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INTRODUCTION

Automotive transportation based on internal 
combustion engines continues to be one of the 
fundamental pillars of modern mobility. The emis-
sions generated by these engines include com-
pounds such as carbon monoxide (CO), unburned 
hydrocarbons (HC), and nitrogen oxides (NOₓ), 
which are harmful to the environment and con-
tribute to the deterioration of air quality [1, 2].

These emissions increase during cold start. 
During this initial phase, the catalytic converter 
(responsible for chemically transforming harmful 
exhaust gases into less harmful compounds) has 
not yet reached its activation temperature, known 
as the light-off temperature, which is typically 
around 250 °C [3]. In this state, the oxidation and 

reduction reactions occurring on the catalytic sur-
face are inefficient or even nonexistent, causing 
a significant fraction of the pollutants emitted by 
the engine to be released directly into the atmo-
sphere. The time required for the catalyst to reach 
its light-off temperature may vary depending on 
ambient temperature, engine type, catalyst mass, 
and exhaust system configuration [4].

The origin of this problem lies in the high 
thermal inertia and low thermal conductivity of 
the catalyst, which delays its heating and leads 
to non-uniform temperature distributions during 
the initial stages of operation [5]. In addition, the 
catalytic monolith presents thermal limitations, 
since temperatures above 1000 °C may compro-
mise its structural integrity and catalytic perfor-
mance [6, 7].
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In recent years, one of the most promising 
alternatives to reduce light-off time has been the 
electrical heating of the catalyst. This technique 
employs electrically heated metallic monoliths 
(EHC) [8, 9]. However, their effectiveness as the 
sole element for filtering harmful exhaust gases 
may be limited, and these systems present chal-
lenges related to thermal distribution, energy con-
sumption, and integration with the exhaust sys-
tem [6, 10]. 

In this context, the present study evaluates, 
through computational fluid dynamics (CFD) 
using ANSYS Fluent, a novel Active Hybrid 
Thermal Strategy that combines external heating 
resistances with an electrically heated catalyst 
(EHC). The analysis focuses on the thermo-fluid 
interaction between the exhaust gases and the 
ceramic monolith during cold start, considering 
different electrical heating strategies.

The evaluation focuses on the time required 
to reach the light-off regime, the uniformity of 
the thermal distribution within the monolith and 
peak temperatures. Furthermore, this study tran-
scends purely thermal analysis by implementing 
an Integrated Multi-Physical script, which quanti-
fies cumulative mass emissions and benchmark-
ing them against the Euro 7 standard limits. In 
this way, the study aims to establish a technical 
basis for the design and optimization of electri-
cal heating strategies that reduce thermal peaks 
and accelerate catalyst activation, thereby con-
tributing to the reduction of pollutant emissions 
under cold-start conditions [11, 12]. Furthermore, 
the present study incorporates numerical verifica-
tion and qualitative benchmarking against previ-
ously reported catalytic converter CFD studies to 
ensure consistency of the predicted thermal and 
light-off behavior.

METHODOLOGY

The present research is conducted using a 
CFD approach with ANSYS Fluent, with the 
objective of reducing light-off time and achieving 
a uniform temperature distribution in the ceramic 
monolith [13]. This methodology begins with the 
characterization of the monolith as an equivalent 
porous medium [14, 15], followed by the simu-
lation of the complete system (catalytic converter 
and primary exhaust pipe), considering square and 
hexagonal cell geometries for the ceramic mono-
liths. Based on this comparison, the most efficient 

configuration is selected, on which different elec-
trical heating strategies are evaluated, including 
an EHC and band-type heating resistances, whose 
geometry is defined by a metallic casing that 
encapsulates a helical resistive element.

Once the best technique is selected, through 
the Arrhenius equation, mass flux conservation, 
and flow reactor equations, the NOx, CO, and HC 
emissions are evaluated [13, 14].

Design and material definition

At this stage, three-dimensional modeling 
of the complete system, shown in Figure 1, was 
carried out using Autodesk Inventor. In addition, 
two representative geometric configurations of 
the catalytic monolith were developed: square-
section cells and hexagonal-section cells. The 
dimensions and geometric configurations are 
based on values reported for automotive catalyt-
ic converters used in light commercial vehicles, 
such as the Toyota Hilux [16, 17]. Furthermore, 
the sizing and material properties of the heating 
resistors were integrated into the model using 
technical data extracted from specialized compo-
nent distributors [18, 19], ensuring that the heat-
er’s geometry and thermal response are consistent 
with commercially available technology.

For numerical analysis, the geometry was 
prepared in ANSYS Space Claim, and the mate-
rials involved were assigned in ANSYS Fluent 
based on Table 1, with their thermal properties 
taken from values reported in technical literature 
and ANSYS databases.

Meshing of the complete system

Independent meshes were generated for the 
porous medium characterization and for the simu-
lation of the complete system. 

To ensure stability, a grid independent study 
was developed. For the square cells, shown in 
Table 2, a relative error of less than 0.07% is 
observed with 153,221 cells, similarly for the 
hexagonal cells with 138,943 elements.

For the complete system, shown in Table 
3, with 323,732 elements, the relative error is 
0.282%. These values indicate robust conver-
gence, demonstrating that the model is highly 
reliable for evaluating the hybrid heating strate-
gies proposed in this study [20].

In the partial simulations of the monolith 
channels, a conformal mesh was employed, as 
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Table 1. Relevant materials and thermal properties

Component Main material Thermal conductivity (W/m·K) Function

Helical resistor Nickel-chromium alloy (NiCr) 14.6 Direct heat source

Resistor housing AISI 304 16.2 Radial conduction

Converter housing AISI 304 16.2 Radial conduction

Catalyst substrate Cordierite 1.5 Thermal Matrix

Primary exhaust pipe AISI 304 16.2 Improve exhaust gas flow

Catalytic layer Alumina + Pt/Pd/Rh 5 CO and HC oxidation

Figure 1. Designs and assemblies developed. Internal view (a), catalytic converter assembly (b), band-type 
heating resistor (c) and Complete system (d)

shown in Figure 2, achieving minimum orthogo-
nal quality values greater than 0.16 for the square 
and hexagonal cell geometries [21].

For the simulation of the complete system 
(downpipe and catalytic converter), a non-confor-
mal mesh was used, as shown in Figure 3, which 
allowed refinement of regions with high thermal 
gradients without significantly increasing com-
putational cost. The minimum orthogonal quality 
achieved was 0.242, which is considered adequate 
for transient heat transfer simulations [21].

