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ABSTRACT

Carbon-free self-heating (autothermal) smelting has emerged as a promising route to decarbonize primary copper
pyrometallurgy while improving control of flue-gas pollutants. In this review, recent advances in exploring technology
routes and system integrations to permit a stable autothermal regime with minimal routine fossil-carbon feeds in various
stages of preparing concentrate, smelting, converting, and anode/fire-refining interfaces are synthesized. The heat-balance
aspects needed to allow the self-heating of a carbon-free furnace are discussed in the context of sulfide oxidation heat release,
moisture and gangue penalties, matte slag equilibria, and under conditions of variability in feed controllability. With further
elaboration of these principles, the review categorizes the following oxygen-enriched and oxygen-blown intensification
methods, families of flash and bath smelting, and integrated smelting-converting ideas, with greater emphasis on the fact
that oxygen potential and thermal profile are key to process stability, refractory durability, slag family, and energy efficiency.
The main emphasis is on the so-called synergistic co-reduction process of CO, with decreased off-gassing volume and
composition, which influence SO, capture, NOy pathways, particle formation, and the distribution of semi-volatile/toxic
species (e.g., As and Hg) into dust, acid, or residues. The review indicates that the net emissions are sensitive to boundaries
because of electricity and oxygen production, and this identifies significant obstacles that include heat-balance resilience,
corrosion, and dust deposition in the heat recovery systems, impurity recycle loops, and cross-media burden shifting. Lastly,
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coupled modeling, long-duration demonstration with harmonized key performance indicators (KPIs), integrated impurity

management, and robust measurement, reporting, and verification are suggested as the priority research requirements to

enable scale-up.

Keywords: Copper Smelting; Autothermal Self-Heating; Decarbonization; Oxygen Enrichment; Multi-Pollutant Control

1. Introduction

Modern electrification and the transition to more low-
carbon energy systems are based on copper!!). The speed
at which renewable power generation, expansion of grids,
electric vehicles, and energy storage are being developed
has added copper pressure and has put the environmental
footprint of their production under strain like never before.
Pyrometallurgical processes to sulfide concentrate are still
the most important in primary copper production, and they
commonly include the stages of concentrate drying and prepa-
ration, smelting to form matte and slag, converting matte
to blister copper, and performing fire refining and electrore-
fining[?). These unit operations are directly connected with
multiple energy flows and multifaceted gas-solid-liquid reac-
tion networks, which both generate greenhouse gases (GHG)
emissions and a wide range of flue-gas pollutants. Accord-
ingly, copper smelters are under a dual requirement, namely:
(1) a transition to deep decarbonization in tandem with net-
zero pathways and (ii) a more rigorous regulation of tradi-
tional and toxic air pollutants, such as sulfur dioxide (SO,),
nitrogen oxides (NOy), particulate matter (PM) and trace ele-
ments, including arsenic (As), mercury (Hg), selenium (Se),
and antimony (Sb), and lead (Pb). Notably, both of these
goals are not independent. Pollutant formation, partitioning,
and capture efficiency are also dictated by the conditions of
the processes that produce carbon emissions, such as oxygen
enrichment level, fuel consumption, furnace temperature,
gas volume, and heat recovery>#. This connection presents
opportunities and threats: integrated design can lead to syn-
ergistic co-reduction of CO, and pollutants, but unbalanced
interventions can cause subsidisation of burdens among me-
dia (air-to-solid residues, or air-to-wastewater) or cause a
trade-off between pollutants.

Self-heating (autothermal) smelting is a central concept
in the context of copper pyrometallurgy, which has a high
ability to decarbonize>%]. In autothermal mode, the exother-
mic oxidation of sulphide minerals (e.g., CuFeS; and FeS)

and associated iron oxidation reactions are the major source
of heat input, not because of prolonged burning of fossil fuels.
Autothermal behavior has already been used to some extent
in industrial copper smelting: most smelters use oxygen-
enriched air or oxygen-blown operation, and the energy of
sulfide oxidation assists in melting and separating matte and
slag. However, fossil carbon is still common throughout the
flowsheet. Concentrate drying, furnace warm-up, tempera-
ture trimming, or stability during feed variability, converting,
and anode/fire-refining processes can use natural gas, and
some processes use carbon-based reductants or hydrocarbon
fuels in auxiliary processes. Consequently, even the intensely
smelting routes can still have considerable direct (Scope 1)
combustion emissions and other indirect (Scope 2) emissions
related to the production of oxygen and the subsequent con-
sumption of electricity. To establish meaningful decarboniza-
tion, therefore, means to go beyond partially autothermal
operation to a broader concept: the carbon-free self-heating
smelting not just of the integrated smelting-converting-anode
chain but of the complete chain, facilitated by such enabling
systems as low-carbon oxygen supply, high-efficiency waste
heat recovery, and high-performance off-gas cleaning.

This review refers to the process of smelting copper
and associated pyrometallurgical processes as carbon-free
self-heating smelting, where (i) the thermal equilibrium is
maintained constant by oxidation of sulfides and heat inte-
gration, and (ii) (or to the best of its ability) no fossil carbon
is added or large amounts of carbon are burned to achieve
continuous operation of smelting and converting, or to the
large-scale thermal processing of anode furnace/fire refining,

and so on!71°

1. This definition is purposefully operational
instead of absolute: the majority of industrial systems need
some start-up energy and may have emergency burners to
provide safety and reliability, and the net climate benefit is
determined by the carbon intensity of the electricity used to
make oxygen and electrified auxiliaries. In that regard, an
System Carbon Intensity (SCI)-standard assessment should

specifically outline the limits of the system and accounting
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procedures. To be useful comparatively, the full process
boundary has been included in this review (preparation of
the concentrate to final products) and direct emissions (fuel
combustion, use of reductants, and process off-gas) and indi-
rect emissions (electricity to operate oxygen plants, gas han-
dling, and acid plant operations). Carbon-free self-heating
is not a single technology but a family of process strategies
within this boundary, such as oxygen enrichment and oxygen-
blown intensification, advanced heat recovery, electrification
of auxiliary heat requirements, and integrated gas-cleaning
systems, which allow stable autothermal operation and in-
tensification and improve the ability of a process to capture
pollutants.

For the purpose of this review, “carbon-free self-heat-
ing smelting” is defined as a steady-state operating mode in
which the integrated pyrometallurgical chain (concentrate

preparation — smelting — converting — anode/fire refin-

ing) maintains thermal autothermal balance using exothermic
sulfide/iron oxidation as the dominant heat source, without
routine addition of fossil carbon. Non-routine fuel use (e.g.,
furnace start-up, emergency burners, planned shutdowns)
is not considered part of the carbon-free steady state; such
events must be disclosed separately in annualized accounting.
Considering the discrepancy in the use of the terms autother-
mal and carbon-free in the literature, the most important
definitions, system boundary, and normalization values will
be taken as those used in this review set in Table 1, which
will be the foundation of all further comparisons of CO, and
pollutant performance. To understand the point of carbon
and pollutant generation and capture or transfer of the carbon
and pollutants, Figure 1 maps the system boundary between
the preparation of the concentrate and off-gas treatment with
oxygen supply and waste-heat recovery, which includes the

anode/fire refining.

Table 1. Definitions, system boundary, and normalized metrics used to evaluate carbon-free self-heating copper smelting and co-control

of flue-gas pollutants.

Term/Metric Definition Typical Unit/Basis Notes for Interpretation

Self-heating Smelting in which .exothermlc qx1dat10n Must be demonstrated via heat balance (not just

(autothermal) of sulfides/Fe provides the dominant -

. furnace type)

smelting process heat
No routine fossil-carbon combustion in Requires explicit bqundary and anngahzed accounting.

Carbon-free . . Steady-state operation uses no fossil carbon;

. steady-state smelting—converting—anode - L

(operational) . start-up/emergency fuel is disclosed separately and

stages; start-up/emergency fuel disclosed « N
not counted toward “carbon-free” claim.

Concentrate prep — smelting —

System boundary conv.ertmg - anode/ﬁ-re refining — gas Specify what is counted as Scope 1 vs. Scope 2
cooling/cleaning — acid plant — oxygen
supply — waste heat recovery (WHR)

Functional unit Production basis for normalization L::;itgi Cuort Use one consistently across the paper

Direct CO2 On-site fuel/reductant CO: (Scope 1) kg CO/t product Separate from electricity-related emissions

. Electricity-related emissions (oxygen S . . R

Indirect CO: plant, fans, electrified heating) kg COze/t product Grid intensity drives variability

SO: capture Fraction of sulfur fixed as acid/solid o Must report both capture % and residual mass

efficiency relative to sulfur in feed ? emissions

Gas strength SO: concentration in process gas to acid vol% SO, Higher strenth gener?lly supports better capture but
plant affects corrosion/cooling

NOy emission . . e .
Mass NOy emitted normalized to product kg NOy/t product Distinguish fuel-NOy vs. thermal NO drivers

factor

PM emission
factor

Trace element
indicator

Mass particulate emitted after controls

Hg/As/Se/Sb partitioning and discharge

g PM/Nm? or kg/t

mg/Nm? or kg/t

Report dust loading upstream and stack emissions
downstream

Track to dust, acid, wastewater, stabilized residues

A vital reason to pay attention to carbon-free self-
heating smelting is that it will be possible to redesign the
volume and quality of smelter off-gas and provide a favor-
able environment to control the pollution(!!!. The addition
of oxygen ensures the reduction of nitrogen dilution that nor-
mally raises the concentration of SO, and lowers the overall

amount of gas. The increased strength of SO, streams might
result in higher efficiency of the capture of sulfur and a higher
performance of the sulfuric acid plant; the smaller volumes of
gases will also result in less fan energy and, potentially, less
risk of fugitive emissions due to easy enclosure and negative

pressure control. Likewise, direct cuts of CO, and fuel-based
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NOx can be achieved by eliminating the use of fossil burners.
But it is the same intensification that intensifies SO, streams
that can elevate flame temperatures and process tempera-
tures and raise oxygen potentials, under some conditions,
may also encourage thermal NOy formation, and also alter

the volatilization and condensation paths of trace elements.

-

Smelting
autothermal core

-

Increasing the temperature and changing the gas chemistry
can enhance the volatilizations of As, Se, or Hg and relocate
these species to dust or acid streams, posing new limits to
dust recycling, acid quality, corrosion, and hazardous waste
stabilization. Thus, the synergy pledge should be measured

in multi-pollutant terms and not in one-emission terms.

