a disc concentrator in order to improve the heat flux uniformity at the wall of a solar
cavity-type absorber. The results showed that the non-uniformity factor was reduced
from 0.55~0.63 to 0.10~0.22 while ensuring excellent optical efficiency. Different from the
method in ref. [25], Wang et al. [31] addressed the problem of the uneven distribution of
solar flux on the solar tower receiver wall by optimizing the distribution of cavity wall
coats in an attempt to achieve a uniformity of flux distribution while maintaining the
lowest possible optical loss. This work shows that enhancing flux uniformity and reducing
reflection losses are two conflicting objectives, and a trade-off choice needs to be made
between them. Similarly, Tang et al. [32,33] achieved nearly uniform circumferential solar
heat flow and optimal axial solar heat flow by arranging secondary mirrors and an adapted
trough concentrator, improving the fuel conversion and energy storage efficiency for the
straight-tube indirect solar methanol reforming reactor.

The distribution of the solar radiation heat flux on the cavity wall greatly influences
the optical efficiency and the safety of a solar thermochemical reactor. Therefore, in
this study, a numerical solar-thermal-chemical model is constructed for the cavity-type
solar thermochemical reactor with a dish concentrator based on the previous study [34].
The gradient optimization algorithm is used to find the optimal solar radiation heat flux
distribution with a constant total incident solar energy, using the optimization of the
hydrogen yield as the optimization objective. In addition, the comprehensive performances
of the reactor’s original heat flux and optimal heat flux are compared and analyzed. Finally,
this study optimizes the absorptivity of the solar absorption coating on the cavity wall
using a genetic algorithm, which achieves the optimal solar radiation flux distribution.

2. Mathematical Model and Optimization Method
2.1. Model Description

As shown in Figure 1, the concentrator reactor involved in this study was mainly
divided into two parts: one part was the dish concentrator system for the energy conversion
of solar-to-thermal energy, and the other part was the thermochemical reactor for the energy
conversion of thermal-to-chemical energy. As shown in Figure 2a, the dish concentrator
system was simplified to a model which included a parabolic concentrating mirror and a
light-receiving conical cavity. It was simulated by the non-sequential ray-tracing method,
which has no predefined path for any rays. The ray is emitted and projected onto any
object in the ray path, and then may be reflected, refracted, scattered, etc. Additionally,
in this study, only the reflection and absorption of light were considered. During the
optical simulations, the solar direct normal irradiance (DNI) was assumed to be stable
at 1000 W-m 2, the radius of the dish concentrator was 1.2 m, and the reflectivity of the
mirror was 0.9. Other relevant parameters are shown in Table 1.

The thermochemical reactor, due to the structural symmetry and computational con-
sideration, was simplified to a two-dimensional (2D) model in this study, which is shown
in Figure 2b. All solar energy collected by the dish concentrator was reflected into the
cavity, absorbed by the surface, and converted into thermal energy. The porous media were
arranged in the preheating area. Then, the gas mixture (CHy and CO;) at the feed ratio
of 1:1 entered the outer channel’s preheating area. The inlet flow rate of the gas mixture
was set to 10 L-min~!. Considering that too-high inlet volume flow rates would lead to
the under-utilization of the inlet reactants and that too low inlet volume flow rates would
lead to a sufficient supply of energy such that the change in flux distribution at the cavity



Energies 2023, 16, 2781

4 0f 21

wall would have almost no effect, an incorrect optimization solution would be obtained
that would not be applicable for the whole operating field. Therefore, an appropriate inlet
volume flow rate of 10 L-min~! was chosen as the operating parameter in the subsequent
optimization process. The gas mixture entered from the outer channel and was heated
and then turned around to flow into the inner channel. It is noteworthy that the reaction
area was a SiC porous ceramic coated with the catalyst Ni/Al,O3. The relevant structural
parameters were determined according to those in ref. [34]. Moreover, the rear section of
the inner channel was also filled with a porous medium to enhance heat transfer for the
full utilization of solar sensible heat. The ambient temperature was set to 300 K, which was
considered as the temperature of the reactants at the inlet.
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Figure 2. (a) Schematic diagram of dish concentrator system, and (b) 2D schematic diagram of
cavity-type solar thermochemical reactor.
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Table 1. Relevant parameters of dish concentrator and DRM reactor.

