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Steam methane reforming (SMR) is the primary industrial method for syngas (a mixture of carbon monoxide
(CO) and hydrogen (Hz)) and Hy production. SMR is one of the most carbon-intensive processes. Due to the
ineffectiveness of the water-gas shift (WGS) reaction at the high SMR temperatures, high-purity H, requires two
downstream WGS reactors. This study demonstrates how dynamic Joule heating can intensify SMR and WGS in a
single reactor, boosting Hy yield. We show that rapid pulsing drives methane conversion and Hy/CO ratios
beyond steady-state limits, mostly at higher pressures and steam-rich feeds through thermodynamic analysis,
transient kinetic modeling, and experiments. Our simulations highlight the role of pulse shape in maximizing
both conversion and Hy/CO ratios leveraging high- and low-temperature regimes. Experimental results confirm
that pulsed heating is more efficient than conventional and steady-state heating, maximizing Hy productivity and
reforming rates. These findings position rapid pulsed Joule heating as an intensifying approach to integrate high-

temperature endothermic and low-temperature exothermic, equilibrium-limited reactions.

1. Introduction

Hydrogen’s unparalleled energy density and versatile applications
across fuel cells, transportation, metallurgy, and chemical
manufacturing underscore its importance in energy transition [1-3].
Steam methane reforming (SMR) is the cost-effective, commercial
thermal hydrogen production method, particularly in regions with
abundant natural gas [4,5]. It has a high energy demand ~ 7-10 kWh /
kg of Hy produced [6].

In a typical SMR process, pressured steam and methane are sent
through a reformer to produce syngas, which is then processed through
two water-gas shift (WGS) reactors to convert CO to CO3 and Hj [4]. The
overall reactions in the SMR (reaction 1: R1) and the WGS (reaction 2:
R2) reactors are

CH,4 + H,0 « CO + 3H, (RD)

We summarize key information on the commercial SMR and WGS
processes in Table 1. Conventional SMR processes employ nickel (Ni)
catalysts, prized for their high activity and economic viability [7].
Despite Ni being the commercial catalyst [8], Ni-based kinetic models

remain an active area of research, especially in industrially relevant
conditions. The apparent activation energy varies widely (60-360 kJ/
mol) due to diverse active sites, supports, and promoters [9-13].
Reduced rate expression models differ in rate-limiting steps at low and
high temperatures and dominant surface species [14]. A few micro-
kinetic models [15-18] combine some first-principles calculations and
the bond order conservation method or experimentally correct energies
by fitting specific experiments.

Noble metals, like Pt, Pd, and Rh, have also been explored [19-21].
While Pt and Rh are expensive, they are more active syngas catalysts.
Amjad et al. [22] reported 1.5% Rh/CeO; as the best-performing cata-
lyst, achieving high activity at ~600 °C, whereas Pt/CeO, reached full
conversion at 745 °C. Ni-based catalysts are inexpensive and have good
activity but typically require higher active material loading (around 12
wt%) than noble metals (1-2%) and have low dispersion. Simulations of
catalytic plate reactors and analysis of reaction times demonstrated that
Rh is up to 25 times faster than Ni between 900 and 1500 K [23]. These
findings highlight that Rh and Pt-based catalysts can be key for modular,
intensified SMR reactors for remote and offshore processing to convert
natural gas, currently burned or recompressed and injected back into the
wells, into platform syngas.
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The endothermic equilibrium-limited nature of SMR (AH = 206 kJ/
mol) necessitates high temperatures. In contrast, the tandem exothermic
WGS (AH = -41 kJ/mol) is favored at lower temperatures, and as a
result, its contribution at typical SMR reaction conditions is modest. This
thermodynamic mismatch, coupled with the risk of Ni or Rh catalyst
coking at high temperatures [24], has spurred innovative process
intensification strategies. Examples include addressing thermodynamic
limitations [25], fluidized bed operation enhancing heat and mass
transfer and catalyst-sorbent mixing [26], direct heating instead of
inefficient external heating [27], adsorption [28], membrane separa-
tion, coupled catalytic reactors to shift equilibrium [29], plasma tech-
nology [30], and novel catalysts [31-33], all aimed at enhancing energy
efficiency and enabling more compact hydrogen production systems
[34].

Electrification technologies, particularly Joule heating [35-38], can
improve the efficiency of SMR processes [35,39]. Wismann et al.
demonstrated the electrification of the reactor metal tube to enhance
heating uniformity and catalyst efficiency [34]. Electrification of SMR
(eSMR) can achieve higher energy efficiency and flexibility, with
anticipated efficiencies of >99% using renewable electricity [40].
Moreover, an eSMR system using Rh/Al,O3-coated SiSiC foam achieved
near-complete methane conversion above 700°C, with 61% energy ef-
ficiency and 2.0 kWh/Nm® H, specific power consumption, offering
strong decarbonization potential [36,41]. eSMR can significantly
enhance thermal efficiency and reduce hydrogen production costs
compared to conventional methods [42]. Alternative reactor and cata-
lyst designs have also been introduced [43-45].

