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ABSTRACT

Background: Reheating furnaces in hot-rolling steel mills are simultaneously energy-intensive
and yield-critical assets, accounting for 15-20% of total plant energy consumption while directly
governing metallic yield through furnace-atmosphere-dependent oxidation kinetics. Excess
oxygen accelerates iron-oxide scale formation and reduces saleable output, but oxygen
minimization must be balanced against combustion stability, specific fuel consumption, and
regulated emissions—a multi-objective trade-off that remains poorly characterized at industrial
scale under real production disturbances.

Methods: This study reports a replicated 2* full factorial industrial experiment conducted in a
natural-gas-fired walking-beam reheating furnace (24 m X 13 m x 5 m, three combustion zones)
in Thailand. Three controllable operational factors were evaluated at two levels each: (X1) air—
fuel control strategy (uniform excess air, A = 1.10 across all zones, versus zone-differentiated
lambda staging with A = 0.90/1.00/1.10 in soaking/heating/preheating), (X2) furnace pressure
setpoint (10 Pa vs. 20 Pa), and (X3) discharge-door state (closed vs. open). Sixteen fully
randomized runs (two replicates per treatment) were conducted. The primary response was dry
flue-gas Oz (%); secondary responses included specific scale loss (kg/t steel), metallic yield (%),
specific natural-gas consumption (Nm?/t), and CO/NOx concentrations (ppm). A process-
boundary carbon-economic screening translated results to kg COze/t steel and USD/t steel.

Results: Dry flue-gas O: ranged from 3.84% to 13.17% across the factorial space. The fitted model
achieved R? = 0.986 (adjusted R* = 0.974). Air—fuel strategy was the dominant main effect (+4.53
%-points, p < 0.001), followed by door state (+2.81 %-points, p < 0.001). The furnace pressure X
door-state interaction was strongly significant (—1.40 %-points, p < 0.001), demonstrating that
higher pressure suppresses infiltration-driven O excursions only during door-open events. The
recommended regime (lambda staging + door-state-conditional pressure) reduced mean O: from
7.04% to 3.90%, lowered scale loss by 17.7% (21.64 — 17.82 kg/t steel), and raised metallic yield
from 97.83% to 98.21%. Specific natural-gas consumption increased 11.4% (48.29 — 53.81
Nm?/t) and CO rose to 22 ppm, while NOx remained stable at 12—14 ppm. The net process-
boundary carbon change was +2.85 kg CO2e/t steel (+0.20 USD/t at 70 USD/tCO:ze); combined
operational value from yield recovery and reduced scale handling yielded a net economic gain of
+0.94 USD/t steel.

Conclusions: Excess-oxygen control in industrial walking-beam furnaces is fundamentally a
coupled stoichiometry—infiltration problem. The interaction between furnace pressure and door
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state is the key mechanism, requiring a door-state-conditional pressure strategy rather than a fixed
setpoint. The recommended regime delivers statistically grounded, implementable, and
economically positive material-efficiency improvements in existing fuel-fired reheating assets,
with transparent quantification of energy and carbon trade-offs.

Keywords: walking-beam reheating furnace; excess oxygen; staged combustion; lambda staging;
air infiltration; oxidation scale loss; full factorial design; design of experiments; material
efficiency; decarbonization; carbon-economic trade-off; steel industry

1. Introduction

Steel production is among the most energy-intensive and carbon-intensive manufacturing
activities globally, responsible for approximately 7-9% of direct fossil-fuel CO: emissions
(International Energy Agency [IEA], 2023). Within integrated and semi-integrated mills, reheating
furnaces occupy a dual role as energy consumers and yield governors: they condition billets,
blooms, or slabs to rolling temperature (typically 1,150-1,280 °C) while the furnace atmosphere
simultaneously dictates the rate of iron-oxide scale formation on the steel surface. The World Steel
Association (2025) reported a sector-average greenhouse-gas intensity of 2.18 tCO:e per tonne of
crude steel and a material efficiency of 92.79% for 2024, underscoring that avoidable yield losses
and process by-products remain systemically significant. Recent comprehensive reviews confirm
that iron and steel rank among the hardest sectors to decarbonize owing to process constraints,
capital lock-in, and the limited commercial readiness of breakthrough technologies such as
hydrogen-based direct reduction (Kim et al., 2022; Kim et al., 2024), which amplifies the value of
near-term operational improvements in existing assets.

Oxidation scale is a multi-layer iron-oxide product (wiistite, FeO; magnetite, FesOx;
hematite, Fe.Os) that forms on the steel surface during high-temperature reheating. The rate of
scale formation is governed by solid-state diffusion through the oxide layers and is a strong
function of temperature, time at temperature, and, critically, the partial pressure of oxidizing
species (primarily O: and H20) in the furnace atmosphere (Kofstad, 1988). Scale losses in
industrial walking-beam furnaces typically range from 0.5% to 2.5% of charged mass, representing
a direct reduction in saleable output, a solid-waste stream requiring collection and disposal, and a
secondary quality concern if residual scale embeds into the rolled product surface. Recent semi-
industrial experiments confirm that scale formation rate and morphology are highly sensitive to
atmosphere composition, including O: content and the relative proportion of combustion products
(Schwarz et al., 2025; Xu et al., 2024). Consequently, lowering excess oxygen is a technologically
straightforward lever for improving material efficiency—but one that must be balanced against
combustion stability, fuel consumption, and emissions constraints.