The mesh refinement procedure was per-
formed by progressively reducing both the global 
volume element size and the surface element size 

within the fluid and solid domains. Additional 
local refinements were applied near the monolith 
sections, heater interfaces, and fluid-solid inter-
action regions to improve the resolution of ther-
mal gradients and flow behavior. Inflation layers 
were incorporated adjacent to heated and wall 
surfaces to improve near-wall thermal boundary 
layer representation. The final mesh configura-
tion predominantly consisted of unstructured 
tetrahedral elements with localized refinement 
zones and controlled element growth rates to 
maintain numerical stability and mesh quality 
during transient simulations. During the mesh 
independence analysis, the refinement strategy 
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Table 2. Mesh convergence analysis for porous medium characterization

Case Number of elements Max. temperature (K) Pressure drop (Pa) Relative error (%)

Square cells

45127 560.501 194.833 -

72378 568.122 200.203 2.690

98976 572.441 203.102 1.468

125122 574.902 204.757 0.831

153221 575.002 204.991 0.076

185451 575.031 205.010 0.010

225926 575.063 205.020 0.008

Hexagonal cells

40331 560.500 338.200 -

65027 568.122 347.100 2.624

85009 572.441 352.400 1.506

112125 574.880 354.730 0.753

138943 574.990 355.030 0.057

165037 575.006 355.001 0.003

200194 575.013 355.002 0.001

Table 3. Mesh convergence analysis for complete system

Case Number of elements Max. temperature (K) Light-off time (s) Relative error (%)

Complete system

121,347 752.807 125.407 -

176,892 763.121 110.811 7.938

214,563 770.274 101.292 5.665

272,108 772.830 100.560 0.659

323,732 773.025 100.040 0.282

386,419 773.040 100.002 0.024

459,271 773.073 99.999 0.006

Figure 2. Mesh for porous media characterization. Square cells (a) and Hexagonal cells (b)

included modifications in minimum element size, 
local refinement density, and surface discretiza-
tion while maintaining acceptable orthogonality 
and skewness values. Figure 3 illustrates the rep-
resentative mesh topology and local refinement 
regions adopted for the simulations.

Models and assumptions

Models and assumptions

For the characterization of the porous medi-
um, a simplified configuration was employed, 
using the energy model together with laminar 
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flow and a steady-state approach, since the objec-
tive at this stage was to determine the relationship 
between pressure drop and flow velocity under 
controlled thermal conditions.

On the other hand, for the simulation of the 
complete system, a pressure-based solver with 
a transient formulation was selected to analyze 
heat transfer and distribution within the ceramic 
monolith, as well as to evaluate the light-off 
time. In addition, the k-omega SST turbulence 
model, resolved with Equation 1 and Equation 
2, was used to capture turbulence in regions 
where the flow is neither linear nor ordered, and 
account for possible recirculation zones which 
are unique to the SST formulation to ensure 
model stability [21, 22]. The k-ω SST turbu-
lence model was selected because it combines 
the near-wall accuracy of the standard k-ω for-
mulation with the free-stream stability of the 
k-ε model, making it suitable for internal flows 
with adverse pressure gradients, flow separa-
tion, and localized recirculation zones. These 
flow characteristics are expected in the pres-
ent catalytic converter configuration due to the 
interaction between the exhaust gases, porous 
monolith regions, and sudden geometric transi-
tions between the downpipe and catalyst sec-
tions. In addition, the SST formulation has been 
widely applied in conjugate heat transfer and 
catalytic converter CFD studies, showing stable 
and reliable predictions for transient thermo-
fluid simulations [21, 17].
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𝜕𝜕𝜕𝜕 + 𝑢𝑢 ∙ 𝛻𝛻𝛻𝛻) = 𝛻𝛻 − 𝑝𝑝 + (𝜇𝜇 + 𝜇𝜇𝑡𝑡) · 

· [(𝛻𝛻𝛻𝛻 + 𝛻𝛻𝑢𝑢𝑇𝑇) − 2
3 𝛻𝛻 ∙ 𝑢𝑢𝑢𝑢] + 𝑆𝑆𝑖𝑖 

 
(4) 
 
 

𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌 (𝑒𝑒 + 𝑣𝑣2

2 )) + 𝛻𝛻 ∙ (𝜌𝜌𝑣⃗𝑣 (ℎ + 𝑣𝑣2

2 )) = 

= (𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝛻𝛻𝛻𝛻 − ∑
𝑗𝑗

ℎ𝑗𝑗𝐽𝐽𝐽𝐽 + 𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝑣⃗𝑣) + 𝑆𝑆ℎ 

 
(5) 
 
 
𝑞𝑞 = 𝐻𝐻 ∙ (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎)    (6) 
 
 
𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌ℎ) + 𝛻𝛻 ∙ (𝑣⃗𝑣𝜌𝜌ℎ) = 𝛻𝛻 ∙ (𝑘𝑘𝑘𝑘𝑘𝑘) + 𝑆𝑆ℎ   (7) 
 
𝑘𝑘𝑓𝑓 (𝜕𝜕𝑇𝑇𝑓𝑓

𝜕𝜕𝜕𝜕 )
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

= 𝑘𝑘𝑠𝑠 (𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝜕𝜕 )

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
    (8) 

 
𝑆𝑆𝑖𝑖 = − (𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐶𝐶2

2 𝜌𝜌𝑣𝑣2)     (9) 
 
∆𝑃𝑃
𝐿𝐿 = −𝑆𝑆𝑖𝑖 = − (𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐶𝐶2

2 𝜌𝜌𝑣𝑣2)   (10) 
 
𝐸𝐸 = 𝑃𝑃

𝑎𝑎 · 𝜂𝜂 = 500 𝑊𝑊
0.945 𝑚𝑚2 · 0.8 = 43386.16 𝑊𝑊

𝑚𝑚2   (11) 
 
 

𝑘𝑘𝑖𝑖(𝑇𝑇) = 𝐴𝐴𝑖𝑖 ∙ 𝑒𝑒−𝐸𝐸𝑎𝑎𝑎𝑎
𝑅𝑅𝑅𝑅     (12) 

 

	 (3)

	

𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌𝜌𝜌) + 𝜕𝜕

𝜕𝜕𝑥𝑥𝑖𝑖
(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖) = 

𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

[𝛤𝛤𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

] + 𝐺𝐺𝑘𝑘 − 𝑌𝑌𝑘𝑘 

 
(1) 

 
𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌𝜌𝜌) + 𝜕𝜕

𝜕𝜕𝑥𝑥𝑖𝑖
(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖) = 

= 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

[𝛤𝛤𝜔𝜔
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

] + 𝐺𝐺𝜔𝜔 − 𝑌𝑌𝜔𝜔 + 𝐷𝐷𝜔𝜔 

 
(2) 

 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝛻𝛻 ∙ (𝜌𝜌𝜌𝜌) = 0    (3) 
 

𝜌𝜌 (𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝑢𝑢 ∙ 𝛻𝛻𝛻𝛻) = 𝛻𝛻 − 𝑝𝑝 + (𝜇𝜇 + 𝜇𝜇𝑡𝑡) · 

· [(𝛻𝛻𝛻𝛻 + 𝛻𝛻𝑢𝑢𝑇𝑇) − 2
3 𝛻𝛻 ∙ 𝑢𝑢𝑢𝑢] + 𝑆𝑆𝑖𝑖 

 
(4) 
 
 

𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌 (𝑒𝑒 + 𝑣𝑣2

2 )) + 𝛻𝛻 ∙ (𝜌𝜌𝑣⃗𝑣 (ℎ + 𝑣𝑣2

2 )) = 

= (𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝛻𝛻𝛻𝛻 − ∑
𝑗𝑗

ℎ𝑗𝑗𝐽𝐽𝐽𝐽 + 𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝑣⃗𝑣) + 𝑆𝑆ℎ 

 
(5) 
 
 
𝑞𝑞 = 𝐻𝐻 ∙ (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎)    (6) 
 
 
𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌ℎ) + 𝛻𝛻 ∙ (𝑣⃗𝑣𝜌𝜌ℎ) = 𝛻𝛻 ∙ (𝑘𝑘𝑘𝑘𝑘𝑘) + 𝑆𝑆ℎ   (7) 
 
𝑘𝑘𝑓𝑓 (𝜕𝜕𝑇𝑇𝑓𝑓

𝜕𝜕𝜕𝜕 )
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

= 𝑘𝑘𝑠𝑠 (𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝜕𝜕 )

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
    (8) 

 
𝑆𝑆𝑖𝑖 = − (𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐶𝐶2

2 𝜌𝜌𝑣𝑣2)     (9) 
 
∆𝑃𝑃
𝐿𝐿 = −𝑆𝑆𝑖𝑖 = − (𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐶𝐶2

2 𝜌𝜌𝑣𝑣2)   (10) 
 
𝐸𝐸 = 𝑃𝑃

𝑎𝑎 · 𝜂𝜂 = 500 𝑊𝑊
0.945 𝑚𝑚2 · 0.8 = 43386.16 𝑊𝑊

𝑚𝑚2   (11) 
 
 

𝑘𝑘𝑖𝑖(𝑇𝑇) = 𝐴𝐴𝑖𝑖 ∙ 𝑒𝑒−𝐸𝐸𝑎𝑎𝑎𝑎
𝑅𝑅𝑅𝑅     (12) 

 

	 (4)

where:	Si is the momentum source term repre-
senting the pressure drop through the 
porous medium, calculated using the Dar-
cy-Forchheimer law Equation 10.

The exhaust gases were modeled using a 
velocity inlet condition, considering an average 
temperature of 773.15 K and a velocity of 6.83 
m/s. These values were selected to represent typi-
cal low-load cold-start operating conditions in 
light commercial vehicle exhaust systems, con-
sistent with temperature and flow ranges report-
ed in previous catalytic converter thermal stud-
ies [3, 17]. The use of constant inlet conditions 
was adopted to isolate and evaluate the thermal 
response of the proposed heating strategies under 
controlled and repeatable transient conditions.

Figure 3. Mesh of the complete system. Isometric view (a) and Cutaway isometric view (b)
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The simulations were carried out with a time 
step of 0.5 seconds, selected as a compromise 
between temporal resolution, numerical stability, 
and computational cost for the transient cold-start 
simulations performed in this study. For each tran-
sient time step, the numerical solution was iterated 
until achieving residual convergence levels below 
10⁻⁴ for continuity and momentum equations and 
below 10⁻⁶ for the energy equation. In addition, 
numerical convergence was verified through the 
stabilization of global thermal variables together 
with monitoring of global mass and energy bal-
ances [23]. Due to the computational cost associ-
ated with the complete conjugate transient simu-
lations, a formal time-step independence analysis 
and detailed y⁺ assessment were not included in 
the present study and are recommended for future 
numerical investigations.

Heat transfer
For heat transfer, the energy model, which 

accounts for energy transport due to advection, 
conduction, and viscous dissipation, was activat-
ed. This model is governed by energy equation 
shown in Equation 5 [22].

	

𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌𝜌𝜌) + 𝜕𝜕

𝜕𝜕𝑥𝑥𝑖𝑖
(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖) = 

𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

[𝛤𝛤𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

] + 𝐺𝐺𝑘𝑘 − 𝑌𝑌𝑘𝑘 

 
(1) 

 
𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌𝜌𝜌) + 𝜕𝜕

𝜕𝜕𝑥𝑥𝑖𝑖
(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖) = 

= 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

[𝛤𝛤𝜔𝜔
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

] + 𝐺𝐺𝜔𝜔 − 𝑌𝑌𝜔𝜔 + 𝐷𝐷𝜔𝜔 

 
(2) 

 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝛻𝛻 ∙ (𝜌𝜌𝜌𝜌) = 0    (3) 
 

𝜌𝜌 (𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝑢𝑢 ∙ 𝛻𝛻𝛻𝛻) = 𝛻𝛻 − 𝑝𝑝 + (𝜇𝜇 + 𝜇𝜇𝑡𝑡) · 

· [(𝛻𝛻𝛻𝛻 + 𝛻𝛻𝑢𝑢𝑇𝑇) − 2
3 𝛻𝛻 ∙ 𝑢𝑢𝑢𝑢] + 𝑆𝑆𝑖𝑖 

 
(4) 
 
 

𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌 (𝑒𝑒 + 𝑣𝑣2

2 )) + 𝛻𝛻 ∙ (𝜌𝜌𝑣⃗𝑣 (ℎ + 𝑣𝑣2

2 )) = 

= (𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝛻𝛻𝛻𝛻 − ∑
𝑗𝑗

ℎ𝑗𝑗𝐽𝐽𝐽𝐽 + 𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝑣⃗𝑣) + 𝑆𝑆ℎ 

 
(5) 
 
 
𝑞𝑞 = 𝐻𝐻 ∙ (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎)    (6) 
 
 
𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌ℎ) + 𝛻𝛻 ∙ (𝑣⃗𝑣𝜌𝜌ℎ) = 𝛻𝛻 ∙ (𝑘𝑘𝑘𝑘𝑘𝑘) + 𝑆𝑆ℎ   (7) 
 
𝑘𝑘𝑓𝑓 (𝜕𝜕𝑇𝑇𝑓𝑓

𝜕𝜕𝜕𝜕 )
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

= 𝑘𝑘𝑠𝑠 (𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝜕𝜕 )

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
    (8) 

 
𝑆𝑆𝑖𝑖 = − (𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐶𝐶2

2 𝜌𝜌𝑣𝑣2)     (9) 
 
∆𝑃𝑃
𝐿𝐿 = −𝑆𝑆𝑖𝑖 = − (𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐶𝐶2

2 𝜌𝜌𝑣𝑣2)   (10) 
 
𝐸𝐸 = 𝑃𝑃

𝑎𝑎 · 𝜂𝜂 = 500 𝑊𝑊
0.945 𝑚𝑚2 · 0.8 = 43386.16 𝑊𝑊

𝑚𝑚2   (11) 
 
 

𝑘𝑘𝑖𝑖(𝑇𝑇) = 𝐴𝐴𝑖𝑖 ∙ 𝑒𝑒−𝐸𝐸𝑎𝑎𝑎𝑎
𝑅𝑅𝑅𝑅     (12) 

 

	(5)

where:	Sh accounts for the heat generated by 
the electrical resistances (EHC and band 
heaters).