Anode / fire refining

i |

L

Concentrate preparation
drying, blending

Converting
matte — blister

L]

Off-gas cooling & cleaning
— Acid plant / tail gas

A

CO:: burners (dryingfanode), start-up/trim fuels

s
0. Heat duty offset

PM/dust & trace species: entrainment/condensation;

-
1
1
1
1 SO:: sulfide oxidation (smelting & converting) — capture as acid
1
1
1
1
: As/Hg/Se/Sb partition lo dust/acid/wastewater

1
1
1
1
1
NO;: fuel-NO (burners) + thermal NOx (high-T zones) 1
1
1
1
1
I

Oxygen supply
ASU/VPSA + Electricity

Waste heat recovery (WHR)
boilers/steam/power

Figure 1. System boundary and emission-source map for carbon-free self-heating copper smelting, highlighting CO- sources and key
flue-gas pollutants (SO2, NOy, PM, and trace species) and their primary capture/transfer pathways.

The types of coupling mechanisms between decar-
bonization and control of the pollutants in the smelting of
copper could be divided into four. The first involves the gas
dilution-capture coupling; by increasing the oxygen concen-
tration, the overall off-gas flow is decreased, the concentra-
tion of SO, rises, and the thermodynamic driving forces and
kinetic driving forces of the downstream sulfur capture in
acid plants or other sulfur recovery units may be enhanced.
Second is the combustion pathway coupling: by removing
fossil fuel combustion, CO, emitted as well as fuel-NOy
emitted are reduced, but the thermal profiles and residence
times undergo changes that could alter thermal NOy emis-
sions. Third is the temperature-partitioning coupling: Mov-
ing between smelting and gas cooling areas, the distributions
of semi-volatile species between the matte/slag, dust, and
gas phases are determined by the temperature and oxygen
potential available. This influences PM formation, dust load-
ing, and composition of captured solids, which subsequently
influences recycle ability as well as residue stabilization.
Fourth is the energy integration coupling: the better waste
heat recovery, the less auxiliary fuel is required, and can
be used to offset other electrical demand; however, it also
affects cooling rates and condensation, which is important in
dust chemistry, acid mist formation, and corrosion control.

Any sound framework of technology assessment should take

these couplings into consideration and clearly deal with pos-
sible tradeoffs such as cross-media transfers and operational
reliability [112],

Traditionally, copper smelting technology has im-
proved by a series of intensification stages: starting with
reverberatory furnaces with huge fuel needs and producing
SO, gases, to more intensified technologies, including flash
smelting and bath smelting versions, which more fully uti-

lize the exothermic heat of sulfide oxidation ['3:14

1. Oxygen-
enriched and oxygen-blown processes are now able to run at
high smelting intensity and to generate off-gas streams much
more conducive to the production of sulfuric acid when com-
pared with the previously used air-blown process. However,
it is difficult to achieve carbon-free performance at a signif-
icant scale, at least because of three reasons. The former
is the heat balance sensitivity: the autothermal margin is
very sensitive to measuring the moisture of the concentrate,
gangue material, fluxation needs, and blending grade, all of
which can fluctuate based on ore origin and the combined
mix approach. The second is constraints in materials and
stability: acceleration of refractory corrosion, accretion ef-
fects, and magnetite management challenges in slags due to
high oxygen potentiality and Bo-Gs gradients, is threatening
availability and campaign life. The third is impurity com-

plexity: the greater the extent to which concentrate supply
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consists of feeds of higher impurity, the more difficult it is to
control trace emissions whilst keeping the smelting process
efficient. Dust recycling and impurity build-up pose a threat
to environmental performance, unless an appropriate grade
of feed is produced and smelting is made rapid because of
mobility issues. These facts justify the need to have com-
bined solutions to deal with process thermodynamics and
emissions chemistry.

It is against this background that the current review
will be able to systematize and critically review research de-
velopments on enhancing carbon-free self-heating smelting
technology in copper smelting, with a certain focus placed on
synergistic carbon emission reduction and flue-gas pollutant
minimization. Three guiding questions are used to structure
the review: (1) What are the key technical directions so that
stable autothermal operation does not require the constant
input of fossil carbons during the processes of smelting, con-
verting, and the anode furnace? (2) What are the effects of
these pathways on the formation, partitioning, and capture
of SO,, NOy, PM, and trace pollutants, and what combined
designs can achieve the greatest co-benefits and the least
tradeoffs? (3) What are the prevailing obstacles to industrial
implementation- technical, economical, and operational and
what lines of research are most likely to hasten scale-up with
quantifiable environmental results?

In answering these questions, the review brings liter-
ature in the basic operating principles of the process (heat
balance, reaction kinetics, control of oxygen potential), tech-
nology routes (energization through intensification of flash
and bath smelting, strategies of supplying oxygen, electrifi-
cation of auxiliaries, waste heat recovery) in addition to inte-
gration of sulfuric acid and tail-gaseous cleaning, integrating
metal sulfuric acid with other steps, treatment of emissions,

s110151 Onpe of the similarities is the

and control of impuritie
requirement of similar metrics and clear delimitations. The
processes of carbon-free operation can be misrepresented
without direct consideration of the inclusion of oxygen plants,
electricity and heat recovery credits, and offset of start-up
and upset conditions. On the same note, the reduction in
pollution should be measured not only by the stack concen-
trations but also by the capture efficiencies, the production of
residues, and the distribution of the hazardous species in the
dust, acid, and wastewater streams. Thus, the normalized in-

dicators (e.g., per ton of blister copper or cathode) are placed

in focus of this review, and the points where the quality of
data and comparability are still inadequate are outlined.
Finally, better carbon-free self-heating smelting cannot
be considered a system-level change but rather a free up-
grade of a furnace. The comprehensive innovation needed to
achieve profound emissions will include (i) the development
of autothermal, concentration-variable design of heat bal-
ance, (ii) oxygen and heat integration with low-carbon elec-
tricity, (iii) the development of robust and corrosion-resistant,
off-gas cooling and cleaning architecture, and (iv) the de-
velopment of impurity storage measures that ensure that the
burden is not pushed onto other parties and allow responsible
stabilization of residues. This review aims to inform both
scientists working on next-generation copper smelting tech-
nology and those interested in conducting a retrofit process
toward a net-zero and near-zero pollutant emission by clari-
fying the mechanisms of synergy and defining the conditions

in which a co-reduction is a realistic process.

2. Carbon-Free Self-Heating Smelt-
ing: Fundamentals and Technical
Pathways

2.1. Conceptual Framework of Autothermal
Copper Smelting under Carbon-Free Con-
straints

Self-heating and autothermal copper smelting. Process
regimes where the heat needed to drive the melting, reaction
progression, and phase separation is provided internally by
exothermic oxidation reactions of sulfide minerals and lower-
valency species of iron are called self-heating or autothermal
copper smelting!'%!6]. During the smelting of sulfide con-
centrates, FeS and Cu -Fe sulfides oxidation provides a large
reaction heat and how this heat can be used to maintain steady
running relies on how well this heat can counteract endother-
mic reactions, like moisture evaporation of the concentrate,
the degradation of minor phases, reagents in slag formation,
sensible heating of solids and gases, and inevitable heat loss
through the refractories and cooling systems. Autothermal
state should be regarded as a heat-balance state instead of
a feature of a particular type of furnace. In the case of in-
dustrial operation, self-heating occurs when the net enthalpy
produced in the reaction zone and transferred into the molten
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bath is high enough to hold the desired matte grade, the
slag fluidity, and the settling characteristics without constant
auxiliary combustion.

A carbon-free constraint is introduced, and this al-
ters the character of this autothermal state. The traditional
smelters can use fossil-fuel burners to start up, dry the concen-
trate, make intermittent temperature adjustments, or stabilize
in response to variations in the feed. Natural gas is usually
used as a converters or an anode furnace to provide heat
or regulation of oxidation-reduction cycles. In the absence
of fossil inputs, it then needs to be the a process based on
the controlled intensity of oxidation, oxygen enrichment,
sensible-heat recovery, and, in certain instances, electrified
addition of heat. Here, carbon-free self-heating smelting
does mean no external energy, but a constant production
can be maintained without periodic burning of fossil carbon,
and any extra energy is made available by low-carbon elec-
tricity or recovered process heat. This re-framing increases
the significance of setting boundaries of the system and the
understanding that the seeming decreases in on-site fuel con-
sumption could be partially compensated by the increases
in the emissions to the atmosphere, which are caused by the
production of oxygen and the supply of electricity. Carbon-
free autothermal design is, therefore, essentially a coupled
reaction-engineering, heat-integration, and energy-system-

alignment problem[!”),

2.2. Heat Balance, Oxygen Potential, and the
Determinants of Autothermal Margin

The possible viability of carbon-free self-heating opera-
tion can be viewed in terms of an autothermal margin, which
is the extent to which the internal heat release is greater than
the cumulative heat sinks at a particular operating point[!®],
The governing variables are generally transferable, whereas
the detailed balance is plant-specific. High levels of sulfur
and iron have a strong effect on the amount of heat produced
due to the oxidation of sulfides and Fe (II) species as the main
source of heat. In comparison, the concentrated moisture,
gangue material, and fluxing needs augment the endothermic
load by augmenting the evaporation loads and slag masses.
Matte grade has an influence on both pathways of reaction
and energy partitioning, whereby the greater the matte grade,
the deeper the oxidation of iron and sulfur to the required

copper enrichment, and this can increase heat release, but the

slag chemistry and magnetite formation tendencies move to
increase viscosity, settling, and refractory interaction. These
thermochemical interactions serve to understand why there are
specific forms of concentrates and operating goals with which
autothermal behavior is intrinsically stronger and why blend-
ing mechanisms and flux choices can prove to be as significant
as furnace design in supporting autothermal operation devoid
of carbon. The autothermal condition is best understood as
a net heat-balance state; therefore, Figure 2 summarizes the
dominant heat sources and sinks and illustrates the concept of
‘autothermal margin’ under carbon-free constraints.

The rate of oxidation, as well as the proportion of heat
of reaction allocated to both the gas and molten phases, is
determined by oxygen potential, which is dominated by oxy-
gen enrichment and the ratio of oxygen to feed!"’l. Greater
concentrations of oxygen in intensified systems cause less di-
lution of inert nitrogen to occur, and as a result, enhance high
temperature in the flame or reaction zone and enhance SO,
in the off-gas. From a heat-balance point of view, oxygen
enrichment enhances the capacity of sulfide oxidation heat
to sustain bath temperature since it decreases the aggregate
gas sensible-heat loss that comes along with nitrogen and
may decrease the aggregate gas flow through the furnace.
Meanwhile, an increase in oxygen potential encourages the
inclination of magnetite formation within slag and might
raise refractory corrosion unless compensated through ap-
propriate slag chemistry and temperature regulation. The
practical meaning of this is that a carbon-free self-heating
operation is not just attained by increasing oxygen, but that
an operating regime is realized over which the strength of
the oxidation is sufficient to support the temperature and to
retain the slag properties within manageable limits and the
wear of the refractory within acceptable limits.

