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Abstract: Solar thermochemical reactor, which can produce solar fuel at low cost, suffers
discontinuous low-efficiency performance due to solar radiation fluctuation caused by cloud passage.
To achieve highly efficient steady and dynamic performance of solar chemical reactor with less
catalyst, in this study, catalytic activity is adjusted by diluting catalyst with encapsulated phase change
material. At first, two-dimensional model of solar parabolic trough receiver reactors diluted with
encapsulated phase change material is established and validated. Then, effect of catalytic activity on
performance of reactor is discussed. Afterwards, one-dimensional model is derived from
two-dimensional model to train Back Propagation neural network for quick and precise performance
prediction of reactor. Finally, optimal catalytic distribution is obtained by genetic algorithm and Back
Propagation neural network, and steady and unsteady performance of reactor between uniform and
optimal catalytic distribution are compared. The results show that when catalytic activity decreases
from 1.0 to 0.2, steady methanol conversion efficiency and production rate of H, are reduced by 8.4 %
and 9.9 %, and reactor shows more stability under unsteady condition of solar radiation.
One-dimensional model derived in present study is accurate enough and time-saving compared to
two-dimensional model. And compared to reactor fully packed with catalyst, reactor with optimal
catalytic distribution can achieve similar steady performance with 56 % less of catalyst, but shows

better stability under the fluctuation of solar radiation.
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1. Introduction

Solar energy has increasingly been considered as a promising resource to energy crisis and global
environmental problem[1]. Solar thermochemical reaction which can produce solar fuel, such as
hydrogen or syngas, has attracted lots of attention due to its high efficiency, low cost and no
pollution[2]. In solar thermochemical reaction, solar energy is concentrated to provide heat for
chemical reactor and stored in solar fuels which can be further converted to electricity by fuel cell, gas
turbine or internal combustion engine[3]. According to the operational temperature of chemical
process, solar thermochemical reactions can be roughly sorted into two groups[4]: high temperature
process and middle-and-low temperature process

Usually, high temperature solar thermochemical reactions operates above 800 °C/4], such as H,O
and CO; splitting[5], methane reforming[6] and biomass gasification[7]. Chuayboonab and Abanades
et al. [6] experimentally investigated the solar-driven methane and H,O/CO, splitting in the
temperature range of 950-1050 °C and the ceria cycling stability was also examined. They found that
the highest solar-to-fuel conversion efficiency can reach 5.22 %. High operation temperature may lead
to the decrease of system’s thermal efficiency due to heat loss and optical loss, and also raise the
technical difficulties for the design, fabricating and operation of such high temperature system[§8],
especially in large-scale commercial applications. Different from the high temperature chemical
process, middle-and-low solar thermochemical reactions are often operated within 150-500 °(9],
which shows great potential for real applications. One of the promising middle-and-low
thermochemical reactions for hydrogen is methanol steam reforming reactions because of its
advantages that methanol can be producible from biomass, stays in liquid state for easy transportation
and manipulation, and has high H/C ratio[10]. For example, Liu and Jin et al. [11] experimentally
tested a 5-kW solar thermochemical reactor for methanol steam reforming heated between 150-300 °C

and their experimental results showed that methanol conversion efficiency can be higher than 90%
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and thermal-chemical conversion efficiency was in the range of 30-50 %, which is competitive with
high-temperature solar thermochemical reactions.

However, weather transients cause a large challenge to the life span and safe operation of solar
power plants[12]. Suffered by solar radiation variation caused by cloud transients, the solar
thermochemical reactor may endure the large temperature fluctuation, which can reduce the chemical
conversion efficiency [12], deactivation of catalyst [13] and even lead to the sudden shut down of
system [14]. Strategies have been explored to alleviate the adverse effect of solar radiation fluctuation,
which can be divided into two types: active controlling strategy and passive thermal management. In
active controlling strategy, the heliostats[ 15], flow rate of reactants[16] or additional equipment, such
as electric heater[12], are often regulated to maintain the continuous high-performance operation of
solar chemical reactor. For example, Rowe and Weimer et al.[12] employed feedback and predictive
linear models controllers to regulate the solar-electric reactor for the production of syngas at 925 °C
through the gasification of carbon under the cloud transient. They concluded that the controlling
accuracy of model predictive control is more precise than that of feedback control. Meanwhile, it
should be noted that the controlling performance of active controlling strategy is highly affected by
the accuracy of solar radiation forecast, which is hard to be predicted precisely[17]. Moreover, the
temperature detector may not be distributed uniformly or small sufficiently to detect micro-size hot or
cold spot[18]. Also, controlling robustness and accuracy are difficult to be guaranteed in the control
process of solar chemical reactor[12].

Another efficient way to maintain the continuous performance of solar chemical reactor is
passive thermal management with phase change material (PCM), which can absorb/release large
amount of latent heat at constant temperature during the phase transition. So far, PCM has widely
applied in the thermal management of battery system to avoid the sudden uprising of temperature [19]
and heat storage for the continuous operation of solar power plant[20]. Huang and Cheng et al[21]
applied form-stable composite PCM in the thermal management of Li-ion battery pack experimentally.
Their experimental results showed the battery temperature drops by 18 °C at 10 C discharge rate with
flexible form-stable composite PCM, and Li-ion battery can safely work for an extended time within

the upper temperature limit. Meanwhile, there are few studies on the application of PCM in the
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thermal management of solar thermochemical reactors. Pattison and Baldea et al. [22] confined PCM
in layer between the plates of reactor for auto-thermal methane-steam reforming reactor to avoid the
unpredictable temperature excursion and that structure showed excellent disturbance rejection
performance with hierarchical control structure. To mitigate the adverse effects of solar radiation
fluctuations, Hatamachi and Gokon et al. [23, 24] applied PCM in the tubular solar chemical reactor
for CO; reforming of methane (operated over 700 °C), and bulk PCM is packed into shell side to form
“double-wall” reactor. In their experiments, Na,COj; is employed as phase change material and their
experimental results demonstrated that the proposed “double-wall” reactor can realize stable operation
when insulation fluctuates caused by cloud passage. Furthermore, to improve the heat transfer rate[25]
of PCM which is often limited by its low conductivity, in the study of Su et al. [26], instead of in bulk
state, phase change material is encapsulated by silica, called encapsulated phase change material
(EPCM), and is mixed with catalyst to quench the local hot spots induced by non-uniform packing of
catalyst and abrupt change of reaction rate. Their results showed that the EPCM can quenching the
local hot point at initial stage and prevent thermal runaway. O. Odunsi et al. [18, 27] investigated
temperature stability of Fischer Tropsch reactor in which catalyst is diluted with EPCM (Sn@Si0,)
homogeneously. Their results showed that better selectivity of long chain hydrocarbons (Cs;) to CHy
can be achieved by mixing EPCM with catalyst. On the other hand, some researchers [28] try to
improve the steady performance of exothermic reactor by adjust catalytic activity distribution through
diluting catalyst by solid inertia particles. Lee and Varma et al.[29, 30] confirmed that the overall
conversion of chemical reactor can be improved with proper distribution of catalytic material through
experiments. Nie and Witt et al. [30] optimized the graded reactor activity profile for exothermic
reaction to balance the heat generation by reaction with heat removal capacity and potentially improve
chemical performance. Their results showed that compared with uniform distribution of catalytic
activity, the 2-part optimized activity profile can improve the production rate by 26 %. It also should
be noted that poor optimized activity profile can lead to thermal runaway even with catalyst
dilution[28].

The literature review above indicates EPCM can well prevent the thermal runaway of exothermic

reactor in chemical plants. However, the solar chemical reactor, which is different from the
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exothermic reactor, is heated by solar energy and faces the fluctuation of solar radiation cause by
weather transients. The potential of mix catalyst with EPCM to alleviate the adverse effect of solar
radiation fluctuation is rarely investigated. On the other hand, as concluded from above discussion,
that non-uniform distribution of catalytic activity has potential to improve the steady performance
(such as such as conversion efficiency and production selectivity) of thermochemical reactor.
However, in most of these studies, catalyst is diluted with solid particle, instead of EPCM. The steady
and unsteady performances of solar thermochemical reactor with non-uniform distribution of catalytic
activity, in which catalyst is diluted with EPCM, are still unknown. What’s more, the optimal catalytic
activity distribution of solar thermochemical reactor for methanol steam reforming needs to be further
explored.

The overall objective of this paper is to alleviate the adverse effect of solar radiation fluctuation
on solar thermochemical reactor with encapsulated phase change material. Specific objectives are to
explore the steady and dynamic behavior of solar thermochemical reactor diluted with encapsulated
phase change material, and then optimize the distribution of catalytic activity in solar reactor. To
achieve these goals, in this paper, at first, a two-dimensional dynamic model is established and
validated with experimental data. Then, thermal and chemical performance of solar thermochemical
reactor uniformly diluted with EPCM under steady and unsteady conditions of solar radiation are
comprehensively analyzed. Afterwards, to better utilize the catalyst in chemical reactor, effect of
non-uniform distribution of catalytic activity on steady-state chemical performance of solar chemical
reactor is analyzed. Furthermore, for the high-accuracy and time-saving prediction of the chemical
performance for solar thermochemical reactor, a one-dimensional model which is simplified from
two-dimensional model with reasonable assumptions is used to train the Back Propagation neural
network. Finally, the catalytic activity distribution of catalyst in solar chemical reactor is optimized by
genetic algorithm and Back Propagation neural network, and steady and dynamic behaviors of solar
chemical reactor with uniform and optimal catalytic activity distribution are comprehensively

compared.
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2. Model

2.1 Physical model

Fig. 1 illustrates the structure of solar parabolic trough receiver reactor (SPTRR) filled with
mixture bed of catalyst and encapsulated phase change material (EPCM). As shown in Fig. 1, the
SPTRR consists of receiver tube, catalyst and EPCM. In present paper, the LS2 solar parabolic trough
receiver [31] is employed to concentrate solar radiation and generate heat for the chemical reaction.
The catalyst used for methanol steam reforming reaction is Cu/ZnO/Al,O3 [32] and is diluted with
encapsulated phase change material (EPCM) of Sn@SiO;[26], in which Sn is core material serving as
phase change material and SiO; is the shell material with good inert[18]. Thermophysical properties
of catalyst and EPCM are listed in Table 1. The outer and inner diameter of receiver tube are 0.07 and
0.066 m, respectively, and the length is 5 m[31]. The tube is made of stainless steel 310S. The density,

specific heat and thermal conductivity of 310S respectively is 8 g-em™, 500 J-kg'-K' and 14.2

W-m™'K™!,
N Glassenyelap T Shell: Si0, Core: Sn
Outlet
Receiver tube | TSN T o T Wl Mixture bed of catalyst and EPCM
Fig. 1 Schematic diagrams of SPTRR diluted with EPCM
Table 1 Thermo-physical properties of catalyst and EPCM
Property Value Property Value
Catalyst[33] EPCM (Sn @ SiO,)[18]
P, [kgrm’ 1300 Perey kg 7184
¢y T kg K 542 ¢, peo kg K 244
A, /W-m-K! 20 Ay pren! Wom K 67
E and Eppey 0.4 T/ K 505
AT, /K 2
Lepen/ T-kg™! 60500

In chemical reactor, reactants (methanol and steam both in vapor state) flow through reactor tube,

6
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heated by solar radiation, undergoes chemical reaction on the surface of catalyst and are converted to
hydrogen, carbon dioxide and carbon monoxide.

The concentrated solar radiation is non-uniformly distributed on the surface of reactor tube, but
its effect on solar chemical reactor is negligible, which is indicated in ref. [34]. Meanwhile, some
methods can be employed to largely improve the uniformity of solar radiation on reactor tube, such
as[35] adding secondary reflector[36], variable focus parabolic trough[37], distribution optimization
of solar absorption in receiver[38] and optimization of aiming strategy[39]. Herein, it is reasonable to
assume that solar radiation is uniformly distributed on the surface of solar chemical reactor tube.
Besides, some other assumptions are made to establish computational model as follows.

(1) The inlet mass flow rate and temperature of reactants (methanol and steam) are constant.

(2) The reactants (methanol and steam) and reaction productions (hydrogen, carbon dioxide and
carbon monoxide) can be treated as ideal gas[33].

(3) Catalyst and EPCM are in same size[30], and the mixture of catalyst and EPCM bed is treated
as isotropic porous media.

(4) The fluid phase and solid phase in chemical reactor are in local thermal equilibrium|[18].

Using catalytic activity o, the volume ratio fgpcm 0of EPCM to mixture can be calculated[27] by:
I EPCM — l-o (1)
where, o is the catalyst activity.