Heat exchange with the ambient was modeled 
using Newton’s Law of Cooling equation shown 
in Equation 6, with convection coefficients of 12 
W/m²K and 15 W/m²K for the catalytic converter 
casing and the primary exhaust pipe, respectively. 
These coefficients are within the range commonly 
reported for natural and mixed convection heat 
transfer in external automotive exhaust components 
under low-speed operating conditions [21, 25].

	

𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌𝜌𝜌) + 𝜕𝜕

𝜕𝜕𝑥𝑥𝑖𝑖
(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖) = 

𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

[𝛤𝛤𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

] + 𝐺𝐺𝑘𝑘 − 𝑌𝑌𝑘𝑘 

 
(1) 

 
𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌𝜌𝜌) + 𝜕𝜕

𝜕𝜕𝑥𝑥𝑖𝑖
(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖) = 

= 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

[𝛤𝛤𝜔𝜔
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

] + 𝐺𝐺𝜔𝜔 − 𝑌𝑌𝜔𝜔 + 𝐷𝐷𝜔𝜔 

 
(2) 

 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝛻𝛻 ∙ (𝜌𝜌𝜌𝜌) = 0    (3) 
 

𝜌𝜌 (𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝑢𝑢 ∙ 𝛻𝛻𝛻𝛻) = 𝛻𝛻 − 𝑝𝑝 + (𝜇𝜇 + 𝜇𝜇𝑡𝑡) · 

· [(𝛻𝛻𝛻𝛻 + 𝛻𝛻𝑢𝑢𝑇𝑇) − 2
3 𝛻𝛻 ∙ 𝑢𝑢𝑢𝑢] + 𝑆𝑆𝑖𝑖 

 
(4) 
 
 

𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌 (𝑒𝑒 + 𝑣𝑣2

2 )) + 𝛻𝛻 ∙ (𝜌𝜌𝑣⃗𝑣 (ℎ + 𝑣𝑣2

2 )) = 

= (𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝛻𝛻𝛻𝛻 − ∑
𝑗𝑗

ℎ𝑗𝑗𝐽𝐽𝐽𝐽 + 𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝑣⃗𝑣) + 𝑆𝑆ℎ 

 
(5) 
 
 
𝑞𝑞 = 𝐻𝐻 ∙ (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎)    (6) 
 
 
𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌ℎ) + 𝛻𝛻 ∙ (𝑣⃗𝑣𝜌𝜌ℎ) = 𝛻𝛻 ∙ (𝑘𝑘𝑘𝑘𝑘𝑘) + 𝑆𝑆ℎ   (7) 
 
𝑘𝑘𝑓𝑓 (𝜕𝜕𝑇𝑇𝑓𝑓

𝜕𝜕𝜕𝜕 )
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

= 𝑘𝑘𝑠𝑠 (𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝜕𝜕 )

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
    (8) 

 
𝑆𝑆𝑖𝑖 = − (𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐶𝐶2

2 𝜌𝜌𝑣𝑣2)     (9) 
 
∆𝑃𝑃
𝐿𝐿 = −𝑆𝑆𝑖𝑖 = − (𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐶𝐶2

2 𝜌𝜌𝑣𝑣2)   (10) 
 
𝐸𝐸 = 𝑃𝑃

𝑎𝑎 · 𝜂𝜂 = 500 𝑊𝑊
0.945 𝑚𝑚2 · 0.8 = 43386.16 𝑊𝑊

𝑚𝑚2   (11) 
 
 

𝑘𝑘𝑖𝑖(𝑇𝑇) = 𝐴𝐴𝑖𝑖 ∙ 𝑒𝑒−𝐸𝐸𝑎𝑎𝑎𝑎
𝑅𝑅𝑅𝑅     (12) 

 

	 (6)

For solids heat transfer within solid regions 
the energy equation is simplified in Equation 7.

	

𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌𝜌𝜌) + 𝜕𝜕

𝜕𝜕𝑥𝑥𝑖𝑖
(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖) = 

𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

[𝛤𝛤𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

] + 𝐺𝐺𝑘𝑘 − 𝑌𝑌𝑘𝑘 

 
(1) 
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The thermal interaction between the fluid and 
solid domains was configured using conjugate 
heat transfer (CHT) with coupled wall interfaces, 
ensuring the continuity of heat flux at the bound-
aries [23].

	

𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌𝜌𝜌) + 𝜕𝜕

𝜕𝜕𝑥𝑥𝑖𝑖
(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖) = 

𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

[𝛤𝛤𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

] + 𝐺𝐺𝑘𝑘 − 𝑌𝑌𝑘𝑘 

 
(1) 

 
𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌𝜌𝜌) + 𝜕𝜕

𝜕𝜕𝑥𝑥𝑖𝑖
(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖) = 

= 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

[𝛤𝛤𝜔𝜔
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

] + 𝐺𝐺𝜔𝜔 − 𝑌𝑌𝜔𝜔 + 𝐷𝐷𝜔𝜔 

 
(2) 

 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝛻𝛻 ∙ (𝜌𝜌𝜌𝜌) = 0    (3) 
 

𝜌𝜌 (𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝑢𝑢 ∙ 𝛻𝛻𝛻𝛻) = 𝛻𝛻 − 𝑝𝑝 + (𝜇𝜇 + 𝜇𝜇𝑡𝑡) · 

· [(𝛻𝛻𝛻𝛻 + 𝛻𝛻𝑢𝑢𝑇𝑇) − 2
3 𝛻𝛻 ∙ 𝑢𝑢𝑢𝑢] + 𝑆𝑆𝑖𝑖 

 
(4) 
 
 

𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌 (𝑒𝑒 + 𝑣𝑣2

2 )) + 𝛻𝛻 ∙ (𝜌𝜌𝑣⃗𝑣 (ℎ + 𝑣𝑣2

2 )) = 

= (𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝛻𝛻𝛻𝛻 − ∑
𝑗𝑗

ℎ𝑗𝑗𝐽𝐽𝐽𝐽 + 𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝑣⃗𝑣) + 𝑆𝑆ℎ 

 
(5) 
 
 
𝑞𝑞 = 𝐻𝐻 ∙ (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎)    (6) 
 
 
𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌ℎ) + 𝛻𝛻 ∙ (𝑣⃗𝑣𝜌𝜌ℎ) = 𝛻𝛻 ∙ (𝑘𝑘𝑘𝑘𝑘𝑘) + 𝑆𝑆ℎ   (7) 
 
𝑘𝑘𝑓𝑓 (𝜕𝜕𝑇𝑇𝑓𝑓

𝜕𝜕𝜕𝜕 )
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

= 𝑘𝑘𝑠𝑠 (𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝜕𝜕 )

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
    (8) 

 
𝑆𝑆𝑖𝑖 = − (𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐶𝐶2

2 𝜌𝜌𝑣𝑣2)     (9) 
 