Parameter Values Parameter Value
Dish diameter 1.20 (m) R3 0.047 (m)
Surface reflectivity 0.9 dy 0.003 (m)
Slope error 2 (mrad) Ly 0.086 (m)
Solar half angle 4.65 (mrad) Ly 0.13 (m)
Ry 0.03 (m) Ls 0.14 (m)
R; 0.017 (m) Q 0.8

2.2. Mathematical Model
2.2.1. Mass Conservation Equation

The equation for the mass conservation of the gas mixture can be expressed as
V. (pfﬁ) -0 1)
where u is the superficial velocity.

2.2.2. Momentum Conservation Equation

The momentum conservation equation for fluid flow in the porous reaction bed can

be indicated as N
1 u-u U 4) -
-V = -V +V-<Vu + F (2)
9 <pf 9 > s ¢

N

where F is the resistance term, and yy is the dynamic viscosity of gas mixture which is
described in the Wilke equation, which is

n
m; pi
Mt = Z niﬂ 3)
=1 Y, mygy
j=1

. 1/2 M 1/47 2 M ~1/2

Hi i i
i=— 1+ 2 =i 1+ 2L 4
LR (%‘) <Mj> < Mi) ?

where m;, p;, and M refer to the mole fraction, viscosity, and molecular weight of species i,
respectively.

The resistance term F in Equation (2) can be indicated as [35]

F =

1039 — 10029 —~  0.5138p;¢ 5739 ||~
TR S qu) M” ®)
p P

2.2.3. Energy Conservation Equation

Considering the temperature difference between the solid and the fluid inside the
porous medium and the difference in physical properties, the local thermal non-equilibrium
(LTNE) assumption [36] is used in this study, which can be indicated as
the fluid phase:

V(psCpuTs) = V- (AefVT) + S¢ (6)

and the solid phase:
V(0sCpsTs) = V- (AesVTs) + Ss (7)

where subscripts “” and “s” denote fluid and solid, respectively; Cp, ¢ and Cp s are the
specific heats at a constant pressure of the fluid phase and solid phase; Ao ¢ and A s are the
effective thermal conductivities; S¢ and Sg are the heat source terms.
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Equations (8) and (9) show the effective thermal conductivities of solid and fluid from
the Schuetz—Glicksman empirical formula [37].

Aef = PAg (8)

)\e,s = 7(1 - q)) (9)

The heat source terms S¢ and Ss of the energy equations are calculated by
Sf = Scon,f + Schem (10)

Ss = Scon,s + 5S¢+ Sloss (11)

where Sqem is the heat generation and consumption source term caused by chemical
reactions; Scon ¢ and Scons are the convective heat transfer terms between the fluid phase
and solid phase, respectively; Soss is the radiative heat dissipation.

The energy source, Sy, due to thermal radiation, is estimated by the Rosseland approx-
imation [38], which can be expressed as

_ 16n20T3d£
3Ke dz

Sy = (12)

In addition, the radiation heat loss of the cavity radiation is assessed on the basis of
surface-to-surface radiation. The cavity inner walls are divided into N discrete surface
elements and then the radiative heat transfer among them is computed. For each surface k,
the radiosity, Ji, is evaluated by the following equation:

N
J = x0Ty + 1) iRy (13)
=1

where ¢y is the emissivity of the surface k, and T is the reflectivity of the surface k. For
opaque gray body surfaces, the reflectivity can be simply expressed as 7y = 1 — €x. The
term Fy; represents the view factor between the surface k and the generic surface j.
The radiative heat loss from the front surface can be calculated by the following
equation:
Stoss = —e0(T* = Tp*) (14)

where T is the ambient temperature (300 K).
Furthermore, the relationship between the source terms S, ¢ and Scons can be de-
scribed as
Scon,f = _Scon,s = hV(TS - Tf) (15)
Additionally, the two-phase heat exchange coefficient, &, obtained by Wu et al. [35]
can be described as

A£(32.5049%38 — 109.94¢138 + 166.65¢%38 — 86.98¢%38) Re0438
hv = 42 (16)
P

where Re is the Reynolds number, which is defined by

_ pgudp
He

Re (17)
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2.2.4. Species Conservation Equation

The mass transfer equation can be expressed as [39]

pi(i - V) + V- (—pes) Dy(Tmy+ (m — ) (S2) + DT () = S5 (19
i=1

]

where wj, Dy, DiT and S; are, respectively, the mass fraction for the gas of species i, the
multicomponent Fick’s diffusivity of components i/j, the thermal diffusion coefficient, and
the species generation rate.