Thus, thermo-physical properties of the mixture of catalyst EPCM can be calculated by following

Equations [18, 27]:

pmix = O_pcat+(1_o-)pEPCM (2)
O = P Ot —Preeew__ Opem (3)
Peat T Prpem Peat T Prepem

where 6 represents the thermal conductivity and specific heat of the mixture bed.

2.2 Governing equation
The computational domain contains two parts: mixture bed of catalyst and EPCM and reactor
tube, which is illustrated in Fig. 2. Because SPTRR is axial symmetry, two-dimensional model is

7
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employed. Governing equations of each part are displayed as follows.

Receiver tube Heat flux

L 80000000008004000080000800308
~

Porous mixture bed of catalyst and EPCM

Axis of symmetry

Fig. 2 Computational domain of SPTRR in which the catalyst is mixed with EPCM
2.2.1 The porous mixture bed of catalyst and EPCM:

Governing equations of the porous mixture bed include continuity equation, momentum equation,
specie equation and energy conversation equation, which can be expressed as follows.

The continuity equation:

a(‘E‘mix/))

V(e oi)=0 4
at + (gll’llxpu) ( )

where ¢, represents the porosity of the porous mixture bed.

The momentum equation:

a(‘:c"mixpl’_i) +

ou; =
81 v.(‘g‘mixpl’_h’_[):_gmixvp_’_v'|:€mix (/th_'_ll’l)(%_'_iJ_z mix (/th_'_ll’l)é‘ljv.l7 +Si (5)
X .

Oox 3

J i
where u, and u are, respectively, the turbulent and dynamic viscosity of flow fluid, S; represents

momentum source term. The dynamic viscosity x can be obtained in Ref. [40]. The source term of
momentum equation can be can be found in Ref. [33].

The species conservation equation for each specie i can be depicted as:

—a(gf”i)+v.(pﬁmi)=V-{(po,i+:—‘ij,}+1€- ©
t

where m; and D,,;, respectively, are mass fraction and mass diffusion coefficient of specie i, Sc;

represents Schmidt number, which is set to be 0.7[31] in present study. Y, is the source term for

chemical reaction of specie i and its expression can be found in our prior work|[41].
Reactions occurring in the porous mixture bed of catalyst and EPCM bed mainly contains 3
different chemical processes: methanol steam reforming reaction (MSR), methanol decomposition

reaction (MDR), and water—gas shift reaction (WSR), which are expressed as follows:
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CH,0OH +H,0——=CO0,+3H, (7)
CH,OH——=CO+2H, (8)
CO+H,0——=CO0,+H, 9)

The comprehensive chemical kinetic model of methanol steam reforming model proposed by

Peppley et al[32] is employed in this paper, which are shown in Eq. (10) - (12).

3
O-kRKCH3o(1) pCH3OH (1_ szpcoz ]C C S

12 S1aPyg
K
R, - P, R Pcu,on Pu,o (10)
p p
1+ KCH3O CHl/SH + KHcoopcoz pél/2 KOH Hl/;) (1 + Kl/z szz )
Pus " D,
2
P Pu, Pco
GkDKcﬁsom CHSZOH [1 - K » ]C CszaSg
R, = H, pPcu,on (11

Pcuon Pu,o V2 12
1+ Ko 7 T Kou, —5 [\1+ Ky, Pu
3M(2) 2) (2) 2
Pu2 p

2

O-kWKOH(l) PcoPeuson (l _ Ksz Pco, ]Cszng

12
H, wPcoPu,o

Ry = > (12)
Pcn,on Pu,0
(1 + KCH3O p1/2 + KHCOOpC02 pgzz KOH(,) p1/2 ]

H2 H,

where o represents the catalytic activity of the porous mixture ranging from 0 to 1, Rr, Rp and Rw
are the reaction rate of MSR, MDR and WSR, respectively, p; represents the partial pressure of specie
i, Cs1 and Cs,, respectively, are the concentration of active site S1 and S2 on the catalyst surface, S,

presents the surface area of catalyst. These detailed parameters can be found in our prior work[41].
The molar consumption rate of CH;O0H Ry o (in unit of mol-m>-s™) can be obtained by Eq.
(13).
Reon ==(Re +Ry) (13)
The energy conservative equation in the mixture bed of catalyst EPCM, based on the local
thermal equilibrium, is given by:

a I:gmixpfcp,fT + (1 - gmix ) pmixcp,mixT]
ot

+V-(pre, diT)=V-(A44VT)+S, (14)
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where the energy source term S, can be found in our prior work[41].

In present study, the “effective heat capacity method” is employed to calculate the specific heat

of EPCM during phase transition[ 18], which is shown in Eq. (15)

AT
CpEPCM > T<Tm__
’ 2
L AT AT
CpEpcMeft — | €p.EPCM +ZL;Ma T, _T <T< Tm+7 (15)
C, EpCM > T2 Tm+%

where AT is set to 2 K in this study[18].

2.2.2 The receiver tube:

The energy conversion equation describing heat conduction in the reactor tube is given by:

a(pcgtT)mbe :V~(l VT) (16)

tube

where Aype 1s the thermal conductivity of reactor tube.

2.3 Boundary condition

As illustrated in the Fig. 2, the boundary conditions of the simulation domain can be shown as
follows:

(1) For porous mixture of catalyst and EPCM, the inlet and outlet boundaries are expressed as:

Inlet boundary: molar of molar ratio of H,O/CH;O0H is set to 1.1, and temperature and flow
velocity are constant, namely u=ui,, T=1i,=423.15 K, My,o/Mcmson=1.1.

Outlet boundary: the outlet pressure keeps constant, namely p=pq,=101325 Pa.

(2) For the reactor tube region, the end surfaces of tube are constrained as adiabatic walls: 07/0x

o _0

(3) The boundary for axis of symmetry is expressed as: 5 = Fn =0
r A

(4) The interface of tube region and mixture region is defined as the coupled fluid—solid interface,
namely, u=0 » Teat = Thube-

10
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(5) In this study, the average local concentration ratio of solar collector is set to 20[31], and the
direct normal irradiance (DNI) is assumed to be 600 W-m™, herein, thus the heat flux on the surface of

reactor tube is equal to 12000 W-m™.

2.4 Definition of performance indicator
In present paper, the steady and unsteady performance of SPTRR are both investigated, thus
some performance indicators are defined.

For steady condition of solar radiation, the performance of SPTRR is evaluated by methanol

conversion efficiency 7., which is expressed as:

m L
__ """CH;0H,in CH;OH,out

My, oH,in
where ey onm and Moy onon , TESpectively, represent the inlet and outlet mass flow rate of chemical

reactor.
Due the weather transients, the solar radiation variation with time can be roughly divided into
two different kinds: single-step fluctuation and successive fluctuation. Fig. 3 illustrates the illustration

of two different typical solar radiation fluctuations. Thus, in present paper, for unsteady condition of

solar radiation, Delay response time Az, [42] and relatively vibrating amplitude of methanol

conversion efficiency y, are adopted for the dynamic performance evaluation of SPRR under the

single-step and successive fluctuations of solar radiation respectively.

L] L] Ll L] L L) L] L] L] Ll
5 o
£ 12000 1 E 12000 1
z z
P P
= =
= =
- g
= 6o00f 1 = 6000k |
0 - ¢
6 9 3 6 9 12 15 18 21 24 27
t/min #/min
(a) Single step fluctuation (b) Successive step fluctuation

Fig. 3 Illustration of two different typical solar radiation fluctuations

Delay response time Aty,, [42] is defined as the time during which the methanol conversion

11
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efficiency changes by 50 % of An,,., which is illustrated in Fig. 4 And An,_,, is total change of

methanol conversion efficiency due to the step fluctuation of solar radiation. Af,, can reflect the

ability of solar chemical reactor to delay the adverse effect of single fluctuation of solar radiation.

Meu
y Solar radiation disappears
77:51611 — + ’'Y
N
<
sl
S v \ =
0.5 (e ecat ) R
=
<
Y
nc‘end
At .
0 0 Time

Fig. 4 Graphic illustration of delay response time AtSO,r],

The relatively vibrating amplitude of methanol conversion efficiency y, is defined as ratio of

the vibrating amplitude value and time-average value of methanol conversion efficiency after solar
chemical reactor reaches the repeatable state under successive fluctuations of solar radiation, and can
be expressed as:

(nc,max - nc,min )/2
M ave

(18)

7770

where 7., Memn and 7, are, respectively, the maximum, minimum and time-average value of

methanol conversion efficiency during one repeatable cycle. And y, can reveal the stability of solar

chemical reactor under successive fluctuations of solar radiation.

2.5 Numerical method and model validation

The governing equations described above are solved by Finite Volume Method, and the
convective terms in momentum, species and energy conversion equations are discretized by second
upwind scheme. SIMPLE algorithm[43] is employed to couple the velocity and pressure.
Computational Fluid Dynamics (CFD) software FLUENT is used to solve the governing equations.

The methanol conversion efficiency and outlet temperature calculated by four different grid systems

12
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(i.e., 2500(x) x18(r), 3333x23, 5000%35, 10000x70) are compared to exam the gird independence and
the results are shown in Fig. 5 (a). As can be seen, the difference of predicted results including
methanol conversion efficiency and outlet temperature between the grid systems of 5000(x)x35(r) and
10000(x)x70(r) is negligible, thus the gird system of 5000(x)x35(r) is adequate for predicting the
thermal and chemical performance of SPTRR and adopted in following simulations. As for the
independence test of time step, results calculated by four different time steps ranging from 0.5s to 5s
are compared, which are illustrated in Fig. 5 (b). It can be seen that, the difference of methanol
conversion efficiency variation curve with time predicted by 1s and 2s are quite close, and the time

step of 2s is used in simulations for its sufficient accuracy and acceptable computational cost.

0.910 r r . r 553.0 1.0 Y T T
=, -.-;s
o7 ] -2
0.908 | Towaa Jss2.8 08fF D
0906 = - s 5526 0.6F
° ] Tx o
= 4 E =
] &~
0.904 | — 1552.4 04k
0902 F Jss52.2 o2k
1 1 . 5520 0.0 . i ]
1000(x)*8(r) 2500(’\’)"13.(1') 5000(x)x36(r) 10000(x)x72(r 0 5 10 15 20
Grid system #/min

(a) Ind d test of erid (b) Time-step independence test(Variation of methanol
a) Independence test of grid system
P BHasy conversion efficiency with time)

Fig. 5 Grid and time-step independence test

The validation result of model can be found in our previous paper, which shows the model

established is accurate enough to predict the performance of SPTRR.

3. Results and discussion

3.1 Thermal and chemical performance of SPTRR with uniform distribution of catalytic activity

In this section, the thermal and chemical performance of SPTRR with different catalytic activities
under steady and unsteady condition of solar radiation are analyzed. In simulations, the inlet mass
flow rate of reactants is equal to 0.01 kg's™. The heat flux on the outer surface of reactor is set to
12000 W-m™ for steady condition of solar radiation and varies with time for unsteady condition of

solar radiation as illustrate in Fig. 3.

13
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3.1.1 Thermal and chemical performance of SPTRR under steady condition of solar radiation
Fig. 6 (a) and (b) present the cross-sectional averaged temperature and molar consumption rate of
CH;OH variation along the flow direction for different catalytic activities, respectively. As can be seen
from Fig. 6 (a), when x is smaller than 0.5 m, the cross-sectional averaged temperature of flow fluids
increases rapidly along the flow direction due to the heat flux on the surface of reactor tube. Then, the
rising rate of temperature is slower and keeps constant because of the high reaction rate of
endothermic methanol steam reforming reaction, as is shown in Fig. 6 (b). And when x is larger than 4
m, the increasing rate of temperature is elevated again which is leaded by the decreasing of reactants’
concentration and reduced reaction rate. For SPTRR with different catalytic activities, as catalytic
activity decreases, the temperature at same position of x is improved and the highest consumption rate
of CH30H in SPTRR is lower, indicating that more solar energy is converted to the sensible heat of

reactants and productions instead of chemical energy.
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(a) Average temperature (b) Molar consumption rate of CH;0OH

Fig. 6 Cross-sectional averaged temperature and molar consumption rate of CH;OH variation along the fluid

direction for different catalytic activities

To avoid the sintering failure of catalyst and keep the safe operation of SPTRR, the reactor
should be operating below the upper temperature limit of catalyst Cu/ZnO/AL,O; (573 K). Fig. 7
presents thermal and chemical performance of SPTRR with different catalytic activities under steady
condition. As can be seen from this figure that, as the catalytic activity decreases from 1.0 to 0.2, the
maximum temperature of catalyst increases from 552 to 573 K, which is within the allowable
temperature range of Cu/ZnO/Al,0O; catalyst for safe operation[32]. As for the chemical performance,

it can be seen that, with the decrease of catalytic activity, the methanol conversion efficiency and
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production rate of H, are both gradually reduced due to the decline of reaction rate, while production
rate of CO is improved a lot due to the higher reaction rate of methanol decomposition reaction which

produces CO. When catalytic activity decreases from 1.0 to 0.2, methanol conversion efficiency and

my  are reduced by 8.4 % and 9.9 % respectively, while i, rises by 121.3 %
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Fig. 7 Thermal and chemical performance of SPTRR with different catalytic activities under steady condition

3.1.2 Thermal and chemical performance SPTRR with under unsteady condition of solar
radiation

In this section, the dynamic behavior of SPTRR with different catalytic activities are analyzed.
There are two different types of solar radiation fluctuations: single step fluctuation and successive step
fluctuation. In simulations, the nominal heat flux on the surface of reactor is 12000 W-m™. For the
singe step fluctuation of solar radiation, the heat flux on the surface of reactor tube drops from 12000
W-m™ to zero after ¢ is larger than 3 min, as is shown Fig. 3 (a). For the successive step fluctuation of
solar radiation, the heat flux switches between 12000 W-m™ and zero for every 3 mins, which is

illustrated in Fig. 3 (b).