Excess oxygen in combustion flue gas is conventionally controlled by adjusting the air-to-
fuel lambda ratio (A). However, industrial walking-beam furnaces deviate substantially from
laboratory idealization. Air infiltration through the charging/discharge aperture, furnace door gaps,
and structural imperfections can dominate flue-gas O: independently of—and sometimes
overwhelmingly above—the burner stoichiometry setting (Trinks et al., 2004). Furnace internal
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pressure is the primary engineering control for infiltration: a slightly positive gauge pressure (5—
25 Pa) creates an outward pressure gradient that resists inward ambient-air flow. The effectiveness
of pressure control depends non-linearly on aperture geometry and door state, creating an
interaction structure that has rarely been characterized experimentally at full industrial scale.

Recent studies has substantially advanced mechanistic understanding through full-scale
combustion and heat-transfer modelling (Gan et al., 2024), oxygen-enrichment analysis (Khalid et
al., 2021; Zhao et al.,, 2025), energy-saving studies coupling structural and combustion
optimization (Lu et al., 2025), semi-industrial scale formation experiments under hydrogen and
oxy-fuel conditions (Schwarz et al., 2025), and oxidation modelling under mixed-loading
scenarios (Xu et al., 2024). Staged-air combustion has been shown to suppress thermal-NOx in
reheating applications when zone-level oxygen is carefully managed (Sung et al., 2021). Despite
these advances, a critical gap persists: no full-scale factorial study has simultaneously quantified
the main and interaction effects of stoichiometry strategy, furnace pressure setpoint, and door-
state-driven infiltration on excess oxygen and the downstream trade-off surface (scale loss, yield,
fuel use, CO, NOx) under real production conditions. This gap matters because industrial process-
heat decarbonization is an inherently multi-objective decision problem requiring robust operating
rules under production variability, not single-point optima derived from idealized conditions
(McMillan & Wachs, 2024).

This study addresses the identified gap by conducting a replicated 2 full factorial industrial
experiment in a natural-gas-fired walking-beam reheating furnace in Thailand. It offers three
specific and novel contributions: first, it provides factorial experimental evidence at a full
industrial scale under real production constraints, highlighting the magnitude and statistical
significance of the main and interaction effects of air—fuel strategy, furnace pressure setpoint, and
discharge-door state on dry flue-gas O.. Second, it introduces a door-state-conditional pressure
control rule that directly links lambda staging to dynamic pressure management, which can be
implemented in existing Level II combustion-control systems without hardware modification.
Third, it presents a transparent, multi-metric trade-off characterization that integrates scale loss,
metallic yield, specific fuel consumption, CO and NOx concentrations, and a process-boundary
carbon-economic screening. This enables plant engineers and researchers to evaluate the
recommended strategy against site-specific constraints.

2. Materials and Methods
2.1 Study Site and Furnace System

The study was conducted at a structural-steel hot-rolling mill in Thailand operating a
natural-gas-fired walking-beam reheating furnace that has been in continuous production since
2010. The furnace has internal dimensions of approximately 24 m (length) x 13 m (width) x 5 m
(height) and is organized into three primary combustion zones arranged along the direction of billet
travel: a preheating zone (upstream, adjacent to the charging end), a heating zone (central), and a
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soaking zone (downstream, adjacent to the discharge end). Walking-beam conveying enables
continuous production without furnace emptying between campaigns. The system is equipped with
low-NOx recuperative burners providing independent zone-level combustion control, and a Level
II programmable control system manages zone temperatures, air-to-fuel ratios, and furnace
pressure.

The discharge-end aperture (hereafter "door") constitutes the primary air-infiltration
pathway. During normal production this door is periodically operated for maintenance access,
temperature sampling, and product size change-overs. Its state—open or closed—was therefore
treated as a controllable experimental factor with direct operational relevance. Figure 1 provides a
schematic of the furnace identifying the three combustion zones, the walking-beam mechanism,
the discharge door location and infiltration pathway, the flue-gas sampling point, and the pressure
measurement and control location.
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Figure 1 — Schematic of the industrial walking-beam reheating furnace. Annotations indicate
the three combustion zones (preheating, heating, soaking), billet travel direction, discharge-end
door (primary infiltration pathway), flue-gas sampling point (upstream of recuperator), and
furnace pressure measurement location. Burner positions are represented by numbered arrows at
each zone.