In our recent works [35,39,46,47], we leverage rapid, dynamic Joule
heating to accelerate sluggish kinetics of endothermic, equilibrium-
limited reactions. We use a thin carbon fiber tape as the Joule heating
element [35,39]. The low thermal mass of the carbon fiber tape and high
conductivity enable rapid temperature pulses up to kHz frequencies and
a catalyst operating at isothermal conditions [35]. Simple gas-phase
prototype models qualitatively explained the experimentally observed
rate enhancement, while microkinetics highlighted the effects of rapid
pulse heating on the chemistry, surface coverages, and reaction path-
ways. The pulse-induced enhancement in reaction rate with lower en-
ergy use is generic for endothermic reactions. Inspired by early forced
periodic operation works [48-50], a fundamental prerequisite is to
rapidly pulse the temperature around the steady state at low conversions
where enhancements are needed. In process intensification terminology,
temperature pulsing intensifies dynamic processes (time-average rate
enhancement) by short exposures to high temperatures. Low tempera-
tures, achieved when the power is turned off, do not typically contribute
to intensification; they are essential to energy savings.

Here, we extend this strategy to eSMR on Pt catalysts to assess the
process intensification of SMR with WGS in the same reactor. We chose
the well-established Pt microkinetic model for reliable predictions. Be-
sides, Pt is superior against deactivation than Ni [51], making it ideal for
isolating enhancements from pulsing from catalyst effects. By pulsing
temperature, we harness high temperatures to enhance the reforming
rate and low temperatures to drive forward the equilibrated WGS re-
action, collectively shifting the equilibrium toward H; production. As a
co-benefit, the exothermicity of the WGS reaction reduces the energy
load of the SMR. We combine computational insights with experimental
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validation and reveal mechanistic insights into reaction pathways, rates,
and catalyst stability. Unlike prior works that leveraged only high
temperatures, we demonstrate that temporal temperature variation can
benefit high- and low-temperature parallel/series reactions in the same
reactor. It can effectively eliminate the WGS reactor(s) by shifting the
equilibrium via temporal rather than spatial segregation. We present
equilibrium calculations followed by steady state and dynamic micro-
kinetic calculations, a comparison to experimental data, and finally, a
process intensification and pulse optimization analysis under dilute
feedstock conditions. To assess the generality of our results, we employ
the Langmuir-Hinshelwood rate expressions of Xu and Froment on the
Ni catalyst [52] and compare the process intensification of Pt to Ni. We
also perform non-dilute feed simulations reminiscent of commercial
operation.

2. Results and discussion

Thermodynamic equilibrium calculations reveal the fundamental
behavior of coupled SMR and WGS reactions across vital operational
parameters (Fig. 1): two pressures (1 and 10 atm) and steam-to-methane
ratios (1:1 and 3:1) in He diluent, chosen to probe the interplay between
endothermic reforming and exothermic WGS chemistry. Product species
distributions at 1 atm (Fig. 1A) and 10 atm (Fig. 1B) and CH4 conversion
(Fig. 1A-C) exhibit strong pressure and feed composition dependence;
CH4 is more reactive at lower pressures and higher steam content,
consistent with the endothermic nature and stoichiometry of SMR.
Below 1000 K, CO, dominates over CO due to the enhanced role of the
WGS reaction. The Hy/CO product ratio (Fig. 1C) is a proxy of the WGS
contribution; at a value of 3, only the SMR is operative (reaction R1),
and the WGS (reaction R2) is ineffective. As the ratio increases, the WGS
contribution increases. Increasing the pressure and steam content en-
hances the contribution of the WGS over the SMR to the product dis-
tribution, leading to a larger Hy/CO ratio (Fig. 1C). As the temperature
increases toward the typical reforming temperatures (~1200 K), the
ratio reaches an asymptote slightly greater than 3; WGS contributes only
modestly. Eliminating the CO from the product stream for Hy production
requires two downstream WGS reactors operating at lower temperatures
than the SMR, as explained below, where the WGS is effective.

For the subsequent calculations, we focus on a modest pressure of 10
atm and an Hy0:CH4 ratio of 3, which closely mimic industrial condi-
tions, unless otherwise noted. Fig. 2 presents steady-state isothermal
microkinetic modeling results for SMR. The CHy4 conversion at 10 atm
(Fig. 2A) is kinetically limited below 1000 K for both feed compositions,
transitioning to an equilibrium-controlled regime above 1300 K. Excess
steam over the stoichiometric composition enhances CH4 conversion.
CO,, forms preferentially in the kinetically controlled regime (800-1000
K), indicating dominant WGS activity (Fig. 2B). Similar trends occur at 1
atm (Fig. S1). CH*, the predominant surface species at lower tempera-
tures, gives its place to empty sites above 1100 K (Fig. 2C). Reaction
path analysis [56] (Fig. 2D) at low CH4 conversion (~850 K, <10%)
reveals the coupling of SMR and WGS pathways. Following sequential
CH4 dehydrogenation, the carbon species undergoes oxidation, leading
to formyl formation. The key step in CO formation is COH + OH — CO +
H50, followed by CO desorption. The most influential reaction for CO,
formation is CO + OH — COOH — CO; + H, in line with previous studies