(1) Single-step fluctuation of solar radiation

Fig. 8 (a) and (b) show T,

wtave and 7, variation with time of SPTRR with different catalytic
activities under single step fluctuation of solar radiation, respectively. Clearly, when o =1.0 (catalyst

is not diluted with EPCM), after solar radiation disappears at =3min, 7, and 77, both decrease

cat,ave

rapidly at first due to the short of heat supply, and then gradually reaches a stable value. While for o
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lower than 1.0 (catalyst is diluted with EPCM), compared with o =1, the decreasing process of

T, and 7, after the disappearance of solar radiation is slower, and there exists a turning point in

cat,ave
their decreasing processes due to the large latent heat released by EPCM. It can also be found that as

o declines, the turning point of 7 1s higher, while the turning point of 7, decreases gradually.

at,ave

This phenomena can be explained by the fact that when the catalytic activity decreases, which means
catalyst is diluted by more EPCM, the reaction rate at the same temperature decreases thus the turning
point of methanol conversion efficiency declines. Meanwhile, with lower catalytic activity and higher
filling proportion of EPCM in SPTRR, more latent heat can be released for endothermic chemical
reactions (MSR and MD) in the temperature decreasing process, and temperature decreases slower,

thus chemical reactions keeps lower methanol conversion efficiency at higher temperature for longer

time. When the catalytic activity o is diluted from 0.8 to 0.2, the turning value of 7, decreases

from 0.72 to 0.38 greatly, which is reduced by 47.2 %.
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(a) Average temperature of catalyst (b) Methanol conversion efficiency

Fig.8 T and 7, variation with time of SPTRR with different catalytic activities under single step fluctuation

cat,ave

of solar radiation

Fig. 9 shows influence of catalytic activity on delay response time of SPTRR under step

fluctuation of solar radiation. As can be seen in this figure, with the decreasing of o from 1.0 to 0.2,

Aty increases at first and reaches the maximum value of 8.2 mins at o =0.4, then declines. This

phenomena is caused by the reason that as o decreases from 1.0 to 0.4, the content of EPCM in

SPTRR becomes larger and the decreasing rate of methanol conversion efficiency is slower. However,

16
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when o is equal to 0.2, the turning point of methanol conversion efficiency in the decreasing

process is lower than 77, ... (0.428, as shown in Fig. 8 (b)), therefore, the increasing of thermal
inertia caused by EPCM makes little contribution to improvement of delay response time Az, .

Compared with SPTRR fully packed with catalyst (o=1), when o is equal to 0.4, Az, ~ of

SPTRR under step fluctuation of solar radiation is prolonged by 845 %, which means longer response

time and can leave longer time for control system to make response.

+845 %

L L L "
0.2 0.4 0.6 0.8 1.0
a

Fig. 9 Influence of catalytic activity on Az, of SPTRR under step fluctuation of solar radiation

(2) Successive fluctuations of solar radiation

When the methanol conversion efficiency is relatively low (less than 0.3), the following process
of separation and purification after reaction, such as pressure swing adsorption[11], will consumes lots
of energy, which damages the economy of solar thermochemical reaction system. Similar with ref[13],

in present paper the lowest limit of methanol conversion efficiency is set to 0.3.

Fig. 10 (a) shows the 77, variation with time of SPTRR for different catalytic activities under

successive fluctuations of solar radiation. From Fig. 8 (a), it can be seen that 77, of SPTRR vibrates

with the fluctuation of solar radiation, and finally can reach a repeatable state. Clearly, compared with

SPTRR fully packed with EPCM ( &= 1.0), when catalyst is diluted with EPCM (&= 0.2 and 0.6), the
vibration amplitude of 77, is smaller, and the lowest value of 77, in the vibrating process is also
improved after SPTRR reaches a repeatable state. For example, compared with 5= 1.0, when & is
diluted by EPCM to 0.2, the lowest value of 7, in a repeatable cycle is improved from 0.192 to

0.328, which is higher than lowest limit of methanol conversion efficiency (0.3) and can avoid the
17
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sudden shut down of chemical reaction system. Fig. 8 (b) illustrates average value and relative

vibrating amplitude of 77, after SPTRR reach repeatable state. Clearly, when catalyst is diluted by
EPCM and o decreases from 1.0 to 0.2, 7.,. increases at first and reaches maximum of 0.459 at

0 =0.4, and then decreases due to its low catalytic activity, meanwhile, 7, declines rapidly initially

and reaches the lowest value of 0.223 at 0=0.4 due to its large thermal inertia. Compared with
0 =1.0, the average value and relatively vibrating amplitude of methanol conversion efficiency in
SPTRR with 0=0.4 are, respectively, prompted by 11.7 % and reduced by 69.8 %, which shows

better stability of SPTRR under successive step fluctuation of solar radiation.
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Fig. 10 Variation and relatively vibrating amplitude of 7, in SPTRR with different catalytic activities under

successive fluctuations of solar radiation

3.2 Chemical performance of SPTRR with non-uniform distribution of catalytic activity

As mentioned above, when catalyst is diluted with large amount of EPCM, the unsteady
performance of STPRR can be greatly improved. However, due to the decrease of catalytic activity,
the chemical performance of SPTRR under steady solar radiation, such methanol conversion
efficiency, declines. To achieve high steady performance and stable dynamic behavior at the same
time, non-uniform distribution of catalytic activity is applied in SPTRR. In this section, the chemical

performance of SPTRR with 2-part distribution of catalytic activity, which is shown in Fig. 11, is

analyzed. o, and o, are the catalytic activity at the front and end part of reactor respectively.
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Fig. 11 Illustration of 2-part SPTRR with different catalytic activities

Fig. 12 depicts the methanol conversion efficiency of SPTRR with 2-part distribution of catalytic

activity under steady condition. It is found that when the front-part catalytic activity o, is constant,
with the increasing of end-part catalytic activity o,, the methanol conversion efficiency of SPTRR is
improved gradually. Correspondingly, it should be noted that, on the condition that o, is constant,
the effect of o, on methanol conversion efficiency of SPTRR highly depends on the value of o,.
That is, when o, keeps equal to 0, improvement of o, can lead to the uprising of 7,. However,
when o, keeps larger or equal to 0.2, the variation of o, has negligible effect on 7, of SPTRR.

For example, when o, 1s equal to 1.0, as o, varies between in the range of 0.2 to 1.0, 7, of

SPTRR changes very little from 0.924 to 0.926. Thus, it can be concluded that the effect of catalytic
activity on 7, depends on the catalyst position in SPTRR. This phenomena is caused by the fact the
catalyst temperature increases along with the flow direction, and with same catalytic activity, based on
the Arrhenius equation[44], the reaction rate at the end part is much larger than that at the front part,
thus the effect of catalytic activity’s variation at the end part (o, ) on methanol conversion efficiency
is more prominent than that at front part. Therefore, in order to achieve efficient steady and unsteady
performance at the same time, it is be a feasible way to keep high methanol conversion efficiency, low

total catalytic activity ( i.e. large amount of EPCM) and high thermal inertia simultaneously by

properly adjusting the distribution of catalytic activity. For example, by adjusting the catalytic activity

distribution form all catalyst (o,=0,=1.0) to distribution of 0,=0.2 and o,=1.0, the methanol

conversion efficiency keeps high level ( drops by less than 0.4%) with 40% decline of average

catalytic activity, indicating much less usage of catalyst and huge amount of EPCM with large thermal
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inertia.

Fig. 12 Methanol conversion efficiency of SPTRR with 2-part distribution of catalytic activity

3.3 Distribution optimization of catalytic activity in SPTRR under steady condition of solar

radiation

To achieve the efficient steady and unsteady performance of SPRR simultaneously, namely keeps
high methanol conversion efficiency, high content of EPCM and low average catalytic activity at the
same time, SPTRR is separated into 3 parts along the flow direction equally, and the catalytic activity
of each part is optimized. Firstly, based on some reasonable assumptions, the two-dimensional model
is simplified to one-dimensional model, which is wvalidated by the results predicted by
two-dimensional model. Then, the Back Propagation (BP) neural network is trained and validated
with dataset calculated by 1-dimensional model for quick prediction of methanol conversion
efficiency. Finally, using the trained BP neural network, the distribution of catalytic activity in SPTRR
i1s optimized by Genetic Algorithm (GA), and chemical performance of SPTRR with optimized

distribution of catalytic activity and fully packed with catalyst (o=1) are compared.

3.3.1 Simplification of two-dimensional governing equation

To reduce the computational cost and keep high calculation precision at the same time, some
assumptions are made to derive the 1-dimensional model from 2-dimensional model[30]:

(1) The concentration gradient of reactants and productions along the radial direction are

negligible (Om;/0r = 0), because of the rapid diffusion of reactant and production along the radial
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direction, and small radial concentration difference.

(2) The radial temperature gradient is considered in simulation because large amount of heat is
absorb by the surface of reactor tube.

(3) The temperature distribution along radial direction can be approximated to parabolic curve. In

present study, temperature profile along the radial direction is depicted as:

T(x,r)= l+a(

] T(x,0) (19)

reactor
where, x and r represent the axial and radial coordinates, respectively, a is the coefficient related with
the distribution profile of temperature, Rie.ctor represents the radius of chemical reactor.

To determine the temperature profile coefficient a of solar chemical reactor for methanol steam
reforming reaction, radial temperature distributions of SPTRR are calculated by two-dimensional
model, and the results are used to fit the temperature profile coefficient a by least square method. The

obtained temperature profile coefficients for different catalytic activities which are shown in Table 2

Table 2 Distribution coefficient of radial temperature profile for different catalytic activities

o 1.0 0.8 0.6 0.4 0.2 0

alx107 28.196 11.328 9.1992 8.511 7.715 19.790

The average temperature of cross-sectional area can be derived by Eq. (20)

RTCBC‘OI’ r
I 1+a
_ 0 R

reactor
T(x) = R

reactor

2
] T(x,O)-27zrdr

= (1+%)T(x,0) (20)

Thus, the local temperature of SPTRR can be expressed with T(x) , which can be derived by Eq.

2
1+a !
Rreactor —_—

T(x,r)= a T(x) (21)
+ —
2

(21) using

The one-dimensional models of species equation and energy conversation equation can be
obtained by integrating Eq. (6)and Eq. (14) along the cross-sectional area of SPTRR, which are
expressed in Eq. (23) and Eq. (22).
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%JFV-(/?LM,-) = V-[(po,,. +SL;Jvmi}+F"7Mw,i§§i,r (;) (22)
0 T _ pe ~
¢+V~(,OCPL1T):/1eff ai{)_i_ssolar_i_F'St(T) (23)

where the energy source term S,

solar

is caused by solar radiation and defined in Eq. (24), F is the

correction coefficient for cross-sectional average reaction rate.

272—Rreac or q
Ssolar = 7Z'R+ (24)

reactor

According to Arrhenius Equation[44], the relation between reaction rate R(T ) and temperature

can be expressed as[27]:

R(T)=R(7_“)exp{ £ (T—Y_“)} 25)

RT

Therefore, the correction coefficient F for cross-sectional average reaction rate can be derived by

Eq. (26).

Aexp(E_)
RT
RT|1+2
2 Ea —FEa
I e ] Iy v R | o
a 2RT(1+2) 2RT(1+2]

where E is the activity energy for chemical reaction, and the values are shown in Table 3.