The specific heat and thermal conductivity of gas can be calculated by using the mixing
law [40]:

n
Cp/f = ZwiCpli (19)
i

n
)Lf = Zmi/\i (20)
i

where A; and C,, ; represent the thermal conductivity coefficient and the heat capacity and
enthalpy coefficients of species i. The relevant parameters from the COMSOL material
library are used here.

2.2.5. Reaction Kinetics

The reaction kinetics of DRM are a very complex reaction system and the kinetic
expression can be shown below.
(1) The dry reforming of methane [41]

CH4+CO; — 2CO + 2H; -AH3gg = +247.0kJ /mol (21)
"=p k1Kco,,1Kcn, 1 Pch, Pco, (PcoPy, ) ] )
— [cat - 7 p__
(14 Kco,,1Pco, + Kcn, 1 PCH4)2 Kp, Pen, Peo,
(2) The reverse water-gas shift reaction (RWGS) [41]
COx+H; — CO+ HO-AH3yg = +41.7K] /mol (23)
koK Ky, 2Pco, P PcoP
2 = peat—2NC0p2Kiny 2P0 Py [ . Cz(v) HZPO (24)
(1+ Kco,2Pco, + K,y 2Pry) P, 1C0O, IH,
(3) The methane cracking reaction [42]
CH; — C+ 2H; -AH3yg = +74.0k] /mol (25)
P,
ksKen, 3(Pen, — 152)
— 3
73 - Pcat Pl‘S (26)
H
(1+ Keny 3Pen, + WZB)Z
where the relevant kinetic parameters are listed in Table 2.
The reaction source term can be expressed as
3
Schem = Z riAH (27)
i=1

where AH is the reaction enthalpy:.
The hydrogen production rate, ry,, can also be expressed as

rH, = 2r1 +2r3 — 1o (28)
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Furthermore, the methane conversion, 77cy,, and the carbon dioxide, 77co,, can be
expressed as
F CHy,in — F CHy,out

p— 2
1CH, Fermm (29)

Fco,,in — Fco,,out
Fco,,in

1co, (30)
The hydrogen yield characterizes the performance in terms of hydrogen production,
which can be defined as
o PHz,Out/ MHZ

Yi, =
t Fen, in/ Mch,

(31)

2

Typically, the product is stored under environmental conditions, so the chemical
storage energy is defined by reaction enthalpy. The chemical energy storage efficiency is

defined as
3
Cﬂ—:‘; Z HAH, 5,dV
ho— i=1 (32)
0,  {fprav

©

/7ch =

When the outlet product is cooled to ambient temperature, the released sensible heat,
Qse, can be indicated as

300K
Qse - Z/T Fi,outcp,idT (33)
i s

According to the above definition, we can observe that the system energy loss Qy, can
be expressed as

Qo = Qso — Qch — Qse (34)

Table 2. Chemical reaction kinetic parameters.

Parameter Values Parameter Value
kq 1.29 x 106e—102,065/(RT) Kco,1 2.61 x 10~2e*37,641/(RT)
ka 0.35 x 100 ~81:030/(RT) Kcp, 1 260 x 10~2e+40,684/(RT)
ks 6.95 x 103 ~58893/(RT) Kco,2 0.5771a+9262/(RT)
Kp, 6.78 x 1014e~259,660/(RD) K, 0 1.494¢+6025/(RT)
K, 56.4971e 3680/ (RT) Ken, 3 0.21e~567/(RT)
Kp, 2.98 x 10°e~84400/(RT) K, 3 518 x 107e—133210/(RT)

2.3. Optimization Method for Solar Flux and Absorptivity

The hydrogen yield, Yy,, was considered to be an important performance parameter
indicator. In the optimization process, the highest hydrogen yield production was obtained
by optimizing the solar flux distribution in the cavity, and it was taken as the objective
function. For solar flux distribution, it was described by the Bezier curve, which is widely
used in scenarios such as shape-optimized design [43,44] and robot motion control [45,46].
In addition, the curve was very suitable for the gradient optimization algorithm in this
study due to its high order derivability. All optimization-related processes are shown in
Figure 3. In the first stage, the gradient optimization algorithm searches for the optimal
radiation flux distribution mathematically described by the 5th-order Bernstein basis
function around the objective of maximizing the hydrogen yield. In the second stage, the
objective is to minimize the difference between the true flux distribution and the optimal
radiation flux distribution are which mathematically described by least squares. The cavity
wall absorbance was varied to achieve the optimal flux distribution in the joint simulation
of MATLAB and COMSOL.
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Figure 3. Overall simulation and optimization flow chart.