Table 1
Industrial steam methane reforming (SMR) and water-gas shift (WGS) process conditions.
Process Catalyst Temperature Pressure Unit Type Companies
(°0) (bar)
SMR Nickel oxide 700-1000°C 15-30 Tubular reformer Air Liquide [53,54], Linde, Air Products,
Topsoe [55]
High-Temperature WGS Fe,03-Crp03 350-450°C 15-30 Fixed bed Air Liquide [53,54], Topsoe [55]
Low-Temperature WGS Cu-Zn-Al 200-250°C 15-30 Fixed bed Air Liquide [53,54], Topsoe [55]
Pressure Swing Adsorption for Hy Zeolites, activated 15-30 Adsorption Air Products, Linde
purification carbon columns
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Fig. 1. Thermodynamic equilibrium analysis of SMR. (A) Compositions at 1 atm, H,0:CH, ratios of 5:5 (left bars) and 15:5 (right bars) at 800 K and 1000 K. (B)
Corresponding compositions at 10 atm. (C) Temperature dependence of CH, conversion (left axis) and H,:CO ratio (right axis) at 1 atm (open symbols) and 10 atm
(filled symbols) with 5% CH,4 and 15% H»,O feed composition. All mixtures are balanced with He.
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Fig. 2. Isothermal steady-state kinetic modeling analysis of SMR. (A) Steady-state (solid lines) and equilibrium (dashed lines) CH4 conversion with 5% H,O (green)
and 15% H,0 (blue). (B) Steady state mole fractions of CO (red), CO, (blue), and H, (green) (solid lines) and equilibrium (dashed lines). (C) Steady state surface
coverage of CH* (blue), H* (orange), and Pt* (green). (D) Reaction pathway analysis at 850 K, highlighting key reaction steps (solid lines) and equilibrated pathways
(dashed grey lines). The COH+OH—CO+H,0 pathway dominates H, formation (sensitivity coefficient: 0.79, blue arrow) while the CO+OH—COOH controls CO,
formation (sensitivity coefficient: 0.92, purple arrow). All simulations were performed at 10 s residence time, 10 atm, 5% CH,4 feed diluted in He, a weight hourly
space velocity (WHSV) of 1.8 kg CH4/kg Catalyst/h, in a continuous stirred tank reactor. For panels C-D, H,0:CH4 = 3:1.

[57]. The competition of these reactions and desorption steps dictates
the CO/CO4 selectivity. Fig. S2 illustrates the reaction pathway at lower
temperatures, highlighting the CHy dehydrogenation as the highest-flux,
non-equilibrated step (and thus rate-determining) consistent with prior
work [58] and the high CH* coverages (Fig. 2C). The CHy sequential
dehydrogenation equilibrates at higher temperatures, and the influen-
tial elementary step shifts further downstream.

Next, we model sinusoidal pulse heating at 1 kHz (Fig. 3). Fig. 3A
shows the temperature pulse and the corresponding CH4 conversion and
H,/CO over three periods for one set of conditions to illustrate the dy-
namics. The CH4 conversion exhibits a complex profile. It is high at high
temperatures, as expected. During the temperature trough, the conver-
sion first drops as the temperature decreases due to the deceleration of
the SMR reaction; it then increases before it falls again and finally in-
creases as the temperature rises. This non-monotonic behavior manifests
the increased contribution of the WGS reaction R2 at lower temperatures
that removes CO from the mixture to make CO,, promoting thermody-
namically the otherwise high-temperature SMR reaction R1. The Hz:CO
ratio exhibits a tooth shape; it drops around the peak temperature due to
the WGS reaction becoming less effective and rises sharply at the low
temperatures of the pulse due to the thriving WGS reaction. The tran-
sitions from low to high values are sharp. The Hy:CO rises to ~10'° at

low temperatures, indicating the theoretically predicted ratio when only
WGS is active but with an SMR conversion of ~0 (not physically
meaningful). Fig. 3B shows the phase portrait demonstrating the evo-
lution in the mole fractions as the temperature is pulsed (x-axis). The
two lines shown are a closed loop tracing the trajectory that the system
follows once a stable periodic state is achieved. The mole fractions of Hy
and CO in Fig. 3B rise as the temperature rises from 400 to 1200 K. The
rise in CO demands a higher temperature, as expected from the highly
endothermic reforming. Hy increases more than CO from their respec-
tive steady-state (previously discussed in Fig. 2B) values at Tayg of 800 K.
This leads to an overall increase in the time average values and an
overall boost of the H,/CO ratio.

Fig. 3C shows the evolution of surface coverages during the pulse.
While CH* dominates at steady state at lower temperatures and gives
rise to vacant sites at elevated temperatures, rapid temperature modu-
lation generates unique surface populations characterized by high H*
coverages at low temperatures replaced by vacant sites at high tem-
peratures and vice versa. CH* and C* vary slightly.

Fig. 3D shows the distance from equilibrium calculated as 1 71% X

YcoXYHo
YcHy XYHy0

system. Conversely, a value near 0 indicates a near-equilibrium system.