Table 3 Activity energy for different chemical reactions[32]

Reaction MSR MD WSR

E/ J-mol 102800 170000 87600

Fig. 13 compares temperature and methanol conversion efficiency calculated by 2-dimensional
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and 1-dimensional model. From Fig. 13 (a), clearly, it can be seen that for different catalytic activities
(0=0.2, 0.4, 0.6, 0.8, 1.0), the cross-sectional average temperature variations along flow direction
predicted by 1-dimenional model and 2-dimensional model are quite close. And as can be found in Fig.
13 (b) that, the deviation between methanol conversion efficiencies calculated by 1-dimensional and
2-dimensional model are relatively small, and the largest deviation is 0.21 %, and as for the maximum
catalyst temperature, the largest discrepancy is below 0.5 % when the o ranges from 0.2 to 1.0.
Therefore, it can be concluded that 1-dimensional model is accurate enough to predict the thermal and

chemical performance of SPTRR with different catalytic activities.
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Fig. 13 Comparison of results of temperature and methanol conversion efficiency calculated by two-dimensional and

one-dimensional model

In addition, the comparison of computational cost between 1-dimensional and 2-dimensional
model is performed on a computer with 8-core 2.3 GHz CPU and 32 GB RAM. For the case of
SPTRR with catalytic activity of 0.8, the computing time of one-dimensional model is about 22 min
for a steady condition case, which is much shorter than that of two-dimensional model (305 min).
Therefore, it can be concluded that one-dimensional model is accurate enough and time-saving
compared to two-dimensional model for simulating the heat transfer and chemical process of SPTRR,

which is beneficial for quick performance prediction of SPTRR.

3.3.2 Distribution optimization of catalytic activity along axial direction

As mentioned above, the computing time of one-dimensional model for one case of SPTRR is
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around 22 min, which is still relatively long to be applied for the optimization of catalytic activity
distribution. To overcome this problem, BP (Back Propagation) neural network is adopted to predict
the chemical performance of SPTRR with different catalytic activities, and one-dimensional model is
employed to produce the training and validation data for the establishment and testing of BP neural
network. The inputs of BP neural network are catalytic activities of each part (o, 0, and o3), and
output is methanol conversion efficiency. BP neural network is a multi-layer neural network, and has
been widely applied in fields of image analysis and speech recognition due to its strong non-linear
mapping ability, high self-learning and self-adaptive ability. Weights and thresholds during the signal
transmission in BP neural network are key parameters for the accuracy of prediction, thus in present
paper, genetic algorithm (GA) is used to optimize the training process of the neural network, and find
optimal weights and thresholds that meet the requirements of the network. Table 4 lists the training
and validation dataset for BP neural network, which contains 100 cases for neural net training, 32

cases for neural net validation and 16 cases for neural net testing.

Table 4 Training and validation dataset for BP neural network

Dataset o o o3 Number of case
Training 0.2,0.4,0.8,1.0 0,0.2,0.4,0.6,1.0 0,0.2,0.6,0.8,1.0 100
0.6 0.2,0.4,0.6,1.0 0.2,0.6,0.8,1.0 16
Validation
0.2,0.4,0.8,1.0 0.8 0.2,0.6,0.8,1.0 16
Testing 0.2,04,0.8,1.0 0.2,0.4,0.6,1.0 0.4 16

Three-layer neural network is employed and the number of neurons in the hidden layer is set to
10. The trainlm function is used as training function, the upper number for training is 10000 and the
convergence target is set to 1.0x10”. In genetic algorithm, the optimizing objective is shown in Eq.
(27), and the parameters in optimization are listed in Table 5.

min \/ 2(77}319,;' - nvalidation,i)z 27)

i=l1

where 775, and 77,4.50,; ar€ methanol conversion efficiency predicted by BP neural network and

from the validation dataset calculated by one-dimensional model, respectively, # is the number of case
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in the validation dataset.

Table 5 Parameter in the optimizing process of genetic algorithm

. Maximum Binary digits of Crossing Mutation .
Population size ) ) o o Generation gap
generations variable probability probability
100 100 10 0.7 0.01 0.95

Fig. 14 shows comparison of methanol conversion efficiency calculated by BP neural network
and 2-D model. From this figure, it can be seen that the methanol conversion efficiency predicted by
trained neural network matches well with the results calculated by 2-D model. Thus, the trained neural
network can be used to predicting the methanol conversion efficiency of SPTRR with different

catalytic activities.
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#_ calculated from neural network
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5, calculated from 2-D model

Fig. 14 Methanol conversion efficiency calculated from BP neural network and 2-D model

Furthermore, genetic algorithm is employed to optimize the distribution of catalytic activity
along the flow direction based on the obtained BP neural network. In order to achieve efficient steady
performance and stable dynamic behavior at the same time, i.e., high methanol conversion efficiency
and low average catalytic activity, methanol conversion efficiency and average catalytic activity are

combined as the optimization objective, which is defined as Eq. (28). To keep high methanol

conversion efficiency and avoid the overshoot of catalyst temperature, the constraints on 7, and o

are considered, which are expressed as Eq. (29) and Eq. (30)

Max| 7 / {(‘71"'62'“73)} (28)
y 3
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N, >1.,%0.99 (29)
0.2<0,<1,i=1,2,3 (30)
where 77, is the methanol conversion efficiency of SPTRR fully packed with catalyst.

The parameters of genetic algorithm for distribution optimization of catalytic activity are same
with that for BP neural network, and the optimized distribution of catalytic activity by GA is listed in
Table 6. As can be seen in this table, the optimized distribution of catalytic activity is ,=0,=0.2,
03=0.916 with the average catalytic activity of 0.44, and the predicted methanol conversion efficiency

is 0.920.

Table 6 Optimal distribution of catalytic activity

o +o0o,+0
0] 0 03 1.5p Meop 1. sp / |:(123):|

3

0.2 0.2 0.916 0.920 0.919 2.097

Then, two-dimensional model is employed to calculate the methanol conversion efficiency of

SPTRR with the optimal distribution of catalytic activity, and the calculated 7,,, is 0.919, which is

relatively close to 77,5, (0.920) predicted by BP neural network, indicating that the predicted results

by neural network are accurate and valid.

3.4 Steady and dynamic performance of SPTRR with optimal distribution of catalytic activity

After obtaining the optimal analytic activity distribution, in this section, the thermal and chemical
performance of STRR filled with uniform and optimal distribution of analytic activity are compared
and analyzed. In simulations, the results are calculated by 2-D model.

The maximum temperature of catalyst and methanol conversion efficiency of SPTRR with
different catalytic activity distributions of ouniform=1, Ouniform=0.44 and Gopima are compared, which
shown in Fig. 15 (a). It 1s found that for these three catalytic activity distributions, the highest
temperatures of catalyst are all below the upper limit temperature of catalyst (573 K), which can
ensure the safe and long-term run of SPTRR. Among these three catalytic activity distributions,
SPTRR with Gyifom=0.44 has the highest catalyst temperature of 560.9 K, then is SPTRR with
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Ouniform=1, and SPTRR with oopimal has the lowest catalyst temperature of 549.5 K, indicating that
SPTRR with oopimal 1s farthest away from the catalyst limit temperature and can handle the sudden
uprising of solar radiation best. For the chemical performance, although the average catalytic activity
is 0.44, with 56 % less of catalyst, methanol conversion efficiency of SPTRR with oqpiimal 1S similar
with that of SPTRR fully packed with catalyst (Guniform=1), and larger than that of SPTRR with
Ouiform=0.44. It can be concluded that with much less catalyst and high content of EPCM, SPTRR
with optimal distribution of catalytic activity can keep similar steady thermal and chemical
performance with SPTRR with fully packed with catalyst.

Due to the low methanol conversion efficiency of SPTRR filled with Gopimai=0.44 under steady
condition of solar radiation, only dynamic behavior comparison of SPTRR with cynitorm=1 and goptimal
under unsteady condition of solar radiation are compared, which is illustrated in Fig. 15 (b). Clearly,

as can be seen from this figure, when SPTRR is under single step fluctuation of solar radiation,

compared with oyniferm=1, the delay response time Atso% of SPTRR with coptimal 1s much prolonged

from 1.3 mins to 2.8 mins, nearly improved by 115.4%. And when SPTRR 1is under the successive

fluctuation of solar radiation, the relatively vibrating amplitude y, of SPTRR with goptimar 18 largely

alleviated from 0.78 to 0.32, which is almost reduced by 60 %, compared to that of SPTRR with
Ouniform=1. Therefore, it can be concluded that compared with Gusiform=1, SPTRR with optimar has larger
thermal inertia to leave more time for controller to take action and shows more stable dynamic

behavior under the fluctuation of solar radiation.

/%7/” Junil'urmzl

(a) Steady performance (b) Dynamic performance

Fig. 15 Steady and dynamic performance comparison of SPTRR with different distributions of catalytic activity
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4. Conclusion

In this study, the catalytic activity of solar thermochemical reactor is adjusted by the diluting
catalyst with EPCM to improve the steady and dynamic performance of SPTRR. At first, a
two-dimensional model is established to compare steady performance of reactor with different
catalytic activities. Then, one-dimensional model is derived from two-dimensional model and used to
train BP neural network. Finally, optimal distribution of catalytic activity is obtained by genetic
algorithm and BP neural network, and the steady and dynamic performance of SPTRR with uniform

distribution and optimal distribution are compared. The salient findings are as follows:

(1) For steady performance of solar thermochemical reactor, when catalytic activity decreases
from 1.0 to 0.2, the maximum temperature of catalyst increases from 552 to 573 K, which is still

within the allowable temperature range of Cu/ZnO/Al,O;5 catalyst for safe operation, and methanol

conversion efficiency and i, are reduced by 8.4 % and 9.9 % respectively, while ., rises by

121.3 %.

(2) For the dynamic performance, compared with solar thermochemical reactor fully packed with

catalyst (o=1), when o is diluted by encapsulated phase change material to 0.4, Az, of reactor

under single-step fluctuation of solar radiation is prolonged by 845 % and relatively vibrating
amplitude of methanol conversion efficiency is reduced by 69.8 %, which shows better stability.

(3) One-dimensional simplified model derived in present study is accurate enough and
time-saving compared to two-dimensional model.

(4) With 56 % less of catalyst, solar thermochemical reactor with optimal distribution of catalytic
activity can keep similar steady thermal and chemical performance with SPTRR fully packed with

catalyst.

28



O J o U bW

OO OO UTTUIUTUTUTUTUTUTUTOTE B DB DB DD DSDNWWWWWWWWWWNNNMNNNMNNNNNNR R PR PR RRP R R
O WNRPOWVWOJdANT D WNRPRPOW®O-TAUBRWNROWOWO®-JdNUD™WNRFROWOW-JOUDWNR OW®W--I0 U D WN R O W

Acknowledgement

This research is supported by the National Natural Science Foundation of China (No. 51976156,
51906186).

The authors would also like to thank the Foundation for Innovative Research Groups of the
National Natural Science Foundation of China (No0.51721004) and the Foundation for San Qin

Scholar Innovative Research Groups of Shaanxi Province.

Nomenclature and units

¢ specific heat, J-kg"-K™!
deat diameter of catalyst particles, m
D diameter, m
fepcMm volume ratio of EPCM to mixture
ho formation enthalpy, J-mol™
keat permeability of catalyst, m”
k turbulence kinetic energy, m*s™
L latent heat, J-kg™
Liube length of tube, m
m mass flow rate, kg-h™!
m; mass fraction of species i
M; mole fraction of species i
M,,; molecular weight of species i, kg-mol™
n molar flow rate, mol-s’!
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Rr

Rp

<y

Greek symbols

B

7/ e

At

50,1,

Jij

Emix

Ne

. . . .. . 3 -1
rates of creation and destruction of species i in the reaction 7, mol'm™-s

effective turbulent Schmidt number
time, S

temperature, K

pressure, Pa

total heat transfer rate, W

universal gas constant, J-mol™ ‘K

. . . 3 -1
reaction rate of methanol steam reforming reaction, mol-m™:s

. .. . 3 -1
reaction rate of methanol decomposition reaction, mol'm™-s

. . . 3 -1
reaction rate of water shift reaction, mol-m™-s

. -1
velocity vector, m-s

inertial loss coefficient, m’

relatively vibrating amplitude of methanol conversion efficiency
delay response time of methanol conversion efficiency, s
Kronecker’s delta

turbulence kinetic energy dissipation rate, m*s™

porosity of packed mixture of catalyst and EPCM

methanol conversion efficiency

thermal conductivity, W-m™-K™!
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Mt

Subscripts
ave
cat

eff

mix

Abbreviations

DNI

EPCM

MD

MSR

PCM

SPTRR

dynamic viscosity, Pa‘s
turbulent viscosity, Pa-s
density, kg'm™

catalytic activity

average

catalyst

effective

fluid

species

mixture of catalyst and EPCM

solid

direct normal irradiance
Encapsulated phase change material
methanol decomposition

methanol steam reforming

phase change material

solar parabolic trough receiver reactor
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WSR

water—gas shift reaction
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Propagation neural network, and steady and unsteady performance of reactor between uniform and
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optimal catalytic distribution are compared. The results show that when catalytic activity decreases
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from 1.0 to 0.2, steady methanol conversion efficiency and production rate of H, are reduced by 8.4 %
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and 9.9 %, and reactor shows more stability under unsteady condition of solar radiation.
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catalytic distribution can achieve similar steady performance with 56 % less of catalyst, but shows
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better stability under the fluctuation of solar radiation.
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1. Introduction

