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Abstract: Hydrogen can be produced by catalytically steam-converting bio-ethanol (CSRE). The present research
applies EtOH from fermenting pretreated biomass (second-generation process). The endothermic CSRE reaction
is operated at moderate temperatures (450 to 600 °C). Non-noble bi-metallic catalysts are applied: mostly Co,
doped with minor promoting Ce amounts, were used as active species and wet-impregnated on a-Al,Os. The
catalyst and its supports were fully characterized. Between 450 and 600 °C, in different experimental setups,
mainly H, and CO, are formed at high molar steam to ethanol ratio. Yields of 5 to 5.72 mol H»/mol EtOH, and up
to 1.84 mol CO»/mol EtOH, are obtained respectively. Both CO and CH4 were detected at very low concentrations.
The Co/a-Al,O3 and Co-Ce/a-AlyOj catalysts are very stable and not deactivated during long-duration testing of
2000 h while previous literature is limited to less than 30 h. A solar pilot-scale bio-ethanol CSRE using a particle-
driven thermal loop was also tested and is reported to produce 5 mol Hy/ mol EtOH at the low 480 + 20 °C.
Experiments are ongoing at 550 to 600 °C.
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1. Introduction
1.1. Ethanol Conversion by Catalytic Steam Reforming

The development and production of “green” Ho, i.e., produced from “green” feedstock material and using
renewable energy as its driving energy source, attracts an increasing research and industrial attention. Methanol
and ethanol are recognized as suitable feedstock among the available oxygenated fuels [1,2]. Ethanol has however
the advantage over methanol by being a cheaper, non-toxic, and available biomass-based feedstock derived
through either first- or second-generation fermentation principles [3—5]. The majority of ethanol remains fossil-
based synthesized.

Within the reported thermal ethanol to H, methods, the catalytic steam-ethanol conversion has merits of a
high hydrogen yield, high reaction rates and fair required heat of reaction, as presented in (R1) below:

C,HsOH + 3H,0 — 6H, + 2C0, AHSg = 174.2 kJ/mol R1)

The selected catalyst should promote the C—C bond rupture to produce CO,, and/or CO and CHs. The CO
and CHy intermediates will be further converted to H, and CO,. Coke formation should be avoided [6,7]. Current
CSRE catalysts are mostly Ni- and Co-based [8], possibly with Ce-doping, and are discussed and evaluated below.

In the CSRE conversion, several competing reactions, as listed in Table 1, can however complement the main
(R1) production route. Since operating at temperatures of 450 to 600 °C, it is unlikely that exothermic reactions
will take place. Previous experimental results moreover demonstrated that acetone, acetaldehyde and carbon were
not produced [8]. These secondary reactions can hence be excluded. The complex reaction paths of Table 1 were
used in equilibrium calculations [9,10], and presented in Section 3.

CSRE will need to be operated at a low pressure since all the reactions see the number of product moles
increased [1]. The equilibrium calculations of Section 3 below, and our experimental findings delineate the major
reaction parameters of the ethanol conversion in terms of the molar ratio of steam/EtOH, operating temperature

Copyright: © 2025 by the authors. This is an open access article under the terms and conditions of the Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
BY

Publisher’s Note: Scilight stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.




Sci. Energy Environ. 2025, 2, 13 https://doi.org/10.53941/see.2025.100013

and reaction time. To inhibit coke formation, the S/E ratio should exceed 2 and low temperatures (<450 °C) should
be avoided [11,12].

Table 1. Competing reactions [9,10].

AH® (kJ/mol) Reference
CH;CH,0OH + 3H,O—- 6H, +2CO, 174.2 (R1)
CH;CH,OH — CH:CHO + H, 68 (R2)
CH;CHO + H,O0— 3H, +2CO 213 (R3)
CH;CH,OH - C;H4 + H>O 45 (R4)
C,Hs— Polymers — coke Not available (RS)
2CH3;CH,OH - C3H¢O + CO + 3H; 196 (R6)
CH;CH,OH + H;0 — 4H; +2CO ~225 (R7)
CO+H,0 » H,+CO, —41 (R8)
CH;CH,OH - H,;+ CO + CH4 ~50 (R9)
2CO -» C+CO, 172 (R10)

