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ARTICLE INFO ABSTRACT
Keywords: The electrification of high-temperature reactors is a promising strategy for reducing CO2 emissions in energy-
Fluidized Bed Reactor intensive industries. ElectroThermal Fluidized Bed (ETFB) reactors are particularly attractive due to their abil-
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ity to supply distributed heat directly through Joule heating. However, reactor-scale models that consistently link
electrical design variables to temperature and conversion profiles remain limited. In this work, a coupled elec-
trical-thermal modelling framework for ETFB reactors is developed to address this need. A field-resolved Lap-
lacian Field Model (LFM) is formulated to compute electric potential, current paths, and spatially distributed
Joule heating under prescribed electrical properties, enabling detailed analysis of geometry-dependent heating
patterns. To support rapid parametric exploration, a simplified Current Partition Model (CPM) based on resistor
analogies is also introduced, capturing dominant trends in power distribution, temperature, and conversion at
substantially reduced computational cost, while exhibiting systematic deviations under certain geometric con-
ditions. The framework is applied to the highly endothermic thermal decomposition of carbonyl sulfide (COS),
illustrating how electrode configuration governs Joule heating distribution and indirectly influences thermal and
reactive behaviour. In addition, the thermal formulation is assessed using available steady-state ETFB operating
data from the literature. From the reported power and temperature data, the bed resistivity and effective heat-
loss parameters are estimated. With these values, the model reproduces the experimental electrode-tip tem-
peratures within good accuracy across the range of immersion depths. Overall, the proposed methodology offers
a structured reactor-scale approach to guide ETFB design and sizing, linking electrical configuration, heat de-
mand, and conversion targets, while remaining compatible with future extensions.

ongoing advancements in high-temperature electrification technologies,
coupled with increasing availability of carbon-neutral electricity, could
enable a transition to electrically powered reactors. If successfully
scaled, this transition has the potential to substantially reduce green-
house gas emissions in the chemical industry.

High-temperature waste-gas treatment provides a representative
example of these challenges. Conventional acid gas treatment units, such
as Claus reactors, operate at elevated temperatures where sulfur-
containing gases undergo thermal and catalytic conversion. These pro-
cesses rely almost exclusively on fossil-fired heating and suffer from low
thermal efficiency due to radiative and convective losses inherent to
externally heated reactors. As a result, they contribute notably to in-
dustrial CO, emissions while offering limited flexibility for integration
with renewable electricity.

The EU-funded e-CODUCT project addresses this challenge by pro-
posing an electrified alternative to conventional acid gas treatment. The

1. Introduction

Electrification of energy-intensive processes and, more particularly
of high-temperature reactors (>400 °C), is a key strategy for reducing
CO, emissions in the chemical industry. The operation of such reactors is
estimated to contribute to approximately 6% of the global CO, emissions
(Saygin and Gielen, 2021) and 30% of emissions from the chemical in-
dustry (Energy Information Administration, 2024). Moreover, fuel
consumption in these processes accounts for approximately 45% of the
total energy demand. It is estimated that up to half of the fuel con-
sumption in industrial processes operating at temperatures as high as
1000 °C, such as steam reforming and cracking in the oil industry, can be
replaced by electricity using currently available technologies. However,
at present, the electrification of higher-temperature processes remains at
the research or pilot stage (McKinsey, 2025). Despite these hurdles,
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Nomenclature

Symbols

Symbol Definition. Units

A; Cross-sectional area to the flow of electric current. m?

Acr Cross-sectional area of the reactor. m?

a Interfacial area per unit gas volume in the low-density
phase. m™!

As Heat transfer surface area per reactor volume. m™!

Cpg Gas heat capacity. kJ kg™* K™!

Cpp Particle heat capacity. kJ kg™ K !

GCi; Concentration of species i in phase j. mol m—3

dp Bubble diameter. m

dp Particle diameter. m

D; Axial dispersion coefficient in phase j. m? 5!

dQyu dz™! Joule heating per unit height. kW m~*

E, Radial component of the electric field. V m™?

E, Axial component of the electric field. V m™!

F; Molar flow of species i. mol s~*

Fj, Molar flow of species i in phase j. mol s~*

£, Fraction of particles that are lost due to entrainment. —
Hexp Expanded bed height. m

hiot Total heat transfer coefficient. W m ™2 K~?

hiop Top convective heat transfer coefficient. W m2K!

Rix volumetric reaction rate of reaction k. mol m~2 s™*

Rijv Production/Consumption rate of species i in phase j. mol
m3s?

Sbed Bed resistivity. Q-cm

T Temperature. K / °C

Tavg Average bed temperature. K / °C

Tw Wall temperature. K / °C

t, Gas residence time. s

u Gas superficial velocity. m s™*

uj Superficial velocity in phase j. m s~*

Uer Critical transition velocity from bubbling to turbulent
regime. m s~

Upnf Minimum fluidization velocity. m st

AV Electric potential. V

WA Electric potential gradient. V m™?

Vapp Applied electric potential. V

Xavg Average conversion. —

z Axial coordinate. m

Az Axial height element. m

7y Height between the distributor to the tip of the central
electrode. m

Zs Height between the tip of the central electrode and the top
of the bed. m

AH;xn Reaction enthalpy. kJ mol~! Greek Symbols
I Electric current. A Symbol Deﬁnition: Units
Icar Electric current through CAR. A € Bed p.orosuy. -
Itcr Electric current through TCR. A € Poros}ty of phase j. — L
J; Axial molar diffusive flux in phase j. mol m~2 s~! Emf POI‘OS}ty at. minimum fluidization. —
J Current density. A m 2 He Gas VISCO,SHY' Pas 3
v-J Divergence of electrical current density. A m—> Pg Gas .den31ty. %(g m- 3
Jr Radial component of the current density. A m~2 Pp Particle den51.ty. kg n.f .
J, Axial component of the current density. A m 2 P Volume fraction of high-density phase. —
= . . . . ¥ Volume fraction of low-density phase. —
Jr Radial current density contribution to the magnitude of the
current density. — Acronyms
ke Effective thermal conductivity of the bed. kW m ! K™? Symbol Definition. Units
kig Interphase mass transfer rate constant. m s~* CAR Coaxial resistor.
mH Enthalpy flow of gas. kW CPM Current Partition Model. —
myo Initial mass of particles. kg LFM Laplacian Field Model. —
q Axial heat conduction. W m™2 ETFB ElectroThermal Fluidized Bed. —
qL Fraction of total gas flow passing through low-density ESD Electrode submersion depth. —
phase. — FBR Fluidized Bed Reactor. —
Qin Heat generated due to Joule heating. kW PRWS Peng-Robinson Wong-Sandler. —
Qrxn Reaction enthalpy term. kW CFD Computational Fluid Dynamics. —
r Radial coordinate. m COSs Carbonyl sulfide. —
7 Radius of the central electrode. m BVP Boundary Value Problem. —
Iy Reactor radius. m TEA Techno economic analysis. —
R Electrical resistance. Q TCR Truncated cone resistor. —
Rped Electrical resistance through the bed/Interelectrode LCA Life cycle analysis. —
resistance. Q ICE Immersion dept of Central Electrode. —
Rcar Electrical resistance through CAR. Q
Rrcr Electrical resistance through TCR. Q
process converts COy and HsS into valuable products through a two-step heating.

pathway (e-CODUCT, 2025): COz and H,S are first converted to COS
over a Na™-zeolite catalyst (Fabbiani et al., 2024). The resulting COS
then undergoes thermal decomposition to CO and elemental sulphur
(Clark et al., 2001), a strongly endothermic step operating at approxi-
mately 800-1200 °C (Hay and Belford, 1967; Karan et al., 2005; Karan
et al., 1998). These characteristics make COS decomposition a promising
candidate for electrified operation and motivate the development of
reactor configurations capable of delivering thermal energy by conver-
sion of electricity into heat rather than relying on fossil based external

Among the available electrification strategies, Joule (resistive)
heating stands out due to its simplicity, high electrical-to-thermal effi-
ciency, and ability to deliver heat directly within electrically conductive
media (Siesing et al., 2018; Gupta and Sathiyamoorthy, 1999; Ahmed
et al., 2024). This principle serves as a foundation to the operation of
Electrothermal Fluidized Bed (ETFB) reactors, in which conductive
particles act as the resistive medium that converts electrical power into
heat within the bed. In contrast, several indirect electrification methods,
such as electromagnetic induction and microwave heating, rely on
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externally applied fields to generate heat within the reactor
(Stankiewicz and Nigar, 2020). While these approaches offer attractive
possibilities, microwave heating in particular suffers from shallow
penetration depth and non-uniform energy distribution (Song et al.,
2022; Atuonwu and Tassou, 2018), and plasma-based technologies
present challenges related to durability, energy efficiency, and reactor-
scale implementation (Seo et al., 2010; Gao et al., 2014; Idakiev et al.,
2018). In contrast, Joule-heated electrothermal fluidized beds offer a
robust and scalable route to deliver heat directly within the reacting
medium, making them particularly attractive for high-temperature
processes.

Compared to conventionally heated fluidized beds, such as those
relying on external heating (fired furnaces) or internal heating elements
(tube bundles), ETFB reactors offer several advantages. Notably, they
exhibit very high energy efficiencies, ranging from 97% to 100%,
characteristic of Joule-heated systems (Sakr and Liu, 2014). In contrast,
fire-heated steam biomass gasification fluidized bed reactors achieve
energy efficiencies of only 45% to 65% at temperatures between 650 °C
and 950 °C (Feng et al., 2016). Additionally, ETFB reactors enable rapid
heating rates of up to 1000 °C h™! (Gao et al., 2014), allowing for precise
temperature control. Furthermore, such reactors do not require internal
heating elements, which could disrupt gas-solid interactions, or external
heating elements, resulting in additional heat transfer resistances be-
tween the heating elements and the reactor content to be heated.
Because of these advantages, electrothermal fluidization has been
selected as the central technological pillar of the e-CODUCT project. A
pilot-scale ETFB reactor is currently under construction to enable elec-
trically powered COS decomposition under industrially relevant
conditions.

