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Abstract: When driven by sunlight, molten catalytic methane cracking can produce clean hydrogen
fuel from natural gas without greenhouse emissions. To design solar methane crackers, a canonical
plug flow reactor model was developed that spanned industrially relevant temperatures and pressures
(1150-1350 Kelvin and 2-200 atmospheres). This model was then validated against published methane
cracking data and used to screen power tower and beam-down reactor designs based on “Solar
Two,” a renewables technology demonstrator from the 1990s. Overall, catalytic molten methane
cracking is likely feasible in commercial beam-down solar reactors, but not power towers. The best
beam-down reactor design was 9% efficient in the capture of sunlight as fungible hydrogen fuel, which
approaches photovoltaic efficiencies. Conversely, the best discovered tower methane cracker was
only 1.7% efficient. Thus, a beam-down reactor is likely tractable for solar methane cracking, whereas
power tower configurations appear infeasible. However, the best simulated commercial reactors
were heat transfer limited, not reaction limited. Efficiencies could be higher if heat bottlenecks are
removed from solar methane cracker designs. This work sets benchmark conditions and performance
for future solar reactor improvement via design innovation and multiphysics simulation.

Keywords: solar-thermal; methane cracking; concentrated solar

1. Introduction

Unlike prior hydrocarbons-to-hydrogen chemistries that produce greenhouse gases [1,2],
catalytic methane cracking makes solid carbon for sequestration or reuse [3]. When driven with
solar heat, this reaction can generate greenhouse-neutral hydrogen fuel from carbonaceous feedstocks,
a transitional technology towards fully sustainable infrastructure [4-13]. Figure 1 shows the concept,
wherein a macroscopic reactor harbors microscopic reaction. Within this regime methane bubbles
through a melt of liquid bismuth and catalytic nickel:

CHy(g) 2 2H>(g) + C(s)
27%Ni(1), 73%Bi(1)

As the bubbles rise heat drives endothermic methane conversion to hydrogen gas and graphitic
carbon, a chemistry pioneered within an indirectly heated tubular bubbler [3]. Commercial solar-thermal
technologies, exemplified by the Solar Two pilot plant [14], similarly heat fluids indirectly within tubes,
tubes that intercept concentrated sunlight from heliostats. However, current solar thermal facilities
operate at 500 °C [15], whereas molten catalytic methane cracking occurs at higher temperatures
(>1000 °C). Higher temperatures can only magnify the radiative and convective heat losses observed
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in a Solar Two design [15,16]. Thus, although the “Solar Two” approach is mature, its feasibility for
molten catalytic methane cracking is unclear.
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Figure 1. Multiscale characteristics of solar catalytic molten methane cracking in a “Solar Two” configuration [14].

Recently, an alternative to Solar Two power tower designs premiered at commercial scale [17].
Figure 2 compares Solar Two to the new configuration, which places the tubular receiver at or below the
heliostat field. This beam-down receiver is exposed to the environment only through an open aperture
that accepts light from a suspended reflector. Compared to a fully exposed Solar Two power tower,
this nested receiver can reduce convective and emissive heat losses. However, new losses are associated
with light reflection and redirection into the beam-down aperture [17]. Potential solar performance
improvements with a beam-down, versus established power tower design, is explored herein.

Tractable solar driven methane cracking with a power tower or beam-down design likely lies
within the large range of reaction temperatures and pressures common in industrial practice, which can
reach 1100° Celsius and 400 atmospheres [18]. Over these extreme conditions reaction may be reversible,
a facet omitted from recent studies of catalytic methane cracking [3,19-22]. Catalytic molten methane
kinetics were revisited to evaluate reactor performance over these expansive conditions and explore
likely reaction reversibility in industrial implementations.
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Figure 2. Characteristics of solar catalytic molten methane cracking in a “Solar Two” [14] configuration
or an analogous beam-down configuration.