The fermentative production of ethanol by first- and second-generation feedstock was assessed in detail by
Kang et al. [3-5]. Whereas the first-generation processes are mature, the second-generation processes are
continuously being developed and improved. Producing a 2nd generation bio-ethanol from corn stover is a
sustainable and efficient example of utilizing agricultural waste and reduce dependence on fossil fuels [13].
Technical barriers involve the complex structure of the lignocellulosic biomass, which requires a pretreatment to
degrade the lignin and extract the cellulose and hemicellulose [14—16]. Xylose in the enzymatic hydrolysate can
moreover not be used by conventional microorganisms for bioethanol fermentation [17]. Additionally, the
fermentation can be hindered by inhibitory compounds released during pretreatment, which can reduce the
productivity of the microorganisms and decrease ethanol yields [18,19].

The unit processes in the whole production chain of the bio-ethanol production are described in Section 2.1
and Supplementary Information SI-2.

1.2. Reviewing Investigated Catalysts

The vapor-phase CSRE requires the application of efficient metal catalysts, referred to as active species,
supported by a porous and stable carrier. Previous publications, as available from Web-of-Science data, and
summarized by Deng et al. [8] were analyzed in order to classify all available data in terms of active species and
supports, as illustrated in Supplementary Information, Tables S1 and S2, Figures S1-S4.

High activity, stability and avoiding coke formation are of essential importance [20]. The recent development
mostly emphasizes the use of cheaper metal catalysts, such as Co, Ni and their bi-metallic combinations [21-25].
Catalyst coking and CH4 formation are negligible [26].

Some specific catalyst-support combinations were not taken into consideration for the lack of complete
data [27-31] and/or for the low H, yield, e.g., MnO, MnFe,04, among others [26,29].

Co-based catalysts have been extensively investigated. The presence of both metallic Co® and Co?" species
is required to obtain a stable activity [32—41], while being accompanied by a negligible coking [42—44]. Whereas
Co? sites foster C-C bond rupture, Co®" sites increase the formation of water and acetate [45,46], that promptly
react to CO, CO», and H; [46,47].

The Ni-catalyst species have also been studied. Both Co and Ni are applied onto similar supports with Al,O3
as the mostly used support [48—51]. Other supports were also proposed. Ni- and Co-based catalysts are active in
breaking C-C bonds and for CH4 steam conversion [26,52,53]. CSRE results when using the above-mentioned
catalysts in a temperature range between 420 and 650 °C were presented by Deng et al. [8]. The promotion of the
Co-activity by doping with Ce was proposed and further assessed in the present research.

Toward catalyst supports, zeolites, ceria and a-AlO; are mainly used. For CSRE, zeolites are however less
recommendable due to the acid zeolite sites promoting ethanol dehydration instead of dehydrogenation [8]. Ceria was
assessed by Hou et al. [54]. Thermally and chemically stable alumina (Al,Os) supports are commonly used in CSRE
processes. a-Al,Oj is an appropriate support and its properties (e.g., porosity, BET) can be tailored to dehydrogenate
EtOH. At a molar S/E ratio in excess of 2, the a-Al,O3 supported catalysts oppress carbon formation [6].

1.3. Objectives

The present research adds new findings to previous research results, and it will cover the following
successive topics:

2 of 15



Sci. Energy Environ. 2025, 2, 13 https://doi.org/10.53941/see.2025.100013

(1) manufacture and fully characterize the appropriate catalysts;

(i) study the catalyst achievements at different CSRE conditions, using 2nd-generation bio-EtOH as feedstock;
(ii1) investigate the H, production in function the S/E ratio, temperature and vapor residence time in the reactor;
(iv) determine the catalyst stability during long-duration (2000 h) testing;

(v) assess the kinetics of the CSRE reaction;

(vi) present results obtained in a the continuous solar (particle-driven) bio-EtOH conversion to Ha;

(vii) tentatively examine the present process economics of the present developments.

2. Experimental Methods and Procedures
2.1. Bio-Ethanol

Since outside the main scope of the present paper, the essentials of the production process and obtained results
are given in Supplementary Information SI-2.