Understanding the operating principles of an ETFB reactor is essen-
tial for explaining the origin of its advantages. An ETFB reactor in-
tegrates two well-established technologies: fluidization and Joule
heating. It operates by applying a voltage difference (AV) across two
electrodes, with a bed of electrically conductive particles serving as the
medium through which the electric current flows. The conductive par-
ticles introduce electrical resistance to the current (I), generating heat
via the Joule effect (Qjy). When gas is introduced into the bed under
conditions exceeding the minimum fluidization velocity, the solid par-
ticles transition from a packed state to a fluidized state, modifying the
electric resistance (R) between the electrodes and enhancing both heat
and mass transfer between the phases of the fluidized bed (Johnson,
1961). The effect of resistance changes with the power depends on how
the power supply is regulated. Under constant-voltage operation, an
increase in R leads to a decrease in I, and because Qg = AVPR™L the
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power decreases. Under constant-current operation, an increase in R
requires an increase in AV, and since Qg = IZR, the power increases.

ETFB reactors also present certain challenges. Fluidization increases
the overall bed resistance compared to stagnant beds. This influences the
reactor geometry and power supply requirements, meaning that even
with particles of high intrinsic conductivity, achieving the desired
heating power requires careful integration of reactor design and
equipment selection for the intended application. Furthermore, the
operating principle necessitates that both the electrodes and, in some
cases, the reactor walls be electrically conductive, thereby restricting the
choice of construction materials. Moreover, because heating occurs via
direct resistive heating of the fluidized particles, temperature distribu-
tion may be non-uniform, leading to potential localized overheating or
underheating of individual particles (Ahmed et al., 2024).

Different electrode configurations have been reported in the litera-
ture (Fig. 1) (Gupta and Sathiyamoorthy, 1999), including coaxial
(Fig. 1A), parallel-plate (Fig. 1B), multi-electrode geometries (Fig. 1C)
and end-to-end (Fig. 1D). These configurations influence current dis-
tribution, characteristic resistances, and resulting heating patterns
within the bed. Coaxial designs typically exhibit low resistances (0.5-2
Q), permitting low-voltage/high-current operation, whereas end-to-end
systems operate at higher resistances (50-300 Q), requiring high-voltage
supplies but reducing current densities and electrode wear (Kavlick
et al., 1971).

Despite their growing relevance for electrified reactor technologies,
the mechanisms governing electrical conduction in fluidized beds
remain only partially understood. Pioneering work by Goldschmidt and
LeGoff (Goldschmidt and Le Goff, 1963) identified continuous parti-
cle-particle contact chains as the dominant conduction mechanism,
with diffusion type charge transfer and particle arcing only playing
secondary roles. Subsequent studies by Graham and Harvey (Graham
and Harvey, 1965), Knowlton (Knowlton, 1971), and more recently by
Fedorov et al. (Fedorov et al., 2016) indicated that micro-arcing may
occur when contact chains break, although its quantitative contribution
to overall conductivity remains uncertain. In parallel, efforts to char-
acterize bed resistivity (speq) have produced empirical and semi-
empirical correlations that relate resistivity to particle size, bed geom-
etry, porosity, angle of repose, and hydrodynamic conditions (Pulsifer
and Wheelock, 1978; Jones and Wheelock, 1970). Additional correla-
tions for bed resistance under minimum-fluidization and bubbling
conditions have been proposed (Goldschmidt and Le Goff, 1963;
Gubinskyi et al., 2017), while more sophisticated models incorporating
contact mechanics have been developed (Fedorov et al., 2016; Mali-
novskii et al., 2012), though they require parameters that are difficult to

Fig. 1. Different electrode configurations in an ETFB: A — Coaxial electrode; B — Parallel plates; C — Multiple electrode; D — End-to-End.
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estimate such as the contact pressure between two colliding particles,
the estimated resilience of granular structure, contact area between
particles and particle-particle contact footprint. As a result, accurate
prediction of bed resistivity generally remains system-specific and often
requires experimental calibration.

Research incorporating thermal effects is even more limited. Fedorov
et al. (Fedorov et al., 2016) and Simeiko (Simeiko, 2018) presented
general heat-balance formulations without spatial resolution, while
Gubynski et al. (Gubynskyi et al., 2013) later introduced a one-
dimensional radial model for coaxial ETFBs that accounts for resistive
heating through an effective thermal conductivity term. However, axial
temperature variations were not resolved, restricting its applicability to
geometries where heat transfer occurs predominantly in the radial di-
rection. Taken together, these studies provide valuable insight into
electrical behavior within ETFBs but stop short of delivering a reactor-
scale modelling framework capable of coupling electrical potential
fields, Joule heat generation, hydrodynamics, and reactive gas-solid
transport.

A critical gap therefore exists: no reactor-scale model for ETFBs is
available in the literature. Existing publications address either isolated
electrical properties or simplified heat balances, but none provides the
governing equations, closure relations, or modelling strategy needed to
simulate reactive, electrically heated fluidized beds. In contrast to fixed-
bed or conventionally heated fluidized beds, where well-established
non-isothermal reactor models serve as a foundation, ETFBs lack any
comparable starting point. It is therefore necessary to develop a reactor-
scale electrothermal model from first principles, integrating electrical,
thermal, and hydrodynamic in a consistent mathematical framework.

Beyond filling a gap in the literature, establishing a reactor-scale heat
balance that directly links electrical operating parameters, AV, I, and
Qup, to the resulting temperature and conversion profiles is essential for
both scientific and engineering purposes. Framed at the reactor scale,
such a model enables physically interpretable analysis of electrothermal
energy transfer in a fluidized bed and provides a qualitative design tool
for assessing the influence of operating conditions, electrode configu-
rations, and bed properties. This capability is crucial for formulating
qualitative design guidelines and for the design, optimization, and scale-
up of ETFB reactors, where spatially distributed heating, strong tem-
perature sensitivities, and coupled electrical-thermal effects govern
reactor performance.

Importantly, this work does not aim to develop or improve resistivity
models for fluidized beds of conductive particles. Particle-level con-
duction physics, including collision pressures, surface contact me-
chanics, and micro-arcing, operate at scales far remote from the reactor
level and cannot be reliably predicted without detailed experimental
characterization or numerical estimation of parameters, neither of
which is required for the reactor-scale framework developed here. The
accuracy of reactor-scale predictions depends on the availability of such
data, and continued research on electrical resistivity in fluidized beds
remains essential.

To keep the scope aligned with the general objective of establishing a
physically grounded reactor-scale formulation, sp.q and the expanded
bed height (Hyp) should be treated as prescribed input quantities rather
than variables to be solved. Predicting their spatial or temporal depen-
dence would require incorporating particle-scale conduction physics,
temperature and pressure dependent contact networks, or hydrody-
namic expansion models, complexities that cannot be meaningfully
accounted for without dedicated experiments and lie outside the pur-
pose of the present work. By fixing these properties, the model isolates
the essential electrothermal coupling at the reactor scale and provides a
clear derivation of the governing equations. Importantly, the framework
developed here is intentionally foundational: it establishes the core
electrothermal and reactive transport structure from which more
advanced ETFB models, including those with variable resistivity, dy-
namic bed expansion, or fully resolved multiphase hydrodynamics, can
be systematically derived in future work.

Chemical Engineering Science 327 (2026) 123647

Guided by these requirements, the objective of this work is to
establish a reactor-scale electrothermal modelling framework that cou-
ples: (i) a physics-based electrical model describing electric-potential
distribution and Joule heat generation, formulated either through a
two-dimensional Laplacian Field Model (LFM) or a simplified Current
Partition Model (CPM); (ii) two-phase (low- and high-density) mass
balances for reactive flow; (iii) an idealized one-dimensional axial heat
balance incorporating Joule heating and effective bed thermal conduc-
tivity, serving as a baseline from which practical ETFB models can be
derived; and (iv) an initial validation of the thermal predictions against
ETFB operating data retrieved from literature (Ahmed et al., 2025). This
framework provides a methodological basis for qualitative design of
ETFB reactors and for future experimental validation.

2. Development of the electrothermal fluidized bed reactor
modeling framework

This section establishes the modelling framework used to describe
the Electrothermal Fluidized Bed reactor at the reactor scale. It begins by
defining the physical and simplifying assumptions on which the
formulation is based (Section 2.1), after which the governing mass and
heat balances are derived for the ETFB reactor (Sections 2.2 and 2.3).
Finally, Section 2.4 integrates these relationships into the numerical
solution strategy,

2.1. Modeling assumptions

The Electrothermal Fluidized Bed (ETFB) reactor model is formu-
lated at the reactor scale and couples gas—solid hydrodynamics, axial
heat transfer, and Joule heating. The modelling depth was chosen to
resolve axial temperature and composition profiles, while avoiding the
additional complexity associated with particle-scale electrical conduc-
tion models or full multiphase CFD. All constitutive equations and cor-
relations used to evaluate hydrodynamic, transport, and thermophysical
properties are provided in the Supplementary Information.

The reactor is assumed to operate under steady-state, isobaric, and
adiabatic conditions. Gas—solid flow is represented using the two-phase
bubbling model, comprising a high-density emulsion phase and a low-
density bubble phase that is assumed essentially devoid of solids (e,
= 97.5%). For clarity, the dense (high-density) phase represents the
emulsion zone rich in solids, while the low-density phase corresponds to
gas bubbles rising through the bed. Phase holdups and material balances
are taken as constant along the reactor height. The dense phase is
assumed to remain at minimum fluidization, providing a consistent
hydrodynamic basis for correlations of porosity, minimum fluidization
velocity, and interphase mass transfer. A fixed expanded bed height
(Hexp) was used for all simulated cases; although real systems exhibit
bed-height variation due to attrition, entrainment, or different gas ve-
locities, fixing H,y, isolates the influence of electrical and thermal pa-
rameters in the present framework.

Radial gradients of species concentration and temperature are
neglected (Yoshida and Kunii, 1968; Kunii et al., 2013), and departures
from ideal plug flow are represented through axial dispersion in both
phases. All thermophysical properties (gas density, viscosity, heat ca-
pacity, and thermal conductivity) and the superficial gas velocity were
evaluated at an average bed temperature and composition. Introducing
a spatially varying velocity field would require solving an additional
momentum balance and embedding u(z) within the convective transport
terms, which lies beyond the reactor-scale scope of this work.