∆𝑃𝑃
𝐿𝐿 = −𝑆𝑆𝑖𝑖 = − (𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐶𝐶2

2 𝜌𝜌𝑣𝑣2)   (10) 
 
𝐸𝐸 = 𝑃𝑃

𝑎𝑎 · 𝜂𝜂 = 500 𝑊𝑊
0.945 𝑚𝑚2 · 0.8 = 43386.16 𝑊𝑊

𝑚𝑚2   (11) 
 
 

𝑘𝑘𝑖𝑖(𝑇𝑇) = 𝐴𝐴𝑖𝑖 ∙ 𝑒𝑒−𝐸𝐸𝑎𝑎𝑎𝑎
𝑅𝑅𝑅𝑅     (12) 

 

	 (8)

Porous medium characterization (ceramic 
monoliths)

The ceramic monolith can be represented as 
an equivalent porous medium, since direct mod-
eling of the monolith by considering each indi-
vidual cell would involve a high computational 
cost [29]. Flow through the porous medium is 
described by the Darcy-Forchheimer equation 
shown in Equation 9 and Equation 10, which 
introduces viscous and inertial resistance terms 
into the momentum equations [14, 15].
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where:	ΔP is the pressure drop between the inlet 
and outlet of the porous medium [24], 
[25, 26].

The coefficients were determined through a 
prior CFD characterization of the ceramic mono-
lith, based on the simulation of a representative 
section of the internal channels, as shown in Fig-
ure 4. The simulations were performed using air 
flow at a constant temperature of 575 K and dif-
ferent inlet velocities ranging from 2 to 20 m/s. 
The relationship between Δp and air velocity was 
obtained through quadratic regression using a 
Python-developed script, assuming that air has 
a density of 0.615 kg/ms3 and a dynamic viscos-
ity of (2.91·10-5 kg)⁄ms [25, 26]. Additionally, 
the porosity of the monolith was calculated from 
the three-dimensional geometric model [25]. The 
monolith was defined as an anisotropic porous 
medium by applying the viscous and inertial 
resistance coefficients in the axial flow direc-
tion. To represent the transverse impermeability 
of the monolith, significantly higher resistances 
were assigned in other directions. Likewise, local 
thermal equilibrium between the gaseous phase 
and the cordierite solid matrix was assumed, 
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considering a single representative temperature 
within the porous domain.

Modeling of heat sources (band-type 
heaters and EHC)

Band-type heaters were modeled as a surface 
heat source, defined in ANSYS Fluent in terms of 
heat flux, this value is obtained by dividing the 
total power of the heating element by the sum of 
the areas of all faces and multiplying it by an effi-
ciency factor, as shown in the Equation 11.

	

𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌𝜌𝜌) + 𝜕𝜕

𝜕𝜕𝑥𝑥𝑖𝑖
(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖) = 

𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

[𝛤𝛤𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

] + 𝐺𝐺𝑘𝑘 − 𝑌𝑌𝑘𝑘 

 
(1) 

 
𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌𝜌𝜌) + 𝜕𝜕

𝜕𝜕𝑥𝑥𝑖𝑖
(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖) = 

= 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

[𝛤𝛤𝜔𝜔
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

] + 𝐺𝐺𝜔𝜔 − 𝑌𝑌𝜔𝜔 + 𝐷𝐷𝜔𝜔 

 
(2) 

 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝛻𝛻 ∙ (𝜌𝜌𝜌𝜌) = 0    (3) 
 

𝜌𝜌 (𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝑢𝑢 ∙ 𝛻𝛻𝛻𝛻) = 𝛻𝛻 − 𝑝𝑝 + (𝜇𝜇 + 𝜇𝜇𝑡𝑡) · 

· [(𝛻𝛻𝛻𝛻 + 𝛻𝛻𝑢𝑢𝑇𝑇) − 2
3 𝛻𝛻 ∙ 𝑢𝑢𝑢𝑢] + 𝑆𝑆𝑖𝑖 

 
(4) 
 
 

𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌 (𝑒𝑒 + 𝑣𝑣2

2 )) + 𝛻𝛻 ∙ (𝜌𝜌𝑣⃗𝑣 (ℎ + 𝑣𝑣2

2 )) = 

= (𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝛻𝛻𝛻𝛻 − ∑
𝑗𝑗

ℎ𝑗𝑗𝐽𝐽𝐽𝐽 + 𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒 ∙ 𝑣⃗𝑣) + 𝑆𝑆ℎ 

 
(5) 
 
 
𝑞𝑞 = 𝐻𝐻 ∙ (𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎)    (6) 
 
 
𝜕𝜕
𝜕𝜕𝜕𝜕 (𝜌𝜌ℎ) + 𝛻𝛻 ∙ (𝑣⃗𝑣𝜌𝜌ℎ) = 𝛻𝛻 ∙ (𝑘𝑘𝑘𝑘𝑘𝑘) + 𝑆𝑆ℎ   (7) 
 
𝑘𝑘𝑓𝑓 (𝜕𝜕𝑇𝑇𝑓𝑓

𝜕𝜕𝜕𝜕 )
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

= 𝑘𝑘𝑠𝑠 (𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝜕𝜕 )

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
    (8) 

 
𝑆𝑆𝑖𝑖 = − (𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐶𝐶2

2 𝜌𝜌𝑣𝑣2)     (9) 
 
∆𝑃𝑃
𝐿𝐿 = −𝑆𝑆𝑖𝑖 = − (𝐾𝐾𝐾𝐾𝐾𝐾 + 𝐶𝐶2

2 𝜌𝜌𝑣𝑣2)   (10) 
 
𝐸𝐸 = 𝑃𝑃

𝑎𝑎 · 𝜂𝜂 = 500 𝑊𝑊
0.945 𝑚𝑚2 · 0.8 = 43386.16 𝑊𝑊

𝑚𝑚2   (11) 
 
 

𝑘𝑘𝑖𝑖(𝑇𝑇) = 𝐴𝐴𝑖𝑖 ∙ 𝑒𝑒−𝐸𝐸𝑎𝑎𝑎𝑎
𝑅𝑅𝑅𝑅     (12) 

 

	(11)

An efficiency factor of η = 0.8 was adopted 
to account for thermal losses associated with con-
duction through supporting structures and heat 
dissipation to the surroundings. Similar efficiency 
assumptions have been reported in electrically 
assisted heating studies for automotive thermal 
systems [10, 11].

Where E is the value to be specified in ANSYS, 
P is the power of the heating element, A is the total 
area of the external faces of the heater, and η is the 
efficiency. For the EHC case, heating was modeled 
through a volumetric heat source applied within the 
porous domain of the ceramic monolith. The volu-
metric heat generation rate was established based 
on power values reported in the literature for EHC 
systems, ensuring thermal conditions that are rep-
resentative and comparable to real applications. In 
addition, an upper thermal threshold was imple-
mented as a numerical stabilization criterion to pre-
vent unrealistically high localized temperatures in 
the heating elements and solid regions during tran-
sient simulations. The selected limits (900 K for 

the solid domain and 1023.15 K for external heater 
surfaces) were based on temperature ranges com-
monly associated with catalyst material durability 
and electrically heated metallic components report-
ed in previous studies [6, 7]. The imposed threshold 
acts only under extreme localized overheating con-
ditions and did not significantly affect the overall 
thermal trends, light-off behavior, or comparative 
performance between heating configurations [27].