2.2. Experimental Set-Up for CSRE and Procedure
2.2.1. Preparing Metal or Multi-Metal Catalysts on a-Al,O3 Support

The investigated catalysts were produced by multiple iso-volumetric wet impregnation of the a-Al,O3 support
using a (mixed) alcoholic solution of metal nitrate(s) to obtain a metal loading of about 10 wt%. Between
successive impregnations, vacuum-drying at 90 °C for 1 h was applied. After completed impregnation, the catalysts
were heat-treated for 5 h in air at 700 °C with a heat ramp of 10 °C/min. The metal cations were reduced during
the initial CSRE hydrogen production.

The catalyst structure will be illustrated in Section 4.

2.2.2. Experimental Layouts

The experiments involved 2 different rigs. Initial selection and long-duration tests were performed in a vertical
electrically-heated furnace. A pilot-scale particle-driven (solar) rig was tested, but full solar experiments will be re-
started in the solar high season (from May 2025 onward). The rig was however operated also without the solar
receiver, but by heating the particles before their circulation in a PV-power heated silo. Figure 1a,b illustrates the
setup elements. A piston pump (LongerPump, Hebei) fed the EtOH/H>O mixture to the CSRE reactor.

N,is used as carrier gas. All flows are measured. The feed flow is preheated before the catalytic bed section of the
reactor. Product gas components were monitored by GC-MS after cooling and dehumidification. Figure 1b illustrates
the pilot setup. The bed depths were 15 cm in the electrically-heated reactors, while 25 cm in the pilot reactor.

The solar-PV set-up was partly used in the laboratory, where PV-electricity was converted into particle
sensible heat, and applied afterwards as illustrated in Figure 1b. The applied analytical techniques are summarized
in Table 2.

For Figure 1b,c the units comprise the following unit processes:

Cavity and receiver

Storage of inert particle carrier, with electrical heating (PV)

Screw conveyor(s)

Moving-bed indirect CSRE reactor (Multi-tubular CSRE reactor with indirect heating by particle loop)
Conveying of carrier-particles to 1

Al

Experimental results were transformed into conversion yield and selectivity following:

in out
NEtoH~MEtOH
LEton"RECOH o 1)
gt

Conversion (%) =

out
H, yield (%) = LAY 100, with 6 is the molar ratio of H, and EtOH in (R1).
6 X NEton

out
TlHZ

N
H, selectivity (%) —n;_’f;t+ 2ndiE X 100

Results will also be transformed into reaction kinetics and will include catalyst properties when expressed as
hourly space velocities, SY:
_ flow rate of H; in Nm?® ormol/h  Nm?® or mol

weight of catalyst "~ hYea
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Figure 1. (a). Tubular furnace experimental set-up [ZSHIEZD Inc., USA], (b). Layout of the pilot particle driven
(solar) CSRE process [BUCT, CN], (¢). Overall illustration of solar concentrator, heat storage and reactor.
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Table 2. Different analytical techniques.

Measurement Parameter Analyzer
Co and Ce-content in the catalyst Co, Ni in wt% ICP-OES 5800 Agilent spectrometer
Specific surface area, as BET Total surface area in m%/g Quantachrome N.O.V a 4000e
Micromeritics
H,, CO, CO», CH4 and CH,0, All concentration in vol% of ~ BFRL Thermal conductivity meter
concentrations product gas (TCD)

Carbon product momhology by scanning Particle size in nm or pm TESCAN MIRA LMS
electron microscope (SEM)
Standard T and P probes, and mass

Temperature, pressure and flow rates T (°C), p (Pa), Q (mL/min) flow meters

3. Reaction Equilibrium

The thermo-catalytic CSRE is characterized by its reaction kinetics and its thermodynamic equilibria. The
equilibria of the complex and combined reactions (R1) to (R10) were studied between 450 °C and 650 °C.
Reactions of Figure 2 with a positive Gibbs’ free energy, AG, at the expected range of operating temperatures
were not considered.

-200
-150
T
P T e CO,+4H,>>>CH,+2H,0
100 - _ - = === C,HsOH>>>CH,+CO+H,
% _ -~ e C,HsOH+H,0>>>CH;+CO,+2H,
£ ~ = + = C,HsOH+3H,0>>>2C0,+6H,
=
2 = = C,HsOH+H,0>>>2C0+4H,
5 -50 A ——— C,HsOH>>>CH;CHO+H,
<
0
50 T T T T T
400 450 500 550 600 650 700

T(°C)

Figure 2. AG versus temperature for the possible reactions.