Gas and solids are assumed to be in local thermal equilibrium at the
reactor scale, consistent with the high gas-solid heat-transfer co-
efficients characteristic of bubbling fluidized beds (Abba et al., 2003). A
typical interphase heat transfer coefficient is in the order of 6x10° W
m 3K~ (Lungu et al., 2014), a simplified heat transfer analysis estimate
shows that even under strongly endothermic conditions the resulting
gas-solid temperature difference remains limited. For representative
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reactor-scale gas-phase reaction rates (0.1-10mol m2 s and a
strongly endothermic heat of reaction of 300 kJ mol™!, the implied
interphase temperature difference remains in a 1-2 K range which is
<1% of typical high temperature fluidized beds. Even for rates at an
order of magnitude higher, the interphase temperature difference re-
mains < 5% of the bed temperature. Accordingly, a single effective,
cross-section-averaged temperature field is used to represent both pha-
ses, and no explicit interphase heat-transfer term is included. This one-
dimensional formulation captures the dominant heat-transfer mecha-
nisms relevant for reactor-scale assessment, while neglecting localized
gas—solid thermal non-equilibrium effects.

COS decomposition is treated as a homogeneous, high-temperature
gas-phase reaction. The reaction is considered to proceed thermally in
both phases, and source terms are expressed per unit volume while
catalytic effects are assumed to be negligible, as their role remain
debated in the literature (Hay and Belford, 1967; Karan et al., 2005;
Karan et al., 1998; Oya et al., 1994; Schecker and Wagner, 1969; Woiki
and Roth, 1992; Partington and Neville, 1951; Haas and Khalafalla,
1973; Akimoto et al., 1986). The kinetic expressions, kinetic parameters,
and standard reaction enthalpies employed in this work are compiled in
the Supplementary Information.

Together, these assumptions were selected preserve the essential
transport and reaction characteristics of the ETFB reactor while avoiding
the complexity associated with solving a fully coupled multiphysics
model.

2.2. ETFB reactor mass balances

The species balances in the ETFB reactor were formulated using the
classical two-phase bubbling fluidized bed model, which distinguishes
between a low-density bubble phase and a high-density emulsion phase
(Abba et al., 2003). Each phase carries its own molar flow of species Fi,;
and F,; i and is characterized by phase-specific superficial velocities (uy,
ug), concentrations (C;z, C;p), axial flux (Ji, Jg), and volumetric ho-
mogeneous reaction rates (R;y v, ,Ri #,v,). Mass exchange between phases
is represented by an interphase transfer term (kyyap). A schematic
illustrating the transport processes in both phases is shown in Fig. 2.

Because the emulsion is assumed to operate at minimum fluidization
and the voidage of the bubble phase is specified (Section 2.1), the phase
volume fractions (y, yx) and gas holdups (e;, ei) were obtained directly
from the overall material balance relationships of the two-phase model.
Under these conditions, the Thompson et al. relationships (Thompson
et al., 1999) reduce to explicit expressions for phase holdups and ve-
locities, avoiding the need to solve a coupled nonlinear algebraic system
together with the differential species balances. This greatly simplifies

F; + dF;
Fjy, + dFjy, Fig + dFjg
Ju+d], Ju +dlu
A Kpna A
¢ Low <f»> High ¢
density density
phase phase
aVy, = Y Acdz dVy = WyAgdz
i FiL o Fin dz
T Ay, YT YAy
RiLy, RiH,“lln
v, _Vu
dw-v v h
y 4
, :+D dCiy |FiL Fin e _*D dC;
il L dz uL uH iH H dz

|
Fi =FjL+Fiu

us = Ypug + Pyuy

Fig. 2. 2-phase bubbling fluidized bed mass balance.
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the reactor-scale formulation while remaining consistent with standard
hydrodynamic correlations. The full derivation and explicit expressions
are provided in the Supplementary Information.

The high and low density phase mass balances are given by Eqs. (1)
and (2), respectively.

dFiH DH sziH FiH FjL

—eyRj ) k - =0 1
az M v WnAe uy dz? + iy WUy WU M
dFy D, d°F;; Fip  Fuy

—euR; -tk k —o) =0 2
az = Ly WA u, dz? + Ky, WU Wyly @

with the following boundary conditions for both phases where i repre-
sents the compound and j the phase.

Atz=0

Fi.j — FOi.j _ Dj dFLj
WjAcr WjAcruj dz

Atz = Heyp
dFiJ

==0
dz

Thermophysical properties required for evaluating transport and reac-
tion terms were derived from Aspen Plus using the PRWS method for
pure species (Wong and Sandler, 1992), and mixture properties were
obtained with standard mixing rules from Reid et al. (Reid et al., 1987).
The dense-phase dispersion coefficient Dy was estimated using the Bi
and Grace correlation (Bi and Grace, 1997), consistent with the typical
range of axial dispersion values reported for bubbling beds (103 to 107}
m?s ™! (Zhang et al., 2009). Bubble-phase dispersion D; was taken as the
molecular diffusivity of the gas mixture 10°m?s™hH (Thompson et al.,
1999), although values up to 1073 m? s7! have been reported under
vigorous bubbling (Breault, 2006). Bed porosity was obtained using the
correlation of Clift and Grace (Clift and Grace, 1985), the minimum
fluidization velocity from Abrahamsen and Geldart (Abrahamsen and
Geldart, 1980) and bubble diameter from Agu et al. (Agu et al., 2018)
necessaries for the estimation of volume and flow phase fractions.
Interphase mass transfer coefficients were evaluated using the Sit and
Grace expression (Sit and Grace, 1981).

Together, these balances determine the axial evolution of F; and F;
1, whose sum provides the overall molar flow F; = F;; + F; g while the
global species production/consumption rate follows
Riy = y;Ri1 v, +¥yRin v, required by the heat balance in Section 2.3.

2.3. ETFB reactor heat balance
The heat balance, illustrated in Fig. 3, accounts for volumetric Joule

heating (dQ,p), axial heat conduction (q), enthalpy transport by gas flow
(mH), and the reaction enthalpy term (Q5). These terms form the basis

q+dq Qout = MHoyt
4 A
dQjy
Lj dz
dQx, = SZ(_Aern,ij,j)AcrdZ
j
A v
v drT

Q= _kea I Qin = mHjy

Fig. 3. Adiabatic ETFB reactor differential heat balance.
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of the reactor’s energy balance and are mapped directly in the schematic
representation.

The heat balance equations for an infinitesimally small height
element are presented in Eq. (3).

ar  d’T N dQ
psCPyg, —kegz =€, (— AHmRyi) — g2t =0 ®)

The Joule heating term dQuy dz~! Acr™! represents the volumetric
distributed heat input obtained from the electrical model and depends
on the electrode configuration.

In the case of a wall-heated fluidized bed, the last term in Eq. (3)
representing Joule heating is replaced by a wall heat transfer term of the
form hyAs(Ty — T).

With the following boundary conditions:

Atz=0

dT
UAGCP, P, (To —T) = — kea
Atz = Heyp
dT
Fri 0

The effective thermal conductivity of the fluidized bed (k.) was deter-
mined based on an analogy between heat and mass transfer, as previ-
ously described by Abba (Abba, 2001). The effective thermal
conductivity accounts for contributions from particle-to-particle con-
duction, gas-phase conduction, and convective effects arising from
particle movement.

2.4. Numerical solution strategy and iterative coupling procedure

The coupled mass and heat balance equations constituted a BVP the
solution of which required several quantities that are not known a priori.
In particular, the average bed temperature Ty, and the average con-
version Xgy, had to be specified in order to evaluate mixture thermo-
physical properties, gas density, superficial velocity, and bed
hydrodynamic parameters. Because these parameters depend on the
solution itself, the model was solved through an outer iterative pro-
cedure that enforces consistency between the assumed and computed
averages.

Once the fixed model inputs were defined, an initial estimate for Tgyg
was assumed, from which the thermophysical properties of the pure
components and gas mixture (density, heat capacity, viscosity, thermal
conductivity) were calculated using the correlations described in the
Supplementary Information. At the same time, bed hydrodynamic
quantities, including porosity, phase velocities, dispersion coefficients,
and bubble characteristics, were evaluated based on this assumed
average state.

To provide the boundary value problem solver with a physically
meaningful initial guess, an isothermal two-phase mass balance that
neglects axial dispersion was first solved using SciPy’s solve_ivp routine.
This preliminary calculation yielded approximate profiles for the molar
flow rates F; y(z) and F;1(2). The initial temperature profile supplied to
the BVP solver was taken as a uniform array equal to the assumed Tayg.

The complete set of governing equations, comprising the mass bal-
ances for both phases and the axial heat balance, was then solved
simultaneously using SciPy’s solve_bvp. The spatial Joule heating term
dQuy dz~! was provided by the electrical model, and all transport and
closure relations were evaluated using the expressions reported in the
Supplementary Information.

Following each BVP solution, a new estimate of the average bed
temperature was obtained from the predicted temperature profile, and
the resulting outlet composition was used to update the average
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conversion. These updated values were compared against those assumed
at the beginning of the iteration. If the difference exceeds the prescribed
tolerance, thermophysical and hydrodynamic properties were recalcu-
lated using the updated averages, new initial guesses were generated,
and the BVP is solved again. This outer loop continued until the assumed
and computed values of Tgyg converge.

When H.y;, is not known in advance, it is updated after each iteration

_ mo(1-f)
= A

solution, no additional nonlinear algebraic constraints are introduced
into the differential system.

This iterative numerical strategy ensured full internal consistency
between the bed hydrodynamics, thermophysical properties, electrical
heating profile, and the resulting axial temperature and conversion
fields.

using: Heyp Because this update is performed outside the BVP

2.5. Development of Joule heating expression in an ETFB reactor model

Heat transfer in wall-heated fluidized bed reactors has been exten-
sively investigated (Chen et al., 2005), leading to the development of
several correlations for h, and a well-established understanding of its
order of magnitude. To solve Eq. (3), one can estimate hy, and T,
enabling an engineering analysis of such reactors. However, this
approach does not directly apply to the ETFB reactor heat balance
model. In Eq. (3), no established formulation is available at present for
the Joule heating term over an infinitesimal height element of the bed
for a given input, such as voltage or current.

For the electrical model, spq is treated as a constant input parameter,
fixed at 10 Q-cm for all simulations. This value is representative of high-
temperature graphite-based fluidized beds (Fedorov et al., 2016) and
was adopted here to isolate the effects of reactor geometry and electrode
configuration from uncertainties in particle-level conduction physics.
Treating speq as fixed avoids introducing an additional modelling degree
of freedom that cannot be reliably resolved without specific resistivity
measurements. Contact resistances at the electrode-bed and bed-wall
interfaces were neglected, and the potential contribution of (micro)-
arcing was also ignored, an assumption consistent with earlier ETFB
electrical studies (Goldschmidt and Le Goff, 1963; Knowlton, 1971;
Fedorov et al., 2016) and justified by the reactor-scale focus of this work.
The electrodes were assumed perfectly conducting, and the reactor wall
was assigned its appropriate electrical boundary condition. Under these
assumptions, the electric field was decoupled from bed hydrodynamics
and enters the model solely through the distributed Joule heat genera-
tion term.