Chemical kinetics model
The chemical kinetics model implemented 

in this study was intentionally decoupled from 
the CFD simulation in order to reduce compu-
tational complexity and focus primarily on the 
transient thermal activation behavior of the cata-
lyst during cold-start conditions. Therefore, the 
pollutant conversion analysis was performed as 
a post-processing stage using temperature his-
tories obtained from the CFD simulations. This 
simplified approach assumes that the thermal 
field predicted by the CFD model is the dominant 
factor governing catalyst activation and pollut-
ant conversion trends. However, it does not fully 
account for the simultaneous interaction between 
flow dynamics, species transport, and heteroge-
neous catalytic reactions inside the monolith. 
Consequently, the obtained emission values 
should be interpreted as an approximate estima-
tion of catalyst performance under transient ther-
mal conditions. Despite these limitations, similar 
decoupled approaches based on Arrhenius-type 
formulations shown in Equation 12 have been 
previously employed in preliminary catalytic 
converter performance analyses and thermal 
management studies [13, 17].

Figure 4. Extracted parts for porous media characterization. Hexagonal cells (a) and Square cells (b)
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	 (12)

It is important to note that the specific values 
for Ai and Eai used in this study were extracted 
from [13, 14] ensuring that the kinetic model 
accurately reflects the behavior of CO and NO 
oxidation under typical automotive exhaust con-
ditions. The instantaneous conversion efficiency 
(η) is determined as a function of the Equation 14. 
Subsequently the instantaneous mass flow emis-
sions were calculated considering the raw exhaust 
gas mass flow (mgas) and the initial pollutant con-
centration (Ci) which was extracted from [28], 
[29]. Equation 13.

	
 
𝜂𝜂(𝑇𝑇(𝑡𝑡)) = (1 − 𝑒𝑒−𝑘𝑘𝑖𝑖(𝑇𝑇)∙𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟) · 0.9  (13) 
 
𝑚̇𝑚𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) = 𝑚̇𝑚𝑔𝑔𝑔𝑔𝑔𝑔 ∙ 𝐶𝐶𝑖𝑖 ∙ [1 − 𝜂𝜂(𝑇𝑇(𝑡𝑡))]   (14) 
 
𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 =

𝐿𝐿
𝑣𝑣𝑖𝑖𝑖𝑖

      (15) 
 
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = ∑𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑡𝑡=0 (𝑚̇𝑚𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) ∙ ∆𝑡𝑡)     (16) 
 

	 (13)

	

 
𝜂𝜂(𝑇𝑇(𝑡𝑡)) = (1 − 𝑒𝑒−𝑘𝑘𝑖𝑖(𝑇𝑇)∙𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟) · 0.9  (13) 
 
𝑚̇𝑚𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) = 𝑚̇𝑚𝑔𝑔𝑔𝑔𝑔𝑔 ∙ 𝐶𝐶𝑖𝑖 ∙ [1 − 𝜂𝜂(𝑇𝑇(𝑡𝑡))]   (14) 
 
𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 =

𝐿𝐿
𝑣𝑣𝑖𝑖𝑖𝑖

      (15) 
 
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = ∑𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑡𝑡=0 (𝑚̇𝑚𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) ∙ ∆𝑡𝑡)     (16) 
 

	 (14)

where:	 tres was calculated with Equation 15.

	

 
𝜂𝜂(𝑇𝑇(𝑡𝑡)) = (1 − 𝑒𝑒−𝑘𝑘𝑖𝑖(𝑇𝑇)∙𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟) · 0.9  (13) 
 
𝑚̇𝑚𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) = 𝑚̇𝑚𝑔𝑔𝑔𝑔𝑔𝑔 ∙ 𝐶𝐶𝑖𝑖 ∙ [1 − 𝜂𝜂(𝑇𝑇(𝑡𝑡))]   (14) 
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𝐿𝐿
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𝑡𝑡=0 (𝑚̇𝑚𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) ∙ ∆𝑡𝑡)     (16) 
 

	 (15)

Finally, the total mass emitted (Mtotal) dur-
ing the transient cold-start period was obtained 
through a discrete numerical integration shown in 
Equation 16 [13].
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	 (16)

Integration with WLTP cycle and Euro 7 
standards

To standardize the emission results, the accu-
mulated pollutant mass obtained from the post-
processing analysis was extrapolated using a sim-
plified WLTP-based approach considering a cycle 
duration of 30 minutes and an average vehicle 
velocity of 46.5 km/h, resulting in an equivalent 
traveled distance of approximately 23.25 km [11, 
30]. The WLTP cycle was not reproduced dynam-
ically in the CFD simulation. Instead, constant 
representative operating conditions were adopted 
to isolate and compare the thermal response of 
the different heating strategies under controlled 
cold-start conditions. Consequently, the present 
approach does not capture transient variations 
in engine load, exhaust mass flow rate, or tem-
perature fluctuations characteristic of real driving 
cycles. Therefore, the obtained emission values 
should be interpreted as comparative estimations 
intended for evaluating the relative effectiveness 
of the proposed thermal management strategies 

rather than exact real-world emission predictions. 
Future work should incorporate transient driv-
ing-cycle boundary conditions and fully coupled 
engine-exhaust simulations.

Model verification, numerical uncertainty 
and limitations

To ensure numerical reliability, a mesh inde-
pendence analysis was conducted for both the 
porous media characterization and the complete 
transient thermal model, as presented in Tables 
2 and 3. The selected meshes exhibited relative 
errors below 0.3%, indicating stable numerical 
behavior, limited discretization sensitivity, and 
grid-independent solutions.

In addition, transient simulations were per-
formed using a time step of 0.5 s, which provided 
stable convergence behavior for the thermal vari-
ables and light-off predictions. Numerical con-
vergence was verified through monitoring of con-
tinuity, momentum, and energy residuals together 
with global mass and energy balances.

Due to the conceptual nature of the proposed 
hybrid electrically assisted catalyst configura-
tion and the absence of equivalent experimental 
datasets in the literature, direct experimental vali-
dation was not possible. Therefore, the verifica-
tion approach adopted in this study was based 
on: (i) numerical convergence verification, (ii) 
mesh independence analysis, and (iii) qualitative 
benchmarking against previously published CFD 
and experimental studies on catalyst light-off and 
thermal behavior.

The obtained trends regarding pressure drop 
variation with flow velocity, transient tempera-
ture evolution inside the monolith, and reduction 
of catalyst light-off time under electrically assist-
ed heating are qualitatively consistent with pre-
viously published CFD and experimental studies 
reported by Hayes et al. [25], Benjamin and Rob-
erts [31], and Jeong and Kim [32].