Aspen Plus (version 11) “REQUIL” and “RGIBBS” software were used to examine the effects of different
T and S/E operating modes, as presented in Figure 3 [55,56].

6

mol H,/ mol EtOH

400 500 600 700 800
T (°C)

Figure 3. Equilibrium Hz concentration versus temperature for specified S/E molar ratios.
The S/E ratio is important, and values above 12 are recommended for temperatures in excess of about 480 °C.
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4. Detailed Results and Discussion

4.1. H; Production by CSRE

4.1.1. Preliminary Screening of Previous and Own Catalysts

Some single or compound catalysts were assessed during >30 h of CSRE. These results were in line with
literature data and reported by Deng et al. [8].

10Co/a-Al,O3 (10wt% Co) provided excellent results. Multi-metal catalyst, especially with Ce doping,
slightly increased the H, yield of mono-metal catalysts. Further experiments hence concentrated on the Co-
supported and Co-CeO, catalysts.

4.1.2. Results for the Co/a-Al,O3; and Co-CeO»/a-Al>O3 Catalyst System

The results are provided in Table 3 below. 10Co refers to a Co-loading of 10 wt%.

Table 3. Lab-scale experimental results at specified conditions.

10Co/a-Al2O3 System at Different Reaction Temperatures (S/E = 6)
mol X/mol EtOH

T H: co CHx CO: Ha yield (%)
450 °C 3.882 0.136 0.247 1.003 64.7
500 °C 4.605 0.290 0.143 1.112 76.8
550 °C 5.074 0.430 0.056 1.258 84.6
600 °C 5.430 0.624 0.026 1.248 90.5

10Co/0-Al,O; system at different S/E (at 450 °C, same EtOH feed rate)
S/E=3 3.421 0.293 0.430 0.759 57.0
S/E=4 3.522 0.242 0.260 0.837 58.7
S/E=6 3.882 0.137 0.247 1.003 64.7
S/E=10 4.711 0.206 0.227 1.412 78.5
S/E =20 5.074 0.097 0.170 1.674 84.6
5Co0-5Ce0y/a-Al, O3 system at different reaction temperatures and S/E = 6
450 °C 4.202 0.042 0.378 1.223 70.0
500 °C 4.550 0.105 0.390 1.363 75.8
550 °C 4.818 0.124 0.266 1.437 80.3
600 °C 5.302 0.206 0.208 1.541 88.4
5Co0-5Ce0,/a-Al, 05 system at different S/E (at 450 °C, same EtOH feed rate)
S/E=3 3314 0.015 0.476 1.029 55.2
S/E=4 3.895 0.026 0.314 1.181 64.9
S/E=6 4.202 0.042 0.378 1.223 70.0
S/E=10 4.751 0.026 0.172 1.413 79.2
S/E =20 5.229 0.045 0.120 1.596 87.1
8Co-2Ce0,/0-Al, O3 system at different reaction temperatures and S/E = 6
450 °C 4.045 0.043 0.381 1.137 67.4
500 °C 4.870 0.093 0.260 1.422 81.2
550 °C 5.346 0.045 0.164 1.689 89.1
600 °C 5.781 0.001 0.169 1.881 96.3
8Co-2Ce0,/0-AlO;3 system at different contact time (at 500 °C)
7.231s 5.839 0.129 0.131 1.958 97.3
3.616s 5.523 0.115 0.139 1.875 92.1
2410s 5.247 0.109 0.159 1.771 87.5
1.808 s 5.219 0.128 0.164 1.828 87.0
1.205 s 5.159 0.117 0.158 1.783 86.0
8C0-2Ce0,/0-Al,0; system at different S/E (at 500 °C, same EtOH feed rate)
S/E=3 4.374 0.482 0.443 0.907 72.9
S/E=4 4.724 0.446 0.315 1.158 78.7
S/IE=6 4.870 0.093 0.260 1.422 81.2
S/E=10 5.605 0.090 0.160 1.689 93.4
S/E =20 5.669 0.062 0.139 1.751 94.5

It is clear that the 8Co-2CeO,/a-Al,Os operates at the highest H,-yield for a selected optimum T (550~600 °C)
and a long contact time. Long-duration results (2000 h) are illustrated in Figure 4, for the selected 8Co-2CeO,/a-
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AlOs catalyst at S/E = 12 and 500 °C. The product composition is stable and almost constant. Negligible CHy4
concentrations are detected and hence confirm the equilibrium calculations.
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Figure 4. Stable Hz production yield for continuous 2000 h operation with 17.2 wt% EtOH feed. mol/mol EtOH
composition: Ha: 5.71 £ 0.26; CO2: 1.819 + 0.29 (CO and CHa4 concentrations were below 0.2 mol /mol EtOH and
are not presented in the Figure: CO: 0.09 + 0.03; CHa: 0.15 £ 0.02).