The interior point optimizer (IPOPT) in the COMSOL software was used in this
study to find the optimal solar flux distribution. Based on the full-space in-point method,
IPOPT can efficiently solve large-scale nonlinear optimization problems while maintaining
excellent convergence characteristics, the suitability of which will be demonstrated later [47].
In this study, considering the amount of computation and the accuracy of the mathematical
description, the 5th-order Bernstein basis function was used to describe the flux distribution,
which is expressed as

5 5k

qsun(z) = QA}O]{ZO Ck(%)k(l - %) (35)

where Qy, is the total incident solar energy, A is the cavity surface area, and Cj is the control
point of the curve. Two constraints are considered in this study: a solar heat flux greater
than or equal to 0, and a fixed total incident solar energy, as shown in Equation (36).

Objective function : max(Yy, )
st: gsun(z) >0 (36)
f gsun(2)dA = Qto

After solving the optimal radiation flux distribution, the cavity wall was divided into
10 zones at a radial spacing of 0.0017 m. Additionally, the optimal solar radiation flux
distribution was obtained from the optical model by optimizing the wall absorptivity. This
part of the optimization was implemented in a joint MTLAB and COMSOL simulation by
means of the genetic algorithm. The optimal solar radiation flux distribution obtained from
the IPOPT solution was imported into MATLAB. Then, the least square objective (Is) of
the optimal solar radiation flux distribution (gop) and the real radiation distribution (gre)
generated by changing the wall absorptivity was set in MATLAB, which can be expressed
as below:
[qre(rx) — ‘70p(7’k)]2

n

Is =Yk (37)

The solar absorptivity values, o ~0otg, of each zone are optimized by the genetic
algorithm. Therefore, the problem of optimizing the absorptivities of the cavity walls by
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means of the genetic algorithm to achieve the optimal solar radiation flux can be described
as follows:

Find X = [aq,ap-- -+ a10)

2
Minimize Is = Y}, [qfe(rk)*n%p(rk)] (38)
s.t.0<ap,ap------ ayp <1

In the genetic algorithm optimization constraint, the absorptivity of the cavity walls
for solar radiation is considered to be always greater than 0 and less than 1.

3. Model Validation

In this study, the optical model of a dish concentrator system (3D) was implemented
in the ray optics module of commercial software COMSOL, which was solved by a non-
sequential ray tracing method, and the GMRES solver is used to solve this module [48].
Additionally, the finite element method was used to solve this multiphysics computational
fluid dynamics model of the thermochemical reactor (2D) in a fully coupled manner. The
PARDISO solver in the COMSOL software was chosen to solve this part [49]. Then, the
grid independence test showed that 108,000 cells met the requirement of a 10> relative
error. Additionally, in this study, the optical model of the dish concentrator was validated,
and the relevant results were compared with the date in ref. [50]. As shown in Figure 4a,
the solar radiation distributions on the receiving surface were well-matched for all three
deflection angles (30°, 45°, and 60°). The results of the methane dry reforming kinetic
model calculations were compared with those of the experimental study [51]. As shown in
Figure 4b, the absolute error did not exceed 5.5% in the conversions of CH4 and CO,, so
the kinetic model of this study can be considered feasible and accurate.

nglo)()() L The result %n this study: — 30°——45°—60° (b) 7 7]C“‘,This StudyNNN 7]C“‘,Expcrimcntal results in Benguerba et al. 2015
The result in Lee et al. 2014:~ - 30°- — 45°- - 60° 100 -7//A q(.oz,This studySN\\\ n(.OZ,Experimemal results in Benguerba et\al. 2015

20,000 //Q /Z§

- A A
g & } N NN
? 15,000 % - Maximum absolute /%§ Z§ ZV§
% '% 60 error: 5.5% Z§ Z§%§ Zv§
= 10,000 |- z R N /§%\ %\%\
N B AN AN
g S wl R NN NN AN
2 S 40 N« 2N AN AN
m 11

5,000 -
’ N « AN 29N 2NN 20N
2N 2N 20N AN 2N
N 20N 29N AN 2N
2NN 29N AN AN AN
I O\ 2NN 2NN 20N 720N
'L A N\ W\
0.00 0.04 0.06 0.08 0.10 0.12 450 500 550 600 650
7 (m) Temperature(°C)

Figure 4. Verifications of (a) optical model of dish concentrator, (b) and of chemical reaction [50,51].