Nevertheless, the present study is subject 
to several sources of uncertainty, including the 
simplified porous-medium representation of the 
monolith, constant inlet boundary conditions, 
simplified convective heat transfer coefficients, 
and the decoupled chemical kinetics model 
employed during post-processing. Therefore, the 
obtained results should be interpreted as compar-
ative numerical estimations intended to evaluate 
relative thermal performance trends between the 
proposed heating strategies.
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RESULTS

Porous medium characterization

The CFD simulations performed for the 
square and hexagonal monolith geometries pro-
duced the pressure drop values presented in Table 
4. Table 4 shows that the pressure drop increases 
nonlinearly with increasing inlet velocity for both 
geometries, indicating the combined influence 
of viscous and inertial effects inside the mono-
lith channels. For the square-cell geometry, the 
pressure drop increased from 79.35 Pa at 2 m/s to 
957.84 Pa at 20 m/s. Similarly, for the hexagonal-
cell configuration, the pressure drop increased 
from 139.73 Pa to 1546.56 Pa over the same 
velocity range. The quadratic regression curves 
obtained from the pressure drop analysis exhib-
ited coefficients of determination greater than 
0.999 for both geometries. Based on these cor-
relations, the viscous and inertial resistance coef-
ficients required for the porous-medium model 
were determined. In addition, the porosity values 
obtained from the three-dimensional geometric 
characterization confirmed that the square-cell 
monolith exhibited lower hydraulic resistance 

compared to the hexagonal configuration. Figures 
5(a) and 5(b) present the pressure drop evolution 
as a function of inlet velocity for the square and 
hexagonal geometries, respectively.

Comparison of square and hexagonal cells

Figures 6 and 7 present the temperature con-
tour maps obtained for the systems with square 
and hexagonal monolith cells, respectively. In 
both cases, heat transfer from the exhaust gases to 
the ceramic monolith promoted progressive ther-
mal activation along the catalyst length. For the 
square-cell configuration, higher peak tempera-
tures were observed in the first monolith region, 
while the hexagonal-cell geometry exhibited a 
more uniform temperature distribution through-
out the catalytic converter. It is important to note 
that all contour plots presented in Figures 6 and 7 
were generated using identical temperature scale 
ranges in order to ensure consistent qualitative 
comparison between the evaluated heating con-
figurations from 293 K to 873 K.

Figure 8 shows the transient thermal evo-
lution of the three monolith sections for both 
geometries. The square-cell configuration 
reached the light-off temperature faster in all 
monolith sections. The corresponding light-off 
times are summarized in Table 5. The square-
cell geometry reached the light-off condition at 
approximately 100 s, 250 s, and 390 s for the 
first, second, and third monoliths, respectively. 
In contrast, the hexagonal-cell configuration 
required approximately 200 s, 370 s, and 490 
s. The thermal uniformity analysis using the 
Area Uniformity Index yielded average values 
of 0.96605 for the square-cell configuration and 
0.97858 for the hexagonal-cell geometry.

Table 4. Pressure drop on the square and hexagonal 
monolith geometries for velocities from 2 m/s to 20 m/s

Square cells Hexagonal cells
Velocity 

(m/s)
Pressure 
drop (Pa)

Velocity 
(m/s)

Pressure 
drop (Pa)

2 79.3598 2 139.7324

5 205.386 5 355.7519

10 433.6867 10 732.2971

15 684.5204 15 1129.166

20 957.845 20 1546.56

Figure 5. Pressure drop as a function of inlet velocity for square-cell monoliths (a) and hexagonal-cell monoliths (b)
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Figure 6. Temperature contour maps for systems with square cells. Inlet monolith (a), Intermediate monolith (b), 
Outlet monolith (c) and Complete system (d)

Figure 7. Temperature contour maps for systems with hexagonal cells. Inlet monolith (a), Intermediate monolith 
(b), Outlet monolith (c) and Complete system (d)
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Table 5. Time to reach light-off temperature

Cell Square cells Hexagonal cells

1st cell 100 s 200 s

2nd cell 250 s 370 s

3rd cell 390 s 490 s

Figure 8. Temperature of the three ceramic monoliths and their average. Square cells (a) and Hexagonal cells (b)

Comparative analysis of electrical heating 
strategies for the catalyst

The thermal performance of the catalyst 
was evaluated under three electrically assisted 

heating strategies: electrically heated cata-
lyst (EHC), band-type heating resistances, and 
hybrid heating. Figure 9 presents the transient 
temperature evolution for the three monolith 
sections under each heating configuration. The 
incorporation of electrical heating significantly 
accelerated the catalyst activation process com-
pared to the baseline configuration without elec-
trical assistance. The light-off times obtained for 
each configuration are summarized in Table 6. 
The EHC system reached the light-off condition 
for the third monolith in approximately 118 s, 

Figure 9. Temperature of the three ceramic monoliths and their average with electrical heating. band-type 
resistances (a), Internal EHC (b) and Hybrid configuration (c)
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while the band-type heating system required 176 
s. The hybrid configuration achieved the short-
est activation time, reaching light-off in approxi-
mately 112 s.

Figures 10–12 present the temperature con-
tour distributions obtained for the three heating 
configurations. The EHC configuration pro-
duced rapid heating in the first monolith regions 
but generated pronounced localized thermal 
gradients and peak temperatures approaching 
1000 °C in localized regions. In contrast, the 
band-type heating configuration produced lower 
thermal gradients and a more gradual thermal 
response. The hybrid configuration promoted 
a more homogeneous temperature distribution 
along the catalyst length while simultaneously 
reducing localized thermal peaks. Compared 
with the baseline case, the hybrid heating strat-
egy reduced the activation time of the third 
monolith from approximately 390 s to 112 s.

The thermal behavior predicted by the pres-
ent CFD model is consistent with trends reported 
in previous studies on catalytic converter warm-
up and light-off performance. Hayes et al. [25] 
reported that increased thermal uniformity and 
optimized monolith configurations contribute to 
faster catalyst activation and improved light-off 
behavior. Similarly, Benjamin and Roberts [31] 
observed that porous-medium CFD approaches 
are capable of reproducing transient tempera-
ture evolution and catalyst warm-up trends with 
reasonable agreement against experimental 
measurements. In addition, Jeong and Kim [32] 
demonstrated that flow distribution and thermal 
gradients strongly influence transient light-off 
performance, which agrees with the temperature 
distributions obtained in the present work.