2.2 Instrumentation and Data Acquisition

Dry flue-gas O: was measured continuously by a stationary paramagnetic or zirconia-based
electrochemical oxygben analyzer installed in the common flue duct upstream of the recuperator.
All experimental readings were cross-validated with a calibrated portable electrochemical flue-gas
analyzer (measurement uncertainty +0.1% O: at 95% confidence, certified calibration traceable to
national standards) inserted at the same duct location during each trial run. Steady-state criteria

4



required that dry flue-gas O-, all three zone temperatures, and billet throughput had remained stable
within prescribed tolerances for a minimum of 20 continuous minutes before any measurement
was recorded, consistent with standard industrial combustion measurement practice.

CO and NOx were measured using a multi-gas instrumental analyzer following procedures
consistent with U.S. EPA Reference Methods 10 (CO) and 7E (NOx), respectively, adapted for
industrial process-heat applications. Calibration gas (certified traceable mixtures) and zero-gas
checks were performed before and after each measurement sequence. Billet mass was recorded on
certified platform scales (precision +0.5 kg) at both the charge side (pre-furnace) and exit side
(post-hydraulic descaling) for each replicate run. Natural-gas volumetric flow was measured by
calibrated turbine meters on the supply header to each zone and corrected to standard conditions
(0 °C, 101.325 kPa) to obtain Nm?. Table 1 summarizes the instrumentation deployed.

Table 1. Summary of instrumentation used for data acquisition. All measurements were taken
under stabilized steady-state conditions.

Parameter Instrument Type Accuracy / Calibration / Standard
Uncertainty
Dry flue-gas O: Stationary +0.1% 02 (95% CI) Traceable to national
(%) electrochemical standards; zero/span
analyzer + portable checked each run
cross-check
CO and NOx Multi-gas Per EPA Methods  Certified calibration gas
(ppm) instrumental 10 & 7E mixtures; pre/post-run
analyzer checks
Billet mass (kg) Certified platform +0.5 kg Legal-for-trade
scales certification; in-use
verification each shift
Natural-gas flow Calibrated turbine +1.0% of reading  Factory calibration;
(Nm?/h) flow meters corrected to 0 °C, 101.325
kPa
Furnace pressure  Differential pressure +0.5 Pa Manufacturer calibration;
(Pa) transducer referenced to ambient

2.3 Experimental Design and Factor Levels

A replicated 2° full factorial design was employed to provide orthogonal, unconfounded estimates
of all main effects and interaction effects among the three controllable factors (Montgomery,
2017). This design is particularly suited to industrial environments where experimental resources
are limited and knowledge of the interaction structure—not just main effects—is essential for
designing robust operating rules. The design comprised eight treatment combinations, each
replicated independently in random run order, yielding 16 total observations. Run order was
randomized to the fullest extent permitted by production scheduling to distribute nuisance



variation (ambient temperature, billet mix composition, operator shift) across treatments rather
than confound it with specific factor levels.

The three factors and their two-level settings are defined in Table 2. Factor X1 (air—fuel strategy)
contrasts conventional uniform excess-air control (A = 1.10 in all three zones) against zone-
differentiated lambda staging in which the soaking zone operates fuel-rich (A = 0.90), the heating
zone at stoichiometry (A = 1.00), and the preheating zone with modest excess air (A = 1.10). Factor
X2 (furnace pressure) compares the lower (10 Pa) and upper (20 Pa) bounds of the plant's normal
operating range. Factor X3 (door state) contrasts the discharge door fully closed versus a controlled
door-open condition representative of a maintenance or inspection event.

Table 2. Factors, codes, and two-level settings in the replicated 2* full factorial experimental
design. Total experimental runs: 16 (8 treatment combinations x 2 replicates).

Code Factor Low Level (-1) High Level (+1)
X1 | Air—fuel control Zone-differentiated lambda Uniform excess air: A =1.10
strategy (lambda, ) | staging: soaking A = 0.90; in all three combustion zones
heating A = 1.00; preheating A
=1.10
X2 | Furnace pressure 10 Pa 20 Pa
setpoint (Pa)
X3 | Discharge-door state Closed (sealed) Open (controlled event)

(-1, +1,+1) (+1,+1,+1)

(-1, +1,-1) (+1,+1,-1)

—_
> 1L
=

-1,-1,+1)

(+1,-1,+1)

(+1)

N

(-1,-1, -1) : staged/10 Pa/closed) +1,-1,-1)
02=3.84%

X2 (furnace gressure se point)\

< — > (+1)
1 X1 (air-fuel strategy)

Figure 2 — Geometric representation of the 2* factorial design space. Each of the eight vertices

represents one treatment combination defined by X1 (air—fuel strategy), X2 (furnace pressure
setpoint), and X3 (door state) at their coded low (—1) and high (+1) levels. Two independent
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replicates were conducted at each vertex. The highlighted vertex (X1 =-1, X2 =-1, X3 =—1:

staged/10 Pa/closed) corresponds to the treatment that yielded the minimum observed O: =
3.84%.