. A value of ~1 indicates a far-from-equilibrium (irreversible)
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Fig. 3. Dynamic pulse heating results for SMR at 10 atm with 5% CH,4 and 15% H,O in He. (A) Temperature (top), CH4 conversion (middle), and H,:CO ratio
(bottom) over three periods. (B) Phase portraits showing instantaneous H, (blue on left y-axis) and CO (orange on right y-axis) mole fractions at 800 K. The limit
cycles appear as single curves. (C) Pt sites (blue), H (green), C (purple), and CH (salmon) coverages. (D) Approach to equilibrium (normalized: 0 = equilibrium, 1 =
furthest from equilibrium) of steady-state (blue) and pulsed (green) operation vs. temperature. Operating conditions: 10 s residence time, WHSV = 1.8 kg CH4/kg
Catalyst/h, 1 kHz pulse frequency, 400 K amplitude in temperature variation around T,,g = 800 K. Stars, whenever shown, are time averages.

At steady state (green points), the system remains away from equilib-
rium at low temperatures but moves closer to equilibrium as the tem-
perature increases. In contrast, pulse heating (blue points) maintains the
system further away from equilibrium.

Fig. 4 compares time-averaged pulsing, steady state, and equilibrium
data at 1 and 10 atm at two average temperatures T,yg of 800 and 1000
K. The temperature in this study lies around or slightly below the

industrially relevant temperatures for Ni, with average temperatures
between 800 K and 1000 K and a pulse ranging from 500 K to 1300 K.
While conventional SMR reactors operate up to 900 °C (~1200 K) due to
reactor wall limitations, electrification enables localized heating of the
catalyst bed without high wall temperatures and material constraints.
Furthermore, Pt cokes less at high temperatures than Ni, allowing
operation at elevated temperatures without significant deactivation.
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Fig. 4. Analysis of SMR under steady state (solid lines), equilibrium (dashed lines), and pulse heating averages (markers). (A) CH4 conversion, (B) H,:CO ratio, and
(C) Product mole fractions at 1 atm. (D)-(F) Corresponding data at 10 atm. Operating conditions: pulse amplitudes of 200 K (small markers) and 400 K (large
markers), frequencies of 1 (light color) and 1000 Hz (dark color), 10 s residence time, feed composition of 5% CH,4 and 15% H,0 in He, WHSV = 1.8 kg CH4/kg
Catalyst/h. The color bar indicates the frequency (dark markers for 1 kHz; light markers for 1 Hz).
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These moderately high average temperatures were also picked allow a
large temperature pulsing; but also low, compared to the typical SMR
operation, so the conversion improvement from pulsing can be signifi-
cant. The pulsing frequency and amplitude were parametrically studied
instead of optimization via active learning as in prior work [59]. The
CH4 conversion increases with increasing pulsing amplitude (large cir-
cles) and frequency (deep blue) over the steady state at both pressures
(Fig. 4A and D) and approaches equilibrium at the 1 kHz frequency and
400 K amplitude. At 10 atm, pulsing significantly improves reactivity
(>3x at Tayg = 1000K, 1kHz, amplitude = 400 K) but the reaction does
not approach equilibrium as closely as at 1 atm. Overall, the conversion/
rate enhancement aligns with the expected behavior of endothermic,
equilibrium-limited reactions we have reported in prior work for other
reactions. Reactivity enhancement is most pronounced at lower Tayg,
where the steady-state-to-equilibrium gap is the largest and the steady-
state conversions are low [46,47] (percent enhancement discussed in
supplementary information section S2).

While this study uses a dilute feed, commercial operation uses non-
dilute feeds to minimize heating diluents and reduce reactor size.
Furthermore, while Pt (or Rh) may be suitable for small-scale applica-
tions, Ni-based catalysts will prevail in industrial practice. To assess the
impact of pulsing under commercial conditions and the impact of
catalyst, we analyzed non-dilute feeds on Pt and Ni-based kinetics [52]
(Supplementary Information Section S4). Non-dilute feeds show a
greater enhancement in conversion than dilute feeds. This is expected as
higher partial pressures of reactants decrease conversion, according to
Le Chatelier’s principle, making the kinetics slower, where temperature
pulsing is more impactful. Similarly to dilution, compared to Pt, the Ni-
based model exhibits more sluggish steady state kinetics, and greater
enhancement from pulsing. This shows that pulsing over a catalyst with
a higher apparent activation barrier could enhance performance more.
Consistent with our earlier modeling work on homogeneous kinetics, the
overall performance holds across catalysts, but the specifics of the ki-
netics and catalyst impact the degree of intensification achieved.

Fig. 4B and E present the molar H,/CO ratio for the same conditions.
At steady state, the product compositions differ from those at equilib-
rium under typical conditions. The sharp tooth-shape shows high values
at low temperature, low SMR conversion, and hence, low CO mole
fractions. At high temperatures, the steady-state ratio approaches the
equilibrium value. At low T,y (800-900 K), the thermodynamic limit
for the Hy/CO ratio is high. Pulsing within 400-1200 K predominantly
operates under WGS-dominated conditions, with some contribution
from the low-conversion SMR regime. High-frequency, high-amplitude
pulsing enhances the Hy/CO ratio by driving enough reforming to pro-
duce CO, subsequently triggering the WGS reaction. This generates more
Hj, than CO, moving the ratio closer to its thermodynamic limit.