2.5.1. Laplacian field model

To derive an expression for the Joule heating term (dQ dz~7) in Eq.
(3), a fundamental understanding of the electrical behavior within the
fluidized bed is required. To the best of our knowledge, no detailed
experimental or modeling studies have systematically addressed this
specific topic. Nevertheless, it was crucial to obtain an objective repre-
sentation of the bed's electrical behavior, while maintaining physical
significance. To achieve this, a two-dimensional Laplacian field model
(LFM) in cylindrical coordinates, as expressed in Eq. (4) and based on
Knowlton’s approach (Knowlton, 1971), was used to solve for the
electric potential field while neglecting arcing in the bed and contact
resistances. Eq. (4) was derived from the charge conservation principle
(V-J = 0) and Ohm’s law (J = 735611 VV) under constant resistivity
assumption and cylindrical coordinates.

d*av

L, ldav d’av
dr? r dr dz?

=0 4

The following boundary conditions were applied to the geometry shown
in Fig. 1A with conductive distributor.

Atr=riandZ, <z < Z,
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AV = AV,,,
Atz=Z,and0<r<n
AV = AV,,,
Atz=0and0<r<r,
AV =0

Atr=r;and0 <z <Z,
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wall, respectively. Z; is the distance between the bottom to the tip of the
electrode and Z; is the height between the electrode tip and the
expended bed surface. The chosen coaxial ETFB reactor geometry with a
conductive distributor was selected as a representative case that bal-
ances computational efficiency and physical relevance. Additionally, its
relatively simple boundary conditions enable a more manageable
mathematical formulation while still capturing the essential electrical
phenomena governing charge transport and Joule heating in the system.
While this work specifically applies the methodology to a coaxial ETFB
reactor, the approach is generalizable and can be extended to other
geometries with appropriate modifications to the boundary conditions
and numerical discretization.

=0at0<z

2 2
dr | d&°T N; < o ot e (("s‘v) + (“f—v) )rdrd@))
upgcpga — ke@ - gzj i ( — AHanRV\j) — A
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ar &1 (f b ((ﬁv) (

2
‘%—Q’) > rdrd® )
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AV =0
Atz=Zyandr, <r<r,

dAv
@ 0

Atr=0and0<z<Z;

dAv
a0

where AVyp,, is the applied electric potential to the bed.

Once the 2D map of the electric potential was obtained, the electric
field (E), current density (J), and linear Joule heating density field
(dQyg) were determined using Egs. (5) to (7), respectively, for a given
bed resistivity. Because the electric field is perpendicular to surfaces of
constant potential, current (equiflux) lines are orthogonal to equipo-
tential lines. Equiflux lines satisfy boundary conditions inverted to the
potential field: insulating surfaces become conductive, and conducting
surfaces forbid normal current flow.

dAv dAv
Er = _T7 Ez = - E (5)
_ 1 dAVl’ 5= 1 dAv ©)
Sped dr Sped Az

dQuu, [ [* 1 (dAV)? dQyu,

dz 7/0 /0 " Shea \ dr rdrds, dz
ry 21 2

= / / - ! dA—V rdrd® @)
o Jo Sbed \ dz

Eq. (4) was discretized using finite differences for a coaxial ETFB reactor
with a conductive distributor, as shown in Fig. 1A. It was then solved
using a custom-built Gauss-Seidel algorithm to analyze the field distri-
bution of electrical properties within the reactor. The general Joule
heating term (dQ gy dz 1) derived from the electric potential field using a
Laplacian field model, for an ETFB reactor with the geometry depicted in
Fig. 1A, was applied to Eq. (3) and presented in Eq. (8). In this config-
uration, r; and r5 are the radius of the central electrode and the reactor

=0atZ, <z<Z, ®

If the assumptions of constant speq and fixed expanded bed height H,y,
are relaxed, the electrical problem changes in both mathematical
structure and coupling requirements. If sp.q is evaluated from correla-
tions (e.g., Fedorov et al. (Fedorov et al., 2016) or allowed to vary with
local temperature, porosity, or hydrodynamic conditions, the electrical
problem assumes a variable-coefficient form, V (spea(r,2) VV) = 0 which
must be solved in full coupling with the heat and mass balances. Simi-
larly, if the expanded bed height H,,, evolves with gas density, reaction
extent, or solids holdup, the geometry of the electrical domain becomes
operating-condition dependent, requiring recomputation of the poten-
tial field on a moving or updated domain at each iteration. In combi-
nation, spatially varying resistivity and variable bed expansion convert
the Joule-heating calculation into a nonlinear multiphysics problem,
substantially increasing mathematical complexity and computational
cost and necessitating additional constitutive relations.

2.5.2. Current partition model

The detailed electric potential field in an ETFB reactor having a total
bed height Hexp = (Z1 + Z2) of 160 mm, a diameter (r2) of 130 mm,
central electrode diameter of 20 mm (r;) and central electrode sub-
mersion of 100 mm (Zj) is presented in Fig. 4 (left).

To better visualize and understand the regions where axial or radial
current dominates, the contribution of the radial current density to the

total current density magnitude (f = %) was plotted for the same

central electrode dimensions, see Fig. 4 (right). The color scale indicates
the relative contribution of the radial component, ranging from
0 (purely axial current flow, shown in blue) to 1 (purely radial current
flow, shown in yellow). White contour lines illustrate the transition
between different regions.

Based on this distribution, the system was divided into two main
conductive zones. The first is the annular region around the central
electrode, where the equipotential lines are vertical and the current
flows primarily in the radial direction. This zone is conceptually repre-
sented by the Coaxial Resistor (CAR) in Fig. 4 (right). The second zone
lies below the tip of the central electrode, where the equipotential lines
are nearly horizontal, resulting in a predominantly axial current flow.
This region is modeled as the Truncated Cone Resistor (TCR). Between
these two regions is a transition zone, where the equipotential lines
curve and the current exhibits both axial and radial components, this is
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Fig. 4. Left: equipotential and equiflux lines in a coaxial ETFBR with conductive distributor. right: Conceptual current partition representation of electrical re-
sistances in an coaxial ETFBR with conductive distributor: Coaxial (CAR) and Truncated Cone Resistors (TCR).

referred to as mixed current flow. Although this region was fully
resolved in the 2D Laplacian field simulation, it poses a challenge for
analytical modeling. The aim of this model is not to solve the 2D field
explicitly, but rather to use it as a reference to construct a simplified yet
physically meaningful model. In principle, the local Joule heating in a
one-dimensional ETFB can be estimated using Eq. (7) which incorporate
curvature effects. However, that would require solving the full multi-
dimensional field for each configuration as stated in Eq. (8).

To avoid this complexity while still capturing the dominant
conductive behavior, the system was approximated by partitioning it
into two idealized resistive regions, one radial (CAR) and one axial
(TCR). This allows for the use of analytical expressions tailored to each
dominant direction without needing to explicitly resolve the interme-
diate curvature zone. Importantly, the CAR and TCR are conceptual
constructs, not rigid physical boundaries. They represent the prevailing
current paths in their respective regions and provide a structured
framework for estimating Joule heating in a one-dimensional energy
balance model. This formulation was not intended to represent the most
optimal resistor geometry but rather to enable a structured analysis of
the predominant current paths while avoiding the need for complex
resistor geometries that would significantly increase computational cost
and parameterization difficulty. It is acknowledged that part of the
mixed current region is not explicitly accounted for, as the focus is on
distinguishing the prevailing conductive zones to facilitate modeling

_sL

R_KI ©)]

By applying the definition of electrical resistance as expressed in Eq. (9),
the differential resistance dR¢ag for radial current flow through a thin
annular shell of thickness dr at a radial position r is given by Eq. (10).
The cross-sectional area available for conduction at radius r is A; =
2nrZy. The total resistance Rcag is subsequently obtained by integrating
over the radial domain from r; (the radius of the central electrode) to ro

(the reactor wall), yielding the expression in Eq. (11). To extend this
formulation, a height element Az is introduced, segmenting the system
into a finite number of coaxial resistors of height Az. Since each of these
resistors experiences the same potential difference AV, they are elec-
trically configured in parallel. In the limit of an infinitesimally small
height element, the resistance expression for a coaxial resistor was
derived and presented in Eq. (12).

d
dRons = 2 10)
1
-1

Sbed T2 1
Rear = Ln(—): Y~ an

27522 I e

i (2)

Sbed I

dR, = Ln(—= 12
CAR 2ndz, n(rl) a2

The differential resistance dRycg for axial current flow through a thin
annular shell of thickness dz at an axial position z is given by Eq. (13).
The cross-sectional area, A = 72, varies along the axial direction. Since
the line connecting the tip of the central electrode to the bottom of the
reactor is a straight line, the radius can be expressed as a function of the
reactor length, as shown in Eq. (14). Substituting Eq. (14) into (13) and
integrating over the axial length from z = 0 (bottom of the reactor) to z
= Z; yielded the overall resistance of this section, as expressed in Eq.
(15).

dRrcr = SbedSZ 13)
r
r=-2"H, a4
Zy
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Fig. 5. The electrical characterization of the ETFB reactor as a circuit of mixed
resistors based on current partition.
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The electrical characteristics of the entire bed can be described as a
combination of two conceptual resistors (TCR and CAR) in parallel with
each other, as illustrated in Fig. 5. In this scheme, the coaxial resistor
was treated as an array of infinitesimally small resistors in parallel,
while the truncated cone resistor was represented by a series of infini-
tesimally small resistors. When an electrical potential is applied to the
system, I is divided between Itcg and Icag. This configuration forms the
basis of a current partition model (CPM), where the total resistance of
the bed can be determined through Eq. (16).