2. Materials and Methods

2.1. Reversible Catalytic Molten Methane Cracking Kinetics

In prior reactor design and economics, authors have assumed that methane cracking is
irreversible [3,19-22]. However, heterogeneous and noncatalytic methane decomposition is reversible
and inhibited by high pressure [23-30], an effect that can cause the thermodynamic limitation of
hydrogen production [31]. Thus, to evaluate the performance of a multitube solar receiver across
industrially relevant conditions, catalytic methane cracking kinetics were expanded to feature reaction
reversion at extreme temperatures and pressures. Specifically, a kinetics model was proposed based on
the batch surface catalyzed decomposition of methane in a spherical isothermal bubble [3,32]:

dncy
e = —Apyppierate 1)
dnc
el Apupblerate ()
dn
2 Ayperate 3)
dt
Abupble = 4717%”%16 4)

A table of variable definitions is available in Appendix A. Here, Ap,ppe is the bubble surface area
based on bubble radius rp,pp.. Changes in carbon n¢, methane ncy4, and hydrogen np, moles depend
on the reaction rate, which conformed to literature-established Arrhenius expressions for reversible
methane decomposition [23-30]:

“Er ~Er
rate = ke ®T Ccp, — kreRiT C%{z (5)

The expansion of bubble surface and size is strongly influenced by pressure, which varies with
elevation within a dense molten metal [33,34]:
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P(Z) = Pijer — P8z (6)

Specifically, positional pressure P(z) depends on the reactor inlet pressure Pj;.;, the temperature-
dependent liquid metal density p, the acceleration of gravity g, and elevation z within a reactor tube.
Appendix B lists property correlations, including the expression for liquid metal catalyst density p.
Like pressure, volumetric flow through a reactor is similarly elevation dependent, but dictated by
reactor material conservation at steady state:

[flCH4 (Z) + ﬁHz (Z)}ZRT _ n(z)
P(z) p(z)

Here, solid carbon contributes negligible volumetric flow, but the volumetric flows of gaseous
methane 11¢p4 and hydrogen ryy, are assumed substantial. Thus, the positional volumetric flow is a
function of isothermal reaction temperature T, pressure P(z), and gas mole flows. Compressibility Z
was calculated via the SRK equation of state with Kay’s rule [35]. Effective bubble area can be modeled

Qz) =

@)

from volumetric flow at a given elevation if the rate of bubble emanation b (bubbles/second) is known:

. . Anr? A (z)\"/?
bubbl bubbl
Q(z) = bVpuppie = b—; S bl = ( u4ne ) ®)

Combining these two equations gives the approximate elevation-dependent bubble catalytic
surface in a molten metal:

17209/ /2
Wff%)] o

This equation assumes insubstantial bubble coalescence, a phenomena that would alter bubble
area Ap,pple- Sieve plates and/or impellers can disaggregate and avert bubble coalescence, as is common
in extractive distillation [36-38].

Apupble(2) = [

These equations combine to yield a differential-algebraic system for analyzing a single isothermal
molten catalytic methane bubbler:

P(Z) = Pinlet — P&z (10)
. [I;ZCH (Z) + T;ZH (Z)]ZRT
Qz) = — P(Z)Z 11)
. 2/3
67‘(1/2Q z
Apupble(2) = (—b ( )] (12)
ncr, (2)
= - - (13)
YCHs ncw, (2) + 1, (2)
ﬁHz (Z)
Hy = = 5 (14)
o ncw, (z) + 1, (2)
P(z)
CCH4 = yCH4m (15)
P(z)
CHZ = sz ZRT (16)
i E o
rate = ke’ Cep, — ke ®I Cfy (17)
i
ICH, = —bAbuhblgmte (18)

dz
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dn

d_zc = bApupplerate (19)
dn

dgz = 2bApppetate (20)

where y is mole fraction and C is the concentration of the respective subscripted species. Notably,
a tubular reactor could contain multiple bubblers (b > 1). The rate of bubble emanation is then
dependent on the feed flowrate 7;,,;,; and bubble inlet orifice radius ry,ppie infet:

i? o ﬂinlet _ ﬂinlet (21)

B Pinlet Vbubble,inlet (Pinier/ (ZRT)) (4nriubble,in1et /3)

The feed flowrate is determined by the velocity of bubbles at the inlet temperature and pressure,
which was calculated via the work of Davies and Taylor (1950) [39]:

Pin Piy) 2
Z}g;ﬁ (Abubblersvbubhler) = —Zl;é;_t, (Ahuhblersg Vgrbubhle,inlet) (22)

Ninlet = pgasV =

Apypblers refers to the active bubbling area of a reactor gas distributor, which was 25% of the reactor
floor, as is common in distillation [36]. Thus, the number of bubblers in a tubular reactor was:

A
Abubblers = 0~25Atub5/ b= M (23)
T bubble,inlet

where Ay,p, is the tubular reactor cross-sectional area. An initial bubble size of #p,ppie injet = 0.5 cm was
adopted, which conforms to the work of Upham et al. 2017 [3] and lumps bubble internal diffusion
into the overall kinetic model.