SEM analyses demonstrate the stability of the 8Co-2CeO,/a-Al,Os catalyst, as illustrated in Figure 5. The
8Co0-2Ce0,/0-Aly0j catalyst is highly performing, without coking and with very low CH4 produced. The 600 °C
conversion on different catalysts was nearly complete, with minor changes in product distribution over time, as
dealt with in the section below. Similar plots can be obtained for all experimental results of Table 3.

Figure 5. Experimental results of SEM of 8Co-2Ce02/a-Al2O; catalyst system before the Hz process, after the Hz
process and after 2000 h of reaction (at 17.2 wt% EtOH concentration). ((1),(2) before the Hz process, (3),(4) after
the Ha process, (5),(6) after 2000 h of reaction).
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4.3. Kinetics

The reaction kinetics can be determined from the experimental conversion versus time.

A 4th order Runge Kutta treatment was applied to solve the combined differential equations [57-59]. It was
assumed that the EtOH conversion to CO, and CO is of 1st order and irreversible. Due to the high S/E ratio, the
H,0 concentration can be assumed as constant [8,60] and hence not included in the reaction rate equation. CHy4
formation is formed to a negligible. Experimental and predicted product concentrations versus reaction time are
given in Figure 6, and confirm a very good agreement.
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Figure 6. Experimental and predicted reaction kinetics for 8Co-2CeO2/a-Al203 CSRE at 500 °C.

The 5.8 mol Ha/mol EtOH yield corresponds with the previous equilibrium concentrations and is reached for
contact times exceeding 3 to 4 s, where also ~1.8 mol CO»/mol EtOH is measured. The CH4and CO concentrations
are low at all contact times. The CSRE conversion of EtOH follows a fast reaction rate. Equilibrium is already
achieved at 7 s. In using a first order reaction rate expression, the experimental rate constant k is ~ 0.43 s7".

The predictions reveal the kinetic constants k; (Hz) and k2(COy), as 0.293 and 0.112 s, respectively. The
sum of both k-values is close to the overall rate conversion, k.

With an active species weight of 45 g, the hourly space velocity (SY) is obtained.

For 8Co-2Ce0y/a-ALLO; catalyst, SY-values of 7.0 L Ha geo ' h™' or 0.31 mol Hy g ' h™! at 500 °C, and 8 L
H> gear ' h 7! or 0.35 mol Ha geoe ' h ! at 600 °C are obtained.

5. Pilot-Scale Research Developments
5.1. Solar Particle-Driven CSRE

Future applications of the CSRE concept in a low-carbon scenario should indeed use curtailed PV, wind or
concentrated solar energy. In the concentrated solar reactor, heliostats focus the solar radiation on a cavity receiver.
Geometrical and operating parameters were given in Deng et al. [8], and involve a reaction T of 600 °C.

Due to the intermittent solar irradiation at the test site, the daily testing duration was limited to 4-4.5 h at an
average DNI of ~0.5 kW/m?.

In off-sun periods, the electrical particle heating and successive CSRE loop of Figure 2b was used in repeat runs,
each during 1 week. To avoid operating at high temperatures that are only achievable in the concentrated solar reactor,
the CSRE-temperatures were limited to 480 + 20 °C. Despite these low temperatures, a hydrogen yield of about 5 mol
Haz/mol EtOH was achieved. The electrical heating of the particles in the loop is currently increased to 600 °C. The feed
rate of the 17.2 wt% EtOH-water mixture was 0.2 mL/min. Results are given in Table 4 and Figure 7. These results are
close to the yields previously obtained in fixed beds as reported in Section 4. Testing in the concentrated solar loop will
be re-started in May 2025 (periods of high DNI).
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Table 4. Average solar-PV results (8 days of 4 h at DNI of 0.5 kW/m? and 480 + 20 °C).