Since a totally carbon-free design cannot depend on
burners of fossil fuels to supplement temporary shortages,
the performance metric of heat-balance resilience is char-
acteristic of it. Fluctuations in feed moisture, sulfur, and
impurity concentrations can change the autothermal margin,
and only minor alterations can disrupt temperature regula-
tion or fluidity of slag in high-intensity operation. To this
end, industrially plausible self-heating processes without car-
bon need not only a preferable average heat balance, but
sufficient dynamical controllability, such as rapid oxygen
regulation, thorough feed preparation, and heat buffering

with molten inventory or integrated heat recovery 2%,
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Major heat sources

Oxidation of sulfides (FeS, Cu-Fe sulfides)

Oxidation of Fe(IT) species

Major heat sinks

Moisture evaporation & drying penalty
Heating/melting of gangue + flux

Slag formation mass increase

Exothermic slag-forming reactions

Sensible heat carried by molten phases

v

Autothermal margin

Sources — Sinks

Sensible heat of off-gas (incl. Nz dilution)
Heat losses (refractories/cooling)

Off-gas cooling duty (if not recovered)

A

Levers that increase margin
oxygen enrichment, heat recovery,
insulation/control

Penalties that reduce margin
high moisture, high gangue/flux, excess N2
dilution

Figure 2. Conceptual heat-balance structure of autothermal copper smelting under carbon-free constraints, illustrating major heat

sources/sinks and the definition of autothermal margin.

2.3. Process Intensification through Oxygen
Enrichment and Oxygen-Blown Operation

One of the most commonly proven levers to intensify
smelting and allow it to be operated in an autothermal mode
is oxygen enrichment??, Enrichment reduces the amount
of nitrogen that must be diluted and raises the partial pres-
sure of the reactive species, thus enhancing the oxidation
kinetics and permitting smaller furnace volumes or higher
throughput in existing furnace volumes by a factor of two.
These effects are especially useful in self-heating smelting,
where they enhance the accuracy of the match between the
heat generation of reactions and the thermal requirements of
melting and slag extraction, and tend to minimize or remove
the supplemental fuel requirement of steady-state operation.

The switch to an air-blown to either an oxygen-enriched
or oxygen-blown environment, however, creates a grouping
of interrelated effects that define the carbon-free envelope
of feasibility. An increase in oxygen can cause local tem-
peratures to rise and force heat release into smaller reaction
zones, altering heat-transfer mechanisms and possibly raising
peak thermal loads on refractories. The resulting increase in
SO, concentration is beneficial in terms of enhancing down-
stream capturing of sulfur and acid plants; however, need
close monitoring of gas cooling patterns to avoid corrosion
and mist development of acid. Besides, the elevation of oxy-
gen potentials has the potential to modify the partitioning of
elements and stability of oxides in slag, and the control of
magnetite turns out to be a common problem in highly inten-
sified regimes. Thus, oxygen-based intensification can be

viewed as a system intervention that simultaneously involves

furnace thermodynamics, gas analogies, and residue chem-
istry, which should all be addressed to provide the actual
carbon-free self-heating operation throughout the integrated
flowsheet!?3].

Carbon accounting: Oxygen enrichment sends part of
the decarbonization load upstream to the oxygen supply sys-

1241 The net climate benefit is also based on the mix

tem!
of the electricity and on the actual energy consumption of
the oxygen plant, and how the oxygen use will be maxi-
mized in comparison to throughput and metallurgical targets.
This brings an imperative in design: carbon-free self-heating
smelting is most plausible when the oxygen generation is to
be accompanied by low-carbon electricity, and the design of
the process is such that it reduces the amount of unnecessary
oxygen consumption by better control over the oxidation

effectiveness and minimizing the leaking of air.

2.4. Technology Classes Enabling Carbon-Free
Self-Heating Smelting in Copper Produc-
tion

Even though the general principles of autothermal can
be generalized, the routes to carbon-free self-heating vary
among the families of smelting by suspensions and by baths
due to the difference in the reaction environment and heat-
transfer mechanisms?’!. In suspension or flash-type smelt-
ing, oxidation of the dried particles of the concentrate pro-
ceeds very quickly, and a portion of the oxidation is carried
out in the air as the particles fly. This design maintains
high specific throughput and is capable of strongly autother-

mal operation when the concentrate drying is also efficient,
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and oxygen enrichment is also tuned. The carbon-free re-
quirements in flash-style systems commonly focus on the
elimination of fossil fuel in the drying process and start-up,
temperature stabilization of the reaction by using oxygen
and feed controls, and waste heat recovery in the uptake and
boiler systems, which do not lead to excessive dust deposi-
tion and corrosive environments.

Bath smelting apparatus, such as top-submerged lance
and bottom-blown, depend on intense mixing and injection
of gases into a melt in which oxidation and smelting reactions

[2627] " They might be highly oper-

take place in the liquid
ationally flexible in the sense of feed size distribution and
tolerate greater feed moisture levels than strict flash systems,
which can be valuable when carbon-free operation is sought
in case drying is energetically or operationally limited. But
bath smelting can also offer various difficulties of carbon-
free self-heating, especially with refractory consumption in
your intense turbulence, localized high-temperature regions
around lances, and control of slag chemistry at high oxygen
potentials. The route to becoming a carbon-free operation
in such systems usually consists of the use of optimal oxy-
gen injection strategies to maintain the temperature without
external fuel, constant freeze lining or refractory cover, and

efficient off-gas cooling and dust management, which is in

line with high dust loading.

Hybrid designs and integrated smelting-converting de-
signs are intended to unite high kinetics of intensified ox-
idation with better thermal efficiency and simplified flow-
sheets]. Their features are desirable for carbon-free self-
heating since they can minimize the final thermal steps that
need to be made with external heat and generate more consis-
tent high-strength SO, gas that can be used in downstream
capture. However, integration enhances the interconnec-
tion among unit activities: occurrences in one area may
spread quickly, and the division of impurities can become
complicated. Due to that, hybrid pathways present specifi-
cally severe challenges to process control, monitoring, and
metallurgical strength, and their environmental performance
cannot be assessed only on a steady-state basis. Although
autothermal principles are shared, the feasibility window and
dominant constraints differ by furnace family and integration
level; Table 2 compares the main carbon-free self-heating
pathway classes in terms of enabling mechanisms, off-gas
trends, constraints, and retrofit suitability. To provide a uni-
fied taxonomy for the remainder of the review, Figure 3
organizes these pathways into a classification tree, highlight-
ing cross-cutting enablers such as oxygen supply, waste-heat

recovery, electrification, and advanced control.

Table 2. Comparative matrix of carbon-free self-heating technology pathways in copper smelting, summarizing enabling mechanisms,

off-gas trends, dominant constraints, and retrofit suitability.

Pathway/Furnace Autothermal Carbon-Free Lever(s) Off-gas . Key Technical Retrofit
. . Characteristics . o g
Family enabler across Line Constraints Suitability
(Trend)
Rapid sulfide Electrified/ WHR-based Lower gas volume: Drying dependence;
Flash/Suspension oxidation in drying; oxygen g Y dust/boiler fouling; Medium-High

smelting

Bath smelting (top
submerged lance
(TSL)/bottom-Blown)

Hybrid/Integrated
smelt—convert
concepts

Carbon-free
converting (high-O2,
continuous)
Carbon-free
anode/Fire refining
interface

Enabling systems
(oxygen + WHR +
controls)

suspension; high
intensity

Oxidation within
turbulent bath;
high mixing

Reduced unit
operations;
continuous heat
utilization

Exothermic Fe/S
oxidation

Not inherently
autothermal

System-level

enrichment; minimized
trimming burners
Reduced drying
requirement;
oxygen-blown; heat
retention; electrified
auxiliaries

Reduced fuel steps; stable
high-SO: gas to capture

Burnerless converting;
improved hooding and
capture

Electrified heating;
insulation; heat integration
from WHR

Low-carbon oxygen, WHR
steam/power, model
predictive control (MPC),
monitoring, reporting and
verification (MRV)

higher SO: strength;
potentially fine dust

Lower gas volume;
higher SO: strength;
aerosol/droplet
carryover possible

Potentially stable
high-strength SO;
lower dilution

Stronger SO2; reduced
fugitives with good
sealing

Reduced combustion
products; altered NOx
profile

Stabilizes gas
strength; reduces
fugitives

tight temperature
window

Refractory wear;
lance zone hot spots;
slag/magnetite control

Control complexity;
impurity handling;
technology maturity
Refractory/hood

constraints; transient
peaks

Power reliability;
equipment durability

Corrosion/deposition;
sensor reliability

(site dependent)

Medium

Low—Medium
(often
greenfield-first)

Medium
Medium-High

(stepwise
upgrades)

High
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Carbon-free self-heating pathways for copper smelting

N A 4 N

Y Y A 4

Flash / suspension Bath smelting family Hybeid / inlegrated Carbon-free Carbon-free anode /
. - smelt—convert " " e
smelting family (TSL/bottom-blown) e converting options fire refining interface

¢ A 4 N

y A 4

Drying & feed prep
integration

Lance/injection
optimization

Continuous operation
& stable gas strength

Hooding/sealing
& capture stability

Electrified heating
& heat retention

1

Off-gas cooling/cleaning + acid/tail gas | Advanced monitor

Cross-cutting enablers

Oxygen supply (purity, energy, low-carbon electricity) | Waste heat recovery (boilers/steam/power)

ing & control (MPC, MRV) | Impurity/residue management

Figure 3. Classification tree of carbon-free self-heating smelting

pathways for copper production, including cross-cutting enablers

(oxygen supply, waste heat recovery, electrification, and advanced control).

2.5. Extending “Carbon-Free” across Convert-
ing and Anode/Fire-Refining Operations

Although smelting itself may be executed in a complete
autothermal form, the copper pyrometallurgical line still has
converting and anode/fire-refining steps that may continue
[28]

to be an important source of fossil combustion emissions
In the transformation of matte to blister copper, oxidation
of iron and sulfur converts the alloy to copper, and the pro-
cess is very exothermic, and with suitable control of oxygen
supply and heat losses, can be made to operate self-heating.
Practically, converting has long involved modes of opera-
tion which could involve the use of fuel to allow control of
temperature or to control the thermal profile at various blow
stages. When subjected to carbon-free limitation, strategies
of conversion are directed at enhancing oxygen consumption,
enhancing hooding and gas recovery to dilute less and pre-
vent fugitive emissions, and maintaining thermal equilibrium
by means of better heat management instead of by auxiliary
combustion. Continuous converting concepts are sometimes
referred to, since these may help minimize transient extremes
and enhance integration with stable downstream gas treat-
ment, although the practicability of the converting concept
relies on the properties of the concentrate and impurities and
the strength of refractory systems.