2.2. Thermal Reactor Model

Exterior solar illumination must trespass multiple thermal barriers to heat reacting methane
(Figure 1), barriers that limit solar energy ingress [15]. Such indirect solar heating is known to be
limiting in solar reactor and thermal systems [40,41]. Conversely, bubbling molten metals rapidly
transport thermal energy through strong convection and conduction (Metals, 1954). Thus, temperature
was considered isothermal in the liquid metal catalyst, but likely barriers to solar heat were modeled in
the reactor geometry presented in Figure 1. Specifically, Solar Two was a 5.1 m circular receiver lined
with Inconel tubes and we adopt the same configuration here [14], but vary reaction tube radius from
1 cm to the maximal extrusions considered feasible in Inconel piping manufacture (0.5 m) [42]. In the
beam-down configuration, tubes were heated from cavity internal surfaces, versus externally in the
original Solar Two power tower design. Losses through natural convection to ambient air around the
receiver exterior surface S were modeled as previously described for concentrated solar facilities [43]:

Qconvectian = hS(Ts - Tamb) (24)

where i was calculated as shown in Boehm et al. 1987 for natural convection from a power tower or

cavity receiver (Appendix B). The heated receiver surface S in m?

was simulated at temperature T
relative to an ambient condition of T,,,;, = 298.15 Kelvin. Energy transfer between reactor tubular walls
and molten metal was similarly driven by a heat transfer coefficient /,,,;, but for a constant Nusselt

number of 4.8 typical of liquid metals [44] (Appendix B):

Qwull = hwalZS(Twall - T) (25)
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where T is the isothermal reaction temperature (Figure 1). The overall heated reactor surface S is
dictated by the number of tubular reactors # in a receiver manifold, the arc each tube presented to the
environment ¢, the tube height H, and the outer tube radius R + w:

S =noH(R +w) (26)

The tube radius was assessed from 0.01 to 0.5 m in all reactor designs, where extruded tubes
larger than &1 m were considered infeasible [42]. Bubbler Inconel wall thickness and wall temperature
profiles were found through simultaneous solution of the hoop stress formula and Fourier’s law [45,46]
(Appendix B):

R+w Ts
N(r)dr=— | k(T)dT (27)

[ ow=]
oys(Ts)w = (R + w) * Pipjer (28)

where the Inconel temperature dependent thermal conductivity, yield stress oys(Ts), and heat flux N(r)
were evaluated at their radial or extremum values.

Heliostats that direct light onto a receiver can be only 65% efficient [47-49]. Thus, only 65%
of 800 W/m? sunlight incident on a heliostat field reached the reactor. The effective absorptivity
and emissivity of corrugated receiver surfaces were determined by 2D Monte Carlo ray tracing in
CUtrace [50], an opensource ray tracer, for uniformly radial incoming receiver irradiance, diffuse
reflection, and diffuse emission (Appendix B). In traces, native reactor Inconel reflectivity was 5%,
emissivity was 95%, and absorptivity was 95%, values that conform to prior experimental work with
nickel alloy tubes [51]. Diffuse reflection and radiative emission from the beam-down reactor cavity
were calculated via analytical view factors [16] (Appendix B), where ultimate emissive losses from a
receiver were given by the Stefan—-Boltzmann Law:

deiative = SUFSTQL (29)

where ¢ is the effective surface emissivity from ray tracing, o the Stefan-Boltzmann constant, and F is
the view factor if relevant (Appendix B).

For power tower designs necessary irradiance onto the heliostat field (facility power Qf14) was
found from the overall energy balance given radiative losses, convective losses, and energy sunk into
endothermic methane cracking:

0.65a  Qfils = NAHpenMiper X + Qconvection + Qradiative (30)
| S — —_——— —_———
solar energy energy consumed by reaction  energy lost to air convection  energy lost to reradiation
intercepted by
the heliostat
field

where the effective receiver absorptivity @ was found from 2D Monte Carlo ray tracing. The 0.65
multiplicand originated from heliostat field efficiency [47-49]. For beam-down designs, this field
efficiency was 10% lower to account for the redirection of light from a suspended reflector [52,53]:

0.585a ineld = nAHpxn i X + Qconvection + Qradiative (31)
[ S—— ——— ——
solar energy energy consumed by reaction  energy lost to air convection  energy lost to reradiation
intercepted by

the heliostat
field
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Additionally, reactor absorptivity was modified by view factors for diffuse reflection from the
beam-down cavity. Reactor efficiency, the fractional energy sunk into hydrogen production versus
overall sunlight collected, is:

NAH pxnNjpger X energy into reaction

T]_

= 2
Qfield solar energy into facility (32)

3. Results

3.1. Validation of Reversible Catalytic Molten Methane Cracking Kinetics

To validate the proposed kinetics, especially the use of reactor material conservation for catalytic
area calculation, Equation (5) Arrhenius coefficients kq, kj, Ey, and E, were fit to data from Upham
et al. 2017 [3]. This isothermal molten methane bubbler, filled with 27% nickel and 73% bismuth,
operated at low pressure (200 kPa) and high temperature (1040 °C) where forward reaction dominates.
Thus, nonlinear regression was initialized with the activation energy and Arrhenius preexponential of
Upham et al. 2017 (Ef = 208 kJ/mol, kf = 78,813 m/sec). However, that work provided no Arrhenius k,
and E; for reversible kinetics. Thus, a preexponential and activation energy for reverse reaction were
inferred from transition-state theory and van 't Hoff equation predictions [31,54] (Appendix B):

Er ~ Ef — AHpn(T) (33)

kfe_Ef/RT _AH (T)
In(K.) = ln[ ko B /KT ~ rxn (34)

RT

Subsequent nonlinear regression refined initial parameter estimates with equilibrium decomposition
data from the literature [28,55,56]. Figures 3 and 4 show that discovered parameters for the new
kinetics model predicted experimental data from Upham et al. 2017 and published methane
equilibria [3,28,55,56]. Table 1 compares the discovered kinetic coefficients ky, k;, Ef, and E, for
catalytic methane cracking to prior work for noncatalytic reaction [29,30]. The discovered activation
barrier for catalytic hydrogen production (kf = 209 k]/mol) was substantially lower than values from
noncatalytic work (E; = 284 k]/mol and Ef = 337 kJ/mol) [29,30], consistent with catalysis. Disparate
kr and k, preexponentials, which result from attempts to match methane decomposition equilibria,
were evident in all reversible kinetic models (Table 1). Figure 4 shows that the new reversible kinetic
model fit published methane decomposition equilibrium data K better than prior studies [28-30,55,56].

The reversible models in Table 1 differ from previous work that relied only on ks and Ef [3,19-22].
These irreversible kinetic models set k, = 0, which disallows the prediction of reaction equilibria.
Thus, eliminating k; likely yields an insufficient parameterization for accurate kinetics at extreme
industrial reactor conditions [31]. Here, omitting k, visibly and persistently inflated results at methane
conversions larger than 60% (Figure 3). Thus, although there was substantial uncertainty in the reverse
Arrhenius preexponential (k;, Table 1), even at mild pressure (Figure 3, 200 kPa) the known reversibility
of methane cracking had effects (Figure 3) [23-30].

The reversible catalytic methane kinetics discovered (Table 1, Equation (5)) have implications
for reactor design. These reaction effects are summarized as a three-dimensional Levenspiel plot
in Figure 5 [57]. Figure 5 shows that low pressure and high temperature enhance reaction rate
and hydrogen production. However, dilute gas conditions at these conditions impede dense and
productive reactor throughput. Conversely, high pressures support rate and allow dense reactor
throughout, but limit maximal methane conversion via Le Chatelier’s principle. Thus, high pressure
constrains maximal reaction extent. Figure 5 overlays these and other tradeoffs that result from
reaction equilibrium.
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Figure 3. The application of reversible molten methane cracking kinetics to data from Upham et al. 2017 [3].
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Figure 4. An Arrhenius plot of reaction equilibrium constant K, predictions from reversible methane
cracking kinetic models compared to published equilibrium data from experiments [28-30,55,56].
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Table 1. Fitted kinetic parameters for reversible catalytic molten methane cracking with 95% confidence
intervals compared to prior models of noncatalytic methane cracking [29,30]. Prior models from
Keipi et al. 2017 and Catalan et al. 2020 were rearranged into identifiable forward and reverse

Arrhenius expressions.