-1
Rbed:< LI ) (16)

RCAR RTCR

To derive the Joule heating term for each resistor, the equation for Joule
heating, Eq. (17) was applied. For the coaxial resistor, the electric po-
tential remained constant along the axial direction. Consequently, the
Joule heating generated over an infinitesimal height element dz was
obtained by substituting Eq. (12) into (17). The resulting expression for
the heat produced in a height element of the coaxial resistor, dQjp,car, is
presented in Eq. (18). Similarly, for the truncated conical resistor,
substituting Eq. (13) into (17) yields the expression for the heat gener-
ated in a height element, dQy rcr, as shown in Eq. (19).

AV?
Qu=IPR= R a7n
dQyn,car _ AV?2n

(18)

dz Sbed In (:—f)
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dQyu rer I%CRSbed
TCR _ 1
dz nr2 a

After deriving the Joule heating terms for each resistor, Egs. (18) and
(19), the final step was to substitute the expressions based on the current
partition model into Eq. (3). This resulted in a single overall heat balance
for the ETFB reactor that incorporates Joule heating as a function of the
applied voltage and current, as shown in Eq. (20).

dr | d&°T N I cq Sbed
ungpga — ke@ — SZJ' J ( — AernRv‘j) — TACT =0at0 <z
dr _ d°T AVZ2r

< Zlungpga —ke

N;
G o (~ BHmR) -2

Shedln (%) Acr
=0atzZ; <z< Z, (20)

In constant-voltage operation, Icg, follows directly from Ohm’s law
once the CAR-TCR resistance network is known. When spq is prescribed,
this resistance can be evaluated analytically. However, if sp.q depends on
temperature, gas composition, porosity, or conversion, the resistance of
the TCR cannot be established beforehand. In such cases, an initial guess
for the TCR resistance is required, and the resulting current must be
recomputed as part of the outer iterative loop that updates the reactor
thermodynamic and hydrodynamic state. Specifically, after each solu-
tion of the coupled mass and heat balances, the average bed temperature
Tayg, gas composition, and hydrodynamic descriptors are updated. If speq
is a function of these quantities, even if it assumed to be constant
throughout the bed, it must also be recalculated at each outer iteration.
The updated resistivity modifies the CAR-TCR resistance network,
which in turn alters Iycg, the local Joule-heating rate, and thus the
subsequent temperature field. In this way, the CPM becomes directly
coupled to the reactor-scale solution procedure, with electrical quanti-
ties updated with thermal and compositional variables.

In constant-current operation, the imposed total current I, is fixed,
and the voltage drop AV follows from the circuit in Fig. 5. Yet the same
coupling applies: if speq is not prescribed but evaluated from average
properties, the CAR-TCR resistance and resulting AV must be recalcu-
lated at every outer iteration.

3. Electrothermal behaviour and design implications

The LFM and the CPM describe the same underlying physical phe-
nomenon, electric potential distribution and Joule heat generation in-
side an ETFB reactor, but at fundamentally different levels of spatial
resolution. The LFM solves the two-dimensional Laplace equation, fully
resolving geometric field distortions, curvature of equipotential lines,
and the resulting non-uniform current density distribution. In contrast,
the CPM represents the bed as a network of equivalent resistive seg-
ments, partitioning the total current into radial and axial components
using analytical expressions derived from the reactor geometry and an
assumed uniform resistivity.

As such, the CPM functions as a reduced-order derivation of the LFM:
it preserves the dominant current-partitioning mechanisms but neglects
local variations and field curvature captured by the full Laplacian so-
lution. Agreement between the two models is expected when current
flow is primarily axial and geometric distortions are mild (e.g., deep or
slender electrodes), whereas discrepancies are expected in cases where
radial current redistribution is strong (e.g., shallow or wide electrodes).
Understanding this relationship provides the conceptual grounding
necessary for interpreting the quantitative comparison between the two
modelling approaches.

The analysis presented in this section examines how reactor geom-
etry and electrode configuration influence the spatial distribution of
Joule heating and the resulting thermal and reactive behavior of the bed.
These results highlight physically interpretable trends that can inform
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the selection of electrode dimensions and bed geometry for targeted
operating conditions, while avoiding claims of optimal design or vali-
dated operating limits.

3.1. Comparison of Laplacian field and current partition models

Building on this conceptual relationship, a systematic comparison
between the predictions of the more detailed, field-resolved LFM and the
analytically simplified CPM was conducted to assess the impact of model
simplifications on accuracy. More specifically, this comparison evalu-
ates whether the partition-based approach can capture key electrical
outputs (Qy and dQ g dz~1) without significant deviation from the more
detailed field-based model. This analysis provides insight into the trade-
off between computational efficiency and model fidelity, helping to
validate the applicability of the simplified methodology. For this com-
parison, the reactor geometry was fixed with a bed height of 160 mm, a
diameter (r,) of 130 mm, and an applied electric potential of 20 V. To
systematically evaluate the differences between the two approaches, the
electrode submersion depth and diameter were varied across a wide
range of possible values.

3.1.1. Deviation of CPM from LFM across electrode geometries

The deviation maps in Fig. 6 to Fig. 8 provide a fully quantitative
comparison between the two models across the entire geometric
parameter space. Each point in these maps represents the percentage
error between the CPM and LFM predictions, allowing direct assessment
of both the magnitude and spatial structure of the model deviation. The
following discussion highlights the dominant quantitative trends
extracted from these data. The colour map represents the percentage
deviation in power prediction between the two models, as defined in Eq.
(21), where k corresponds to total Joule heating (tot), Joule heating due
to radial current (r), and Joule heating due to axial current (z). The x-
axis represents the ratio of the electrode's radius to the reactor's radius
while the y-axis represents the electrode's submersion depth as a fraction
of the total bed height. Red regions indicate positive deviations, where
the current partition model predicts more Joule heating than the LFM
while blue regions represent negative deviations.
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The comparison between the two models identifies a central region of
the design space where the total power predicted by the CPM deviates by
no more than + 20% from the LFM within the region that corresponds to
electrode widths between 10% and 90% of the reactor radius and sub-
mersion depths between 20% and 80% of the total bed height. Within
this range, the CPM provides an approximate representation of Joule
heating trends, though deviations are not always negligible. Notably,
deviations between the models remain relatively stable across electrode
widths, suggesting that the CPM captures the radial distribution of
current with reasonable consistency. In contrast, deviations become
more pronounced at very shallow or deep submersion depths. At low
submersion, the annular current path is underdeveloped, leading to
underprediction of Joule heating. At high submersion, strong axial field
gradients beneath the electrode tip are not well captured by the CPM,
resulting in overprediction. These discrepancies stem from the CPM’s
geometric simplifications and its inability to resolve electric field cur-
vature, an effect explicitly captured by the LFM.

Importantly, the largest deviations occur in configurations that are
physically unrealistic or operationally undesirable. Extremely shallow
submersions suppress radial heating altogether, while very deep sub-
mersions shift the heating zone below the active region of the bed. These
cases are typically avoided in practical reactor designs, reinforcing that
the CPM can be used within a meaningful subset of the design space, but
with limited reliability near geometric extremes. Although electrode
width has less influence on model deviation, it remains a critical design
parameter. Narrow electrodes increase resistance due to longer current
paths, while wider electrodes reduce electrical resistance but reduce the
bed volume available for gas-solid interactions. These trade-offs should
be considered during system-level design, even if they have limited
impact on CPM accuracy.

The LFM is particularly advantageous for quantitative applications
such as techno-economic analysis (TEA), life cycle assessment (LCA),
and reactor optimization, where accurate prediction of power input and
spatial energy deposition is essential. By fully resolving the electric field,
it allows reliable estimation of localized heating, field gradients, and
energy coupling to reaction zones. Conversely, the CPM may serve as a
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Fig. 6. Relative deviation between the total power predicted by the Current Partition Model and the Laplacian Field Model.
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Fig. 7. Relative deviation between the Current Partition Model and the Laplacian Field Model for Joule heating caused by the axial current component.
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Fig. 8. Relative deviation between the Current Partition Model and the Laplacian Field Model for Joule heating caused by the radial current component.

useful tool for qualitative assessment, conceptual screening, or early-
stage design studies where computational efficiency is prioritized and
some loss in spatial resolution is acceptable. The selection of a modeling
approach should ultimately depend on the required precision and the
sensitivity of the application to electric field distribution.

To better understand why the electrode submersion depth has a
greater effect on the deviation from the LFM, a comparative analysis was
conducted by isolating the contributions of radial and axial current flow.
Specifically, the Joule heating predictions from the current partition
model and the LFM were compared separately for the Joule heating
produced only due to axial current flow (Fig. 7) and radial current flow
(Fig. 8) approach allows for a more detailed assessment of how each

11

current component contributes to the overall deviation and provides
insight into the dominant factors affecting the accuracy of the current
partition approximation.

The deviation in Joule heating due to the axial current component
exhibits a distinct trend, with significantly larger deviations compared
to the Joule heating contribution from radial current. For submersion
depths exceeding 80% of the total bed height and narrow electrodes
occupying less than 20% of the reactor radius, the CPM predicts axial
Joule heating values that exceed the LFM values by more than 50%. This
overestimation occurs because the partition model assumes a purely
axial current path below the electrode tip, neglecting significant radial
current redistribution into the surrounding bed, which is captured in the
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LFM. As the central electrode widens, the electric potential gradients
around the electrode tip intensify, increasing local axial effects and
reducing radial current contributions. This reduces the discrepancy be-
tween the CPM and LFM, particularly for the axial component. While the
axial current region does elongate with increasing submersion depth,
raising the total resistance, the degree of current confinement and
directional dominance is also enhanced, slightly improving the CPM's
alignment with the LFM. Nonetheless, this does not fully eliminate the
model’s limitations, and large overestimations persist in geometrically
extreme cases. This further reinforces the importance of interpreting
CPM predictions with caution in such configurations.

Conversely, when the electrode submersion depth decreases below
40% of the bed height and the electrode becomes narrower than 30% of
the reactor radius, a more prominent mixed-current region emerges
below the electrode tip, where axial and radial currents interact more
strongly. The current partition model fails to account for this effect,
leading to a significant underestimation of Joule heating due to the axial
current component.

Thus, the field model more accurately captures the interplay of radial
and axial currents, while the current partition model provides a
simplified approximation that overestimates axial Joule heating at large
submersion depths and underestimates it at shallower depths and nar-
rower electrodes.

This behavior highlights the limitations of the truncated cone resistor
restriction in capturing the complexity of axial current flow, particularly
in the transition region where the current distribution deviates from the
assumed discrete axial-to-radial separation. The stronger dependence of
the axial contribution on electrode radius suggests that axial current
pathways are more sensitive to variations in electric field distribution,
which the current partition model does not fully account for.