The situation with anode furnace and fire refining is

a bit different since they usually use burners to provide the
heat necessary to maintain the temperature and to facilitate
oxidation-reduction processes that can adjust the amount of
dissolved oxygen and eliminate impurities ). The carbon-
free performance of this step is generally accomplished by
electrified heating, better insulation, and heat retention, and
close coupling with the upstream waste heat recovery, such
that thermal losses are minimal. Its operational goal is still
metallurgical: to make the right amount and level of impu-
rity and oxygen, and to create an anode good enough to be
refined. Carbon-free redesign, therefore, has to maintain
product quality and throughput and modify the heat supply
mechanism and, possibly, the profile of emissions caused by
combustion. Also, NO emissions and local thermal gradients,
including those caused by burner removal, can impact the
behavior of secondary oxidation and the behavior of furnace

lining.

2.6. Start-Up, Transient Operation, and the
Practical Meaning of “Carbon-Free” in In-
dustry

Consistent with the operational definition above, a prac-
tical challenge in implementing carbon-free self-heating is
managing start-up, shutdown, and transient upsets without

violating the steady-state carbon-free claim; such non-rou-
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tine events are accounted for separately and do not invalidate
the carbon-free steady-state paradigm’!. The controlled
warm-up of most smelting furnaces is needed to prevent
thermal shock, develop stable freeze lining or refractory tem-
perature gradients, and emergency burners can be required
to ensure safety or to avoid solidification during unintended
breakages. In a purely theoretical definition, the use of any
fossil fuel would be contrary to the notion of carbon-free, but
in practical and regulatory terms, it is better to ask whether
the continued operation depends on the structural necessity
of fossil combustion or just rare contingency use. Thus,
carbon-free self-heating is to be understood as a steady-state
operating paradigm that is backed by low-carbon utilities,
and non-routine fuel consumption and its annual contribution
to the total emissions are reported transparently.

The reason why transient behavior is also important
is that intensified oxygen-blown operation might be fast-
dynamics®'32!, Variations in feed composition, leakage of
air into the furnace, and alterations of the mineralogy of the
concentrate can alter the oxygen demand and heat release,
which may cause temperature swings or alter slag properties.
In a world with carbon-free, this makes oxygen regulation,
feed control, and thermal buffering critical in the control
of these transients. This is the need which connects funda-
mentals with enabling technologies, which include, but are
not limited to, fast oxygen flow control, matte grade and
slag chemistry predictive models, and off-gas composition
and temperature powerful instrumentation. Put differently,
the concept of carbon-free self-heating smelting is not only
a matter of control and integration but of thermodynamic
challenge, and its feasibility is limited to the attainment of
stable operation within realistic ranges of variability and not

merely within idealized steady states.

3. Synergistic Co-Reduction of CO:
and Flue-Gas Pollutants

3.1. Coupling Logic between Decarbonization
and Air-Pollutant Control in Copper Smelt-
ing

Interventions based on decarbonization of copper py-
rometallurgy can hardly target only one stream of emissions
since the furnace and its off-gas system are a thermochemi-
cal network ). Modifications to achieve a lower CO, level,
e.g., removal of auxiliary burners, more aggressive enrich-
ment, intensifying autothermal reactions, and enhancing heat
recovery, also alter the off-gas volume and composition, tem-
perature history, dust loading, and semi-volatile elements
speciation. The potential of so-called synergy occurs when a
single change has similar benefits on climate and air-quality
goals, such as lowering both fossil-burning CO; and fuel-
generated NOy, and allowing more SO, to be captured be-
cause of a more powerful SO, stream. Tradeoffs, on the other
hand, can occur when intensification causes a rise in thermal
NOy or when the condensation chemistry is changed to cause
an increase in capture of toxic elements into acid or fine dust
that is more difficult to dispose of. Any tight-fisted argument
on co-reduction should then not be confined to stack concen-
trations but rather be a system that takes into consideration
the upstream reaction pathways, downstream cooling and
cleaning structure, and the disposition of captured species in
solids, liquids, and products. Because each decarbonization
intervention shifts multiple thermochemical levers simul-
taneously, Table 3 summarizes the expected directionality
and control points for CO: reduction and multi-pollutant
outcomes (SO2, NOy, PM, and trace species), emphasizing
where tradeoffs and cross-media transfers may emerge [*3.

Table 3. Intervention-to-outcome co-reduction map showing how carbon-free pathway elements affect CO. emissions and flue-gas
pollutant behaviour (SO, NOy, PM) and trace-element fate, including potential cross-media transfers.

Trace Species

Intervention

(Carbon-Free CO: Im[;act SO: Impact NO;x Impact PM/Dust Impact (Hg/As/Se/S'b) &
Mechanism Cross-Media

Pathway Element) . .

Considerations

Eliminating fossil . Indirect (less dilution Reduces fuel-NOy; May reduce Shifts temperature
Removes direct o - . .

burners combustion CO if air burners may lower baseline soot/combustion history; may alter

(drying/anode/etc.) 2 removed) NOx aerosols condensation points

Oxygen Supports autothermal Higher SO strength; Risk of higher thermal Mlxgd: less Can ne ree_tse.

f lower gas volume; . dilution but volatilization; may
enrichment/oxygen- heat balance; reduces . NOy if peak T . . .
blown operation auxiliary fuel better acid-plant increascs possibly finer increase capture in

suitability dust/aerosols dust/acid
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Table 3. Cont.

Trace Species

Intervention
(Carbon-Free €0- Im[‘)act SO: Impact NO, Impact PM/Dust Impact (Hg/As/Se/S‘b) &
Mechanism Cross-Media
Pathway Element) . .
Considerations
Offsets external Enables stable gas Indirect (temperature Deposition/foul- Cooling profile

Waste heat recovery

(WHR) intensification

energy; reduces

delivery to acid plant

profile changes may

ing risk if dust is

controls whether
toxics condense to

auxiliary heat demand  if well designed affect thermal NOx) sticky dust or enter acid
Moves burden to
Improved Prevents fugitive Can reduce Reduces dust captured streams;
sealing/hooding and £ Reduces fugitive SO: uncontrolled NO P . ’
. losses leakage requires residue
negative pressure release
management
Optimized Stabilizes acid plant Can reduce thermal Improves capture ~ Determines
cooling/condensation Indirect via efficiency  inlet; reduces mist NOx residence time by conditioning partitioning to dust vs.
staging issues via quench particle size acid vs. wastewater
Advanced partlculaFe . . Protects acid plant; Major reduction Capture§ toxics nto
capture (Electrostatic Indirect via reduced . . . . dust; drives
. . supports high sulfur Minor direct effect if well O
precipitator rework/maintenance canture sized/maintained stabilization/recycle
(ESP)/Baghouse) P strategy
Must avoid creating
Tail-gas Indirect (electricity . . . . .. secondary wastes
reatment/polishing use) Final SO: reduction Typically minimal Minimal without treatment
routes
3.2. CO: Reduction Mechanisms and boundary, which comprises electricity to operate oxygen

Boundary-Sensitive Interpretation

In the smelting and conversion of copper, direct CO,
emissions are mainly related to the combustion of fossil fu-
els to dry the concentrate, start-up and stabilization of the
furnace, heating of the anode furnace, and other thermal
loads where the heat of sulfide oxidation is not used effec-

7341 " Self-heating methods that are carbon-free miti-

tively!
gate such emissions through the replacement of combustion
by regulated oxidation intensity, enhanced heat retention,
and, where required, electrified heating. In theory, convert-
ing can be autothermal by nature since oxidation of iron and
sulfur generates a lot of heat, or when using favorable oper-
ating conditions and the sulfide content of the concentrate,
intensified smelting can maintain the bath temperature with-
out having to add fuel. The short-term CO, advantage is
thus attained by eliminating on-site fuels and by enhancing
energy efficiency.

Nonetheless, the net CO, effect is a boundary effect
since enrichment of the oxygen and electrification will cause
a portion of the energy requirement to be shifted to elec-
tricity®]. Indirect sources of emissions can be major when
powered by grids that are rich in carbon, e.g., oxygen genera-
tion, gas handling, and auxiliary electric heating. Therefore,
what matters is not just the decrease in on-site fuel use, but the
decrease in the emissions of CO; -equivalent at the defined

plants and large fans and blowers. The issue of heat recov-
ery also makes interpretation difficult due to the fact that
recovered steam or electricity may displace external energy,
giving rise to credits whose value varies depending on the lo-
cal energy systems and accounting processes. To a standard
treatment, under SCI, CO, reductions should then be debated
as either a combination of direct displacement of combus-
tion at the expense of the process or enhanced integration of
process heat and decarbonization of upstream electricity, re-
alizing that the same process intensification which enhances
autothermal performance can also elevate oxygen demand
and hence the value of low-carbon electricity.

3.3. SO: Strengthening, Sulfur Capture, and
the Co-Benefit Pathway

The greatest synergies linked to the carbon-free self-
heating operation are the strengthening of the SO, in the
off-gassing as the level of dilution of nitrogen decreases. In
air-blown systems, high off-gas volumes (possibly charac-
terized by lower concentration of SO;) can interfere with
efficient sulfur capture and increase the risk of fugitive emis-
sions since gas handling structures are required to transport
large volumes and the capture infrastructure is more chal-
lenging to seal and hold at negative pressure. The enrichment

with oxygen and the use of oxygen-blown operation can de-
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crease the total gas volume and elevate the concentration of
SO,, which tends to enhance the feasibility and efficiency
of downstream production of sulfuric acid. Greater SO,
supplies can be used to enhance conversion efficiencies and
minimize the proportion of sulfur that is emitted in uncon-
trolled form, though gas cooling, dust removal, and acid
plant combination must be fabricated to accommodate the
changed thermal and particulate loads3¢].

Under a carbon-free structure, the gain of the sulfur
capture is not a peripheral process; it is part of the logic of
the process. A more concentrated process gas, a result of
higher-intensity smelting autothermal, is inherently more
capturing and valorization capable, and is converting sul-
fur management from an emissions-controlled responsibility
into a steadier unit operation. However, even high-strength
SO, gas contributes to the significance of strong cooling and
corrosion management, as gas composition that promotes the
occurrence of acid could enhance the appearance of corro-
sive condensates if the temperature is not controlled correctly.
The synergy is then pegged on the correspondence of furnace
intensification and a suitably designed gas handling train that
is capable of maintaining capture efficiency without compro-
mising dust chemistry and avoiding acid mist and downtime

caused by corrosion37),

3.4. NO, Formation Pathways under Carbon-
Free Intensified Conditions

The mechanism of NOy emissions in copper smelting is
sensitive to both combustion and high-temperature oxidation
conditions. NOy produced by fuels may have a significant
contribution under the circumstances of the auxiliary fossil
burners, and the direct co-benefit of eliminating the burn-
ers is a reduction in both CO; and this component of NOy.
Carbon-free self-heating routes thus generally lower a sin-
gle significant source of NOy to the beginning (in drying
and anode furnace processes that tend to use hydrocarbon
combustion) (381,

Meanwhile, it is possible to enrich oxygen and enhance
reaction regions to elevate peak temperatures and alter res-
idence times to facilitate thermal NO, formation that even
occurs in the absence of fuel nitrogen3°). This hazard is

especially applicable in cases of localized high-temperature

regions adjacent to burners when starting on or in bath smelt-
ing or in reaction shafts when using highly enriched oxy-
gen. The empirical consequence here is that NOy behavior
in which carbon-free intensification is practiced cannot be
non-monotonic: the reduction of the baseline NOx by elimi-
nation of burners can be overshadowed by the increases in
the process temperature and the oxygen supply, unless spe-
cial care is taken over temperature and mixing. This is why
co-reduction approaches tend to be based on staged oxygen
injection, temperature regulation by means of controlled heat
transfer and mixing of the bath, as well as a quick quenching
in uptake and boiler sections to reduce high-temperature resi-
dence time. Such strategies demonstrate a more general rule:
it is possible to achieve a smaller end product of NOy by
operating carbon-free, but to achieve a net positive benefit
of a lower NOy value, a focused control of the thermal bud-
get must be maintained instead of assuming that zero-fuel
consumption implies a zero NOy. The coupling pathways
are synthesized in Figure 4, which links burner elimination,
oxygen enrichment, heat recovery, and cooling/capture de-
sign to changes in gas volume and temperature history that
ultimately govern SO: capture, NOy formation routes, PM

behavior, and trace-element partitioning.