4. Results and Discussion
4.1. Analysis of Optimization Results and Comprehensive Performance of Cases
4.1.1. Optimal Flux Distribution Optimization Results

Before solving the optimal flux distribution, it is necessary to know the value of total
incident solar energy (Qto) that is concentrated and reflected into the cavity by the dish
concentrator. With a constant parabolic radius of the dish concentrator (1.2 m), it can be
assumed that the energy received by the concentrator is unchanged. The effect of different
cavity absorptivities of solar radiation and the effect of the dish concentrator rim angle on
Qi were studied and analyzed, the results of which are shown in Figure 5a. Firstly, the
total incident solar energy increased as the absorptivities of the cavity walls increased, and
a high absorptivity always helps to reduce the reflective losses of solar radiation. When
the absorptivity was less than or equal to 0.6, the rim angle showed an opposite increasing
trend to the total incident solar energy. Therefore, when the absorptivity is small, the small
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rim angle is more conducive to obtain higher total incident solar energy for the cavity. In
addition, when the absorptivity was larger than or equal to 0.8, the maximum total incident
solar energy was achieved at a rim angle of 45°, followed by a deflection angle of 30°, and
the minimum energy was obtained at a rim angle of 65°. The maximum total incident
solar energy was 1031.8 W at an absorptivity of 1 and a rim angle of 45°. Considering the
actual case where the cavity wall material was silicon carbide, a deflection angle of 45°
and an absorptivity of 0.92 was used as the original case (Qi, = 1031.7 W) for analysis and
comparison. Qi = 1031.7 W was used as the total incident solar energy in the gradient
optimization algorithm IPOPT solution.
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Figure 5. (a) Effect of rim angle and absorptivity on total incident solar energy, and (b) comparison
of two flux distributions.

Combined with the gradient optimization algorithm, the optimal solar flux distribution
was obtained at the reactant inlet volume flow rate of 10 L-min~!. The optimization
tolerance in the optimization solver was set to 0.0001, and the results converged after
158 iterations, which took almost 34 h. The optimization calculation results are shown
in Figure 5b. The Bernstein polynomial control variable search results are Cy = —0.562,
C1 = —16.691, C = 67.655, C3 = —4.534, C4 = —5.258, and C5 = —0.997. In the original flux
distribution (OR-flux) case, the solar radiation was concentrated at the radius of 0.013 m
near the front face, with the maximum radiation heat flux of approximately 600 kW-m~2.
Additionally, at the end of the reaction area, almost no solar energy reached the cavity
wall. The peak optimal flux distribution (OP-flux) was about 550 kW-m~2, which is slightly
lower compared to the original distribution. The solar radiation was mainly concentrated at



Energies 2023, 16, 2781

12 of 21

r = 0.008 m. The results of the gradient optimization solution indicate the inward migration
of the concentrated solar radiation, which is favorable for hydrogen production.

The result of the comprehensive comparative performance analysis of the two flux
distributions is shown in Figure 6a. As shown in the graph, the optimal flux distribution as
an optimization target had a 4.00% increase in hydrogen yield compared to the original
flux distribution. Additionally, an unexpected increase in reactant conversion and chemical
energy storage efficiency was also observed. The optimal flux distribution increased CHy
conversion and CO, conversion by 5.36% and 5.77%, respectively, compared to the original
flux distribution. One thing that can be noticed is that the increase in reactant conversion
was somewhat higher than the hydrogen yield. The increase of methane conversion means
that more of reaction (1) and reaction (3) took place. However, the hydrogen yield did not
increase to the corresponding percentage, which means that reaction (2), which consumes
hydrogen in under an optimal flux distribution, proceeded more strongly. The increase
in the mass fraction of water at the outlet confirms this idea, as shown in Figure 6a, with
an increase of 1.09% under the optimal flux distribution. It is also known that the carbon
monoxide mass fraction increases by 3.22% at the optimal flux distribution, which means
that more carbon dioxide is converted by the reduction reaction.
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Figure 6. (a) Comprehensive performance and (b) energy utilization comparison at two solar fluxes.