Solar energy has increasingly been considered as a promising resource to energy crisis and global
environmental problem[1]. Solar thermochemical reaction which can produce solar fuel, such as
hydrogen or syngas, has attracted lots of attention due to its high efficiency, low cost and no
pollution[2]. In solar thermochemical reaction, solar energy is concentrated to provide heat for
chemical reactor and stored in solar fuels which can be further converted to electricity by fuel cell, gas
turbine or internal combustion engine[3]. According to the operational temperature of chemical
process, solar thermochemical reactions can be roughly sorted into two groups[4]: high temperature
process and middle-and-low temperature process

Usually, high temperature solar thermochemical reactions operates above 800 °(J4], such as H,O
and CO; splitting[5], methane reforming[6] and biomass gasification[7]. Chuayboonab and Abanades
et al. [6] experimentally investigated the solar-driven methane and H,O/CO, splitting in the
temperature range of 950-1050 °C and the ceria cycling stability was also examined. They found that
the highest solar-to-fuel conversion efficiency can reach 5.22 %. High operation temperature may lead
to the decrease of system’s thermal efficiency due to heat loss and optical loss, and also raise the
technical difficulties for the design, fabricating and operation of such high temperature system[8],
especially in large-scale commercial applications. Different from the high temperature chemical
process, middle-and-low solar thermochemical reactions are often operated within 150-500 °(9],
which shows great potential for real applications[4]. One of the promising middle-and-low
thermochemical reactions for hydrogen is methanol steam reforming reactions because of its
advantages that methanol can be producible from biomass, stays in liquid state for easy transportation
and manipulation, and has high H/C ratio[10]. For example, Liu and Jin et al. [11] experimentally
tested a 5-kW solar thermochemical reactor for methanol steam reforming heated between 150-300 °C

and their experimental results showed that methanol conversion efficiency can be higher than 90%
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and thermal-chemical conversion efficiency was in the range of 30-50 %, which is competitive with
high-temperature solar thermochemical reactions.

However, weather transients cause a large challenge to the life span and safe operation of solar
power plants[7, 12]. Suffered by solar radiation variation caused by cloud transients, the solar
thermochemical reactor may endure the large temperature fluctuation, which can reduce the chemical
conversion efficiency [12], deactivation of catalyst [13] and even lead to the sudden shut down of
system [14]. Strategies have been explored to alleviate the adverse effect of solar radiation fluctuation,
which can be divided into two types: active controlling strategy and passive thermal management. In
active controlling strategy, the heliostats[15], flow rate of reactants[16] or additional equipment, such
as electric heater[12], are often regulated to maintain the continuous high-performance operation of
solar chemical reactor. For example, Rowe and Weimer et al.[12] employed feedback and predictive
linear models controllers to regulate the solar-electric reactor for the production of syngas at 925 °C
through the gasification of carbon under the cloud transient. They concluded that the controlling
accuracy of model predictive control is more precise than that of feedback control. Meanwhile, it
should be noted that the controlling performance of active controlling strategy is highly affected by
the accuracy of solar radiation forecast, which is hard to be predicted precisely[17]. Moreover, the
temperature detector may not be distributed uniformly or small sufficiently to detect micro-size hot or
cold spot[18]. Also, controlling robustness and accuracy are difficult to be guaranteed in the control
process of solar chemical reactor[12].

Another efficient way to maintain the continuous performance of solar chemical reactor is
passive thermal management with phase change material (PCM), which can absorb/release large
amount of latent heat at constant temperature during the phase transition. So far, PCM has widely
applied in the thermal management of battery system to avoid the sudden uprising of temperature [19]
and heat storage for the continuous operation of solar power plant[20]. Huang and Cheng et al[21]
applied form-stable composite PCM in the thermal management of Li-ion battery pack experimentally.
Their experimental results showed the battery temperature drops by 18 °C at 10 C discharge rate with
flexible form-stable composite PCM, and Li-ion battery can safely work for an extended time within

the upper temperature limit. Meanwhile, there are few studies on the application of PCM in the
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thermal management of solar thermochemical reactors. Pattison and Baldea et al. [22] confined PCM
in layer between the plates of reactor for auto-thermal methane-steam reforming reactor to avoid the
unpredictable temperature excursion and that structure showed excellent disturbance rejection
performance with hierarchical control structure. To mitigate the adverse effects of solar radiation
fluctuations, Hatamachi and Gokon et al. [23, 24] applied PCM in the tubular solar chemical reactor
for CO; reforming of methane (operated over 700 °C), and bulk PCM is packed into shell side to form
“double-wall” reactor. In their experiments, Na,COj; is employed as phase change material and their
experimental results demonstrated that the proposed “double-wall” reactor can realize stable operation
when insulation fluctuates caused by cloud passage. Furthermore, to improve the heat transfer rate of
PCM which is often limited by its low conductivity, in the study of Su et al. [25], instead of in bulk
state, phase change material is encapsulated by silica, called encapsulated phase change material
(EPCM)[26], and is mixed with catalyst to quench the local hot spots induced by non-uniform packing
of catalyst and abrupt change of reaction rate. Their results showed that the EPCM can quenching the
local hot point at initial stage and prevent thermal runaway. O. Odunsi et al. [18, 27] investigated
temperature stability of Fischer Tropsch reactor in which catalyst is diluted with EPCM (Sn@Si0,)
homogeneously. Their results showed that better selectivity of long chain hydrocarbons (Cs;) to CHy
can be achieved by mixing EPCM with catalyst. On the other hand, some researchers [28] try to
improve the steady performance of exothermic reactor by adjust catalytic activity distribution through
diluting catalyst by solid inertia particles. Lee and Varma et al.[29, 30] confirmed that the overall
conversion of chemical reactor can be improved with proper distribution of catalytic material through
experiments. Nie and Witt et al. [30] optimized the graded reactor activity profile for exothermic
reaction to balance the heat generation by reaction with heat removal capacity and potentially improve
chemical performance. Their results showed that compared with uniform distribution of catalytic
activity, the 2-part optimized activity profile can improve the production rate by 26 %. It also should
be noted that poor optimized activity profile can lead to thermal runaway even with catalyst
dilution[28].

The literature review above indicates EPCM can well prevent the thermal runaway of exothermic

reactor in chemical plants. However, the solar chemical reactor, which is different from the
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exothermic reactor, is heated by solar energy and faces the fluctuation of solar radiation cause by
weather transients. The potential of mix catalyst with EPCM to alleviate the adverse effect of solar
radiation fluctuation is rarely investigated. On the other hand, as concluded from above discussion,
that non-uniform distribution of catalytic activity has potential to improve the steady performance
(such as such as conversion efficiency and production selectivity) of thermochemical reactor.
However, in most of these studies, catalyst is diluted with solid particle, instead of EPCM. The steady
and unsteady performances of solar thermochemical reactor with non-uniform distribution of catalytic
activity, in which catalyst is diluted with EPCM, are still unknown. What’s more, the optimal catalytic
activity distribution of solar thermochemical reactor for methanol steam reforming needs to be further
explored.

The overall objective of this paper is to alleviate the adverse effect of solar radiation fluctuation
on solar thermochemical reactor with encapsulated phase change material. Specific objectives are to
explore the steady and dynamic behavior of solar thermochemical reactor diluted with encapsulated
phase change material, and then optimize the distribution of catalytic activity in solar reactor. To
achieve these goals, in this paper, at first, a two-dimensional dynamic model is established and
validated with experimental data. Then, thermal and chemical performance of solar thermochemical
reactor uniformly diluted with EPCM under steady and unsteady conditions of solar radiation are
comprehensively analyzed. Afterwards, to better utilize the catalyst in chemical reactor, effect of
non-uniform distribution of catalytic activity on steady-state chemical performance of solar chemical
reactor is analyzed. Furthermore, for the high-accuracy and time-saving prediction of the chemical
performance for solar thermochemical reactor, a one-dimensional model which is simplified from
two-dimensional model with reasonable assumptions is used to train the Back Propagation neural
network. Finally, the catalytic activity distribution of catalyst in solar chemical reactor is optimized by
genetic algorithm and Back Propagation neural network, and steady and dynamic behaviors of solar
chemical reactor with uniform and optimal catalytic activity distribution are comprehensively

compared.
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2. Model

2.1 Physical model

Fig. 1 illustrates the structure of solar parabolic trough receiver reactor (SPTRR) filled with
mixture bed of catalyst and encapsulated phase change material (EPCM). As shown in Fig. 1, the
SPTRR consists of receiver tube, catalyst and EPCM. In present paper, the LS2 solar parabolic trough
receiver [31] is employed to concentrate solar radiation and generate heat for the chemical reaction.
The catalyst used for methanol steam reforming reaction is Cu/ZnO/Al,O3 [32] and is diluted with
encapsulated phase change material (EPCM) of Sn@SiO,[25], in which Sn is core material serving as
phase change material and SiO; is the shell material with good inert[18]. Thermophysical properties
of catalyst and EPCM are listed in Table 1. The outer and inner diameter of receiver tube are 0.07 and
0.066 m, respectively, and the length is 5 m[31]. The tube is made of stainless steel 310S. The density,

specific heat and thermal conductivity of 310S respectively is 8 g-em™, 500 J-kg'-K' and 14.2

W-m™'K™!,
N Glass envelop T Shell: Si0, Core: Sn
Outlet .
Receiver tube Parabolic trough
Fig. 1 Schematic diagrams of SPTRR diluted with EPCM
Table 1 Thermo-physical properties of catalyst and EPCM
Property Value Property Value

Catalyst[33] EPCM (Sn @ SiO,)[18]

P /kg-m‘3 1300 Perey kg 7184
Cpea kg 542 €, EpcM /Tkg!K! 244
A, /W-m-K! 20 Ay e/ WK 67

E and Eppey 0.4 T/ K 505
AT, /K 2
Lepen/ T-kg™! 60500

In chemical reactor, reactants (methanol and steam both in vapor state) flow through reactor tube,

6
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heated by solar radiation, undergoes chemical reaction on the surface of catalyst and are converted to
hydrogen, carbon dioxide and carbon monoxide.

The concentrated solar radiation is non-uniformly distributed on the surface of reactor tube, but
its effect on solar chemical reactor is negligible, which is indicated in ref. [34]. Meanwhile, some
methods can be employed to largely improve the uniformity of solar radiation on reactor tube, such
as[35] adding secondary reflector[36], variable focus parabolic trough[37], distribution optimization
of solar absorption in receiver[38] and optimization of aiming strategy[39]. Herein, it is reasonable to
assume that solar radiation is uniformly distributed on the surface of solar chemical reactor tube.
Besides, some other assumptions are made to establish computational model as follows.

(1) The inlet mass flow rate and temperature of reactants (methanol and steam) are constant.

(2) The reactants (methanol and steam) and reaction productions (hydrogen, carbon dioxide and
carbon monoxide) can be treated as ideal gas[33].

(3) Catalyst and EPCM are in same size[30], and the mixture of catalyst and EPCM bed is treated
as isotropic porous media.

(4) The fluid phase and solid phase in chemical reactor are in local thermal equilibrium[18].

Using catalytic activity o, the volume ratio fgpcm 0of EPCM to mixture can be calculated[27] by:
I EPCM — l-o (1)
where, o is the catalyst activity.

Thus, thermo-physical properties of the mixture of catalyst EPCM can be calculated by following

Equations [18, 27]:

pmix = O_pcat+(1_o-)pEPCM (2)
O = P Ot —Preeew__ Opem (3)
Peat T Prpem Peat T Prepem

where 6 represents the thermal conductivity and specific heat of the mixture bed.

2.2 Governing equation
The computational domain contains two parts: mixture bed of catalyst and EPCM and reactor
tube, which is illustrated in Fig. 2. Because SPTRR is axial symmetry, two-dimensional model is

7
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employed. Governing equations of each part are displayed as follows.

Receiver tube Heat flux

L 80000000008004000080000800308
~

Porous mixture bed of catalyst and EPCM

Axis of symmetry

Fig. 2 Computational domain of SPTRR in which the catalyst is mixed with EPCM
2.2.1 The porous mixture bed of catalyst and EPCM:

Governing equations of the porous mixture bed include continuity equation, momentum equation,
specie equation and energy conversation equation, which can be expressed as follows.

The continuity equation:

a(‘E‘mix/))

V(e oi)=0 4
at + (gll’llxpu) ( )

where ¢, represents the porosity of the porous mixture bed.