2.4 Response Variables and Derived Quantities

The primary response was dry flue-gas O: concentration (Y1, %). Secondary responses
were: (Y2) specific oxidation scale loss (kg/t steel) and metallic yield (%); (Y3) specific natural-
gas consumption (Nm?/t steel); and (Y4-Y5) CO and NOx concentrations in the flue gas (ppm,
dry basis). Scale loss and yield were derived from paired billet mass measurements:

Scale loss (kg/t) = 1000 x (m_in —m_out) / m_in (Eq. 1)
Yield (%) =100 x m_out/m_in (Eq. 2)

where m_in is the charged billet mass (kg) and m_out is the mass after hydraulic descaling
(kg). Where emission concentrations are compared across conditions with different flue-
gas O: levels, a dry oxygen correction to a 3% O: reference basis was applied:

C _ref=C meas x (21 — O2_ref) / (21 — O2_meas) (Eq. 3)

where C_refis the corrected concentration at the 3% O- reference, C_meas is the measured
concentration, and O>_meas is the measured dry flue-gas O (%). Both corrected and as-measured
values are reported for transparency.

2.5 Statistical Analysis

The 16-observation factorial dataset was analyzed by ordinary least squares (OLS)
regression under coded factor levels (—1, +1), ensuring orthogonality of effect estimates and equal
variance across the factorial space. The fitted model included all three main effects, all three two-
factor interactions, and the three-factor interaction—seven terms in total (Montgomery, 2017).
Under coded parameterization, each regression coefficient equals one-half of the corresponding
factorial effect (defined as the high-minus-low difference, averaged over all combinations of the
remaining factors). Model adequacy was assessed through R? and adjusted R?, and residual
diagnostics including normal probability plots and plots of residuals versus fitted values, run order,
and individual factor levels. All effect estimates are reported with 95% confidence intervals and
two-sided p-values from t-tests at a = 0.05.

2.6 Carbon-Economic Screening

A process-boundary carbon-economic screening translated operational changes into
carbon-equivalent and monetary terms. The screening boundary encompasses only the direct
combustion process: it credits avoided embodied emissions from reduced scale loss and debits
added combustion emissions from increased fuel use, but excludes upstream fuel-cycle emissions,
downstream steel processing, and system-level life-cycle effects.



The avoided embodied burden from scale loss reduction was estimated at 2.00 kg CO.e/kg steel
(screening proxy for cradle-to-gate carbon intensity of structural steel). The combustion emissions
penalty was estimated at 1.90 kg CO.e/Nm? natural gas (IPCC Tier 1 lower-heating-value
stationary combustion). The net process-boundary carbon change is:

AC_net (kg COse/t) = —(Ascale x 2.00) + (ANG x 1.90) (Eq. 4)

where Ascale is the reduction in scale loss (kg/t, positive when reduced) and ANG is the increase
in natural-gas consumption (Nm?/t, positive when increased). Economic parameters are
summarized in Table 3.

Table 3. Economic and carbon-conversion parameters used in the process-boundary carbon-
economic screening analysis

Value Basis and Purpose in Screening
588 USD/t Revenue value of recovered metallic yield
0.12 USD/kg scale Operational saving from reduced oxidation waste
0.28 USD/Nm? Fuel-cost penalty under staged low-O: control

2.00 kg CO2¢e/kg steel ~ Screening proxy for cradle-to-gate carbon intensity (avoided
upstream production)

1.90 kg CO2e/Nm? IPCC Tier 1 lower-heating-value stationary combustion
assumption

70 USD/tCO2e Consistent with World Bank (2025) high-scenario carbon
pricing coverage

3. Results and Discussion

3.1 Excess-Oxygen Response Across the Full Factorial Space

Across 16 experimental runs, dry flue-gas O2 ranged from 3.84% to 13.17% (grand mean = 7.23%;
SD =2.90%), confirming that excess oxygen in industrial walking-beam reheating is not a narrow
stoichiometric trimming problem but a disturbance-sensitive system in which combustion
management and infiltration-boundary conditions interact strongly. The full range of 9.33 %-
points—nearly three times the grand mean minus the minimum—demonstrates the magnitude of
control leverage available to operators. Observed treatment means and within-cell standard
deviations are reported in Table 4. The consistency of within-cell SDs (0.085-1.117 %-points),
small relative to inter-treatment differences, confirms that process conditions were sufficiently
stable within runs and that replicate error was small relative to treatment effects, supporting
statistical power for the subsequent factorial analysis.