3.5. Particulate Matter, Dust Loading, and the
Emissions—Recycle Feedback Loop

The copper smelting manufactured particulate matter
is formed by a mix of entraining fine solids, mechanical car-
ryover of droplets, fuming and volatilizing of some species,
and eventual condensing during the cooling of gases 04!,
Each of these pathways can be influenced by intensified op-
eration with oxygen blowing. The entrainment tendencies
are reduced with a given throughput using a reduced volume
of gas; however, stronger reaction intensities and turbulence
can enhance the droplet carryover and dust generation, es-
pecially in areas of intense injection or during slag foaming.
Suspension smelting, the rate of oxidation and the rate of gas
velocity can elevate dust production, and bath smelting can
accelerate aerosol creation through active mixing and bubble
bursting. The final PM performance is then determined by
the furnace design, distribution of reaction intensity and the

performance of primary separation zones.

247



Journal of Environmental & Earth Sciences | Volume 08 | Issue 07 | July 2026

Burner elimination 5 5 CO2 (Scope 1)
(drying/anode/trim) Of-gas volume | with less fuel
Oxygen enrichmeml/ 3 SO: strgqgtll 5 SO? Capture
oxygen-blown operation & stability 1 (acid/tail gas)
Waste heat recovel 3 Peak temperature > No,
{ntensiﬁcation ol & residerf’ce time | fuel-NOS
1/| thermal NO,
. : PM + trace fate
Cooling + §apture 3 Dust forr_natlon & 5 (dust/acid/water)
co-design condensation profile
needs control

Improvements in CO: and stack pollutants occur without burden shifting
Unmanaged transfer to hazardous dust, contaminated acid, or wastewater

Figure 4. Synergy mechanism network linking decarbonization interventions (burner elimination, oxygen enrichment, waste-heat
recovery, cooling/capture design) to gas volume, SO: strength, peak temperature, residence time, dust formation, and trace-element

partitioning.

With carbon-free self-heating constructions, the dust is
located even more centrally since it is both a resource and
a hazard. Recycling dust has the benefit of enhancing the
recovery of metals and also cutting the amount of waste,
but the impurities are also ppb, and this creates a feedback
loop in which further impurities are loaded into the system,
making control of the emissions more difficult(*?!. Increased
volatilization by intensification can move a larger portion of
these species to the dust and gaseous phases, i.e., hone local
air quality and downstream residue management as impor-
tant factors of both the dust collection strategy and the dust
handling strategy. Thus, CO, and PM co-reduction cannot
be assured: as a smaller quantity of gas can be beneficial to
capture better, the chemical and physical properties of dust
can be harder in adverse conditions, and thus enhanced filtra-
tion, fine cooling profiles, and enhanced residue stabilization

activities are necessary.

3.6. Trace Pollutants and Multi-Pollutant Con-
trol under Oxygen-Rich Autothermal
Regimes

The trace pollutants, which are Hg and the metal-
loids, i.e., As and Se, show a high level of temperature and

1. These ele-

chemistry-dependent partitioning behavior!
ments can concentrate in the smelting and conversion into
matte, slag, and gas depending on their volatility, attraction
to sulfide or oxide phases, and the existing oxygen and sulfur
potentials. Spurred oxygen-abundant functioning has the
ability to alter these potentials and elevate temperatures, en-
hancing the proportion of some species that are volatile and
subsequently condense as fine particulates or dissolve into
acidic plant streams. It poses a serious co-control dilemma:
changes in sulfur capture and changes in CO, can be accom-
panied by adjustments in the loading of dangerous species in
dust or acid, which can change the quality of acids, catalyst
behavior, corrosion, and even hazardous waste.

The conceptualization of multi-pollutant control in this
case should then be seen as a moving train, not autonomous
devices. The efficacy of the electrostatic precipitators, bag-
houses, and the wet cleaning system is based on particle
size distribution, dust resistivity, moisture, and the gas com-
position, which shifts under the intensification without car-

4451 The cooling strategy influences the position at

bonl
which volatile species condense during filtration. Based on
this, the synergy of CO, reduction and control of trace pollu-
tants is achieved when intensive smelting is combined with

controlled condensation, high-efficiency capture of partic-
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ulate matter, and management of impurities, which avoids
recirculation. In the absence of such integration, the system
can merely get the pollutants from one stream to another or

generate residues that are more challenging to stabilize.

3.7. Defining and Quantifying Synergy without
Burden Shifting

Synergistic co-reduction is a term that suggests a joint
enhancement of the climate and pollutant outputs without
creating a disproportional new burden in the system[4¢]. In
measuring the synergy, the emissions should be measured in
anormalized form that takes into account the production out-
put and whether there is a reduction in the production or an
enhancement in the capture. In the case of CO,, this may gen-
erally involve the need to specify emissions in units of blister
copper or cathode and to separate the direct fuel-generated
emissions and electricity-generated emissions, respectively,
of oxygen and the heating of electrified oxygen and electri-
fied heating. In the case of SO, and NOy, it requires stack
emissions and capture efficiencies since the low content can
co-exist with the great total mass in case of varying gas vol-
umes. In PM and trace species, mass emissions, capture
fractions, and what happens to the captured material in re-
cycled dust, stabilized residues, or in polluted acid streams
need to be followed to prevent the false finding that capture,
that is, capture alone, equals mitigation.

Another condition is a clear consideration of cross-
media transfer. The capture can be more aggressive, which
makes the amount of dangerous dust or liquid effluent that
needs to be treated greater, which could replace the envi-
ronmental burden placed on air with solid or wastewater
management. Therefore, the synergy should be understood
as a system effect where the CO; and release of atmospheric
pollutants will be reduced, and the development of residue
will be sufficiently low, and the stabilization pathways will
become technically and economically plausible. Understand-
ably, this view tends to correlate with the realities of smelter
operation: environmental performance is ultimately assessed
by the number of stacks, but also by the results of the whole
capture and treatment chain. The greatest synergies in carbon-
free self-heating smelting will thus arise when the autother-
mal intensification, oxygen strategy, heat recovery, and multi-
pollutants control are created as an integrated system, but

not applied as retrofits!”].

4. Integrated Process Design and Key
Enabling Systems

4.1. Oxygen Supply as a Structural Enabler
and Its Implications for Net Decarboniza-
tion

The self-heating smelting process (carbon-free) de-
pends greatly on oxygen control due to the frequency of
oxygen enrichment and the use of oxygen-blown smelting
as some of the most effective methods of maintaining the
autothermal heat balance and minimizing the off-gassing
dilution*"!, Practically, oxygen supply is not a utility as it
is structurally a component that determines the thermody-
namics of the furnace, the composition of the gases, and
the performance of downstream capture. Higher oxygen
concentration increases the intensity of reactions and may
increase the ratio of heat of sulfide oxidation retained in the
molten phases at the expense of higher oxygen concentration
causes, a shift of energy demand towards on-site combustion
of fossils to electricity production. This change implies that
the decarbonization response is very sensitive to both the en-
ergy usage of the oxygen plant in question and the electricity
carbon intensity. What seems to be a carbon-free process at
the locale may provide partial net benefit when oxygen is
generated using high-emission electricity, but a low-carbon
grid or special supply of renewable energy can turn oxygen
intensification into a solid emission reduction plan.

The technical decision of the oxygen supply technol-
ogy has an influence on the process performance and the
emissions[*®*1. Cryogenic separation of air may provide
high-purity oxygen that offers stable and high-intensity op-
eration and usually needs significant quantities of electrical
power and capital expenditure. In certain designs, pressure
swing adsorption and related technologies can provide opera-
tional flexibility and reduced capital requirements; however,
oxygen purity, as well as capacity, can determine feasible
smelting intensity, gas strength, and temperature control. In
a self-heating design without carbon, oxygen purity is not
a particular requirement: it is combined with nitrogen dilu-
tion, volume of off-gases, and heat transfer. Reduced purity
amounts of oxygen elevate inert load and can weaken SO,
strengths, whereas exceptionally high purity amounts of oxy-
gen can elevate peak temperatures and impose refractory and

NOxy constraints. This means that the oxygen system has to
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be co-optimized with furnace design, off-gas cooling, and
the sulfur capture infrastructure as opposed to being chosen
based on utility economics.

4.2. Waste Heat Recovery and Energy Cas-
cading under Intensified Autothermal
Regimes

Waste heat recovery is one of the fundamental levers
to obtain a carbon-free performance since it transforms high-
temperatures off-gas enthalpy into useful energy, which can
compensate for the auxiliary heat demand, electricity use,
or even external steam needs’!. Uptake boilers and other
heat recovery devices are often used in conjunction with
smelting furnaces in modern copper smelting; however, the
intensified oxygen-rich operation both varies the thermal
profile and changes the particulate loading of the gas, thus
modifying the design requirements of the reliable operation
of a heat recovery device. Increased SO, and decreased gas
volumetric contents have the opportunity of enhancing ther-
mal efficiency and decreasing fan power; however, higher
temperature and altered dust chemistry could spur deposition,
erosion, and corrosion hazards on heat-exchange surfaces.
The success of aggressive heat recovery thus lies in the con-
trol of the rate of gas cooling and in the prevention of the
conditions that can lead to sticky dust deposition or corrosive
condensate formation.