. —-E -E
Thi k: / o v

s wor rate| 22— | = ke®™ Coy —k et C}
kr  221,765.4461% 4, 616m/sec m’ sec : ;
k: 0.0613% 0.0377m#sec C? koo ErRT
E 209.290% 4.630kJ/mol equilibrium K, = —"2 = ,:_W
E 114.028% 4.630k)/mol a4

Catalan et al. (2020)
kr 14,676.0000000m3"mol/(mol"m3sec)

—E,

r

-E
mol —L —r
= RT (7 RT 2 n-1
rate|: - sec} =k e Coy —ke® Cy Copy T
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Figure 5. Reactor design implications given reversible catalytic molten methane cracking.
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3.2. Solar Reactor Screening and Evaluation

Solar methane crackers were simulated for inlet reactant pressures from 2 to 200 atmospheres
and isothermal reaction temperatures from 1150 to 1350 Kelvin, reasonable conditions in industrial
practice [18,31]. Figure 6 shows simulation results after program execution on an 84 core computer.
Where extreme conditions caused meltdown of the Inconel receiver, data is absent in this and subsequent
figures. Solar receivers were evaluated for a pure methane feed and reactor tube radii from 0.01 to
0.5m [42,58]. A reactor (bubbler) height was selected at each condition that maximized the multiplicand
of efficiency and conversion nX. This objective insured that reactor height H maximized energy use,

but also converted substantial methane into hydrogen product:

objective
1%2
200

100

1150

efficiency
N, %

conversion
X, %

25
20
15
10

H,
(mol/sec)
120
80
40

0
1150

power tower

H = argminnX

beam-down

objective
%?
200

100
20

1150
1250 MPa

Kelvin 1350 ©

efficiency
n, %

1250

0
Kelvin 1350

conversion
X, %

25
20
15

10 20

1250 0 MPa
Kelvin 1350

H,
(mol/sec)
120
80
40

0
1150

1250 0 MPa
Kelvin 1350

Figure 6. Performance metrics of alternative solar facilities for H, production.
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As anticipated, efficiency was substantially higher in the beam-down reactor configuration.
A maximum beam-down efficiency of 9% was discovered, whereas the most efficient power tower
design was 1.7% efficient. Table 2 summarizes characteristics of the best designs on an objective
or efficiency basis. Inefficiency of the power tower designs, which reemitted maximally 60 MW of
radiation back to the environment, owed their exposed receivers. Conversely the cavity beam-down
configuration, which approaches a blackbody as aspect ratio exceeds 4:1 [50,59-61], reemitted maximally
4.5 MW of radiation. These results are summarized in Figure 7. Convective power tower losses,
modeled via validated semiempirical relations [43], were even higher. Power tower convection from
the naked receiver approached 150 MW, while the nested beam-down receiver lost maximally 28 MW.
This magnitude decrease in beam-down losses manifested as a magnitude increase in methane cracking
efficiency. Relative to beam-down reactors, ineffective power tower energy use entailed large heliostat
fields (Figure 8) despite the uniformity of other physical characteristics between the competing designs.
Overall, results showed that power towers, despite their established use in electrical production,
are unsuited to methane cracking for renewable hydrogen production.

power tower beam-down
radiative ) radiative
emission emission
(MW) J (MW)
60 60
40 40
20 20 20 20
0 0
1150 1150
1250 o MPa 1250 0 MPa
Kelvin 1350 Kelvin 1350
convective i convective
losses losses
(MW) (MW)
150 R 150
100 100
50 20 50 20
0 0
1150 1150
1250 o MPa 1250 0 MPa
Kelvin 1350 Kelvin 1350
reactor ' reactor
height height
(m) (m)
18 18
12 12
6 20 6 20
0 0
1150 1150
1250 , Mpa 1250 , MPa
Kelvin 1350 Kelvin 1350
facility power | facility power |
(MW) (MW)
250 250
200 200
150 150
100 20 | 100 20
50 50
0 0
1150 1150
1250 MPa 1250 MPa

1350 0 1350 0

Kelvin Kelvin

Figure 7. Losses and their contributing factors in alternative solar facilities for H, production.
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Figure 8. Characteristics of alternative solar facilities for H, production.

Table 2. The best simulated power tower and beam-down reactor designs across potential operating
pressures from 2 to 200 atmospheres and 1150 to 1350 Kelvin.

Power Tower Beam-Down
Best Objective  Best Efficiency  Best Objective  Best Efficiency
objective, nX %2 33 22 152 102
efficiency, n Y% 1.4 1.7 7.22 9

conversion X % 23.6 12.9 21.1 11.3
isothermal reaction, T Kelvin 1325 1265 1315 1255
inlet pressure, Pj,jet atm 21.71 65.13 24.67 69.10
facility power, Qfela MW 144.3 190.0 24.7 34.1
convective losses, Qconvective MW 39.6 72.5 10.5 15.22
radiative losses, Q,adiative MW 38.1 424 14 1.00
H; produced mol/sec 44.88 73.73 39.23 64.31




Energies 2020, 13, 6229 13 of 21

Table 2. Cont.