Furthermore, the overestimation of power generation at high sub-
mersion depths may be attributed to the assumption that all current
transitions into axial flow within a well-defined region, whereas the LFM
indicates a more gradual transition with significant mixed-direction
currents. Conversely, at low submersion depths, the current partition
model likely underestimates Joule heating due to an oversimplification
of how current distributes near the electrode tip.

Rather than aiming to determine the most optimal resistor configu-
ration or geometry, this work provides a systematic approach to simplify
the complex phenomenon of Joule heating in an ETFB reactor. By
formulating the problem in terms of fundamental electrical concepts, i.
e., electric potential and current, it offers a practical framework for
understanding the system while preserving its physical essence. This
approach enables a clear comparison between different modeling stra-
tegies, highlighting the strengths and limitations of the current partition
model while maintaining physical relevance in reactor design consid-
erations. The LFM, though computationally more demanding, remains
the most reliable reference framework for evaluating electric field
behavior and resistive heating under arbitrary electrode configurations.
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As such, it forms the physical and conceptual foundation upon which all
further simplifications must be validated.

Although the deviation maps presented here correspond to a specific
electrode configuration, the comparison methodology itself is general.
The same quantitative framework can be applied to other reactor and
electrode geometries by imposing the appropriate electrical boundary
conditions in the Laplacian Field Model and constructing the corre-
sponding equivalent resistor network in the Current Partition Model.

3.1.2. Effect of central electrode submersion depth on power density profile
and total Joule heating

The LFM is the primary framework in this study. It delivers a
geometry-resolved, continuous field and current distribution for the
specified electrode layout and boundary conditions, and its linear
power-density profiles (Fig. 9, left) set the reference physical picture. In
parallel, the CPM is used as a reduced-order, analytical complement for
rapid evaluation; comparisons to the LFM are reported to clarify the
scope of its simplifications and their impact on predictions.

The linear power density predicted by the LFM (Fig. 9, left) exhibits a
distinct behavior in the region around the tip of the central electrode.
This divergence from the current partition approach arises because the
LFM employs a continuous representation of the current, as opposed to
the partition based approximation. In this framework, while axial or
radial current may dominate in different spatial regions, both compo-
nents are present throughout the entire bed volume, contributing to the
overall Joule heating distribution. Moreover, the LFM inherently cap-
tures the curvature of the electric potential field surrounding the elec-
trode tip (see Fig. 4, left), a feature that is not as readily represented in
partition based models.

As a consequence of these characteristics, the region beneath the
electrode tip experiences a gradual, quadratic increase in linear power
density, culminating in a peak whose magnitude and position are gov-
erned by two primary factors: the submersion depth of the electrode and
the intensity of the applied electric field. Specifically, as the central
electrode is submerged deeper into the bed, the location of this peak
shifts further downward within the reactor, while its magnitude in-
creases. This behavior is attributed to the corresponding increase in
electric potential gradients in the lower region of the bed, which en-
hances localized Joule heating.

A key implication of the current partition model, assuming constant
resistivity, is that the linear power density (power per unit length, kW
m™!) remains uniform within the CAR and increases quadratically
within the TCR, as shown in Fig. 9 (right) In the CAR, the linear power
density is independent of the central electrode’s submersion depth. This
is because the characteristic length of this region, i.e., the distance be-
tween the vertical surface of the central electrode and the reactor wall,
remains constant, regardless of the electrode's depth of submersion.
However, although the linear power density remains constant, the total
power increases with a deeper electrode submersion due to the larger
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Fig. 9. Linear power density profile. left: Laplacian Field Model. right: Current Partition Model.
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central electrode bed exposure.

In contrast, in the TCR, the linear power density increases quadrat-
ically along the length of the reactor, particularly towards the tip of the
electrode. As the electrode submersion depth increases, the magnitude
of the power density also increases. The characteristic length of the TCR
is defined as the distance between the tip of the central electrode and the
distributor, which decreases as the electrode is submerged further into
the bed. Consequently, the length over which the current flows radially
decreases, resulting in a decrease in the resistance of the system. This
reduction in resistance leads to higher Joule heating in this region.

A distinguishing feature of the current partition model is the absence
of a transitional region between the CAR and the TCR. At the tip of the
electrode, the linear power density shifts abruptly from a constant value
in the CAR to a quadratically increasing profile in the TCR. This
discontinuity is a result of the modeling simplification, which assumes
distinct and non-overlapping resistive zones. As a consequence, a small
segment of the bed around the electrode tip where in reality both axial
and radial currents are present is not explicitly accounted for. In the
simplified representation, this zone appears as a ‘gap’ or abrupt transi-
tion in the power profile (see Fig. 9, right).

The TCR explicitly defines a conical geometry with a fixed,
decreasing cross-sectional area, leading to a strictly geometric quadratic
increase in power density along the cone’s length. In the LFM, however,
no physical cone occurs; instead, the quadratic increase in power density
arises naturally due to the curvature of equipotential lines and the
natural development of axial current flow below the electrode tip ac-
cording to the field equations, Eq. (7). Unlike the current partition
model, where power density transitions discontinuously from the TCR to
the CAR region, the LFM predicts a smooth and continuous transition,
driven by the interplay between radial and axial current components
rather than an imposed resistor partition. This distinction highlights the
fundamental difference in how each model conceptualizes Joule heat-
ing: one as a function of imposed resistor regions, the other as an
emergent result of electrostatic potential distribution.

It is important to acknowledge that the assumption of constant re-
sistivity introduces some limitations in predicting the exact power dis-
tribution, as resistivity is generally temperature-dependent. Joule
heating affects temperature, and the temperature in turn influences
electrical conductivity. A fully coupled approach that accounts for
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temperature-dependent resistivity would provide a more accurate pre-
diction of the power distribution, as the dynamic interplay between
temperature and resistivity would be better represented. Despite this
limitation, the general trends predicted by the current partition model
are consistent with physical principles and align well with expectations
based on theoretical understanding.

The trends observed in the linear power density are also evident
when analyzing the total Joule heating predicted by both models
(Fig. 10). The total power in both the CPM and the LFM increases as the
central electrode is submerged deeper into the bed. This aligns with the
understanding that a deeper electrode submersion expands the
conductive surface area available for radial current flow, thereby
reducing overall resistance and increasing total Joule heating. The total
power predicted by the CPM and the LFM exhibit a similar evolution,
demonstrating a consistent increase with decreasing ESD (electrode
submersion depth), from 1.81 kW at 120 mm to 0.60 kW at 40 mm
(CPM) and from 1.74 kW at 120 mm to 0.70 kW at 40 mm (LFM). This
consistency underscores the fundamental role of submersion depth in
dictating the extent of Joule heating in the system. Overall, the total
power trends reinforce the conceptual distinctions between the two
models. The increasing total power with deeper submersion, the domi-
nance of radial current, and the differences in predicted power distri-
butions all align with the theoretical framework established for linear
power density. At the same time, the observed shift from under-
prediction to overprediction by the CPM highlights the strengths and
limitations of each model, further emphasizing the impact of current
partitioning assumptions on Joule heating predictions.

3.2. Thermal model validation

To evaluate the predictive capability of the proposed thermal model,
its predictions are compared with reported operating data for a real
ETFB from the literature (Ahmed et al., 2025). The experimental dataset
comprises steady-state measurements of applied voltage, total electrical
power, and bed temperature for different electrode submersion depths.
Because the reported experiments were performed under non-reactive
argon heating conditions, this validation focuses on the electrothermal
and heat-transfer components of the framework. In the assessment, all
modelling assumptions established in Section 2 are retained. In addition,
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the idealized adiabatic heat balance is extended to account for heat
losses through the insulation as well as to include an adjusted top
boundary condition accounting for both convective and radiative losses.
Consistent with the experimental setup, the initial (pre-fluidization) bed
height was 130 mm for all cases. This value was adopted as Hey, in order
to maintain consistency with the fixed H,y, assumption used throughout
the reactor-scale model. The jumbo particle case (d, = 338 pm) was
selected for analysis, as it provides the most complete and consistent set
of operating points across electrode depths and temperatures, making it
the most suitable reference for an initial thermal model assessment. Only
operating points with reported temperatures above 600 °C were
considered. Furthermore, the authors report that the thermocouple is
aligned with the bottom edge of the central electrode; accordingly,
model-data comparisons were performed using the predicted tempera-
ture at the electrode tip, i.e. T(z = Z;). Because neither the outer
diameter of the ETFB and the thermal conditions in the freeboard region
were reported, the insulation outer radius was assumed as r, = 2rp, and
the overhead reference temperature was set to 200 °C for all cases. The
extracted data and the adapted governing expressions are provided in
the Supplementary Information.

As speq is an input to the reactor-scale framework, an estimate of this
value is required for the literature cases. To obtain such an estimate, an
additional simplifying assumption was made, namely, that the reported
electrical power is fully dissipated within the bed volume as Joule
heating, neglecting any potential electrical losses outside the bed phase,
such as line losses and contact resistances at the electrode surfaces.
Under these assumptions, speq was estimated using the LFM electrical
model by adjusting its value such that the computed total Joule power
matches the reported power for each operating point. When the result-
ing values are grouped by immersion depth of the central electrode (ICE,
following the authors’ nomenclature), average resistivities of approxi-
mately 12.94 Q.cm (ICE = 25 mm), 15.22 Q.cm (ICE = 60 mm), and
23.44 Q.cm (ICE = 95 mm) are obtained. This trend is consistent with
the authors’ observation that the effective bed resistivity speq grows with
increasing ICE.

Using the extracted experimental voltages together with the esti-
mated spq values, the thermal model was applied to predict the tem-
perature at the electrode tip location. Because the dominant thermal loss
mechanisms in the reactor are governed primarily by the available heat-
transfer area rather than by case-specific operating conditions, a robust
reactor-scale description should be able to reproduce the experimental
trends using a minimal set of effective heat-transfer parameters.
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Therefore, the wall losses were represented through a single overall
radial heat transfer coefficient, hy, while the top boundary losses were
captured using a single convective coefficient, hy,p, with the granular
graphite emissivity assumed as 0.85. To account for uncertainty asso-
ciated with manual data extraction from published figures as well as
variability in the reported experimental measurements, the electrical
inputs (Vgpp, Sped) were allowed to vary within & 1% of their nominal
values. For each ICE, a single pair of parameters (h;o, hsop) Was identified
across all corresponding operating points.