Chemical kinetics results and comparative 
emission analysis

The post-processing chemical kinetics analy-
sis demonstrated that electrically assisted heat-
ing significantly improved the transient catalytic 
conversion behavior during cold-start operation. 
The hybrid configuration exhibited the best over-
all emission reduction performance among the 
evaluated configurations. Compared with the 
baseline case, the hybrid strategy reduced NOx 

Table 6. Time to reach the light-off temperature and 
thermal uniformity indices

Cell EHC Band-type 
resistance Hybrid

1st cell 10 s 10 s 10 s

2nd cell 46 s 110 s 37 s

3rd cell 118 s 176 s 112 s

Figure 10. Temperature contour map for the three monoliths heated by electrically heated catalyst. Front 
isometric view (a) and Rear isometric view (b)

Figure 11. Temperature contour map for the three monoliths heated by band-type resistances. Front isometric 
view (a) and Rear isometric view (b)
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Figure 12. Temperature contour map for the three monoliths heated by the hybrid configuration. Front isometric 
view (a) and Rear isometric view (b)

emissions by 87.12%, CO emissions by 95.41%, 
and HC emissions by 45.46%. The extrapolated 
WLTP-based analysis yielded a final NOx emis-
sion value of 47.47 mg/km for the hybrid con-
figuration, remaining below the Euro 7 reference 
limit of 60 mg/km [33].

DISCUSSION

Porous medium characterization

The nonlinear increase in pressure drop 
observed in Figure 5 confirms that both viscous 
and inertial flow effects contribute to the hydrau-
lic behavior of the ceramic monoliths. The higher 
pressure losses obtained for the hexagonal geom-
etry are associated with increased flow resistance 
generated by the internal channel configuration. 
The excellent agreement obtained through qua-
dratic regression (R² > 0.999) supports the suit-
ability of representing the monolith as an equiv-
alent porous medium. Similar pressure-drop 
behavior and porous-medium representations 
have been reported in previous catalytic converter 
CFD studies by Hayes et al. and Kovacev et al. 
The lower hydraulic resistance observed in the 
square-cell configuration contributes to improved 
axial heat transport through the monolith, which 
partially explains the faster thermal activation 
observed in subsequent transient simulations.

Discussion of square and hexagonal cell 
performance

The thermal distributions shown in Figures 
6–8 indicate that the internal geometry of the 
monolith strongly influences both thermal unifor-
mity and catalyst activation time. Although the 
hexagonal-cell geometry produced slightly more 

homogeneous temperature fields, the square-cell 
configuration achieved significantly faster light-
off times. According to Table 5, the third mono-
lith reached activation approximately 100 s earlier 
than the hexagonal configuration. This behavior is 
mainly associated with the lower hydraulic resis-
tance and enhanced axial heat transfer obtained for 
the square-cell geometry, which facilitated faster 
propagation of thermal energy through the catalyst. 
The obtained thermal trends are consistent with 
previous studies reporting that monolith channel 
geometry directly affects flow distribution, heat 
transfer behavior, and catalyst warm-up dynamics. 
Considering that the difference in thermal unifor-
mity between both geometries was relatively small, 
while the difference in activation time was substan-
tial, the square-cell configuration was selected for 
the electrically assisted heating analysis.

Discussion of electrical heating strategies

The obtained results demonstrate that elec-
trically assisted heating significantly acceler-
ates catalyst activation during cold-start opera-
tion. The EHC configuration generated the fast-
est localized heating near the inlet monoliths 
due to direct volumetric heat generation inside 
the porous medium. However, Figures 10(a) 
and 10(b) reveal the formation of pronounced 
localized thermal gradients and thermal peaks 
approaching critical temperatures for catalyst 
durability. In contrast, the band-type heating 
strategy produced lower thermal gradients and 
improved radial heat distribution but exhibited 
slower activation times because heat transfer 
occurred primarily through external conduction. 
The hybrid configuration combined the advan-
tages of both approaches by simultaneously pro-
moting rapid thermal activation and improved 
thermal uniformity. As shown in Figure 12, 
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the hybrid strategy distributed heat more uni-
formly across the catalyst length while reduc-
ing localized overheating. According to Table 6, 
the hybrid system reduced the light-off time of 
the third monolith from approximately 390 s in 
the baseline configuration to 112 s, correspond-
ing to a reduction of approximately 71.3%. 
These results indicate that combining internal 
and external heating mechanisms can improve 
transient thermal management while limiting 
excessive thermal stresses inside the monolith. 
The obtained thermal behavior is consistent with 
previous investigations on electrically heated 
catalysts, where rapid catalyst activation was 
achieved at the expense of increased thermal 
gradients in purely internal heating systems.

Discussion of emission reduction 
performance

The reduction in light-off time obtained 
through electrically assisted heating directly 
improved the transient pollutant conversion 
efficiency during cold-start operation. The 
hybrid configuration achieved the lowest esti-
mated NOx, CO, and HC emissions because 
the catalyst reached the activation temperature 
significantly earlier than the baseline case. The 
predicted NOx emission level of 47.47 mg/
km remained below the Euro 7 reference limit 
considered in this study. However, it should be 
noted that the emission analysis was based on 
a simplified post-processing kinetics model and 
simplified WLTP extrapolation. Therefore, the 
obtained emission values should be interpreted 
as comparative performance estimations rather 
than exact real-world emission predictions. 
Nevertheless, the obtained results demonstrate 
the potential of hybrid electrically assisted heat-
ing strategies for improving cold-start catalyst 
activation and reducing transient pollutant emis-
sions in automotive exhaust systems.

CONCLUSIONS 

The present study investigated the transient 
thermal behavior and cold-start emission reduc-
tion potential of electrically assisted heating 
strategies for automotive catalytic converters 
using a CFD-based approach combined with 
simplified post-processing chemical kinetics 
analysis. The numerical characterization of the 

ceramic monolith demonstrated that the inter-
nal channel geometry significantly influences 
both hydraulic resistance and catalyst warm-up 
behavior. Although the hexagonal configuration 
exhibited slightly improved thermal uniformity, 
the square-cell geometry provided faster ther-
mal activation and was therefore selected for 
the electrically assisted heating analysis. Among 
the evaluated heating configurations, the hybrid 
electrically assisted strategy demonstrated the 
most favorable balance between rapid catalyst 
activation and thermal distribution uniformity. 
The combined use of internal and external heat-
ing mechanisms reduced catalyst light-off time 
and improved the predicted transient pollutant 
conversion performance during cold-start opera-
tion. The obtained results indicate that hybrid 
electrically assisted catalyst systems have sig-
nificant potential for improving thermal manage-
ment and reducing cold-start emissions under 
future low-emission regulatory scenarios. In 
particular, the predicted NOₓ emissions obtained 
through the simplified WLTP-based extrapola-
tion remained below the Euro 7 reference limit 
considered in this study. Nevertheless, the pres-
ent work is subject to several limitations associ-
ated with the simplified porous-medium repre-
sentation, constant operating conditions, and the 
decoupled chemical kinetics approach adopted 
during post-processing. Therefore, the obtained 
emission values should be interpreted as com-
parative numerical estimations rather than exact 
real-world predictions. Future work should focus 
on implementing fully coupled reactive CFD 
simulations, transient driving-cycle boundary 
conditions, and experimental validation using a 
full-scale prototype under real operating condi-
tions in order to assess long-term thermal dura-
bility and catalyst performance.
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