The momentum equation:

a(‘:c"mixpl’_i) +

ou; =
81 v.(‘g‘mixpl’_h’_[):_gmixvp_’_v'|:€mix (/th_'_ll’l)(%_'_iJ_z mix (/th_'_ll’l)é‘ljv.l7 +Si (5)
X .

Oox 3

J i
where u, and u are, respectively, the turbulent and dynamic viscosity of flow fluid, S; represents

momentum source term. The dynamic viscosity x can be obtained in Ref. [40]. The source term of
momentum equation can be can be found in Ref. [33].

The species conservation equation for each specie i can be depicted as:

—a(gf”i)+v.(pﬁmi)=V-{(po,i+:—‘ij,}+1€- ©
t

where m; and D,,;, respectively, are mass fraction and mass diffusion coefficient of specie i, Sc;

represents Schmidt number, which is set to be 0.7[31] in present study. Y, is the source term for

chemical reaction of specie i and its expression can be found in our prior work[41].
Reactions occurring in the porous mixture bed of catalyst and EPCM bed mainly contains 3
different chemical processes: methanol steam reforming reaction (MSR), methanol decomposition

reaction (MDR), and water—gas shift reaction (WSR), which are expressed as follows:
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CH,0OH +H,0——=CO0,+3H, (7)
CH,OH——=CO+2H, (8)
CO+H,0——=CO0,+H, 9)

The comprehensive chemical kinetic model of methanol steam reforming model proposed by

Peppley et al[32] is employed in this paper, which are shown in Eq. (10) - (12).

3
O-kRKCH3o(1) pCH3OH (1_ szpcoz ]C C S

12 S1aPyg
K
R, - P, R Pcu,on Pu,o (10)
p p
1+ KCH3O CHl/SH + KHcoopcoz pél/2 KOH Hl/;) (1 + Kl/z szz )
Pus " D,
2
P Pu, Pco
GkDKcﬁsom CHSZOH [1 - K » ]C CszaSg
R, = H, pPcu,on (11

Pcuon Pu,o V2 12
1+ Ko 7 T Kou, —5 [\1+ Ky, Pu
3M(2) 2) (2) 2
Pu2 p

2

O-kWKOH(l) PcoPeuson (l _ Ksz Pco, ]Cszng

12
H, wPcoPu,o

Ry = > (12)
Pcn,on Pu,0
(1 + KCH3O p1/2 + KHCOOpC02 pgzz KOH(,) p1/2 ]

H2 H,

where o represents the catalytic activity of the porous mixture ranging from 0 to 1, Rr, Rp and Rw
are the reaction rate of MSR, MDR and WSR, respectively, p; represents the partial pressure of specie
i, Cs1 and Cs,, respectively, are the concentration of active site S1 and S2 on the catalyst surface, S,

presents the surface area of catalyst. These detailed parameters can be found in our prior work[41].
The molar consumption rate of CH;OH Ry o (in unit of mol-m>-s™) can be obtained by Eq.
(13).
Reon ==(Re +Ry) (13)
The energy conservative equation in the mixture bed of catalyst EPCM, based on the local
thermal equilibrium, is given by:

a I:gmixpfcp,fT + (1 - gmix ) pmixcp,mixT]
ot

+V-(pre, diT)=V-(A44VT)+S, (14)
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where the energy source term S, can be found in our prior work[41].

In present study, the “effective heat capacity method” is employed to calculate the specific heat

of EPCM during phase transition[ 18], which is shown in Eq. (15)

AT
CpEPCM > T<Tm__
’ 2
L AT AT
CpEpcMeft — | €p.EPCM +ZL;Ma T, _T <T< Tm+7 (15)
C, EpCM > T2 Tm+%

where AT is set to 2 K in this study[18].

2.2.2 The receiver tube:

The energy conversion equation describing heat conduction in the reactor tube is given by:

a(pcgtT)mbe :V~(l VT) (16)

tube

where Aype 1s the thermal conductivity of reactor tube.

2.3 Boundary condition

As illustrated in the Fig. 2, the boundary conditions of the simulation domain can be shown as
follows:

(1) For porous mixture of catalyst and EPCM, the inlet and outlet boundaries are expressed as:

Inlet boundary: molar of molar ratio of H,O/CH;O0H is set to 1.1, and temperature and flow
velocity are constant, namely u=ui,, T=1i,=423.15 K, My,o/Mcmson=1.1.

Outlet boundary: the outlet pressure keeps constant, namely p=pq,=101325 Pa.

(2) For the reactor tube region, the end surfaces of tube are constrained as adiabatic walls: 07/0x

o _0

(3) The boundary for axis of symmetry is expressed as: 5 = Fn =0
r A

(4) The interface of tube region and mixture region is defined as the coupled fluid—solid interface,
namely, u=0 » Teat = Thube-

10
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(5) In this study, the average local concentration ratio of solar collector is set to 20[31], and the
direct normal irradiance (DNI) is assumed to be 600 W-m™, herein, thus the heat flux on the surface of

reactor tube is equal to 12000 W-m™.

2.4 Definition of performance indicator
In present paper, the steady and unsteady performance of SPTRR are both investigated, thus
some performance indicators are defined.

For steady condition of solar radiation, the performance of SPTRR is evaluated by methanol

conversion efficiency 7., which is expressed as:

m L
__ """CH;0H,in CH;OH,out

My, oH,in
where ey onm and Moy onon , TESpectively, represent the inlet and outlet mass flow rate of chemical

reactor.
Due the weather transients, the solar radiation variation with time can be roughly divided into
two different kinds: single-step fluctuation and successive fluctuation. Fig. 3 illustrates the illustration

of two different typical solar radiation fluctuations. Thus, in present paper, for unsteady condition of

solar radiation, Delay response time Az, [42] and relatively vibrating amplitude of methanol

conversion efficiency y, are adopted for the dynamic performance evaluation of SPRR under the

single-step and successive fluctuations of solar radiation respectively.

L] L] Ll L] L L) L] L] L] Ll
5 o
£ 12000 1 E 12000 1
z z
P P
= =
= =
- g
= 6o00f 1 = 6000k |
0 - ¢
6 9 3 6 9 12 15 18 21 24 27
t/min #/min
(a) Single step fluctuation (b) Successive step fluctuation

Fig. 3 Illustration of two different typical solar radiation fluctuations

Delay response time Aty,, [42] is defined as the time during which the methanol conversion

11
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efficiency changes by 50 % of An,,., which is illustrated in Fig. 4 And An,_,, is total change of

methanol conversion efficiency due to the step fluctuation of solar radiation. Af,, can reflect the

ability of solar chemical reactor to delay the adverse effect of single fluctuation of solar radiation.

Meu
y Solar radiation disappears
77:51611 — + ’'Y
N
<
sl
S v \ =
0.5 (e ecat ) R
=
<
Y
nc‘end
At .
0 0 Time

Fig. 4 Graphic illustration of delay response time AtSO,r],

The relatively vibrating amplitude of methanol conversion efficiency y, is defined as ratio of

the vibrating amplitude value and time-average value of methanol conversion efficiency after solar
chemical reactor reaches the repeatable state under successive fluctuations of solar radiation, and can
be expressed as:

(nc,max - nc,min )/2
M ave

(18)

7770

where 7., Memn and 7, are, respectively, the maximum, minimum and time-average value of

methanol conversion efficiency during one repeatable cycle. And y, can reveal the stability of solar

chemical reactor under successive fluctuations of solar radiation.

2.5 Numerical method and model validation

The governing equations described above are solved by Finite Volume Method, and the
convective terms in momentum, species and energy conversion equations are discretized by second
upwind scheme. SIMPLE algorithm[43] is employed to couple the velocity and pressure.
Computational Fluid Dynamics (CFD) software FLUENT is used to solve the governing equations.

The methanol conversion efficiency and outlet temperature calculated by four different grid systems

12
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(i.e., 2500(x) x18(r), 3333x23, 5000%35, 10000x70) are compared to exam the gird independence and
the results are shown in Fig. 5 (a). As can be seen, the difference of predicted results including
methanol conversion efficiency and outlet temperature between the grid systems of 5000(x)x35(r) and
10000(x)x70(r) is negligible, thus the gird system of 5000(x)x35(r) is adequate for predicting the
thermal and chemical performance of SPTRR and adopted in following simulations. As for the
independence test of time step, results calculated by four different time steps ranging from 0.5s to 5s
are compared, which are illustrated in Fig. 5 (b). It can be seen that, the difference of methanol
conversion efficiency variation curve with time predicted by 1s and 2s are quite close, and the time

step of 2s is used in simulations for its sufficient accuracy and acceptable computational cost.

0.910 r r . r 553.0 1.0 Y T T
=, -.-;s
o7 ] -2
0.908 | Towaa Jss2.8 08fF D
0906 = - s 5526 0.6F
° ] Tx o
= 4 E =
] &~
0.904 | — 1552.4 04k
0902 F Jss52.2 o2k
1 1 . 5520 0.0 . i ]
1000(x)*8(r) 2500(’\’)"13.(1') 5000(x)x36(r) 10000(x)x72(r 0 5 10 15 20
Grid system #/min

(a) Ind d test of erid (b) Time-step independence test(Variation of methanol
a) Independence test of grid system
P BHasy conversion efficiency with time)

Fig. 5 Grid and time-step independence test

The validation result of model can be found in our previous paper, which shows the model

established is accurate enough to predict the performance of SPTRR.

3. Results and discussion

3.1 Thermal and chemical performance of SPTRR with uniform distribution of catalytic activity

In this section, the thermal and chemical performance of SPTRR with different catalytic activities
under steady and unsteady condition of solar radiation are analyzed. In simulations, the inlet mass
flow rate of reactants is equal to 0.01 kg's™. The heat flux on the outer surface of reactor is set to
12000 W-m™ for steady condition of solar radiation and varies with time for unsteady condition of

solar radiation as illustrate in Fig. 3.

13
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3.1.1 Thermal and chemical performance of SPTRR under steady condition of solar radiation
Fig. 6 (a) and (b) present the cross-sectional averaged temperature and molar consumption rate of
CH;OH variation along the flow direction for different catalytic activities, respectively. As can be seen
from Fig. 6 (a), when x is smaller than 0.5 m, the cross-sectional averaged temperature of flow fluids
increases rapidly along the flow direction due to the heat flux on the surface of reactor tube. Then, the
rising rate of temperature is slower and keeps constant because of the high reaction rate of
endothermic methanol steam reforming reaction, as is shown in Fig. 6 (b). And when x is larger than 4
m, the increasing rate of temperature is elevated again which is leaded by the decreasing of reactants’
concentration and reduced reaction rate. For SPTRR with different catalytic activities, as catalytic
activity decreases, the temperature at same position of x is improved and the highest consumption rate
of CH30H in SPTRR is lower, indicating that more solar energy is converted to the sensible heat of

reactants and productions instead of chemical energy.

580 14
560 12
s40F T
:ﬁ
520F -
% 20 g g
-f 500 F E ]
&~ amof g
o
460 F 4
440 2
420 'l A A A u 2 i i 'l I
0 1 2 3 4 5 0 1 2 3 4 5
x/m x/m
(a) Average temperature (b) Molar consumption rate of CH;0OH

Fig. 6 Cross-sectional averaged temperature and molar consumption rate of CH;OH variation along the fluid

direction for different catalytic activities

To avoid the sintering failure of catalyst and keep the safe operation of SPTRR, the reactor
should be operating below the upper temperature limit of catalyst Cu/ZnO/AL,O; (573 K). Fig. 7
presents thermal and chemical performance of SPTRR with different catalytic activities under steady
condition. As can be seen from this figure that, as the catalytic activity decreases from 1.0 to 0.2, the
maximum temperature of catalyst increases from 552 to 573 K, which is within the allowable
temperature range of Cu/ZnO/Al,0O; catalyst for safe operation[32]. As for the chemical performance,

it can be seen that, with the decrease of catalytic activity, the methanol conversion efficiency and

14
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production rate of H, are both gradually reduced due to the decline of reaction rate, while production
rate of CO is improved a lot due to the higher reaction rate of methanol decomposition reaction which

produces CO. When catalytic activity decreases from 1.0 to 0.2, methanol conversion efficiency and

my  are reduced by 8.4 % and 9.9 % respectively, while i, rises by 121.3 %

650 1.0 45
09 4 =
[ =0
600 =
1 08 43 &
%— g: -]
H £
R 07 2 =
550 ‘=
0.6 1
500 LE 05 do

Fig. 7 Thermal and chemical performance of SPTRR with different catalytic activities under steady condition

3.1.2 Thermal and chemical performance SPTRR with under unsteady condition of solar
radiation

In this section, the dynamic behavior of SPTRR with different catalytic activities are analyzed.
There are two different types of solar radiation fluctuations: single step fluctuation and successive step
fluctuation. In simulations, the nominal heat flux on the surface of reactor is 12000 W-m™. For the
singe step fluctuation of solar radiation, the heat flux on the surface of reactor tube drops from 12000
W-m™ to zero after ¢ is larger than 3 min, as is shown Fig. 3 (a). For the successive step fluctuation of
solar radiation, the heat flux switches between 12000 W-m™ and zero for every 3 mins, which is

illustrated in Fig. 3 (b).