With carbon-free constraints, energy cascading is es-
pecially significant since it will widen the range of ways in
which internally produced heat can supplant fossil fuels®!l.
Recycled steam may be used to aid in electricity production,
heating processes, and in certain applications, concentrate
drying or preheating to eliminate the use of burners. Never-
theless, the incorporation of heat recovery alongside drying
and feed preparation should be taken at a slow pace. In case
drying is relocated to lower-grade heat in order to minimize
the consumption of fuel, the heat-balance resilience can be
lower in case of a rise in feed moisture or unstable operation
of drying. On the other hand, the proper utilization of the
recovered heat can stabilize feed preparation and minimize
variability that poses a threat to the autothermal margin. The
practical design problem is accordingly how to distribute
recovered heat to improve the system stability as a whole,

and not to maximize recovery individually. With high-rate

operation, it frequently means trading off deep heat recovery
with the need to have controlled quenching to control the be-
havior of dust condensation and the integrity of downstream

equipment.

4.3. Off-Gas Cooling Architecture, Dust Con-
ditioning, and Corrosion Control as Co-
Design Constraints

The off-gas train at copper smelting serves several pur-
poses all at the same time: it cools down the hot-valued pro-
cess gas, conditions the particles to be effectively collected,
protects corrosive species, protects the equipment down the
line, and provides gas to sulfuric production or sulfur capture
alternative with the right temperature and composition 371,
These demands are enhanced by carbon-free self-heating
pathways since oxygen enrichment is likely to raise SO,
concentration and may raise the peak temperatures of gases,
whereas modifications in the reaction environment may raise
dust fineness and vary the composition of condensed phases.
Within this framework, off-gas cooling is not an afterthought
design consideration; it is an upstream design control that
determines the destiny of pollutants and the dependability of
operations.

Cooling rate and temperature staging control either the
formation of solids by semi-volatile species upstream of partic-
ulate control devices or the formation of later units. Provided
condensation is encouraged further along its course, the traces
can be stored in dust, which might make the gas-phase control
easier but enhances the risky nature of solids and puts a strain
on dust-handling systems. In case of a delay in condensation,
these species can be transferred to wet gas cleaning streams or
acid plant streams, which can have an impact on acid purity,
catalyst performance, and corrosion. This tradeoff'is especially
applicable to those elements with high-temperature-sensitive
capture pathways, including Hg and As. In addition, there
are conditions that may enhance the development of acidic
condensates with intensified SO, streams, and thus, careful
choices of materials and temperature are essential to prevent
corrosion in boilers, ducts, and cleaning equipment. Thus,
cooling architecture design, such as quench sections, waste
heat boilers, and gas conditioning stages, should be imple-
mented in conjunction with a multi-pollutant capture strategy

and the desired so-called synergy results >,
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4.4. High-Efficiency Particulate Capture and
Its Interaction with Intensified Smelting
Conditions

Particulate control is a basis standard of regulatory
compliance as well as the downstream performance of sulfur
capture!>3]. The loadings, finer particle properties, and more
complicated dust chemistry can be experienced by particulate
capture systems under oxygen-rich autothermal conditions.
High mass capture efficiencies can be realized using elec-
trostatic precipitators and fabric filters, which are sensitive
to the characteristics of particles, the temperature of the gas,
moisture and electrical properties subject to change with the
intensification of the process. Specifically, the resistivity
and stickiness of dust may vary with composition and cool-
ing history and affect collection efficiency and maintenance
load.

During carbon-free self-heating smelting, the manage-
ment of particulate matter has other strategic significance
since the recycling of dust is usually performed to reuse the
precious metals and to suppress the production of waste 341,
Recycling may enhance the efficiency of resources, but it
may also focus impurities and loops of feedback that enhance
the instability and distribution of dangerous elements. This
renders the capture system as being a component of a larger
impurity management plan as opposed to a mere end-of-pipe
tool. The design goal goes further than ensuring maximum
capture efficiency to the generation of a dust stream that
could be safely and efficiently treated, recycled, or stabilized.
Consequently, the particulate control needs to be synchro-
nized with upstream decisions that regulate the formation
of dust, such as furnace turbulence, injection settings, and
slag chemistry, along with downstream treatment paths of

impurity-rich residues.

4.5. Sulfuric Acid Plant Integration and Tail-
Gas Treatment in a Carbon-Free Frame-
work

One of the most well-known and economically relevant
pathways in the control of emissions in copper smelting is
the sulfur capture by the production of sulfuric acid 3>,
Enrichment of oxygen, which reinforces the SO, level, may
enhance the functioning of the acid plants by supplying them

with a better feed gas, which has the potential of improv-

ing the conversion efficiency, thus decreasing the amount
of tail gas that needs treatment. Simultaneously, the height-
ened activity may make one more sensitive to the changes
in the gas composition, temperature, and dust carryover, and
the stable integration of smelting and acid production be-
comes even more important. The upstream gas conditioning
train must be able to provide high-strength SO, streams with
sustained temperature and effective dust removal to secure
catalysts and heat exchangers; the process may become a
disadvantage.

Tail-gas treatment gains more significant value as the
regulations grow stricter and the smelters become interested
in achieving close-to-zero pollutant emissions in addition
to deep decarbonization. Tail-gas control performance is
affected by the concentration of inlet SO,, oxygen concen-
tration, moisture, and the presence of catalyst poisons or
aerosol-forming species®”!. Some of these can be mitigated
by carbon-free self-heating operation, to reduce the gas vol-
ume, and stabilize the SO, strength, yet it can also introduce
new problems, as smelting may become more severe and
traces can contaminate catalysts' life or acid mists. Therefore,
acid plant and tail-gas design have to be considered as an
integrated system optimization, as the oxygen strategy, and

oft-gas cooling, instead of a fixed downstream module.

4.6. Electrification of Auxiliary Heat Demands
and the Role of Grid Carbon Intensity

To remove the use of fossil combustion throughout the
smelting line, thermal loads that are not entirely met by au-
tothermal heat are frequently electrified, especially in the
process of preparing concentrates and in anode furnace prac-
tice8]. The electrification may be of any type (resistive
heating, induction, or other sources of electric heating), and
its climate benefit is highly dependent on the carbon intensity
of electricity. Even in areas where the grid is low-carbon,
the conversion of remnants of fossil fuel consumption into
significant net CO; reduction by electrification can support
the carbon-free self-heating paradigm. Where electricity is
generated by high-carbon sources, electrification can cause
emissions to be redistributed vertically without providing
the intended net improvement, except when combined with
clean power acquisition or on-site renewable linking.

Thermal controllability is also changed with electri-
fication. Fast response and close temperature control>%).
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Electric heating may be useful in transient control and the
maintenance of product consistency. This controllability
may reinforce autothermal resilience through the decrease
of the dependence on combustion trimming, as well as allow
more straightforward integration of oxygen control and feed
control. Nevertheless, the electrified systems have to be care-
fully engineered to be able to survive in the severe furnace
conditions, and may place new limitations on the reliability
of power supply, peak demand control, and equipment life.
Electrification, thus, should be seen as an enabling element
that needs to be co-designed with heat recovery, oxygen sup-
ply, and process control, and not to be an equivalent one to

one replacement of burners.

4.7. Digitalization, Instrumentation, and Ad-
vanced Control for Carbon-Free Opera-
tional Stability

The fact that carbon-free self-heating smelting charges
a premium on stability is due to the fact that, since the stan-
dard fuel trimming is thrown off, the operator of the plant
must rely on combustion to deal with heat-balance anomalies.
To maintain a constant autothermal margin at variable feed
conditions, the delivery of oxygen, feed rate, and, in certain
cases, flux addition and temperature control of the down-
stream units must be controlled rapidly and precisely. This
requirement increases the importance of digitalization and
sophisticated control measures, such as soft sensors that can
determine matte grade, slag chemistry, or oxygen potential
based on measurable parameters, such as off-gas composi-
tion, temperatures, and flow rates[4’].

More advanced control strategies can be used to facil-
itate co-reduction goals by coordinating multiple setpoints
at a time, e.g., keeping the SO, strength of the acid plant at
target levels and controlling temperature to reduce thermal
NOy, and managing dust generation by maintaining constant
flow regimes[®”). Models predictive and data-driven control
can also be used to control transients related to the variability
of feeds and equipment limitations to decrease the number of
off-spec conditions that can cause an emergency combustion
or high fugitive emissions. Moreover, strong monitoring can
be used to make real carbon-free claims as it allows clear
measures, reports, and verification of both the CO, and pol-
lutant emissions within the system boundary. In that respect,
instrumentation and control can be regarded not as auxiliary

utilities but as key facilitators bridging the gap between the
physics of the autothermal process and its environmental
implications and industrial dependability.

5. Comparative Assessment, Barriers,
and Research Needs

5.1. Rationale for Comparative Evaluation and
the Need for Harmonized Metrics

Individual comparisons between carbon-free self-
heating smelting pathways in diverse furnace families and
plant designs cannot be entirely dependent on qualitative
descriptions, as the performance in this context is extremely
sensitive to the composition of the concentrates, the oxygen
strategy, the design of the heat recovery, and the level of
integration of the gas treatment systems[®!l. An effective
comparative analysis should be based on harmonized mea-
sures and open frontiers. Practically, the most informative
comparisons put outcomes on a functional basis, e.g., one
ton of blister copper or cathode; direct on-site emissions are
explicitly separated into indirect emissions associated with
the generation of oxygen and the consumption of electricity.
The same is used with the idea of the pollutant control, so that
reporting of the stack concentrations only may be miscon-
ceiving when the volumes of gases vary with the increasing
oxygen content, and, therefore, the total mass emissions, the
capture efficiencies, and the destinations of captured species
in dust, acid, and residues are required to evade false conclu-
sions. The absence of a unified review system can make two
systems seem equal in a single set of indicators and radically
different in terms of net CO, effect, capture of sulfur, or
dangerous residue load.

Another issue is that concepts of carbon-free self-
heating cut across process and utility realms[®!. The effec-
tiveness of the seizure of SO,, NO,, and PM is determined
by the strength of hooding, sealing, cooling, and capture
systems, which can vary significantly according to location,
and the net emission performance of an oxygen-blown au-
tothermal smelter is determined by the intensity of electricity
carbon, and the particular energy consumption of the oxygen
plant. The comparative evaluation should then be viewed
as a system-level evaluation that connects the performance
of metallurgical to utility demand and downstream environ-

mental controls, or as an estimation of results and not as an
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evaluation of furnace choice being the best determinant of

results.

5.2. Benchmarking of Technology Classes: Per-
formance Envelopes and Typical Tradeoffs

The smelting pathways, which are based on suspen-
sions, such as flash-type arrangements, often have large reac-
tion rates and have a high autothermal character in the case
where feed drying is successful and oxygen supply is properly

(23] Their principal comparative advantages are

regulated
the high throughput, comparatively small reactor volumes,
and the capacity to generate off-gases that can be effectively
counterbalanced by the production of sulfuric acid when op-
erating under enriched oxygen conditions. Nonetheless, the
same high-intensity reaction environment may give high dust
loading and dust size distributions and provide high uptake
design, waste heat boilers and particulate capture require-
ments. In systems without the use of carbon, the reliance
on feed preparation is an even stronger factor of viability:
when the drying must be fueled by fossil fuel and cannot
be reliably replaced by recovered heat or electrification, the
entire description of carbon-free is undermined even where
the smelting furnace per se is autothermal.