Power Tower Beam-Down

Best Objective  Best Efficiency  Best Objective  Best Efficiency

reactor height, H meters 8.5 10.4 8.5 10.4
tube radius, R meters 0.48 0.48 0.41 0.45
surface temperature, T Kelvin 1365 1330 1348 1318
wall temperature, Ty, Kelvin 1350 1300 1337 1289
wall thickness, w cm 6.10 8.40 3.85 7.47
heliostat area, A,irrors km? 0.18 0.24 0.03 0.04

4. Discussion

Power tower designs showed poor energy efficiency in methane reaction for hydrogen production.
This approach directed only 1.7% of incident solar radiation into fungible chemical fuel (H,). Conversely,
beam-down reactors achieved 9% efficiency. Although power tower and beam-down receivers were
largely uniform in their reaction and physical characteristics (Figures 6-8), including ultimate reactant
conversion to H product, power towers showed radiative and convective energy losses a magnitude
larger than beam-down designs (Figure 6). Overall power tower receivers, versus buried beam-down
receivers, suffered from exposure and energy losses to the environment through convection and
radiative emission. Poor power tower energy performance was highlighted by the large heliostat
field a Solar Two tower would require (Figure 8). Figure 8 shows that although receiver temperatures
and wall thicknesses were similar across facility operating conditions, the best power tower design
demands a heliostat field of 0.18 km? to overcome radiative and convective losses. Conversely, the best
beam-down heliostat field was 0.04 km?, which likely entails lower facility capital and maintenance
costs. Notably, 30-50% of solar facility costs are sunk in heliostat fields, which parasitically consume
3.8% of facility power and require persistent calibration [48,49,62-64].

All the simulated solar reactors showed low reactant methane conversion into hydrogen
(X < 30%, Figure 6). Conversion can be constrained by thermodynamics, kinetics, or heat transport [32].
To explore potential limitations Figure 9 plots the theoretical maximum conversion of methane at
reactor effluent conditions against simulated conversion. Although Figure 9 shows regions where
theoretical and simulated conversion converge or diverge, suggestive of thermodynamic or kinetic
limitation, respectively, the best designs discovered were likely heat transport constrained. As shown
in Table 2, heat movement drove large temperature gradients within the best discovered reactors.
Although reaction occurred at 1255-1325 Kelvin, exterior receiver conditions were on the threshold of
Inconel meltdown (1316-1365 Kelvin) under pressurized conditions (21.71-69.10 atm).

power tower beam-down
X, % X, %

100 100

50 50

1350 1350

1250 1250

wra 00 Ketvin R

Figure 9. Approach to equilibrium in the power tower and beam-down reactor designs. The upper
surface shows maximum theoretical conversion X at reactor effluent temperature and pressure.
The lower surface shows actual conversion in the effluent of simulated reactors.



Energies 2020, 13, 6229 14 of 21

Higher external temperatures, which would drive added heat into reaction through larger
conductive gradients, were constrained by Inconel’s strength. Larger heat transfer area, which would
open added paths for reaction heat, were constrained by receiver geometry. Thus, Solar Two commercial
reactor concepts are likely thermally limited by Inconel physics and receiver geometry, not reaction
thermodynamics or kinetics. Although power tower and beam-down receiver designs are mature in
electrical generation [15], new solar designs are needed to fully realize the potential of methane cracking
for hydrogen production. Ideally, a solar methane cracker is reaction-limited by thermodynamics or
kinetics, not constrained by the ingress of solar heat. Under heat constraints, improvements in reaction
catalysis may go unrealized. Recently, reaction catalysis with molten MnCl,—KCl lowered the activation
barrier for methane cracking to 160 kJ/mol [65], versus the 209 k]/mol explored here. However, to fully
leverage this breakthrough heat bottlenecks should be overcome with design innovation.

The new reactor model relied on assumptions common in chemical engineering practice,
including well-mixed isothermal reaction and heat transfer via semiempirical Nusselt correlations
(Appendix B) [18,31,32,43,44,66]. The Nusselt correlations were drawn from validated and published
results [43,44,66]. Furthermore, presumably liquid metal catalysts bubble and vigorously mix to
collapse thermal and material gradients. However, deeper multiphysics modeling and/or pilot plant
experimentation is needed to test these assumptions. This work establishes solar methane cracking
feasibility and facility conditions that can inform future rigorous multiphysics simulation and pilot
plant operation. Future modeling, which appears worthwhile given results here that show hydrogen
production efficiencies comparable to energy capture by photovoltaics [67], can explore the limitations
of isothermal and Nusselt approximations.