(1) Single-step fluctuation of solar radiation

Fig. 8 (a) and (b) show T,

wtave and 7, variation with time of SPTRR with different catalytic
activities under single step fluctuation of solar radiation, respectively. Clearly, when o =1.0 (catalyst

is not diluted with EPCM), after solar radiation disappears at =3min, 7, and 77, both decrease

cat,ave

rapidly at first due to the short of heat supply, and then gradually reaches a stable value. While for o
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lower than 1.0 (catalyst is diluted with EPCM), compared with o =1, the decreasing process of

T, and 7, after the disappearance of solar radiation is slower, and there exists a turning point in

cat,ave
their decreasing processes due to the large latent heat released by EPCM. It can also be found that as

o declines, the turning point of 7 1s higher, while the turning point of 7, decreases gradually.

at,ave

This phenomena can be explained by the fact that when the catalytic activity decreases, which means
catalyst is diluted by more EPCM, the reaction rate at the same temperature decreases thus the turning
point of methanol conversion efficiency declines. Meanwhile, with lower catalytic activity and higher
filling proportion of EPCM in SPTRR, more latent heat can be released for endothermic chemical
reactions (MSR and MD) in the temperature decreasing process, and temperature decreases slower,

thus chemical reactions keeps lower methanol conversion efficiency at higher temperature for longer

time. When the catalytic activity o is diluted from 0.8 to 0.2, the turning value of 7, decreases

from 0.72 to 0.38 greatly, which is reduced by 47.2 %.

56/() prr—r—r—r——r—r—r—r——r—————r—r—r— 1.0 T T T T T T T

540

Turning point 0.8 Turning point
520 i

v 500 0.6 | L
- = _~ Hemeanm for =08
g0 = N5
E 0.4F ) 1
460 1.7 \ Y medinm Tor o =0.2
440
02} h
420
400 L . . 0.0 . 4 L
] 10 20 30 40 0 5 10 15 20 25 30 35 40
t/min t/min
(a) Average temperature of catalyst (b) Methanol conversion efficiency

Fig.8 T and 7, variation with time of SPTRR with different catalytic activities under single step fluctuation

cat,ave

of solar radiation

Fig. 9 shows influence of catalytic activity on delay response time of SPTRR under step

fluctuation of solar radiation. As can be seen in this figure, with the decreasing of o from 1.0 to 0.2,

Aty increases at first and reaches the maximum value of 8.2 mins at o =0.4, then declines. This

phenomena is caused by the reason that as o decreases from 1.0 to 0.4, the content of EPCM in

SPTRR becomes larger and the decreasing rate of methanol conversion efficiency is slower. However,
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when o is equal to 0.2, the turning point of methanol conversion efficiency in the decreasing

process is lower than 77, ... (0.428, as shown in Fig. 8 (b)), therefore, the increasing of thermal
inertia caused by EPCM makes little contribution to improvement of delay response time Az, .

Compared with SPTRR fully packed with catalyst (o=1), when o is equal to 0.4, Az, ~ of

SPTRR under step fluctuation of solar radiation is prolonged by 845 %, which means longer response

time and can leave longer time for control system to make response.

+845 %

L L L "
0.2 0.4 0.6 0.8 1.0
a

Fig. 9 Influence of catalytic activity on Az, of SPTRR under step fluctuation of solar radiation

(2) Successive fluctuations of solar radiation

When the methanol conversion efficiency is relatively low (less than 0.3), the following process
of separation and purification after reaction, such as pressure swing adsorption[11], will consumes lots
of energy, which damages the economy of solar thermochemical reaction system. Similar with ref[13],

in present paper the lowest limit of methanol conversion efficiency is set to 0.3.

Fig. 10 (a) shows the 77, variation with time of SPTRR for different catalytic activities under

successive fluctuations of solar radiation. From Fig. 8 (a), it can be seen that 77, of SPTRR vibrates

with the fluctuation of solar radiation, and finally can reach a repeatable state. Clearly, compared with

SPTRR fully packed with EPCM ( &= 1.0), when catalyst is diluted with EPCM (&= 0.2 and 0.6), the
vibration amplitude of 77, is smaller, and the lowest value of 77, in the vibrating process is also
improved after SPTRR reaches a repeatable state. For example, compared with 5= 1.0, when & is
diluted by EPCM to 0.2, the lowest value of 7, in a repeatable cycle is improved from 0.192 to

0.328, which is higher than lowest limit of methanol conversion efficiency (0.3) and can avoid the
17
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sudden shut down of chemical reaction system. Fig. 8 (b) illustrates average value and relative

vibrating amplitude of 77, after SPTRR reach repeatable state. Clearly, when catalyst is diluted by
EPCM and o decreases from 1.0 to 0.2, 7.,. increases at first and reaches maximum of 0.459 at

0 =0.4, and then decreases due to its low catalytic activity, meanwhile, 7, declines rapidly initially

and reaches the lowest value of 0.223 at 0=0.4 due to its large thermal inertia. Compared with
0 =1.0, the average value and relatively vibrating amplitude of methanol conversion efficiency in
SPTRR with 0=0.4 are, respectively, prompted by 11.7 % and reduced by 69.8 %, which shows

better stability of SPTRR under successive step fluctuation of solar radiation.

1.? ———r1T+r—rr—r1Tr—+"r"r7TrrTrrT T 0.50
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(a) Methanol conversion efficiency (®) 7., and y,

Fig. 10 Variation and relatively vibrating amplitude of 7, in SPTRR with different catalytic activities under

successive fluctuations of solar radiation

3.2 Chemical performance of SPTRR with non-uniform distribution of catalytic activity

As mentioned above, when catalyst is diluted with large amount of EPCM, the unsteady
performance of STPRR can be greatly improved. However, due to the decrease of catalytic activity,
the chemical performance of SPTRR under steady solar radiation, such methanol conversion
efficiency, declines. To achieve high steady performance and stable dynamic behavior at the same
time, non-uniform distribution of catalytic activity is applied in SPTRR. In this section, the chemical

performance of SPTRR with 2-part distribution of catalytic activity, which is shown in Fig. 11, is

analyzed. o, and o, are the catalytic activity at the front and end part of reactor respectively.
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Fig. 11 Illustration of 2-part SPTRR with different catalytic activities

Fig. 12 depicts the methanol conversion efficiency of SPTRR with 2-part distribution of catalytic

activity under steady condition. It is found that when the front-part catalytic activity o, is constant,
with the increasing of end-part catalytic activity o,, the methanol conversion efficiency of SPTRR is
improved gradually. Correspondingly, it should be noted that, on the condition that o, is constant,
the effect of o, on methanol conversion efficiency of SPTRR highly depends on the value of o,.
That is, when o, keeps equal to 0, improvement of o, can lead to the uprising of 7,. However,
when o, keeps larger or equal to 0.2, the variation of o, has negligible effect on 7, of SPTRR.

For example, when o, 1s equal to 1.0, as o, varies between in the range of 0.2 to 1.0, 7, of

SPTRR changes very little from 0.924 to 0.926. Thus, it can be concluded that the effect of catalytic
activity on 7, depends on the catalyst position in SPTRR. This phenomena is caused by the fact the
catalyst temperature increases along with the flow direction, and with same catalytic activity, based on
the Arrhenius equation[44], the reaction rate at the end part is much larger than that at the front part,
thus the effect of catalytic activity’s variation at the end part (o, ) on methanol conversion efficiency
is more prominent than that at front part. Therefore, in order to achieve efficient steady and unsteady
performance at the same time, it is be a feasible way to keep high methanol conversion efficiency, low

total catalytic activity ( i.e. large amount of EPCM) and high thermal inertia simultaneously by

properly adjusting the distribution of catalytic activity. For example, by adjusting the catalytic activity

distribution form all catalyst (o,=0,=1.0) to distribution of 0,=0.2 and o,=1.0, the methanol

conversion efficiency keeps high level ( drops by less than 0.4%) with 40% decline of average

catalytic activity, indicating much less usage of catalyst and huge amount of EPCM with large thermal
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inertia.

Fig. 12 Methanol conversion efficiency of SPTRR with 2-part distribution of catalytic activity

3.3 Distribution optimization of catalytic activity in SPTRR under steady condition of solar

radiation

To achieve the efficient steady and unsteady performance of SPRR simultaneously, namely keeps
high methanol conversion efficiency, high content of EPCM and low average catalytic activity at the
same time, SPTRR is separated into 3 parts along the flow direction equally, and the catalytic activity
of each part is optimized. Firstly, based on some reasonable assumptions, the two-dimensional model
is simplified to one-dimensional model, which is wvalidated by the results predicted by
two-dimensional model. Then, the Back Propagation (BP) neural network is trained and validated
with dataset calculated by 1-dimensional model for quick prediction of methanol conversion
efficiency. Finally, using the trained BP neural network, the distribution of catalytic activity in SPTRR
i1s optimized by Genetic Algorithm (GA), and chemical performance of SPTRR with optimized

distribution of catalytic activity and fully packed with catalyst (o=1) are compared.

3.3.1 Simplification of two-dimensional governing equation

To reduce the computational cost and keep high calculation precision at the same time, some
assumptions are made to derive the 1-dimensional model from 2-dimensional model[30]:

(1) The concentration gradient of reactants and productions along the radial direction are

negligible (Om;/0r = 0), because of the rapid diffusion of reactant and production along the radial
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direction, and small radial concentration difference.

(2) The radial temperature gradient is considered in simulation because large amount of heat is
absorb by the surface of reactor tube.

(3) The temperature distribution along radial direction can be approximated to parabolic curve. In

present study, temperature profile along the radial direction is depicted as:

T(x,r)= l+a(

] T(x,0) (19)

reactor
where, x and r represent the axial and radial coordinates, respectively, a is the coefficient related with
the distribution profile of temperature, Rie.ctor represents the radius of chemical reactor.

To determine the temperature profile coefficient a of solar chemical reactor for methanol steam
reforming reaction, radial temperature distributions of SPTRR are calculated by two-dimensional
model, and the results are used to fit the temperature profile coefficient a by least square method. The

obtained temperature profile coefficients for different catalytic activities which are shown in Table 2

Table 2 Distribution coefficient of radial temperature profile for different catalytic activities

o 1.0 0.8 0.6 0.4 0.2 0

alx107 28.196 11.328 9.1992 8.511 7.715 19.790

The average temperature of cross-sectional area can be derived by Eq. (20)

RTCBC‘OI’ r
I 1+a
_ 0 R

reactor
T(x) = R

reactor

2
] T(x,O)-27zrdr

= (1+%)T(x,0) (20)

Thus, the local temperature of SPTRR can be expressed with T(x) , which can be derived by Eq.

2
1+a !
Rreactor —_—

T(x,r)= a T(x) (21)
+ —
2

(21) using

The one-dimensional models of species equation and energy conversation equation can be
obtained by integrating Eq. (6)and Eq. (14) along the cross-sectional area of SPTRR, which are
expressed in Eq. (23) and Eq. (22).
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%JFV-(/?LM,-) = V-[(po,,. +SL;Jvmi}+F"7Mw,i§§i,r (;) (22)
0 T _ pe ~
¢+V~(,OCPL1T):/1eff ai{)_i_ssolar_i_F'St(T) (23)

where the energy source term S,

solar

is caused by solar radiation and defined in Eq. (24), F is the

correction coefficient for cross-sectional average reaction rate.

272—Rreac or q
Ssolar = 7Z'R+ (24)

reactor

According to Arrhenius Equation[44], the relation between reaction rate R(T ) and temperature

can be expressed as[27]:

R(T)=R(7_“)exp{ £ (T—Y_“)} 25)

RT

Therefore, the correction coefficient F for cross-sectional average reaction rate can be derived by

Eq. (26).

Aexp(E_)
RT
RT|1+2
2 Ea —FEa
I e ] Iy v R | o
a 2RT(1+2) 2RT(1+2]

where E is the activity energy for chemical reaction, and the values are shown in Table 3.