The parity diagrams in Fig. 11 summarize the agreement between
experimentally reported and predicted electrode-tip. The LFM pre-
dictions (Fig. 11, Left), reproduce the overall experimental temperature
trends well across all electrode immersion depths, with all of the oper-
ating points lying within the + 50 °C band. The CPM predictions
(Fig. 11, Right), evaluated using the same electrical and thermal inputs,
show comparable agreement for ICE = 60 and 95 mm, supporting the
suitability of the CPM as a reduced-order approximation for reactor-
scale thermal modelling. Consistent with the deviations observed
earlier in Fig. 6, the CPM tends to underpredict Joule heating at shallow
electrode submersion, which explains why the ICE = 25 mm cases fall
systematically below the — 50 °C band. Overall, the parity diagrams
demonstrate that the proposed electrothermal framework is capable of
reproducing reported ETFB temperature trends across electrode im-
mersion depths using a minimal and physically interpretable set of pa-
rameters. The close agreement obtained with the field-resolved LFM
confirms the internal consistency of the formulation in linking electrical
inputs, Joule heating, and thermal response at the reactor scale. The
simplified CPM yields comparable agreement for intermediate and deep
electrode immersion depths, consistent with its reduced-order nature
and the deviations identified earlier for shallow submersion. Together,
these results show that the governing electrothermal formulation cap-
tures the dominant reactor-scale behavior while clarifying the range of
applicability of each modelling strategy. Detailed results and relevant
model parameters for all simulations, together with a more in-depth
analysis and interpretation of the results, are provided in the Supple-
mentary Information.

3.3. Application of the electrothermal modeling strategies to a reactive
system

To evaluate the behavior of the electrothermal fluidized bed reactor
under strongly heat-demanding conditions, the modelling framework
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was applied to the thermal decomposition of carbonyl sulfide (COS).
This reaction forms the second step of the process targeted in the e-
CODUCT project and has already been outlined in the introduction. It
operates at high temperatures and is highly endothermic, making it an
appropriate benchmark for assessing the reactor’s ability to supply
distributed Joule heating under reactive operation. The kinetic expres-
sions and thermochemical data used in this study are provided in the
Supplementary Information. In this context, COS conversion is used as a
qualitative design metric, and a target conversion level of approximately
90% is adopted as an illustrative benchmark rather than an operational
specification.

The purpose of this case study is not to validate the kinetics, nor to
represent the full e-CODUCT flowsheet, but rather to examine how the
electrothermal model performs when conversion, heat demand, and
temperature are simultaneously coupled.

It should be noted that, unlike the preceding model assessment
against experimental ETFB reference data (Section 3.2), the present
reactive simulations are performed using the idealized adiabatic heat-
balance formulation introduced in Section 2.3. Heat losses through
insulation and the top boundary are therefore neglected in this case
study, allowing the intrinsic coupling between Joule heating, tempera-
ture evolution, and endothermic reaction demand to be examined under
controlled reactor-scale assumptions.

In the present reactor-scale formulation, no direct coupling exists
between the electric potential field and the hydrodynamic field. The
power-density field depends only on geometry and electrical boundary
conditions and is therefore independent of local temperature, gas
composition, or fluidization state. The electric field influences the
reactor solely through the spatial distribution of volumetric Joule
heating.

Because of this one-way coupling, the electric potential field is solved
only once for each electrode configuration using the Laplacian Field
Model or the Current Partition Model. The resulting axial Joule-heating
density profiles (Fig. 9) are then supplied as fixed inputs to the reactor
heat balance during the reactive simulations. Temperature changes
arising from this heating modify the gas density and thermophysical
properties, which in turn affect the superficial velocity and residence
time. Thus, variations in geometric or electrical parameters, such as
electrode submersion depth, affect hydrodynamic quantities indirectly
through thermal effects rather than through any electrohydrodynamic
mechanism. This indirect thermal-hydrodynamic coupling becomes
especially relevant under reactive conditions, where strong endo-
thermicity amplifies the competition between heat generation and heat
consumption.

To directly compare the electrical results of the LFM and the CPM,
the bed dimensions are kept consistent with those used in section 3.1.
Specifically, the reactor maintains a fixed diameter of 130 mm and a
height of 160 mm. The central electrode diameter is also fixed at 20 mm
within the ETFB reactor for this case study. However, the electrode
submersion depth is varied between 40 mm and 120 mm, corresponding
to a predicted deviation in total power of — 16% to + 4% respectively
with respect to the LFM to examine how these differences influence the
resulting temperature and conversion profiles within the reactor. For all
simulations.. the feed consists of 2 kg h™! of a 50% COS/N, mixture at
atmospheric pressure. The temperature of the feed just below z = 0 is
maintained at 600 °C. Particle diameter and particle density are
assumed to be 100 um and 2000 kg m™~3 respectively for all cases. Par-
ticle heat capacity correlation (Butland and Maddison, 1973) can be
found in supplementary information.

3.3.1. Effect of electrode submersion depth on thermophysical and bed
parameters

Table 1 presents the effect of increasing electrode submersion depth
on key thermophysical and bed parameters for the simulations using the
current partition model. The results highlight the strong coupling be-
tween temperature, hydrodynamics, and transport phenomena in the
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Table 1
Effect of changing the central electrode submersion depth on thermophysical
and bed parameters.

Electrode Submersion depth

Parameter

40 mm 120 mm unit

t 4,9 3,8 s

u 0,10 0,13 ms!

Cp, 1,065 1,068 kJ kg ' K!

e 3,5x107° 3,9x107° Pas

K 59x10°° 6,9x10°° KWm 'K

Pg 0,58 0,46 kgm 3

Upng 6,5x1072 6,5x1072 ms!

Ar 9,45 5,97 -

Uer 1,14 1,3 ms !

dy 0,024 0,029 m

[ 0,46 0,46 -

e 0,57 0,60 -

v 0,22 0,26 -

q 0,95 0,96 _

u 0,43 0,49 ms!

Dy 40x1073 57x107° m?s!

Dy 9,8x1072 1,5x 1072 m?s7!

ken 0,42 0,49 ms!

ke 4,4x1072 59x 1072 kWm ' K?!
system.

As the electrode is submerged deeper, t, decreases from 4.9 s to 3.8 s,
while u increases from 0.10 to 0.13 m s~ '. Both parameters are evalu-
ated at average bed conditions and reflect the gas expansion caused by
the temperature increase and reaction progress. The reduction in resi-
dence time directly impacts reaction progress, while the increased su-
perficial velocity enhances particle motion and mixing.

Arnumber, which is a dimensionless number used in fluid mechanics
to characterize the relative influence of buoyancy and viscous forces,
decreases from 9.47 to 5.97 upon deeper submersion, demonstrating
how higher temperatures reduce p; while increasing p,. This shift in
properties weakens inertial forces and enhances viscous effects, which
could lead to a transition toward smoother fluidization. Consequently,
dp increases together with 1. At the same time, ¢ increases, signifying a
more expanded and dispersed bed structure.

The higher porosity also leads to an increase in ¥ and g;. This
suggests that a greater proportion of the gas bypasses the dense phase,
which can impact mass transfer and reaction performance.

Additionally, the mixing parameters increase with submersion
depth. The axial dispersion coefficients of both phases rise, reflecting
enhanced axial mixing due to higher turbulence and bubble motion.
Both phases show similar relative increases, though Dy remains
consistently higher in magnitude, making dispersion in the emulsion
phase the dominant mechanism of axial mixing in the bed. As reported
in Table 1, the dispersion coefficients are well above typical molecular
diffusivities for binary gases at similar temperatures (Walker and
Westenberg, 1960), confirming the convective dominance of mixing in
this regime. The interphase mass-transfer coefficient and the effective
thermal conductivity also rise with submersion depth, indicating
stronger bubble-emulsion exchange and more efficient heat spreading
throughout the bed. These bulk trends arise from the combined effects of
higher temperature, gas expansion, and increased superficial velocity at
deeper electrode positions. The present model is designed to capture
reactor-scale behavior; while local mixing variations close to electrode
surfaces are not resolved, they remain relevant for detailed fluidization
studies and could be investigated with specific CFD simulations. While
both the superficial velocity and Archimedes number remain far from
the transition from the bubbling to the turbulent regime, since u,, is still
much higher than u and Ar remains above 1, it is crucial to consider
these potential hydrodynamic changes when designing an ETFB reactor.
The results show that electrode submersion depth impacts bed hydro-
dynamics, which, in turn, can affect the mechanisms of electrical current
transfer in beds of electrically conductive particles. As a result,
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optimizing electrode placement is essential not only for effective heating
but also for maintaining stable fluidization and ensuring proper elec-
trical conduction pathways within the bed. Notably, while the absolute
values differ slightly, simulations using the Laplacian field model exhibit
the same overall trends, further reinforcing the robustness of these ob-
servations across different modeling approaches.

3.3.2. Effect of electrode submersion depth on temperature and conversion
profiles

Fig. 12 shows the effect of the central electrode submersion depth on
temperature, while Fig. 13 illustrates its effect on COS decomposition
conversion. In the CPM (Fig. 12 and Fig. 13, right), increasing the
electrode submersion depth induces an increase in Tayg from 770 °C at
40 mm to 1007 °C at 120 mm. Higher temperatures accelerate reaction
rates, promoting faster and more complete COS conversion along the
reactor length. Upon deeper submersion, the conversion rises sharply
and reaches a higher final value (90% at 120 mm). In contrast, for
shallower depths, the reaction is more kinetically limited, leading to a
lower conversion and a lower final value (54% at 40 mm).

For the LFM (Fig. 12 and Fig. 13, left), at a 40 mm submersion depth,
the predicted average bed temperature is 796 °C, compared to 770 °C in
the partition model, resulting in COS conversions of 61% and 54%,
respectively. This trend continues up to a submersion depth of 100 mm.
However, upon deeper submersion, the difference in conversion be-
tween the two models diminishes due to reaction kinetics. At 80 mm,
despite a 15 °C difference in average temperature, conversion differs by
just 1 percentage point (80% vs. 79%). At 120 mm, CPM predicts an
average temperature 8 °C higher than the field model, yet COS con-
versions remain nearly identical at 90% and 89%, respectively.