At higher Tayg (1000 K), pulsing (e.g., 600 ~1400 K for high ampli-
tude) shifts toward SMR-dominated temperatures. Larger amplitudes at
these conditions favor CO formation, reducing the Hy/CO ratio. In
contrast, smaller amplitudes (800 — 1200 K) primarily enhance Hj
production, maintaining a higher ratio. This ratio surpasses the corre-
sponding equilibrium Hy/CO ratio at that Tayg. This temperature- and
amplitude-dependent behavior indicates that higher amplitudes at high
Tavg drive the system away from the WGS-dominated regime and deeper
into SMR conditions, favoring CO over H,. Regardless of Ty or
amplitude, high frequencies consistently benefit both the conversion
and the Hy/CO ratio by enhancing overall reaction rates. Among the
explored conditions, pulsing at 10 atm, Tayg = 1000 K, frequency = 1
kHz, and amplitude = 400 K achieved the most pronounced improve-
ment, maximizing conversion while maintaining a favorable Hy/CO
ratio.

Figs. 4C and F present the Hy and CO mole fractions. At lower Ty,
the Hy mole fraction (blue circles) significantly exceeds the steady-state
predictions (blue lines), increasing by over 100x, while the CO mole
fraction (warm-colored triangles) shows a smaller increase. At higher
Tavg and amplitudes, the CO mole fraction rises more than Ha. This

Chemical Engineering Journal 512 (2025) 162700

behavior indicates a pressure-enhanced interplay between SMR and
WGS pathways under dynamic conditions.

These observations reveal that pulsing at low T,y increases con-
version and the Hy/CO ratio below the thermodynamic limit. In
contrast, pulsing at high T,y¢ with large amplitudes enhances conversion
but lowers the Hy/CO ratio due to increased CO production; lower
amplitudes at high T,y can surpass the equilibrium H,/CO. A balanced
approach—pulsing with moderate amplitude and high frequency at a
moderately high T,y;—can optimize both conversion and the Hy/CO
ratio, surpassing steady-state limits.

Overall, SMR at 10 atm offers a more extensive regime of Tayg and
amplitude to improve performance. This study highlights, for the first
time, that low temperatures during pulsing promote equilibrated
exothermic reactions in the kinetically limited regime of an endothermic
equilibrium-limited reaction, complementing the established benefits of
high-temperature endothermic reactions.

Fig. 5A shows experimental data for the methane conversion vs.
temperature for three operating heating modes. RPH reaches higher
conversions at lower temperatures than CJH, consistent with this sys-
tem’s predicted pulse-induced rate enhancement (Fig. 4) and the
experimentally observed enhanced rate for other reactions [35,39]. CJH
achieves a similar conversion with conventional heating (CH), which
heats the entire reactor and the gases outside the reactor. Fig. 5B reveals
that RPH achieves high Hy production rates at significantly reduced
power consumption than the CH and even the CJH due to the localized
heating and the power being off for long parts of each cycle. Specifically,
the RPH reaches maximum productivity with less than 1/3 of the power
of the CH. The energy savings are a major advantage of RPH. We discuss
the efficiency of both heating methods in the experimental methods
sections and Supplementary Information (section S6).

The model validation against experiments (Fig. 5C and D) reveals
varying degrees of agreement. The model captures the general trend for
CJH and RPH and, importantly the rate enhancement (Fig. 5C). The
model and experiment agree better for RPH and closely follow the
equilibrium curve. The CJH model predictions are offset from the
experimental data by about ~100 K, but the curves have a similar shape.
Overall, the agreement is decent, given that the experimental reactor has
complex flow patterns and transport[37], which are absent from a
simple CSTR reactor. Such phenomena are amplified during pulsing,
where the hot zone next to the tape oscillates, causing a variable resi-
dence time not captured by the model. Fig. 5D shows the Hy/CO ratio at
the same pulsing conditions, with both heating methods giving a value
of 3-4 at high temperatures, closely approaching equilibrium at higher
temperatures. The model and experimental data indicate that pulsing
under these conditions offers almost no improvement over the steady
state. Due to the practical limitations of the current experimental setup,
below we optimize the pulse parameters further and exploit unexplored
regions computationally only.

To understand the impact of dynamic operation on process intensi-
fication, we modeled a reference case of three reactors operating in se-
ries at steady state. This system mimics the industrial Hy production
[54,55] (summarized in Table 1). We consider a high- and a low-
temperature WGS reactor downstream of the SMR reactor to convert
CO to CO, and produce nearly pure Hy. In the model, the output from
each reactor becomes the input for the next one. The model captures
spatial temperature variation across the three reactors operated
sequentially. We simulate this three-reactor system using our micro-
kinetic model at steady state and eventually compare it with the
temporally sinusoidal single-pulsing reactor in Fig. 6. The residence
times and operating conditions are listed in the figure caption. While
exact residence times of the commercial processes vary and catalysts
differ from the one used here, the residence time of the low-temperature
WGS is longer than the high-temperature WGS reactor to allow nearly
complete conversion of CO.