X1: Air- X2:

X3: Door Mean O:

Run Conditions Fuel Pressure ) SD (%)
Strategy (Pa) State o)
Best Staged (A 10 Sl 3.900 0.085
staging)
Staged ( 10 Open 6.535 0.346
staging)
Staged (A 20 Closed 4.270 0.198
staging)
Staged (A 20 Open 5.155 0.276
staging)
Ref. EJnlform (A 10 O] 7.040 0.156
=1.10)

Worst I:Jl;lfl%r)m (A 10 Open 12.825 0.488
Uniform (A 20 Closed 8.095 0.177
=1.10)

Efilﬁ%r)m (A 20 Open 10.020 1.117

Table 4. Observed mean dry flue-gas O: (%) and within-cell standard deviation (n = 2 per cell).
"Best" = minimum O: (optimal); "Ref." = baseline conventional practice (uniform/10
Pa/closed); "Worst" = maximum O:. Green = favorable; red = unfavorable.

Three patterns are immediately evident. First, lambda staging consistently produced substantially
lower O2 than the uniform strategy across every combination of pressure and door state, confirming
the primacy of stoichiometric management. Second, door-open conditions elevated O: by 1.3-5.8
%-points depending on pressure, confirming the important—and variable—role of infiltration.
Third, the effect of pressure was directionally reversed between the door-closed and door-open
conditions: under door-closed, higher pressure slightly increased O: (from 3.90% to 4.27% and
from 7.04% to 8.10% under staged and uniform, respectively), whereas under door-open, higher
pressure reduced O: (from 6.54% to 5.16% and from 12.83% to 10.02%). This directional reversal
is the empirical signature of the pressure x door interaction and is the mechanistic foundation of
the conditional control rule developed in Section 3.2.

3.2 Factorial Effect Estimates, Model Fit, and Statistical Inference



The replicated 2° model (Eq. 5) achieved R*=0.986 and adjusted R> = 0.974, accounting for 98.6%
of total O. variation with seven factorial terms. Residual diagnostics revealed no systematic
departures from normality or homoscedasticity. The fitted model in coded factor units is:

Y1 =7.230+2.265Xi — 0.345X> + 1.404X5 — 0.093X: Xz + 0.524X: X5 — 0.701X2X5 —
0.264X1X2X3 (Eq. 5)

Factorial effect estimates (high minus low, averaged over all combinations of the remaining

factors) are reported in Table 5 with 95% confidence intervals and p-values.

Effect Estimate 95%
Description (A Oz, %- Confidence
points) Interval
X R 2] +4.53 [+3.99,+5.07] = <0.001
(uniform vs. staged)
Furnace pressure (20 Pa _ _ _
Xa vs. 10 Pa) 0.69 [-1.23,-0.15] 0.019
Xs Door state (open vs. +2.81 [+2.26,+335] = <0.001
closed)
Xy x X, | Air-fuel xpressure —0.18 [-0.73, +0.36] 0.456
interaction
Xix X, | Air-fuel xdoor +1.05 [+0.50, +1.59] 0.002
interaction
X,xX, | Lressurexdoor ~1.40 [-1.95,-0.86] | <0.001
interaction
XixX2xXs | Three-factor interaction —0.53 [-1.07,+0.02] 0.056

Table 5. Factorial effect estimates for dry flue-gas O: from the replicated 2° model (R? = 0.986,
adj. R? = 0.974). Bold rows indicate statistically significant effects (o. = 0.05). Effect = high-
level minus low-level difference averaged over all combinations of remaining factors.

The dominant main effect is the air—fuel strategy: switching from staged to uniform excess air
increases mean O: by +4.53 %-points (95% CI: [3.99, 5.07]; p < 0.001). This is physically
explained by the elimination of the sub-stoichiometric soaking zone (A = 0.90) under the uniform
strategy, which removes an oxygen-consumption mechanism active under staging. The door-state
main effect is also large and highly significant (+2.81 %-points; p < 0.001), reflecting the
substantial infiltration load introduced during door-open events. The furnace pressure main effect
is statistically significant but smaller (—0.69 %-points; p = 0.019), confirming that pressure alone
provides limited oxygen control.
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The most important interaction is Xz % X3 (pressure x door state): —1.40 %-points (p < 0.001). The
negative sign indicates that the effect of increasing pressure from 10 to 20 Pa is substantially more
oxygen-reducing (beneficial) when the door is open than when it is closed—consistent with
infiltration physics, in which a greater positive pressure differential more effectively resists inward
ambient-air flow through an open aperture (Trinks et al., 2004). The Xi X Xs interaction is also
significant (+1.05 %-points; p = 0.002): the O2 penalty of door opening is larger under uniform
excess-air operation than under staged control. The three-factor interaction is borderline (p =
0.056); the X1 x Xs interaction is not significant (p = 0.456).

The interaction plot (Figure 3) visualizes the X> % X3 interaction stratified by air—fuel strategy. The
crossing or near-crossing of lines between the door-closed and door-open conditions at each
pressure level is the graphical confirmation of the interaction and directly motivates the conditional
control rule.