Energy utilization under the two flux distributions was also analyzed and compared
in this study, as shown in Figure 6b. Chemical energy storage had the largest share of total
energy at 53.39% in the original flux distribution and further increased to 55.58% in the
optimal flux distribution, an increase of 2.19%. In addition, the share of exported sensible
heat increased from 20.34% to 23.28%, which means that more of the sensible heat energy
could be utilized. The increase in chemical energy storage and sensible heat energy can be
attributed to the decrease in energy loss, which decreased by 5.12% from 26.25% to 21.13%.
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4.1.2. Analysis of Solid-Liquid Phase Temperature Field Distribution

The distribution of solar flux is directly related to the temperature field of the ther-
mochemical reactor, which affects the thermochemical conversion process in the reactor,
and therefore it is necessary to analyze and study. As shown in Figure 7a, under the
original flux distribution, the high temperature region was found at the front end close to
the cavity wall due to the solar radiation concentrated at the front of cavity. Additionally,
the maximum solid phase temperature was 1377 K. Additionally, the high temperatures
in the front section area mean large radiation heat loss. As shown in Figure 7b, affected
by the temperature of the solid phase, although the temperature of the fluid phase in the
first half of the reaction area was high, the temperature was low in the second half, even
less than 1060 K in under the original flux distribution. Therefore, it is known that the
reactor’s inability to obtain enough energy for the second half resulted in a decrease in
fluid temperature.

() solid phase temperature [K] (b)Fluid phase temperature [K]
x10° T T, < 10°

1060
5 \
1060 Toso
| |
1096
) 5\ i
0,
—
Maximun:| 1377
™ ) 0
Original solar flux Optimal solar flux s ol i Optimal solar flux

Figure 7. Temperature distributions in two cases: (a) solid phase, and (b) fluid phase.

For the optimal flux distribution, as most of the solar radiation was concentrated
at r = 0.008 m, the high temperature region was displaced backwards compared to the
original flux distribution. The maximum solid phase temperature was 1463 K, an increase
of 86 K compared to the original flux distribution, and the entire solid phase area was
almost always higher than 1060 K. Due to the heat exchange with the solid phase, the fluid
temperature distribution was very similar to the solid phase temperature distribution. As
shown in Figure 7b, for the original distribution, although the gas phase temperature in the
reaction area was still acceptable in the front section where the solar radiation accumulates,
the temperature remained mostly below 1060 K in the rear reaction area. Under the optimal
flux distribution, the gas temperature was almost always greater than 1060 K throughout
the reaction region. However, the gas phase temperature was less than 1060 K in a small
part of the inlet area, which may have been caused by the chemical reaction’s energy
consumption and insufficient energy supply. This may mean that the chemical reaction’s
performance under the optimal flux distribution is not as good as it is under the original
flux distribution at this area.

4.1.3. Comparison and Analysis of Hydrogen Production

In order to explore the changes in the hydrogen production rate and fluid temperature,
the average parameter values on the axial cross-section were used for analysis in this
study. In the solution of gradient optimization algorithms, the hydrogen production is used
as the only optimization objective. Therefore, it was necessary to analyze the hydrogen
production rate and the hydrogen mass flow rate, as shown in Figure 8.
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Figure 8. Comparison and analysis of the hydrogen production rate, hydrogen mass flow, and
fluid temperature.

The trend in fluid temperature was the same for both flux distributions. The tempera-
ture of the fluid rose from the inlet due to a continuous supply of solar energy, and then
gradually decreased because of the energy consumed by the chemical reaction. Addition-
ally, when z was greater than 0.03 m, the optimal flux distribution corresponded to a higher
fluid temperature than in the original case. Conversely, the fluid temperature under the
optimal flux distribution was lower than the original flux distribution when z was less than
0.03 m, as shown in Figure 8.

Temperature distribution has a very close relationship with the rate of hydrogen
production. The lower the reaction temperature, the smaller the hydrogen production rate
in this study, as shown in Figure 8. Therefore, when z was larger than 0.03 m, the hydrogen
production rate corresponding to the original flux distribution was the smallest, while the
hydrogen production rate corresponding to the optimal solar flux distribution was the
largest. When z was less than 0.03 m, the hydrogen production rate under the original flux
distribution was larger than under the optimal flux distribution.

However, high hydrogen production rates do not necessarily mean high hydrogen
yields, and the impact of the reaction volume on hydrogen production can be significant.
Therefore, the hydrogen mass flow rate at the cross section was also analyzed and compared
in this study. It is worth noting that the difference between the hydrogen mass flow rate of
the original flux distribution and that of the optimal flux distribution increased gradually
until z = 0.03 m, reaching the maximum around z = 0.03 m, as shown in Figure 8. After
that, the gap of the hydrogen mass flow rate between the two gradually decreased, and
the hydrogen mass flow rate under the optimal flux distribution became gradually higher
than it did in the original case (z > 0.06 m), which benefited from the large volume of the
reaction zone in the rear region.