For the three reactors in series, the SMR reactor achieves a 77% CHy
conversion (near equilibrium); no further reforming occurs in the
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ratio vs. steady state or average temperature for CJH and RPH. Experimental conditions: 10 mg of 5 wt% Pt/Al,Oj3 catalyst loaded on 38x8x0.21 mm® CFP, 1.5% CHy,
3% H,0 in He, CJH in steady state operation; RPH at 1 Hz frequency (alternating with 20% duty cycle). Modeling conditions: 1.5% CH,4 and 3% H,0 in He, WHSV =

1.8 kg CH4/kg Catalyst/h, conditions that mimic our experiments.

'—,ﬁ XCH4- Xeo ‘ Hz/CO}—’

0
SMR WGS WGS RPH RPH
1200 K 800 K 700 K 800 K1000 K

Fig. 6. Spatial vs. temporal performance of two reaction systems. CH4 con-
version (hashed blue bars) and CO conversion (solid blue bars) on the left y-axis
and H,/CO in pink circles on the right y-axis at 10 atm. The three left datasets
refer to reactors in series operating at the indicated temperatures with residence
times of 1 s, 10 s, and 100 s, respectively. The last two datasets refer to pulsing
with Tayg indicated, frequency 1 kHz, amplitude 400 K, and a 10 s residence
time. The feed to each SMR reactor (first, fourth, and fifth datasets) is 5% CHy4
and 15% H,0 in He. WHSV for the first = 12.6, second = 0.97, third = 0.1, and
fourth and fifth datasets = 1.8 kg CH,/kg Catalyst/h.

subsequent WGS reactors due to low operating temperatures. The CO
conversion in the SMR reactor is low due to the thermodynamic limi-
tations of the WGS reaction. The first WGS reactor operating at 800 K
achieves an 82% CO conversion, due to high kinetic activity and more
steam, compared to the second WGS reactor, which achieves only a 47%
conversion. At the exit of this 3-step process, we reach >99% CO con-
version and 77% CH4 conversion. The Hy/CO ratio increases from 5

(SMR) to 8 (first WGS reactor) to ~12 (second WGS reactor); 5 is the
thermodynamically achievable ratio in the reforming reaction with a 3:1
feed. The H/CO ratio at the exit of the second WGS reactor corresponds
to a low percent CO due to a significant fraction of CO3 and unreacted
CH4 and H50 in the product stream.

Next, we turn to the dynamic operation of a single SMR reactor. The
rightmost two datasets in Fig. 6 correspond to pulsing at the listed
operating conditions. At T,yg of ~800 K, the methane conversion is low,
~18%, and the Hy/CO is 15. This Tayg is comparable to the first WGS
reactor but much lower than the SMR reactor operating at steady state at
1200 K. The conversion is 10x of the steady state at 800 K but much
lower than the steady state SMR reactor at 1200 K; Ho/CO is higher than
the 3-step process. Pulsing significantly enhances performance, but this
low conversion is not practical. The rightmost dataset at Tayg of 900 K
achieves a conversion close to equilibrium and higher than the steady
state of the SMR of 1200 K and an Hy/CO of 8, which is 2x that of the
steady state and close to the exit of the first WGS reactor. The dynamic
SMR reactor performs comparably to the two steady-state reactors (SMR
and first WGS). The residence time of the single dynamic SMR reactor is
significantly lower than the steady state three-reactor system and
slightly lower than the combined SMR and first WGS reactor.

Figs. 4-6 show that pulse frequency and amplitude critically influ-
ence Hy/CO and conversion, with the time spent at high and low tem-
peratures impacting SMR and WGS chemistries. We further explore
pulse shapes to optimize both Hy/CO and CH4 conversion.

The results demonstrate sinusoidal pulsing enhances performance,
but its symmetric nature restricts the heating and cooling rates and
achievable temperatures within each cycle, capping both the highest
and lowest temperatures. Recognizing the importance of spending more
time at lower temperatures to promote the WGS, following a brief high-
temperature reforming phase, we explore an asymmetric pulse shape
using a linear ramp-up and a linear cool-down schedule (Fig. 7A). In
practice, the heat phase is closer to linear, and the cooling phase to an
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Fig. 7. Impact of pulse parameters and process conditions on SMR performance. (A) Sample temperature pulse for 1 ms heating and 0.9 s cooling time, maximum
temperature of 1300 K, and starting temperature of 700 K. (B) CH,4 conversion (left axis, circles) and Hy:CO ratio (right axis, squares) vs. pulse maximum temperature
for different heating/cooling rates (color-coded, details in Table S1). (C) Effect of residence time (10-500 s) on conversion and H,:CO ratio at fixed heating time (1
ms) and cooling time (0.9 s). Operating conditions for (A) and (B): 10 atm pressure, 5% CH,, 15% H>0 in He. (D) Performance map showing H,:CO ratio vs. CHy
conversion comparing equilibrium prediction (grey line obtained by varying temperature) with different operating modes: sinusoidal pulsing (orange squares), varied
heating/cooling times (blue circles), varied residence times (green triangles), and three-reactor steady-state process (pink diamonds). All pulsing conditions at 10 atm

with 5% CH,4 and 15% H-0 in He.