C selectivity (mol/mol

Temperature (°C) Catalyst H: yield (%) mol H2/ mol EtOH Ethanol)
CO2 CO CH4
480 £ 20 °C 8Co0-2Ce0,/a-Al0; 83.3 5.00 1.72 0.04 0.24
600 + 20 °C 8C0-2Ce0,/0-Al0O; 95.3 5.72 1.84 0.03 0.13
6
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Figure 7. CSRE decomposition results in the solar-PV experiments, (a) at 480 + 20 °C, (b) at 600 + 20 °C.

The results demonstrate that lower temperatures produce slightly lower CO, product concentrations than in the
long-duration experiments (see Figure 5), hence implying higher CO and CH,4 concentrations to close the C-balance.

5.2. Preliminary Process Economics

Despite having operated the pilot-scale CSRE in a concentrated solar and PV-driven operation mode, and
having demonstrated that a long-duration stable operation of the CSRE principle is possible, the process is still
considered at Technology Readiness Level (TRL) of 1 to 3. It is yet too early to present relevant values of the
required plant investments.

We can however estimate the production cost of H, from the experimental results and the process data.

Second-generation bio-ethanol, produced from an agro-waste i.e., corn stover, offers a cost benefit versus
first generation carbohydrate bio-EtOH. The corn stover process moreover offers the possibility of a flash
evaporation after the fermentation to yield clean EtOH-water mixtures of the desirable concentration.

The cost of the stover-based bio-EtOH will be ~400 $/ton EtOH (against at least 700 $/ton for the 1st
generation alternative) [61,62].

Since the CSRE will produce over 5.6 mol H>/mol EtOH, 1 kg of EtOH will yield 0.217 kg H,.

The experimental rig operated at 0.2 mL/min with 82.8 wt% H,O and 17.2 wt% EtOH.

The supplied heat load, including insulation heat losses, was 14 W to include 9.35 W for H,O heating and
evaporation, 1.15 W for EtOH heating and evaporation, and 2.17 W for the reaction heat.

With a heat recovery on the product gas, ~4 W could be recovered and re-used as process heat.

The remaining 10 W were either supplied by concentrated solar irradiance or by PV.

Extrapolating these findings to a 50 kg/h (13.9 g/s) feed at 17.2 wt% EtOH, the total required heat will be 58.3 kW.
With a good heat recovery, 18.3 kW could be recovered. The external heat duty will hence be above 40 kW.

This can easily be supplied by PV-electricity or concentrated solar heat. If we would burn the corn stover
residue to supply the heat requirements, we would need to feed 9.6 kg/h of residue to the combustor. Assuming a
power cost of 0.1 $/kW, the raw material cost (400 $/ton) will determine the production value of Ha.

The H; production will be 10.88 kg/h and the H, product value will be around 2 $/kg H,. Of course this net
cost must be increased by other direct and indirect operation costs, and a preliminary estimate confirms a price of
between 3 and 3.5 $/kg Ho, far below the price of electrolysis Ha.

6. Conclusions

The present research combined the second-generation fermentation of an agro-industrial residue, i.e., corn
stover, with the catalytic steam reforming of the produced bio-ethanol.
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After fermentation, a bio-ethanol of appropriate H>O content was obtained by flash concentration. In most of
the experiments, a concentration of ~ 12 mol H,O/mol EtOH was applied. Lower steam/ethanol (S/E) ratios were
also tested to assess the S/E effect.

To prove the stability of the selected 8Co-2CeO,/a-Al,O; catalyst, experiments were continuously performed
during 2000 h. Ethanol was over 95% converted. The carbon balance was closed by the CO, formed (only minor
concentrations of CO and CH4 were detected).

Initial tests in a (solar-PV and concentrated solar) particle-driven pilot rig confirmed the CSRE results but
additional testing continues.

Kinetics of the CSRE are moderately fast (k = 0.43 s"). The catalyst utilization rate is 0.35 mol Ha ges ' h™!
at 600 °C.

Finally a production cost of H, was estimated when using renewable energy and bio-ethanol. H, production
costs are predicted as 3.0 to 3.5 $/kg, much cheaper than electrolytic Ho. These results demonstrate that further
solar CSRE research is justified.
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2509081508102572/SEE-0277-for-publish-SI.pdf. References [63—105] are cited in Supplementary Materials.
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