Interaction plots for Interaction plots for
furnace pressure setpoint (X2) % door state (X3) furnace pressure setpoint (X2) x door state (X3)
in Staged lambda (X1 = —1) in Uniform excess air (X1 = +1)
10 Pa (X2=-1) o —20 Pa (X2 =+1) —s]0Pa(X2=-1) & -e20 Pa (X2 =+1)

TT 137 12.83
_ 6.54 _
S S
36T ST
& & 10.02
<9 <@
.,_E_‘ 54 ’__,»}5.16 ERN
e £
= =

4 1 7+

3

Closed (X3 =-1) Opened (X3 =+1) Closed (X3 =-1) Opened (X3 =+1)

Furnace Door State (X3) Furnace Door State (X3)

3.2.1 Conditional Oxygen-Control Rule

The factorial interaction structure directly yields a practical, door-state-conditional control rule
implementable in existing Level II systems:
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*  Door CLOSED — Staged lambda (X1 = —1) + Pressure = 10 Pa (X2 = —1): Predicted
mean Oz =~ 3.90%. Rationale: infiltration pathway is sealed; higher pressure provides no
additional benefit and slightly increases O (possibly through increased short-circuit flue-
gas flow); staged combustion achieves minimum stoichiometric Ox.

*  Door OPEN — Staged lambda (X1 = —1) + Pressure = 20 Pa (X2 = +1): Predicted mean
02=5.16% vs. 6.54% at 10 Pa. Rationale: increased positive pressure differential
suppresses infiltration-driven O: excursion by approximately 1.38 %-points during door
events, limiting scale-loss penalty.

The recommended door-state-conditional oxygen-control
strategy in staged lambda strategy (X1 =-1)
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3.3 Secondary Performance Responses: Scale, Yield, Fuel, and Emissions

Table 6 presents the comprehensive performance comparison between the baseline
conventional regime (uniform excess air, 10 Pa, door closed—the current plant practice) and the
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recommended door-state-conditional regime. Each metric is discussed in subsections below. Table
6. Comprehensive performance comparison: baseline conventional regime vs. recommended door-
state-conditional oxygen-control strategy. pp = percentage points; ref. = reference (zero by
definition). Green = improvement; red = penalty.

Performance Metric  Baseline Recommended Absolute Interpretation
Regime Regime Change
Atmosphere &
Oxidation
Dry flue-gas O: (%) 7.04 3.90 -3.14 Substantially lower
(—44.6%) oxidation driving
force
Scale loss (kg/t steel) 21.64 17.82 —3.82 Major reduction in
(—17.7%) surface oxidation
waste
Metallic yield (%) 97.83 98.21 +0.38 pp Higher saleable
output per tonne
charged
Energy
Specific natural gas 48.29 53.81 +5.52 Fuel penalty from
consumption (Nm?/t) (+11.4%) staged combustion
and lower
recuperator preheat
Emissions
CO (ppm, dry, <1 22 +22 Increased
uncorrected) incomplete-
combustion risk at
lower O2
NOx (ppm, dry, 12 14 +2 Marginal increase;
uncorrected) remained well
within limits
Carbon &
Economics
Net carbon change 0.00 (ref.) +2.85 +2.85 Small process-
(kg CO:e/t steel) boundary increase;
partially offset by
material efficiency
Net economic value 0.00 (ref.) +0.94 +0.94 Positive net

(USD/t steel)

operating gain after
fuel penalty and
carbon cost

3.3.1 Scale Loss and Metallic Yield
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The 17.7% reduction in specific scale loss (—3.82 kg/t steel) is the primary material-efficiency
benefit of the recommended regime. This magnitude is consistent with oxidation-kinetic theory:
scale growth rate follows a parabolic law with O: partial pressure as the primary driving variable
at the steel surface (Kofstad, 1988), so a reduction from 7.04% to 3.90% O: in the furnace
atmosphere substantially lowers the effective oxidation rate, particularly in the soaking zone where
residence time is longest. Recent industrial-scale and semi-industrial experiments confirm that
atmosphere composition, including O: content and the partial pressures of CO: and H:O,
significantly modulates scale layer growth rate, morphology, and adherence (Schwarz et al., 2025;
Xu et al., 2024). At a representative throughput of 100 t/h, the 3.82 kg/t improvement represents
382 kg/h of additional saleable steel—approximately 3,300 t/year for a furnace operating 8,700
h/year—with direct revenue implications.

Figure 5 — Waterfall chart: Decomposition of the scale-loss reduction (—3.82 kg/t steel) into
contributions from: (a) air—fuel strategy change (X1 main effect), (b) pressure setpoint effect
during door-open events (X2 % X3 interaction benefit), and (c) residual interaction terms. Values
are derived from the factorial model (Eq. 5) evaluated at the recommended vs. baseline factor
settings. Error bars represent 95% confidence intervals of the modeled contribution.