exponential decay. This approach allows us to investigate varying slopes
and pulse widths around a T,yg. The minimum and maximum temper-
atures and the heating and cooling times (or slopes) are taken as inde-
pendent variables defining a tooth-shaped pulse. Fig. 4 and Fig. 5 show
that pulsing at an average temperature of ~900 — 1000 K at 10 atm and
3:1 Hy0:CHy gives a near-equilibrium, high CH4 conversion and an Hy/
CO ratio of about 8. Hence, we first use a Tayg of ~900 K at a fixed
residence time (10 s) to optimize the pulse (Fig. 7B). In Fig. 7B, Bayesian
optimization via NEXTorch [60] explores the effects of the four variables
on the conversion and Hy/CO ratio. We discuss details of the optimi-
zation algorithm in Supplementary Information section S5. The data in
Table S1 along with a correlation analysis [61] (Fig. S4) show that the
heating and cooling rates are far less significant than the pulse maximum
temperature. This is evident in Fig. 7B, where the markers for various
heating and cooling times overlap, and a clear correlation vs. the
maximum pulse temperature is seen. The higher the maximum tem-
perature of a pulse, the higher the conversion and the lower the Hy/CO,
establishing a clear tradeoff between conversion and Hy/CO.

Fig. 7C examines the role of residence time, with the heating time
fixed at 1 ms and the cooling time at 0.9 s. Increasing the residence time
enhances conversion but decreases the Hy/CO ratio. A residence time of
~50-80 s, still less than the cumulative residence time of the three-step
process, achieves Xcp4 = 78% with a Hy/CO ratio of 8-9. These findings
suggest that a single pulse-heated reactor could effectively replace an
SMR and a WGS reactor, intensifying the process. We summarize all data
in Fig. 7D and compare them to equilibrium and spatial varying steady-
state temperature data of the three-reaction system. The gray curve
represents the equilibrium limit, while the pink diamonds (three re-
actors) show the benchmark performance for traditional setups. A si-
nusoidal pulse (orange squares) enhances the Ho/CO ratio but achieves
this at only <50% conversion. This highlights a limitation in achieving
simultaneous enhancement in both metrics. In contrast, rapid heating
with prolonged cooling (blue markers) achieves higher conversions.

Finally, tweaking the residence time matches the performance of 1 SMR
and 1 WGS reactor. Specifically, a dynamically operated SMR with a
residence time of 10 s (1/10™ of the 3-step process) can replace two
reactors with slightly lower conversion but a slightly higher Hy/CO
ratio. For a residence time of 50 s (1/2 of the 3-step process), the per-
formance is directly comparable to that of two reactors. Overall, the
optimization demonstrates that the capital costs associated with using
two reactors (one SMR and one WGS), including controllers, connec-
tions, peripherals, and the need for two catalysts (with a WGS catalyst
like Pt being typically more expensive than the Ni-based catalyst of the
SMR), could be reduced by transitioning to a single pulse-heated elec-
trified reactor. The reduction in reactor size by two orders of magnitude
significantly reduces the reactor/catalyst cost, and Pt or Rh-based cat-
alysts can be relevant to future distributed manufacturing.

3. Conclusions

This study provides insights into dynamic eSMR operation using
temperature pulsing. It simulates the process with a full microkinetic
model, provides experimental evidence in support of the simulations,
and employs active learning to optimize the pulse. It explores the
concept of whether short, high temperature exposures of the SMR
chemistry can enhance the rate over the steady state whereas the tem-
perature reduction of the pulse can drag the WGS chemistry along its
equilibrium line by shifting CO to CO, and enhancing Hs production. By
doing so, one could combine the spatially segregated SMR and WGS
reactors into a single unit via temporal temperature variation. Dynamic
operation may also harness the energy released during WGS to support
the SMR reaction at high temperatures, improving overall energy
efficiency.

We found that dynamic pulse heating enhances CH4 conversion and
improves Hy/CO ratios under optimized conditions. Computational and
experimental results highlight that this performance enhancement is
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most pronounced at lower average temperatures, higher steam-to-
carbon ratios, and elevated pressures. The effectiveness of pulsing de-
pends on the interplay between pulse parameters (e.g., heating and
cooling durations) and reactor parameters (e.g., residence time). Short
heating durations, prolonged cooling times, and residence times
exceeding those of a single reformer enable a single RPH SMR reactor to
achieve performance comparable to two reactors in series (SMR and the
first WGS) with lower power consumption, highlighting significant
process intensification. While we focused primarily on diluted feeds, our
computations indicate that non dilute streams should exhibit enhanced
performance gains from pulsing. Importantly, the concept holds across
catalysts and could be applied to the commercial Ni-based catalysts;
catalysts more sluggish than Pt could exhibit larger enhancements than
Pt. This approach offers a more compact, efficient, and sustainable so-
lution for hydrogen production, advancing electrification efforts in the
chemical industry. RPH emerges as an energy-efficient approach,
achieving higher Hj productivity at lower power input than the CH and
CJH, with a comparable Hy/CO ratio. The consistent product selectivity
across heating methods underscores that the underlying SMR and WGS
chemistry remains unchanged.