5. Conclusions

Unlike prior work [3,19-22], here catalytic methane cracking explored expansive industrial
conditions with a reversible kinetic model, a model that fit published data (Figures 3 and 4, Table 1).
The model conformed to plug flow approximations used widely in chemical reactor design [18,31,32],
yet still depended on catalytic surface [3]. Performance metrics and conditions were established for
the future detailed multiphysics simulation of solar catalytic methane crackers. Contrary to previous
analysis [68], a beam-down reactor, versus a power tower, was most feasible. The best discovered
beam-down design was 9% efficient after radiative, convective, and heliostat losses. However,
this mature commercial design was heat transfer limited, not reaction limited, which motivates research
for new receiver configurations. Higher facility efficiencies are likely possible in solar reactors if heat
debottlenecking realizes maximal reaction kinetics. Feasible solar hydrogen from established or new
reactor concepts can be further converted to liquid ammonia for transportation use or burned directly
in fuel cells [69]. Thus, clean solar catalytic molten hydrogen production is a promising transitional
technology towards decarbonization [13]. Further studies that more deeply explore beam-down
methane cracking physics, development, and heat transfer appear warranted.
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Appendix A.1 Greek Variable Definitions

a

Pgas
Pinlet
o

ays(T)

fractional
fractional

0/0
meters
kg/m3
kg/m*
kg/m®

W/(m2K2)

Pa

effective absorptivity of a receiver surface from ray tracing
effective emissivity of a receiver surface from ray tracing

energy efficiency of a solar receiver in hydrogen production

diameter of a vessel.
density of molten 27% nickel, 73% bismuth [33,34]
gas density

gas density at a reactor tube inlet temperature and pressure

Stefan—Boltzmann constant [5.67 ... X107 W/(m2K#%)]
Inconel temperature-dependent yield strength [46]

Appendix A.2 English Variable Definitions

Apubble
Abubblers
Atube

nc
NCH4
127)
fic
ficH4
)
Nu
N(r)
Pe
DPinjet
P(z)

Qconveetion

Qfield
Qradiative

Quwall

Q(z)

r

bubbles
bubbles/sec
J/(mol-Kelvin)
J/mol
J/mol
fractional
m/s?
unitless
W/(m2Kelvin)
W/(m2Kelvin)
meters
J/mol
m/sec
m?/sec
W/(m-Kelvin)
mol/m3
integer
mol/sec
moles
moles
moles
mol/sec
mol/sec
mol/sed
unitless
W/m?2
unitless
Pascals
Pascals
Watts
Watts
Watts
Watts
m3/sec
meters

area of bubble
area of gas emanation on a gas distributor
cross-sectional area of a bubbler (reactor) tube
number of bubbles initiated by a gas distributor
rate of bubble emanation from a gas distributor
heat capacity of chemical species i
forward reaction activation energy (Table 1)
reverse reaction activation energy (Table 1)
view factor [16]
acceleration of gravity (9.81 m/s?)
Grashoff number
convective heat transfer coefficient to air [43]
convective heat transfer coefficient to molten metal [44]
reactor tube manifold height
enthalpy of reaction
forward Arrhenius preexponential (Table 1)
reverse Arrhenius preexponential (Table 1)
Inconel thermal conductivity at temperature T [46]
concentration equilibrium constant
number of tubes in a receiver manifold
mole flow of reactor tube gaseous feed
moles of solid carbon
moles of gaseous methane
moles of gaseous hydrogen
mole flow of solid carbon
mole flow of gaseous methane
mole flow of gaseous hydrogen
Nusselt number
flux at radial coordinate  in an Inconel tube wall
Peclet number
reactor tube feed pressure
axial pressure in a reactor tube at elevation z
receiver losses to ambient air by natural convection
solar energy incident on a heliostat field reflective area
receiver emissive losses by radiation
energy that trespasses a reactor tube interior wall
volumetric flow at elevation z in a reactor tube
radial coordinate
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Tbubble meters radius of a bubble
Tbubble,inlet meters initial radius of a bubble entering a reactor tube
R J/(mol-Kelvin) gas constant
R meters inner radius of a reactor tube
S m? surface area of a solar receiver
t seconds time coordinate
T Kelvin isothermal reaction temperature
Ts Kelvin outer Inconel solar receiver surface temperature
Ty Kelvin inner Inconel reactor tube wall temperature
Upubbler m/sec initial velocity of a bubble entering a reactor tube
1% m3/sec feed volumetric flow into a reactor tube
Viubble m3 volume of a bubble
Viubble,inlet m? initial volume of a bubble entering a reactor tube
w meters reactor tube Inconel wall thickness
X Y% methane conversion to hydrogen gas
YcH4 fractional mole fraction of gaseous methane
Y fractional mole fraction of gaseous hydrogen
z meters axial coordinate (elevation in a reactor tube)
V4 unitless compressibility factor from the SRK equation of state [35]
Appendix B