Top-submerged lance and bottom-blown bath smelting
routes are more flexible in the variability of feed and can
be used with higher moisture or coarser feed. This can be
used to accommodate carbon-free solutions in cases where
the drying of the concentrate in question is limited, and can
be equally used to relocate problems to refractory wear, bath
hydrodynamics, and local thermal loads around the injection
locations. The performance in relation to others will be the
ability of the system to sustain steady slag chemistry, control
the formation of umagite, and freeze lining or integrity of
refractory with increased oxygen delivery. Highly turbulent
settings can also result in large aerosol and droplet carry-
over by bath systems, which influence the properties of PM
control and dust recycle 62631,

The concept of hybrid and integrated smelting-
converting focuses on enhancing the total energy efficiency
and minimizing the number of thermal stages that require ex-
ternal heat, which is desirable to be carbon-free >4, Their
comparative advantage is their potential to produce high-
strength SO, gas and enhanced heat integration with greater

stability and continuity. However, the more tightly unit op-
erations are integrated, the more coupled they will be, and
therefore disturbances will spread more easily and potentially
decrease operational robustness in case control systems and
materials performance are not mature enough. Compared to
others, such concepts typically have a positive theoretical
niche in mass and energy balance studies, but their practice
in industry requires an extremely long lifetime, the ability to

tolerate impurities, and maintainability.

5.3. Techno-Economic Drivers and Sensitivity
to External Conditions

Economic viability of carbon-free self-heating smelt-
ing is calculated as an aggregate of the cost of intensified
oxygen supply, upgraded heat recovery, enhanced gas clean-
ing, and electrification of auxiliary heat requirement, offset
by savings due to cut back in the cost of fossil fuel, better
value of sulfur capture, and the prospective energy credits

on the recovered heat[3:66

1. Examples of capital expendi-
tures that can dominate are oxygen plant, boiler upgrades,
particulate control devices, and acid plant or tail-gas treat-
ment enhancements, and operating expenses are usually
dominated by electricity cost, oxygen requirements, refrac-
tory replacement rates, and the maintenance burden in dusty
high-temperature sections.

The vulnerability to external conditions is especially
strong. Carbon intensity and electricity price determine oper-
ating cost and net emissions performance, and these change
greatly as a function of the region and over time. The compo-
sition of it, in particular, its level of sulfur, moisture, gangue,
and composition impurities, strongly influences the autother-
mal margin, mass of slag, and chemical composition of the
dust, and thus, alters the energy requirements and the needs
of environmental control. Economic performance is also
influenced by regulatory regimes that impose the costs of
the cut of SO, and other air pollutants, tighter tail-gas regu-
lations, or a carbon price. Consequently, no universal order
of rankings of pathways can be established, and instead, the
pathways can have a viable and economically appealing area
of a multi-dimensional space characterized by characteris-
tics of the concentrate, presence or absence of electricity,
presence or absence of existing infrastructure, and regulatory

restrictions 271,
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5.4. Technical Barriers in Achieving Sustained
Carbon-Free Self-Heating Operation

The major obstacle is the weakness of the heat-balance

68.691 " Self-heating designs

stability to realistic fluctuation!
with no carbon emissions eliminate the use of auxiliary com-
bustion, eliminating a standard way to mitigate deficits in au-
tothermal margin in the short term. Changes in the moisture
content of the concentrate, mineralogy, sulfur content, and
blending may hence cause temperature instability, alterations
in slag viscosity, or poor separation performance unless oxy-
gen control and feed conditioning are sufficiently active. This
problem is enhanced in strongly enhanced oxygen-blown
regimes, in which the reaction processes can be rapid and
local thermal gradients may be strong.

Second is materials performance. The presence of high
oxygen potentials and high temperature activity enhances
refractory corrosion and wears, particularly where there is
a combination of turbulence and chemical attacks!"". The
formation of magnetite in slags may complicate operation
further due to flow and heat transfer disruption via accretion
formation that leads to higher viscosity. A stable protective
freeze lining or control over refractory chemistry operating
in enhanced circumstances is thus core to industrial viability,
and its challenge is compounded when plants proceed to
higher oxygen content levels in an attempt to do away with
any remaining fuel need.

The third obstacle is related to impurity management
and residue management. Numerous copper concentrates

include large quantities of As, Sb, Hg, Pb, as well as halides,

and their separation can change in harsh autothermal circum-

(71,721 * Should these species report to dust or acid

stances
streams in more of them, the cleaning of gases and the stabi-
lization of residues will be more demanding and may raise
levels of hazardous wastes or the amount of contaminants
in acid that can be sold. Dust recycling to reuse valuable
metals may form loop accumulations, which can raise the
levels of impurities and the risk of emissions sprite, or cause
a periodic purge stream to be discharged, which must be
controlled. In this way, it becomes the impurity chemistry
and the strength of stabilization pathways which limit envi-
ronmental performance and not just sulfur capture.

There exists a fourth barrier of operational reliability
and safety constraints!73]. Start-up and upset conditions may
demand close thermal control to avoid freezing up or damage,
and most plants have back-up burners or emergency opera-
tions, which involve the use of fossil fuel. Under the opera-
tional definition adopted here, these realities do not nullify
the carbon-free steady-state claim, provided that start-up/up-
set fuel volumes are transparently reported and annualized
emissions remain negligible relative to total output. A steady-
state pathway that is fuel-free can still have non-trivial annual
emissions, either because it frequently suffers an upset or be-
cause, due to considerations such as maintenance constraints,
it has to start up again and again. To connect observed deploy-
ment barriers with actionable engineering responses, Table 4
consolidates the dominant constraints, mitigation strategies,
priority research needs, and the recommended KPIs required
for comparable reporting and verification.

Table 4. Summary of key barriers, mitigation strategies, priority research needs, and recommended KPIs for verifying carbon-free

self-heating operation and multi-pollutant co-control.

Barrier Category

Typical Manifestation in
Carbon-Free
Autothermal Regimes

Mitigation/Engineering
Strategy

Research Need (What to
Prove)

KPI(s) to Report

Heat-balance resilience

Refractory & freeze-lining
durability

Slag chemistry &
magnetite control

Dust/boiler deposition &
corrosion

Temperature swings with
feed moisture/gangue
variability

Accelerated
corrosion/erosion under
high O: potential and
turbulence

High viscosity, accretions,
poor settling

Fouling in WHR/ducting
under altered dust
chemistry

Fast oxygen/feed control;
buffering; improved feed
prep; heat integration

Slag chemistry control;
materials upgrades;
optimized injection

Controlled oxygen
potential; flux
optimization; temperature
window control

Staged cooling;
sootblowing strategy;
materials selection

Dynamic models +
validation under variability

Long-duration campaigns;
corrosion mechanisms

Coupled thermodynamics—
computational fluid
dynamics(CFD); slag
property data

Predictive deposition
models; corrosion
mapping

Autothermal margin;
temperature variance;
downtime events

Campaign life; refractory
wear rate; maintenance
frequency

Slag viscosity proxy;
magnetite fraction;
Cu-in-slag losses

Boiler availability;
pressure drop; cleaning
intervals
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Table 4. Cont.

Typical Manifestation in
Carbon-Free
Autothermal Regimes

Barrier Category Strategy

Mitigation/Engineering

Research Need (What to

Prove) KPI(s) to Report

Accumulation via dust

Impurity loops S
purity '0op recycle; contamination of

(As/Hg/Sb/Se) acid purge
NOx control under high Thermal NOx increases
intensity with peak T

management
“Carbon-free” claims omit
oxygen/electricity or
start-up fuel

Boundary/MRV credibility

Partition control; selective
dust treatment; stabilized

Staged oxygen; quench
control; residence time

Standardized accounting;
continuous monitoring

Impurity mass balance
closure; acid quality;
hazardous residue tonnage

Partitioning models;
stabilization routes

Temperature—NOy
correlations in real
furnaces

NOy mass/t; peak-T proxy;
O: staging effectiveness

Scope 1 vs. 2 COze;
oxygen kWh/t; annualized
start-up fuel

Harmonized reporting
standards

5.5. Barriers Specific to Off-Gas Integration
and Multi-Pollutant Control

Carbon-free intensification also tends to generate
higher SO, streams and smaller volumes of gases, which
may enhance sulfur capture but also impose bottlenecks on
cooling of gases, dust removal, and corrosion control[74].
The boilers and downstream ducts of waste heat could en-
counter increased deposition risks or corrosion in case the
dust chemistry changes to be more adhesive or corrosive
condensates. It is also possible to have acid plant integration
become more sensitive to trace contaminants that poison
catalysts or lower the quality of acids, particularly where
increased operation causes an increase in the transfer of semi-
volatile elements into the gas phase. Additional aspects that
increase the significance of stable inlet conditions and good
control of fine particulate and aerosols include tail-gas limits,
since minor variations can transform into compliance risks
in high-performance systems !>,

Comparatively, whether deep co-reduction is possible
or not becomes frequently constrained by the ability of the
capture train to run under high load conditions of dust and
impurities at high efficiency, rather than by whether deep
co-reduction is possible or not. This reliability is necessary
through the co-design of furnace operation and off-gas treat-
ment, with a controlled design of the cooling profiles, dust
conditioning, and partitioning of impurities!’). In the case
of these couplings being ignored, systems can encounter
burden shifting, e.g., more hazardous residue production or
greater wastewater treatment requirements, and this nullifies
the premise of synergy.

5.6. Priority Research Needs: Toward Predic-
tive Design and Verified Environmental
Performance

The focus of current research on carbon-free self-
heating of copper smelting is less on individual laboratory
phenomena and more on forecasting the result of such a
system. The first requirement is coupled modeling, which
combines thermodynamics, reaction kinetics, and fluid dy-
namics, and emissions formation and partitioning. Autother-
mal margin, matte grade control, slag chemistry evolution,
dust generation, and trace element speciation at the same
time, models would allow rational optimization of oxygen
strategy, furnace configuration, and cooling architecture un-
der the changeable feed conditions””]. These models need to
be confirmed by plant-scale measurements since small-scale
testing cannot usually scale industrial turbulence, residence
time distributions, and multistage condensation behavior.

The second priority is pilot and demonstration cam-
paigns with a long duration that produce open and compa-
rable datasets. Performance claims are often based on short
tests or steady-state snapshots, which are insensitive to vari-
ability, maintenance limits, and the dynamics of loops of
impurity recycle. Evidence of long-term demonstrations
of normalized KPIs (such as data of start-up/shutdown fre-
quency, refractory life, dust recycle ratios, and residue sta-
bilization performance) would be valuable in enhancing the
evidence base on which pathway was selected .