These results indicate that, regardless of whether the CPM or LFM is
used, the overall trends in temperature and COS conversion remain
consistent. The temperature and reactant conversion predicted by the
LFM exhibit the same behavior as seen in Fig. 6 for the relative deviation
in total power and for linear power density predictions. Notably, the
relative temperature and conversion predictions shift with increasing
electrode submersion depth. Initially, the CPM underpredicts tempera-
ture and conversion compared to the LFM. However, as the electrode is
submerged deeper, it transitions to an overprediction.

The shift from underprediction to overprediction in temperature and
conversion arises primarily from how differences in the Joule heating
profiles translate into thermal and reactive behavior. Since temperature
is governed by the balance between Joule heating and heat of reaction,
any deviations in power density directly influence the predicted tem-
perature profile. In case of more shallow submersion, the partition-based
model underestimates Joule heating in the region below the electrode
tip, leading to lower overall temperature predictions. This, in turn,
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reduces the reaction rate. However, upon deeper submersion, the
truncated cone approximation in the partition-based model begins to
concentrate power more intensely than the LFM in the same region,
causing it to overpredict the temperature. The higher temperature en-
hances reaction kinetics, driving conversion slightly above the LFM
predictions despite similar power inputs at deeper submersions. Thus,
while both models capture the general trends in temperature and con-
version, their assumptions about Joule heating distribution lead to
systematic deviations in temperature and conversion predictions.

The temperature increase in the CPM between each simulation
closely follows the geometric quadratic increase in Joule heating pre-
dicted by the truncated cone representation (see Fig. 4, right). As the
submersion depth increases, the linear power density profile of the TCR
leads to a nonlinear rise in the average temperature. This explains why
temperature increments become progressively larger at deeper sub-
mersions in the CPM. In contrast, in the LFM, the temperature increases
are more evenly spaced. This is because the LFM accounts for a more
gradual spatial distribution of Joule heating, rather than concentrating
it only due to geometric variations within a confined region below the
electrode tip. As a result, the temperature increases between each
simulation profile exhibits a more linear-like progression with
increasing submersion depth. This distinction between the two models
reinforces how the assumed power distribution affects thermal pre-
dictions, with the CPM leading to steeper temperature increases at
greater submersion depths due to the geometric dependence of the TCR.

In both models, higher temperatures lead to higher superficial ve-
locities and improved mixing, as evidenced by the conversion profiles.
The increase in temperature due to deeper electrode submersion causes
gas expansion, which raises u and reduces tr. Despite the shorter resi-
dence time potentially limiting reaction progress, the enhanced mixing
and faster kinetics due to higher temperatures offset this effect, leading
to improved conversion.

The choice between the LFM and the CPM involves a trade-off be-
tween computational cost and model accuracy. The LFM offers a more
physically accurate representation of power distribution by solving the
electric potential as a continuous field, capturing local variations in
current flow, potential gradients, and electrode effects with higher
precision. This increased accuracy allows for a more detailed under-
standing of how power generation varies within the reactor, which can
be crucial for reactions with pronounced sensitivity to local temperature
variations. However, this accuracy comes at a significant computational
cost, as solving the field equations requires fine spatial discretization
and iterative numerical methods, rendering it computationally much
more expensive and time-consuming than the CPM. The computational
cost of the LFM becomes particularly relevant when it is used in com-
bination with an iterative simulation framework, where unknown
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parameters such as the average bed temperature, average conversion, or
even the expanded bed height are solved together with the heat and
mass balances. In such cases, the electric potential field is recomputed at
each iteration, since the bed resistivity and height influence the spatial
power density distribution. Using a refined grid and a standard Gauss-
Seidel solver, solving the Laplacian field alone can take 2-10 min or
more, depending on grid resolution and the convergence strategy (e.g.,
Successive Over Relaxation). In contrast, the full solution of the heat and
mass balances with SciPy’s solve_bvp for the CPM typically requires
5-20 iterations to converge the unknowns (e.g., average temperature to
within 0.01 K). In practical runs with good initial guesses, the full
simulation often completes in under 1 min, resulting in a significant
computational advantage if the field is not re-solved each time.

If the bed height and resistivity are fixed, the Laplacian field only
needs to be solved once at the start, which considerably reduces the total
simulation time. However, when these parameters are dynamically
updated, the electric potential must be re-solved at every iteration,
significantly increasing computational effort.

By contrast, the CPM avoids solving the potential field numerically
altogether. Power densities are computed from analytical expressions,
enabling simulations to complete in the scale of seconds in typical cases.
However, when the system becomes stiff (e.g., due to sharp temperature
gradients or poorly chosen initial guesses), the boundary value problem
solver may require up to 5 min to converge. In some cases, especially if
the initial assumptions are far from the true solution or if tight error
tolerances are imposed, the solver may fail to converge altogether or
diverge into unphysical runaway solutions. As such, while the CPM of-
fers clear advantages in terms of computational efficiency, its robustness
and reliability depend significantly on solver configuration and initial
conditions.

Overall, the CPM is well-suited for rapid parametric sweeps and
qualitative exploration, whereas the LFM provides a more reliable and
quantitative basis for rigorous analyses, particularly in contexts
requiring accurate thermal profiles and energy estimates such as TEA or
LCA.

4. Conclusions

A systematic methodology has been developed to simplify the
simulation of the complex electrothermal behavior of fluidized beds
containing electrically conductive particles. By expressing power gen-
eration in terms of fundamental electrical quantities, electric potential
and current, the model provides a physically grounded interpretation of
Joule heating mechanisms. Central to this approach is the field-resolved
Laplacian model (LFM), which captures spatially varying electric fields
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and current paths, allowing for accurate predictions of power density
distributions. This model provides a high-resolution framework that is
particularly valuable for quantitative analyses involving endothermic
reactions and temperature-sensitive processes.

To facilitate rapid qualitative analyses, an analytically simplified
Current Partition Model (CPM) with reduced computational cost was
also developed. This model approximates the reactor as a series of
idealized resistive regions. While the CPM efficiently captures dominant
trends and supports early-stage reactor design or parametric explora-
tion, its accuracy diminishes under extreme geometries or when strong
spatial heterogeneities influence the electric field. Still, within practical
electrode configurations, it remains a reliable approximation. Specif-
ically, in a central parameter region, electrode widths between 10% and
90% of the reactor radius and submersion depths between 20% and 80%
of the bed height, CPM predictions of total Joule heating remain within
+ 20% of LFM results. This deviation narrows to + 10% in the more
typical range of 20% to 70% width and 30% to 70% submersion,
reflecting the CPM’s robustness under realistic conditions. Outside these
bounds, discrepancies become more pronounced due to the model’s
limited ability to capture complex current distribution, underscoring the
importance of selecting the appropriate model based on the application.

Taken together, the LFM and CPM provide a systematic reactor-scale
formulation for incorporating Joule heating into the energy balance of
an ETFB. The aim of this formulation is not to construct the most
detailed or fully resolved description of fluidized-bed hydrodynamics,
but rather to establish a transparent and physically grounded way of
representing how electrical design choices translate into spatially
distributed heat generation. By expressing Joule heating directly
through potential and current fields, the framework avoids empirical
tuning and clarifies the link between geometry, electrical configuration,
and thermal response. This reactor-scale perspective enables systematic
evaluation of ETFB behavior while remaining compatible with future
extensions toward more detailed hydrodynamic models.

An initial thermal model assessment against reported ETFB heating
data demonstrated that the framework can reproduce electrode-tip
temperature trends within + 50 °C when effective resistivity and heat-
loss closures are calibrated. The results highlight the strong sensitivity
of ETFB predictions to electrical boundary assumptions and the need for
improved characterization of intrinsic bed resistivity and contact losses.

In applying this methodology to COS decomposition, both the LFM
and CPM yield temperature and conversion profiles that follow the ex-
pected behavior of a bubbling fluidized bed with strong axial mixing.
According to both models, the thermal profiles shift upward upon
deeper electrode submersion, consistent with the movement of the
heating zone toward the bed surface. However, the LFM, by resolving
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the full 2D electric potential field, more realistically captures the
continuous distribution of Joule heating, providing a smoother and
more physically coherent response to geometric changes. Notably, the
average temperature in the LFM varies more linearly with electrode
submersion depth, reflecting the fixed resistivity and the direct scaling
of power distribution. In contrast, the CPM exhibits increasing de-
viations in average temperature with deeper submersion, driven by the
non-linear nature of the truncated cone resistor approximation. This
discrepancy underscores the limitations of the geometric partitioning
approach when used to model spatially distributed phenomena and
highlights the value of the LFM for quantitatively consistent thermal and
reactive predictions.

In the e-CODUCT context, the modelling framework developed here
can be used as a reactor-scale design tool to translate process targets into
ETFB sizing and configuration choices. For a specified duty (throughput)
and performance criterion, e.g., a target COS conversion associated with
a desired CO and sulfur production rate, the coupled elec-
trical-thermal-reactive formulation enables systematic selection of
reactor diameter, bed volume/height, and electrode geometry/position
to deliver the required spatial distribution of Joule heating while
maintaining a consistent bubbling-bed hydrodynamic regime. In this
way, the framework provides a structured basis for early-stage design
iterations that connect electrical design variables (electrode placement,
submersion depth, and current paths) to heat demand and temperature
profiles, and ultimately to achievable conversion levels and reactor
sizing requirements for electrified, endothermic COS reaction. The
model further provides a direct estimate of the minimum Joule-heating
duty required to sustain endothermic conversion, offering practical
guidance for power-supply sizing and reactor design.

Although the CPM reproduces the overall qualitative trends, the
LFM's spatial resolution captured the localized heating effects that
strongly affect temperature and conversion profiles. The trade-off be-
tween the two approaches was further illustrated by their computational
performance: the LFM, when solving the Laplacian field with a Gauss-
Seidel scheme on a refined grid, requires 2-10 min per solution, with
total convergence times between 15 s and 2 min depending on the un-
known inputs. If bed resistivity and height are fixed, the LFM must only
be solved once, significantly reducing computation time. On the other
hand, the CPM typically converges within seconds, but may require up
to 5 min if initial guesses are poor or if tolerances are tight, and may
even fail to converge under highly stiff conditions.

This work emphasizes that the choice of model is not merely about
computational convenience but has implications for model fidelity,
interpretability, and predictive power. While computationally more
demanding, the Laplacian field model provides essential spatial insights
and higher quantitative accuracy, particularly valuable for engineering
design, optimization, and rigorous reactor performance evaluation.
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