4.1.4. Performance Comparison under Different Inlet Volume Flow Rates

It is also necessary to analyze the performance of the original flux distribution com-
pared to the optimal flux distribution for different inlet volume flow conditions. As shown
in Figure 9, under the optimized working condition of the inlet volume flow of 10 L-min~!,
the hydrogen yield increased by 4.00%, while when vy, = 12 L-min~! and 14 L-min~!, the

hydrogen yield increased even more, by 5.11% and 4.92%, respectively. In addition, at
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Uin = 8 L-min !, the hydrogen production also increased by 0.13%. This means that the
optimal flux distribution could feed more energy into the chemical reaction when the
energy supply was not sufficient. Additionally, the optimal flux distribution of the methane
conversion and carbon dioxide conversion increased by 2.44~5.79% and 4.32~6.61% at
in = 8~10 L-min !, respectively. The optimal flux distribution obtained by the gradient op-
timization for a single operating condition showed a significant performance improvement
from that under the original flux distribution for all four operating conditions.
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Figure 9. Performance comparison at different inlet volume flows for the optimal solar flux.

4.2. Achievement of Optimal Solar Flux Distribution

In order to achieve an optimal solar flux distribution with the aim of maximizing
hydrogen production, the method of optimizing the absorptivity of solar radiation of the
cavity walls was used. Firstly, it was important to ensure that the total incident solar energy
is not lost too much before achieving the goal of optimal flux distribution. Then, from
Figure 5a, it can be seen that for the rim angle of 30°, the change in wall absorptivity had
the least effect on the total incident solar energy. Therefore, the dish concentrator of the 30°
rim angle was used in this part of the optimization study to minimize the solar energy loss
due to the change in absorptivity.

Genetic algorithms are algorithms that simulate natural biological evolutionary mech-
anisms and are used to find the optimal solution to real world problems. They consist of
three basic processes: selection, crossover, and mutation. In the selection step, the winning
dominant individual is selected and passed on to the next generation, which is based
on assessing the individual’s fitness function. In the crossover step, selected individuals
exchange portions of genes in random patterns based on crossover scores. In the mutation
step, whether each individual changes is based on the mutation probability. Then, one or
several genes of the mutant individual are selected to change in a random pattern. The
optimization process includes the above three genetic operators. The calculation of genetic
optimization converges to the optimal solution when the fitness of the optimal individual is
equal to the fitness of the population and remains constant. In this study, the optimization
process was terminated by the maximum number of generations. The crossover fraction,
mutation rate, and population size were set to 0.8, 0.05, and 100. The maximum generation
was set to 20.

As shown in Figure 10a, after the number of generations was greater than 13, the
difference between the mean fitness value of the population and the best individual fitness
value were not significant, and the results could be considered to have basically reached
convergence. At the end of the 20th generation, the average fitness value of the popu-
lation was 7.68 x 109, while the optimal individual fitness value was 6.58 x 109, with
the difference of only 1.1 x 109. The results which took almost 219 h to obtain can be
considered reliable. The results of the optimization of the absorptivity of solar radiation of
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the cavity surface are a; = 0.97, ap = 0.99, a3 = 0.99, ag = 0.85, a5 = 0.75, ag = 0.65, ay = 0.56,
ng = 0.48, ag = 0.38, and w19 = 0.36. The real flux distribution (RE-flux) achieved by varying
the absorptivity is shown in Figure 10b, where a good fit to the optimal flux distribution
can be seen over the entire cavity wall. When the rim angle was 30° and the absorptivity
was 0.92, the solar flux was mainly concentrated around r = 0.012 m. By setting a lower
absorptivity at r larger than 0.012 m, more light was reflected into the cavity and absorbed,
thus achieving the optimal flux distribution. Another point to note is that, in the genetic
algorithm optimization of absorptivity to achieve the optimal flux distribution, the total
incident solar energy was 1023.8 W, which is only 0.69% lower than the 1031 W set in the
optimal flux finding process, and can be considered as an achievement of the optimal flux
distribution without energy loss.
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Figure 10. (a) Genetic algorithm optimization iteration and (b) achievement of optimal solar flux and
optimization results of cavity wall absorptivity.