3.3.2 Specific Fuel Consumption

Specific natural-gas consumption increased from 48.29 to 53.81 Nm?/t (+11.4%; +5.52 Nm?/t).
This fuel penalty arises from two mechanisms. First, operating the soaking zone at A = 0.90 (sub-
stoichiometric) under lambda staging redistributes heat release, producing a longer, more luminous
flame that alters the local radiative heat-transfer field and may require additional fuel to achieve
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the target discharge temperature. Second, lower excess O reduces the sensible heat content of the
flue gas recovered by the recuperator, thereby increasing net fuel demand for a given air preheat
temperature. These mechanisms are directionally consistent with computational and experimental
findings from recent reheating-furnace optimization studies (Khalid et al., 2021; Lu et al., 2025;
Zhao et al., 2025). The fuel penalty is a genuine trade-off and must be weighed against material-
efficiency gains in the economic screening (Section 3.4).

3.3.3 Combustion Emissions: CO and NOx

CO increased from < 1 ppm to 22 ppm under the recommended low-O: regime. This is consistent
with the fundamental combustion chemistry of near-stoichiometric and sub-stoichiometric
conditions: as A approaches or falls below 1.0 in the soaking zone, the probability of incomplete
oxidation of CO to CO: increases owing to reduced available O: and lower local flame
temperatures. While 22 ppm CO represents an increase in incomplete-combustion risk, it remains
substantially below typical regulatory thresholds for large industrial combustion plants (generally
100-250 mg/Nm?, or approximately 90-225 ppm at 3% O- reference, in most jurisdictions). NOx
showed only a marginal increase of 2 ppm (12 — 14 ppm), remaining within a very narrow
absolute range. This behavior is consistent with the theoretical and experimental basis of staged
combustion for thermal-NOx suppression: by reducing peak flame temperatures and localized O-
availability in the stoichiometry-sensitive soaking zone, staged-air control suppresses thermal-NO
formation even as CO risk modestly increases—a well-documented trade-off in low-NOx
reheating-furnace design (Sung et al., 2021).
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CO and NOx concentrations for all eight treatment combinations,
grouped by air—fuel strategy
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Figure 6 — Dual-axis bar chart showing CO (left y-axis, ppm) and NOx (right y-axis, ppm)
concentrations for all eight treatment combinations, grouped by air—fuel strategy. Baseline and
recommended regimes are highlighted. Dashed reference lines indicate illustrative regulatory
guideline levels for context. Error bars represent within-cell standard deviation. The trade-off
between CO (increasing under lower-O- conditions) and NOx (stable-to-slightly-reduced) is
clearly visible.

3.4 Carbon-Economic Trade-off Analysis

Applying Equation 4 with the parameters in Table 3: the scale-loss reduction of 3.82 kg/t steel
avoids 7.64 kg CO:e/t (= 3.82 x 2.00), while the natural-gas increase of 5.52 Nm?/t adds 10.49 kg
COze/t (=5.52 x 1.90). The net process-boundary carbon change is therefore +2.85 kg CO.e/t steel.
Under the 70 USD/tCO-e scenario, this corresponds to a carbon cost of 0.20 USD/t steel.

The combined operational benefit—yield recovery revenue from 3.82 kg additional steel at 588
USD/t (= 2.25 USD/t) plus scale-handling cost saving from 3.82 kg/t at 0.12 USD/kg (= 0.46
USD/t) totalling approximately 2.71 USD/t—minus the fuel-cost penalty (5.52 Nm?*t x 0.28
USD/Nm? = 1.55 USD/t) and carbon cost (0.20 USD/t) yields a net economic gain of
approximately +0.96 USD/t steel (approximately +0.94 USD/t after rounding in the original
screening). This positive net value is robust under sensitivity analysis: the net benefit remains
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positive even if the natural-gas price doubles or the billet price falls by 15%, reflecting the strong
leverage of even modest yield improvements at steel market prices.

Carbon bridge (waterfall) diagram for the recommended oxygen-control
regime vs. baseline

4 0.30
—_ T 0.20
EER
- + 0.10
3 3
O 0 - r 0.00 =
o =
£ 10103
-2 =
g - -0.20 2
£ 8

| | =
5-4 0.30 ’E
< - -
U_ﬁ | 0.40 ©
T -0.50
-8 -0.60
(a) Avoided embodied (b) Added combustion (c) Net carbon change
emissions emissions

Carbon trade-off parameter

Figure 7 — Carbon bridge (waterfall) diagram for the recommended oxygen-control regime vs.
baseline. Left-to-right bars: (1) Avoided embodied emissions from scale-loss reduction: —7.64 kg
CO:qe/t steel (benefit, green); (2) Added combustion emissions from fuel increase: +10.49 kg
COze/t steel (penalty, red); (3) Net process-boundary carbon change: +2.85 kg CO-e/t steel
(small net increase, amber). A secondary axis (right) shows the economic equivalents in USD/t
steel at 70 USD/tCO:e.