4. Methods
4.1. Modeling

4.1.1. Microkinetic model, reactor model, and analysis

A previously published first-principles microkinetic model [62] was
converted into OpenMKM format [63]. OpenMKM allows temperature
pulsing, has state-of-the-art solvers in C++, and executes quickly. The
model includes elementary reactions on Pt(111) surface and is ther-
modynamically consistent. CFD simulations [37] and experiments
[35,39,59] indicate that a small volume near the carbon fiber tape re-
mains isothermal. We use this volume in our calculations. The reactor
has significant flow recirculation under typical conditions that leads to
back-mixing, mimicking a CSTR. We use an ideal gas reactor model
where pressure follows temperature pulses while conserving total mass
[46]. This approach prevents negative mass flow rates from reverse
flows during pulsing. The Cantera reactor routine calculates volumetric
flow rate changes, while mass flow rate variations result only from
adsorption and desorption at the catalyst surface, not from flow in or
out. While industrial reactors for SMR are typically tubular, we have
chosen a CSTR model to more easily determine the effect of rapid tem-
perature pulsing and better mimic the experimental Joule-heated
reactor setup that has significant back mixing. Our model applies to
modular reactors like monoliths and foams, where minimal temperature
gradients ensure uniform heating. The approach can also be applied to a
plug flow reactor (PFR), modeled as a series of a sufficient number of
CSTRs or as a partial differential equation model. Scaling up fixed-bed
reactors will also require spatially resolved models. In such an
approach, the reactor could be divided into a series of differential con-
trol volumes or segments, each governed by coupled mass and energy
balances. These balances account for convective flow, species transport,
reaction kinetics, and heat exchange. An exciting prospect is the ability
to tune the pulsed heating temporally and spatially. Recent advances in
electrified spatiotemporal heating [64-66] enable zoned temperature
modulation to maintain kinetically favorable conditions along the
reactor length. CFD [37,67,68] coupled with kinetic modeling [68,69]
will be needed to guide scalable designs, though challenges persist in
heat management, pressure tolerance, and renewable energy integration
at industrial scales [70]. We expect enhancement at high temperatures
still away from equilibrium, with colder reactor regions of spatially
inhomogeneous reactors showing less improvement. Solid-gas temper-
ature gradients could be favorable for catalytic chemistry over gas-phase
reactions.

The results were analyzed using reaction path analysis (RPA) using
OpenMKM’s reaction flux outputs and the partial equilibrium index
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(PEI), a metric for the distance from equilibrium. The PEI is defined as
PEI=r¢/(rs+1p), where r¢, are the forward (f) and backward (b) rates of
elementary reactions. When PEI>0.5, the reaction happens in the for-
ward direction. To get a sense, PEIs of 0.55, 0.6, 0.7, 0.8, and 0.9 imply
re/rp of 1.2, 1.5, 2.3, 4, and 9. Conversely, when PEI<0.5, the reaction
happens in reverse. PEI of 0.45, 0.4, 0.3, 0.2., and 0.1 imply r¢/rp, of 0.8,
0.7, 0.4, 0.25, and 0.1. Values 0.45<PEI<0.55 indicate rates within 20%
of each other and that the elementary reaction is practically equili-
brated. The normalized sensitivity factor (SF) of the rate of production of

N, with respect to the ith elementary reaction is defined as SFy; = %{,‘f s

where p; is the parameter perturbed (the forward rate constant and
implicitly the reverse rate constant due to keeping the equilibrium
constant fixed); y is the production rate (of Hy).

4.2. Reactivity tests

The steam methane reforming reactions were performed in a custom-
designed Joule heating (JH) reactor. The reactor’s core consisted of a 58
x 8 mm carbon fiber paper (CFP) substrate (Freudenberg H23, Freu-
denberg Performance Materials GmbH & Co. KG) having 38 x 8 mm
exposed area, which was used either in its uncoated form or impreg-
nated with about 10.0 mg of 5 wt% Pt/Al;O3 catalyst (sourced from
Sigma Aldrich, USA). A gas mixture comprising 100 mL/min total CHg +
He was directed downward through the reactor, controlled by precise
mass flow controllers. For experiments involving steam, the incoming
gas mixture was bubbled through water, resulting in the introduction of
approximately 3% water vapor into the gas stream. To analyze the hy-
drocarbon products in real-time, the reactor’s outlet was connected to a
micro gas chromatograph (Agilent 990 MicroGC).

4.3. Experimental heating efficiency of conventional and joule heating
methods

We quantified the effectiveness of both heating methods through
systematic measurements of energy input and hydrogen production. For
conventional heating, we monitored electrical power consumption using
calibrated power meters connected to the furnace, while thermocouples
tracked temperature distribution across the catalyst bed. For rapid pulse
heating (RPH), we measured instantaneous power delivery using cali-
brated voltage and current meters to determine total electrical power
input. We additionally employed infrared thermography to validate
temperature distributions and heating patterns. To evaluate heating
effectiveness, we calculated the energy efficiency ratio by dividing the
hydrogen space-time yield (gu2/gcarrh) by the total electrical power
input (W), providing a time-averaged measure of energy utilization. This
metric quantifies how efficiently each method converts electrical energy
into products. Our analysis demonstrated that RPH achieves substan-
tially higher effectiveness than conventional heating, attributable to its
direct energy delivery to the catalyst surface and the off periods.
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