In this study, the comprehensive performance of the real solar flux distribution
achieved by changing the wall absorption rate was compared with other cases under
different inlet volume flow rates, as shown in Figure 11. The results show that the hydrogen
yield under the real flux distribution decreased slightly compared to the optimal flux distri-
bution, but was still higher than the original solar flux, with a 0.10~3.90% improvement
under the four inlet flow conditions. In addition, the methane conversion at the real flux
distribution also decreased slightly compared to the optimal flux distribution, but still
increased by 2.13~4.85% compared to the original flux distribution. This was due to the
loss of total incident solar energy and the difference between the real flux distribution and
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the optimal flux distribution. For the real flux distribution achieved, the increase in carbon
dioxide conversion was the largest, with an increase of 3.97~5.78% at vj, = 8~10 L-min~!
compared to the original flux distribution, even if it was somewhat lower than the optimal
flux distribution.
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Figure 11. Performance comparison at different inlet volume flows for the real flux distribution
achieved by varying the absorptivity.

5. Conclusions

In this study, a numerical model of a preheated cavity solar thermochemical reactor-
dish methane dry reformer was constructed based on previous research. The optimal solar
radiation heat flux distribution described by the 5th-order Bernstein polynomial was solved
with a constant value of total incident solar energy and a hydrogen production rate as the
optimization objective by combining it with the gradient optimization algorithm.

The comprehensive performances of the two solar flux distributions were compared
and analyzed. In addition, the absorptivity of the solar-absorbing coating on the cavity
wall was optimized by using the genetic algorithm in an attempt to achieve the optimal
solar radiation flux distribution. The salient findings are as follows:

(1) Taking 1031.7 W as the total incident solar energy, the gradient optimization
algorithm performed 158 iterations to obtain the optimal solar flux distribution. The
Bernstein polynomial control variables solved by IPOPT are Cy = —0.562, C; = —16.691,
Cy = 67.655, C3 = —4.534, C4 = —5.258, and C5 = —0.997. The main energy of the optimal
solar flux distribution was concentrated deep in the cavity, which greatly reduced the loss
of heat radiation and resulted in more efficient energy use.

(2) Under the optimal solar flux, the hydrogen production rate increased by 0.13~5.10%,
the energy storage efficiency increased by 1.09~5.55%, and the methane conversion rate
increased by 2.43~6.01% for the inlet volume flow rate of 8~14 L-min~—! compared to the
original flux distribution.

(3) The absorptivity of the ten-segment cavity wall for solar radiation was optimized
by the genetic algorithm, and the optimal solar flux distribution was roughly achieved,
while the energy loss was only 0.6%. Although the performance of the real flux distribution
was not as good as that of the optimal flux distribution, it was also much better than the
original flux distribution.

There are also some shortcomings of this study. The optimal flux distribution obtained
does not seem to be the final ideal flux distribution, as it is only for one hydrogen produc-
tion target. In subsequent studies, different performance evaluation indicators, such as
conversion rate, carbon deposition, etc., can be taken into account to find the most suitable
flux distribution. The aim of this study is to provide a research idea for an integrated
solar-thermal-chemical design. Furthermore, the optimal flux distribution found in this
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study was achieved by the adjustment of wall absorption rate, which also places high
demands on the coating materials.
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Nomenclature

Cp specific heat (]-kg*1 KD

dp aperture size (m)

Dij binary diffusivity coefficient (m?-s~1)

Fi mass flow of the species i (kg-s_l)

ho local volumetric heat transfer coefficient (W-m—3.K~1)
AH enthalpy change of the reaction (kJ-mol~!)
I radiation intensity (MW-m~2.sr—1)

k reaction rate constant

K adsorption constant

Kp equilibrium constant for reaction

L length of reactor (m)

mi mole fraction of species i

M mole weight (kg-mol ')

p pressure (Pa)

Pi partial pressure of species i (bar)

q energy flux (MW-m~2)

Q energy (W)

R universal gas constant (J-mol~1.K~1)

ri chemical reaction rate of the i-th reaction (mol-m~3-s71)
TH, hydrogen production rate (mol-m—3.s71)
T temperature (K)

— .

u velocity vector (m-s—1)

Yh, hydrogen yield

z axial coordinate (m)

Greeks

« absorptivity

€ emissivity

1 energy efficiency or reactant conversion

Ke extinction coefficient of porous media (m~1)
A thermal conductivity (W-m~LK™1)

U dynamic viscosity (Pa-s)

P density (kg-m~3)

o Stefan-Boltzmann constant (W-m~2.K~%)
T reflectivity

@ porosity

w mass fraction

« absorptivity

Superscripts and subscripts
a actual value
ch chemical storage energy
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cat catalyst

eff effective value

f fluid

ij species (CHy, H,O, Hy, CO, COy)
in inlet

max maximum value

out outlet

SO solar energy

s solid

se sensible thermal energy
Abbreviations

DRM dry reforming of methane
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