It is important to contextualize this result: the +2.85 kg CO-e/t 1s a process-boundary screening
value, not a full life-cycle assessment. It reflects the near-term combustion reality of existing fuel-
fired assets and should be interpreted as an efficiency-first measure that improves material output
and economic performance while the sector pursues longer-term deep-decarbonization
pathways—consistent with the analytical framing advocated in recent industrial decarbonization
literature (IEA, 2023; Kim et al., 2024; McMillan & Wachs, 2024).

3.5 Industrial Implications and Study Limitations

3.5.1 Practical Implications

The central operational insight of this study is not simply that lower oxygen is better, but that
effective oxygen control requires a conditional, multi-input strategy that accounts explicitly for the
infiltration dynamics associated with door events. The recommended rule—switch pressure
setpoint from 10 to 20 Pa in response to door-open events, while maintaining lambda staging—is
implementable in existing Level II control systems via a door-position signal without hardware
modification or capital expenditure. This type of event-triggered adaptive control represents a
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straightforward but overlooked refinement of current practice in many industrial reheating
facilities.

3.5.2 Limitations and Scope Boundaries

The study should be interpreted within four clearly stated scope boundaries. First, it is a
single-plant case study; quantitative results (optimal pressure setpoints, magnitude of fuel penalty,
CO/NOx balance) may differ in furnaces with different burner arrangements, door geometry,
throughput profiles, or fuel specifications. Validation in additional furnaces is warranted before
generalizing specific numerical recommendations. Second, the carbon-economic analysis is a
process-boundary screening, not a full life-cycle assessment; emission factors are generic
screening values rather than plant-measured quantities. Third, CO and NOx are reported in
concentration terms; regulatory compliance assessment requires mass-based normalization
(mg/Nm?) with jurisdiction-specific reference-O: correction. Fourth, the experimental period
covers the 16 planned factorial runs; longer validation campaigns across full production seasons,
billet grade mixes, and ambient conditions would strengthen generalizability. Future work should
additionally investigate the frequency distribution of door-open events in continuous rolling
campaigns and quantify the cumulative O: excursion load attributable to infiltration over extended
production periods.

4. Conclusion

This full-scale industrial 23 factorial study established that excess-oxygen optimization in
a natural-gas-fired walking-beam reheating furnace is a coupled stoichiometry—infiltration
problem that requires a conditional, adaptive control strategy—not a simple excess-air trimming
adjustment. The key findings are summarized as Air—fuel strategy is the dominant oxygen-control
lever: switching from uniform excess air (A = 1.10 in all zones) to zone-differentiated lambda
staging (soaking A = 0.90; heating A = 1.00; preheating A = 1.10) reduced mean dry flue-gas O by
+4.53 %-points (p < 0.001), independent of pressure or door state. Door state is the second most
important factor (+2.81 %-points, p <0.001), confirming that discharge-door infiltration is a major
and under-controlled O source in industrial walking-beam furnaces. The furnace pressure x door-
state interaction (—1.40 %-points, p < 0.001) is the critical mechanistic finding: higher pressure
suppresses infiltration-driven O: excursions when the door is open, but provides limited or slightly
adverse benefit when the door is closed. This interaction necessitates a conditional control rule.
The recommended door-state-conditional strategy (staged lambda + 10 Pa/closed; staged lambda
+ 20 Pa/open) reduced mean O: from 7.04% to 3.90%, lowered scale loss by 17.7% (21.64 —
17.82 kg/t steel), and raised metallic yield from 97.83% to 98.21%—with a net economic gain of
approximately +0.94 USD/t steel after accounting for an 11.4% increase in specific fuel
consumption and a small CO increase to 22 ppm. The process-boundary carbon trade-off is small
(+2.85 kg COqe/t steel) and economically manageable (+0.20 USD/t at 70 USD/tCO:ze),
positioning this strategy as an efficiency-first operational measure compatible with longer-term
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decarbonization transitions. This study provides a statistically grounded, physically interpretable,
and directly implementable framework for excess-oxygen management in existing fuel-based
reheating furnaces, with explicit quantification of the energy, emissions, and economic trade-offs
that industrial decision-makers require. The conditional control rule derived from the factorial
interaction structure can be deployed without capital investment and is compatible with existing
Level II combustion-control architectures.

Practical Recommendations for Implementation

Deploy door-state-conditional pressure control: integrate the door-position signal into the
Level II system to automatically switch the furnace pressure setpoint between 10 Pa (door closed)
and 20 Pa (door open). Implement zone-differentiated lambda staging: configure soaking A = 0.90,
heating A = 1.00, and preheating A = 1.10 with regular burner-calibration checks to maintain zone-
level accuracy. Monitor CO continuously as the primary online indicator of combustion
completeness under low-O: staged conditions; set a CO alarm threshold below applicable
regulatory limits.Conduct a long-term validation campaign (minimum one full rolling season, > 3
months) to quantify performance across the full range of billet grades, throughput levels, and
ambient conditions at the specific site. For sites with high door-event frequency, quantify the
cumulative infiltration O2 load over a production campaign to assess whether additional sealing
improvements or door-management protocols provide complementary benefits.
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