Physical Property Correlations

Density of molten 73% bismuth and 27% nickel liquid alloy (composition average) [33,34]:

plkg/m®] = 0.27(9908 — 1.182T) + 0.73(10665 — 1.1589T) (A1)
— —
liquid nickel p liquid bismuth p

Properties of Inconel solid [46]:
oys|Pascals] = 733141411.067 — (2041707.776)T + (2286.861)T% — (0.861)T° (A2)

k[W/(mK)] = 6.7439 + (0.0166)T (A3)

Determination of AH(T) from the van t" Hoff equation for regression initialization [13,32,70]:

298 T

AH(T) = AH°(T) + f Cp,ch, (T)dT + f [Cp,c(T) +2Cp 11, (T))AT (A4)
T 298

AH’(T) =75 kJ/mol (A5)

Cp,species U / (mol-Kelvin)] =a1+a T+ a3T2 + (14T3 (A6)

Table Al. Coefficients for use in Equation (A6).

Species ay a as ay

CH, 18.386286 5.470402(1072) 1.034479(107°)
C —5.394667 5.812952(1072) —4.177213(107°)
H, 28.653517 7.762754(107%) 1.324842(1077)

-9.833387(1077)
-1.071678(1078)
6.664873(10710)
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Power tower convective heat transfer coefficient to the ambient air [43]:
Nu = 0.052(Gr)%3¢ (A7)
Beam-down cavity convective heat transfer coefficient to the ambient air [43]:
Nu = 0.088(Gr)'/3(T,/298)"18 (A8)
Molten metal convective heat transfer coefficient [44]:
Nu = 4.8 + 0.025P¢%8 (A9)

Effective emissivity of the corrugated power tower receiver surface from 2D ray tracing for a
material emissivity of 0.95 [50]:

¢ = 0.644 + (0.066)R, R € [0.01—0.50 meters) (A10)

where all radiative emission and reflection was assumed diffuse. Note that although the material
emissivity was 0.95, light traps in receiver manifold corrugations to suppress reradiation escape.

Effective absorptivity of the corrugated power tower receiver surface from 2D ray tracing for a
material absorptivity of 0.95 [50]:

a =0.959 - (0.002)R, R €[0.01-0.50 meters| (A11)

where all radiative reflection was assumed diffuse. Note that although the material absorptivity was
0.95, light traps in receiver manifold corrugations to inflate absorptivity.

Effective emissivity of the corrugated beam-down receiver surface from 2D ray tracing for a
material emissivity of 0.95 [50]:

£ =0.642 - (0.084)R, R €[0.01—0.50 meters] (A12)

where all radiative emission and reflection was assumed diffuse. Note that although the material
emissivity was 0.95, light traps in receiver manifold corrugations to suppress reradiation escape.

Effective absorptivity of the corrugated beam-down receiver from 2D ray tracing for a material
absorptivity of 0.95 [50]:

a = 0.959 + (0.003)R, R € [0.01 —0.50 meters] (A13)

where all radiative reflection was assumed diffuse. Note that although the material absorptivity was
0.95, light traps in receiver manifold corrugations to inflate absorptivity.
View factor for power tower diffuse emission to the environment:

F=1 (A14)

View factor for beam-down cavity tube manifold diffuse emission and diffuse reflection to the

environment [16]:
1 H 2V 1/ H \?
F—l‘z\/(“(ﬁ)) ~1-5(355) (A15)

Specifically, Equation (A15) corresponds to the Howell Catalog of Radiation View Factors entry
C-380 for a disc and cylinder radius of 2.55 m, which corresponds to the Solar Two manifold diameter
of 5.1 m [14].
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View factor for beam-down cavity cylinder base (bottom) diffuse emission and diffuse reflection
to the environment [16].

S 1E 2 R A (ERY e ) Y

Specifically, Equation (A16) corresponds to the Howell Catalog of Radiation View Factors C-40 for
discs of radius of 2.55 m, which corresponds to the Solar Two manifold diameter of 5.1 m [14].
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