Table 3 Activity energy for different chemical reactions[32]

Reaction MSR MD WSR

E/ J-mol 102800 170000 87600

Fig. 13 compares temperature and methanol conversion efficiency calculated by 2-dimensional
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and 1-dimensional model. From Fig. 13 (a), clearly, it can be seen that for different catalytic activities
(0=0.2, 0.4, 0.6, 0.8, 1.0), the cross-sectional average temperature variations along flow direction
predicted by 1-dimenional model and 2-dimensional model are quite close. And as can be found in Fig.
13 (b) that, the deviation between methanol conversion efficiencies calculated by 1-dimensional and
2-dimensional model are relatively small, and the largest deviation is 0.21 %, and as for the maximum
catalyst temperature, the largest discrepancy is below 0.5 % when the o ranges from 0.2 to 1.0.
Therefore, it can be concluded that 1-dimensional model is accurate enough to predict the thermal and

chemical performance of SPTRR with different catalytic activities.

y v — 1.0 T T T . 650
=02 o +0.21%
560 4 016 %  H0.05% -
. +0.02 % -
0.9}
540 +0.02 % B
o
<0 B 4 600
g ° 0.8 X .
t @ :
= 500 :
oE & +
480 0.7 F +0.21 % ¢ =
+0.07 % & S ¢ Jdss0
160 H06% o ce,  -0.46%
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(a) Cross-sectional average temperature variation along  (b) Methanol conversion efficiency and max temperature

flow direction of catalyst

Fig. 13 Comparison of results of temperature and methanol conversion efficiency calculated by two-dimensional and

one-dimensional model

In addition, the comparison of computational cost between 1-dimensional and 2-dimensional
model is performed on a computer with 8-core 2.3 GHz CPU and 32 GB RAM. For the case of
SPTRR with catalytic activity of 0.8, the computing time of one-dimensional model is about 22 min
for a steady condition case, which is much shorter than that of two-dimensional model (305 min).
Therefore, it can be concluded that one-dimensional model is accurate enough and time-saving
compared to two-dimensional model for simulating the heat transfer and chemical process of SPTRR,

which is beneficial for quick performance prediction of SPTRR.

3.3.2 Distribution optimization of catalytic activity along axial direction

As mentioned above, the computing time of one-dimensional model for one case of SPTRR is
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around 22 min, which is still relatively long to be applied for the optimization of catalytic activity
distribution. To overcome this problem, BP (Back Propagation) neural network is adopted to predict
the chemical performance of SPTRR with different catalytic activities, and one-dimensional model is
employed to produce the training and validation data for the establishment and testing of BP neural
network. The inputs of BP neural network are catalytic activities of each part (o, 0, and o3), and
output is methanol conversion efficiency. BP neural network is a multi-layer neural network, and has
been widely applied in fields of image analysis and speech recognition due to its strong non-linear
mapping ability, high self-learning and self-adaptive ability. Weights and thresholds during the signal
transmission in BP neural network are key parameters for the accuracy of prediction, thus in present
paper, genetic algorithm (GA) is used to optimize the training process of the neural network, and find
optimal weights and thresholds that meet the requirements of the network. Table 4 lists the training
and validation dataset for BP neural network, which contains 100 cases for neural net training, 32

cases for neural net validation and 16 cases for neural net testing.

Table 4 Training and validation dataset for BP neural network

Dataset o o o3 Number of case
Training 0.2,0.4,0.8,1.0 0,0.2,0.4,0.6,1.0 0,0.2,0.6,0.8,1.0 100
0.6 0.2,0.4,0.6,1.0 0.2,0.6,0.8,1.0 16
Validation
0.2,0.4,0.8,1.0 0.8 0.2,0.6,0.8,1.0 16
Testing 0.2,04,0.8,1.0 0.2,0.4,0.6,1.0 0.4 16

Three-layer neural network is employed and the number of neurons in the hidden layer is set to
10. The trainlm function is used as training function, the upper number for training is 10000 and the
convergence target is set to 1.0x10”. In genetic algorithm, the optimizing objective is shown in Eq.
(27), and the parameters in optimization are listed in Table 5.

min \/ 2(77}319,;' - nvalidation,i)z 27)

i=l1

where 775, and 77,4.50,; ar€ methanol conversion efficiency predicted by BP neural network and

from the validation dataset calculated by one-dimensional model, respectively, # is the number of case
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in the validation dataset.

Table 5 Parameter in the optimizing process of genetic algorithm

. Maximum Binary digits of Crossing Mutation .
Population size ) ) o o Generation gap
generations variable probability probability
100 100 10 0.7 0.01 0.95

Fig. 14 shows comparison of methanol conversion efficiency calculated by BP neural network
and 2-D model. From this figure, it can be seen that the methanol conversion efficiency predicted by
trained neural network matches well with the results calculated by 2-D model. Thus, the trained neural
network can be used to predicting the methanol conversion efficiency of SPTRR with different

catalytic activities.

1.0 T T T T

0.8 F .
0.6 | b
0.4 S

0.2 4

#_ calculated from neural network

0.0 1 'l i 1
0.0 0.2 0.4 0.6 0.8 1.0

5, calculated from 2-D model

Fig. 14 Methanol conversion efficiency calculated from BP neural network and 2-D model

Furthermore, genetic algorithm is employed to optimize the distribution of catalytic activity
along the flow direction based on the obtained BP neural network. In order to achieve efficient steady
performance and stable dynamic behavior at the same time, i.e., high methanol conversion efficiency
and low average catalytic activity, methanol conversion efficiency and average catalytic activity are

combined as the optimization objective, which is defined as Eq. (28). To keep high methanol

conversion efficiency and avoid the overshoot of catalyst temperature, the constraints on 7, and o

are considered, which are expressed as Eq. (29) and Eq. (30)

Max| 7 / {(‘71"'62'“73)} (28)
y 3
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N, >1.,%0.99 (29)
0.2<0,<1,i=1,2,3 (30)
where 77, is the methanol conversion efficiency of SPTRR fully packed with catalyst.

The parameters of genetic algorithm for distribution optimization of catalytic activity are same
with that for BP neural network, and the optimized distribution of catalytic activity by GA is listed in
Table 6. As can be seen in this table, the optimized distribution of catalytic activity is ,=0,=0.2,
03=0.916 with the average catalytic activity of 0.44, and the predicted methanol conversion efficiency

is 0.920.

Table 6 Optimal distribution of catalytic activity

o +o0o,+0
0] 0 03 1.5p Meop 1. sp / |:(123):|

3

0.2 0.2 0.916 0.920 0.919 2.097

Then, two-dimensional model is employed to calculate the methanol conversion efficiency of

SPTRR with the optimal distribution of catalytic activity, and the calculated 7,,, is 0.919, which is

relatively close to 77,5, (0.920) predicted by BP neural network, indicating that the predicted results

by neural network are accurate and valid.

3.4 Steady and dynamic performance of SPTRR with optimal distribution of catalytic activity

After obtaining the optimal analytic activity distribution, in this section, the thermal and chemical
performance of STRR filled with uniform and optimal distribution of analytic activity are compared
and analyzed. In simulations, the results are calculated by 2-D model.

The maximum temperature of catalyst and methanol conversion efficiency of SPTRR with
different catalytic activity distributions of ouniform=1, Ouniform=0.44 and Gopima are compared, which
shown in Fig. 15 (a). It 1s found that for these three catalytic activity distributions, the highest
temperatures of catalyst are all below the upper limit temperature of catalyst (573 K), which can
ensure the safe and long-term run of SPTRR. Among these three catalytic activity distributions,
SPTRR with Gyifom=0.44 has the highest catalyst temperature of 560.9 K, then is SPTRR with
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Ouniform=1, and SPTRR with oopimal has the lowest catalyst temperature of 549.5 K, indicating that
SPTRR with oopimal 1s farthest away from the catalyst limit temperature and can handle the sudden
uprising of solar radiation best. For the chemical performance, although the average catalytic activity
is 0.44, with 56 % less of catalyst, methanol conversion efficiency of SPTRR with oqpiimal 1S similar
with that of SPTRR fully packed with catalyst (Guniform=1), and larger than that of SPTRR with
Ouiform=0.44. It can be concluded that with much less catalyst and high content of EPCM, SPTRR
with optimal distribution of catalytic activity can keep similar steady thermal and chemical
performance with SPTRR with fully packed with catalyst.

Due to the low methanol conversion efficiency of SPTRR filled with Gopimai=0.44 under steady
condition of solar radiation, only dynamic behavior comparison of SPTRR with cynitorm=1 and goptimal
under unsteady condition of solar radiation are compared, which is illustrated in Fig. 15 (b). Clearly,

as can be seen from this figure, when SPTRR is under single step fluctuation of solar radiation,

compared with oyniferm=1, the delay response time Atso% of SPTRR with coptimal 1s much prolonged

from 1.3 mins to 2.8 mins, nearly improved by 115.4%. And when SPTRR 1is under the successive

fluctuation of solar radiation, the relatively vibrating amplitude y, of SPTRR with goptimar 18 largely

alleviated from 0.78 to 0.32, which is almost reduced by 60 %, compared to that of SPTRR with
Ouniform=1. Therefore, it can be concluded that compared with Gusiform=1, SPTRR with optimar has larger
thermal inertia to leave more time for controller to take action and shows more stable dynamic

behavior under the fluctuation of solar radiation.

/%7/” Junil'urmzl

(a) Steady performance (b) Dynamic performance

Fig. 15 Steady and dynamic performance comparison of SPTRR with different distributions of catalytic activity
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4. Conclusion

In this study, the catalytic activity of solar thermochemical reactor is adjusted by the diluting
catalyst with EPCM to improve the steady and dynamic performance of SPTRR. At first, a
two-dimensional model is established to compare steady performance of reactor with different
catalytic activities. Then, one-dimensional model is derived from two-dimensional model and used to
train BP neural network. Finally, optimal distribution of catalytic activity is obtained by genetic
algorithm and BP neural network, and the steady and dynamic performance of SPTRR with uniform

distribution and optimal distribution are compared. The salient findings are as follows:

(1) For steady performance of solar thermochemical reactor, when catalytic activity decreases
from 1.0 to 0.2, the maximum temperature of catalyst increases from 552 to 573 K, which is still

within the allowable temperature range of Cu/ZnO/Al,O;5 catalyst for safe operation, and methanol

conversion efficiency and i, are reduced by 8.4 % and 9.9 % respectively, while ., rises by

121.3 %.

(2) For the dynamic performance, compared with solar thermochemical reactor fully packed with

catalyst (o=1), when o is diluted by encapsulated phase change material to 0.4, Az, of reactor

under single-step fluctuation of solar radiation is prolonged by 845 % and relatively vibrating
amplitude of methanol conversion efficiency is reduced by 69.8 %, which shows better stability.

(3) One-dimensional simplified model derived in present study is accurate enough and
time-saving compared to two-dimensional model.

(4) With 56 % less of catalyst, solar thermochemical reactor with optimal distribution of catalytic
activity can keep similar steady thermal and chemical performance with SPTRR fully packed with

catalyst.
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Nomenclature and units

¢ specific heat, J-kg"-K™!
deat diameter of catalyst particles, m
D diameter, m
fepcMm volume ratio of EPCM to mixture
ho formation enthalpy, J-mol™
keat permeability of catalyst, m”
k turbulence kinetic energy, m*s™
L latent heat, J-kg™
Liube length of tube, m
m mass flow rate, kg-h™!
m; mass fraction of species i
M; mole fraction of species i
M,,; molecular weight of species i, kg-mol™
n molar flow rate, mol-s’!
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Rr

Rp

<y

Greek symbols

B

7/ e

At

50,1,

Jij

Emix

Ne

. . . .. . 3 -1
rates of creation and destruction of species i in the reaction 7, mol'm™-s

effective turbulent Schmidt number
time, S

temperature, K

pressure, Pa

total heat transfer rate, W

universal gas constant, J-mol™ ‘K

. . . 3 -1
reaction rate of methanol steam reforming reaction, mol-m™:s

. .. . 3 -1
reaction rate of methanol decomposition reaction, mol'm™-s

. . . 3 -1
reaction rate of water shift reaction, mol-m™-s

. -1
velocity vector, m-s

inertial loss coefficient, m’

relatively vibrating amplitude of methanol conversion efficiency
delay response time of methanol conversion efficiency, s
Kronecker’s delta

turbulence kinetic energy dissipation rate, m*s™

porosity of packed mixture of catalyst and EPCM

methanol conversion efficiency

thermal conductivity, W-m™-K™!
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Mt

Subscripts
ave
cat

eff

mix

Abbreviations

DNI

EPCM

MD

MSR

PCM

SPTRR

dynamic viscosity, Pa‘s
turbulent viscosity, Pa-s
density, kg'm™

catalytic activity

average

catalyst

effective

fluid

species

mixture of catalyst and EPCM

solid

direct normal irradiance
Encapsulated phase change material
methanol decomposition

methanol steam reforming

phase change material

solar parabolic trough receiver reactor
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WSR

water—gas shift reaction
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