The development of integrated impurity management
strategies that can support the process of decarbonization

as well as the control of pollutants is the third priority. This
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involves managing the location of impurity condensation,
developing capture trains that isolate dangerous species
into manageable streams, and developing stabilization paths
that can be used with circular metal recovery objectives.
Meanwhile, materials, such as refractories, protective lin-
ing, and corrosion-resistant alloys, need to advance so that
high oxygen potentials and increased heat recovery can be
achieved without an excessive maintenance burden 23781,
The fourth priority is in the area of measurement, report-
ing, and verification. Since carbon-free claims are becoming
more important in investment and policy, the capability to
prove the system boundary emissions reduction becomes a
necessity. It will need strong monitoring of the off-gas com-
position and flow, oxygen use and electricity consumption,
and the destination of the captured pollutants in solids and
liquids. Both stability in operations and credible account-
ing can be aided by digitalization and sophisticated control;
however, it should be backed by high-quality sensors and be
similar across sites and technologies to compare them.
Along with these research requirements, there is a sug-
gestion that the move to carbon-free self-heating smelting
is not as limited by the inherent availability of autothermal
reaction heat as it is by the capacity to control coupled ther-
mal, chemical, and environmental dynamics in a predictable
and testable manner. The most effective developments will
then be the ones that consider the furnace design, oxygen
and heat systems, and the multi-pollutant control as an aspect
that presents a consistent, quantifiable model that is in line

with the industrial working reality (7801,

6. Conclusions

Carbon-free self-heating smelting is a technically feasi-
ble and strategically significant route to decarbonize primary
copper production and, at the same time, enhance influence
over the flue gas contaminating the atmosphere. Its main as-
sumption is that the exothermic oxidation of sulfide minerals
and iron-bearing phases can be the major driving force of the
thermal process to smelt and convert it, with the additional
smelting and conversion so that routine fossil-fuel burning
can be removed or significantly cut down when heat balance,
oxygen supply, and process integration are integrated into
one system. This paradigm, when combined with adequate

oxygen enrichment and effective heat recovery, not only

reduces the direct CO, emissions but also transforms the
off-gas properties in a manner that can enhance downstream
capture, such as lowering the volume of gases and increasing
the strength of SO,, which is conducive to the production of
sulfuric acid and the minimization of fugitive losses.

Another point that has been raised in the review is that
CO;, and air pollutants can also be reduced in a synergistic
manner, but with conditions. Measures of the same inten-
sification that allow autothermal operation without the use
of fuels can decrease the quantity of NOy generated by fuel
and intensify SO, captures, but can also increase the risk of
thermal NOy formation and modify dust generation, particle
size distributions, and the fractionation of semi-volatile and
toxic species like As, Hg, and Se. Such reconfigurations
can transfer the burdens of stack emissions to residue cap-
tures, acid streams, or wastewater in the event that cooling,
condensation control, particulate capture, and impurity man-
agement are not co-designed with the intensified furnace
regime. Hence, plausible co-reduction must be achieved
by system-wide optimization whereby the furnace, off-gas
cooling and cleaning train, sulfuric acid plant, and residue
stabilization routes are viewed as an environmental control
architecture as opposed to a series of units.

In the considered classes of technologies, there is no
standard furnace type. Both suspension-based and bath-
based smelting provide their own unique strengths and limi-
tations in terms of autothermal margin, feed flexibility, dust
behavior, refractory life and retrofit. Their net decarboniza-
tion performance is highly boundary-specific, especially over
the carbon intensity of electricity and the energy demand of
oxygen production specific. This is why the advertisements
of carbon-free functioning should be supported by the open
account of oxygen and electricity consumption, the use of
start-up and upset fuel, and the destiny of the trapped pollu-
tants. The harmonized metrics and normalized reporting in
the form of mass emissions and capture efficiencies per ton
of blister copper or cathode is critical to compare alternatives
and prevent inappropriate conclusions that can be drawn on
the basis of concentration data only.

In the future, the ability to deploy intensified, oxygen-
rich, low-fuel systems at realistic feed variability and at impu-
rity loading levels will not be determined by the availability
of reaction heat, but will be determined by operational and
environmental robustness. Breaking down these obstacles
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will entail the development of the next generation of pre-
dictive models, linking thermodynamics, kinetics, and fluid
dynamics to dust and trace element speciation; demonstration
campaigns that record long-term performance with standard
KPIs; better refractory and corrosion-resistant materials in
high-intensity environments; and combined impurity control
and residue stabilization schemes to avoid the hazardous
accumulation and shifting of burden. Measurement, report-
ing, and verification frameworks that have the potential of
substantiating net emissions reductions across system bound-
aries and investment and regulatory decision-making are
equally important.

In short, enhancing carbon-free self-heating copper
smelting technology is a consistent path to achieving climate
and air-quality goals, although the integration is required:
oxygen supply must be optimized to be low-carbon electric-
ity, waste heat recovery must be designed to work with dust
and corrosion limits and multi-pollutant capture must be en-
gineered to manage not only SO, and PM, but also the trace
toxic species that are increasingly becoming the defining
variables of environmental performance. With the copper
industry facing an increased demand and pressure to tighten
emissions controls, the shift towards non-incremental effi-
ciency improvement via integrated carbon-free autothermal
systems, where co-reduction of CO, and flue-gas pollutants
is a verifiable system, is becoming an urgent priority and a
viable future direction of next-generation smelter design and

retrofit.

Funding

This work received no external funding.

Institutional Review Board Statement

Not applicable.

Informed Consent Statement

Not applicable.

Data Availability Statement

All the data is presented in the article.

Conflicts of Interest

The author declares no conflict of interest.

Al Use Statement

The author declares that no artificial intelligence (AI)

tools were used in the preparation of this manuscript.

References

[1] Gu, Y., Yang, H., Wu, Y, et al., 2023. Regulation
mechanism for designing decarbonization pathways
in the copper industry toward carbon neutrality. Envi-
ronmental Science & Technology. 58(3), 1518-1530.
Souza, R., Queiroz, C., Brant, J., et al., 2019. Py-
rometallurgical processing of a low copper content
concentrate based on a thermodynamic assessment.
Minerals Engineering. 130, 156—164.

Alexander, C., Johto, H., Lindgren, M., et al., 2021.
Comparison of environmental performance of modern
copper smelting technologies. Cleaner Environmental
Systems. 3, 100052.

Coursol, P., Mackey, P.J., Kapusta, J.P.T., et al., 2015.
Energy consumption in copper smelting: A new Asian
horse in the race. JOM: The Journal of the Minerals,
Metals & Materials Society. 67(5), 1066—1074.
Kulczycka, J., Lelek, L., Lewandowska, A., et al.,
2016. Environmental impacts of energy-efficient py-
rometallurgical copper smelting technologies: The
consequences of technological changes from 2010 to
2050. Journal of Industrial Ecology. 20(2), 304-316.
Zhu, Y., Xiao, T., Li, L., et al., 2026. Research on
Optimization of Oxygen-Enriched Top-Blown Cop-
per Smelting Process Based on a Multiphase Non-
Equilibrium Model. JOM: The Journal of the Miner-
als, Metals & Materials Society. 78(5), 4196—4205.
Harvey, J.P., Courchesne, W., Vo, M.D. et al., 2022.
Greener reactants, renewable energies and environ-
mental impact mitigation strategies in pyrometallurgi-
cal processes: Areview. MRS Energy & Sustainability.
9(2), 212-247.

Mitovski, A., A trbac, N., Sokié¢, M., et al., 2017.
Reaction mechanism and kinetics of sulfide copper
concentrate oxidation at elevated temperatures. Met-
allurgical and Materials Engineering. 23(3), 267-280.
Chesnokov, Y.N., Lisienko, V.G., Holod, S.I., et al.,
2017. Estimation of CO,-Equivalent Emission under
the Copper Fire Refining Process. IOP Conference
Series: Earth and Environmental Science. 72, 012013.
Moskalyk, R., Alfantazi, A., 2003. Review of cop-
per pyrometallurgical practice: Today and tomorrow.
Minerals Engineering. 16(10), 893-919.

(2]

[3]

(6]

[7]

(8]

257



Journal of Environmental & Earth Sciences | Volume 08 | Issue 07 | July 2026

[11]

[12]

[13]

[14]

[16]

[17]

[19]

[20]

[22]

(23]

[24]

Fan, K., Zhang, H., Jiang, Z., et al., 2026. Gener-
ation, transformation and inhibition mechanism of
hazardous waste flue coated materials during copper
smelting process. Waste Management. 211, 115317.
Zhou, H., Liu, G., Zhang, L., et al., 2021. Strategies
for arsenic pollution control from copper pyrometal-
lurgy based on the study of arsenic sources, emission
pathways and speciation characterization in copper
flash smelting systems. Environmental Pollution. 270,
116203.

Mangeng, C.A., Mead, R.-W., 1979. Sulfur Diox-
ide Emissions from Primary Copper Smelters in the
Western US. Los Alamos Scientific Laboratory: Los
Alamos, NM, USA; New Mexico University: Albu-
querque, NM, USA.

Taskinen, P., Jokilaakso, A., Lindberg, D., et al., 2020.
Modelling copper smelting—The flash smelting plant,
process and equipment. Mineral Processing and Ex-
tractive Metallurgy. 129(2), 207-220.

Sridhar, R., Toguri, J., Simeonov, S., 1997. Copper
losses and thermodynamic considerations in copper
smelting. Metallurgical and Materials Transactions B.
28(2), 191-200.

Worthington, R.B., 1973. Autogenous Smelting of
Copper Sulfide Concentrate. US Department of Inte-
rior, Bureau of Mines: Washington, DC, USA.
Jayabal, R., 2024. Towards a carbon-free society: In-
novations in green energy for a sustainable future.
Results in Engineering. 24, 103121.

Gruber, S., Rola, K., Urbancl, D., et al., 2023. Car-
bon-Free Heat Production for High-Temperature Heat-
ing Systems. Sustainability. 15(20), 15063.

Hu, W., Donat, F., Scott, S., et al., 2016. Kinetics of
oxygen uncoupling of a copper based oxygen carrier.
Applied energy. 161, 92—100.

Hao, J., Dou, Z., Zhang, T., et al., 2024. Energy con-
servation and emission reduction through utilization
of latent heat of copper slag for iron and copper re-
covery. Journal of Cleaner Production. 436, 140602.
Nimbalkar, S.U., Thekdi. A.C., Rogers, B.M., et al.,
2014. Technologies and Materials for Recovering
Waste Heat in Harsh Environments. Oak Ridge Na-
tional Laboratory (ORNL): Oak Ridge, TN, USA.
Khalid, Y., Wu, M., Silaen, A., et al., 2021. Oxygen
enrichment combustion to reduce fossil energy con-
sumption and emissions in hot rolling steel production.
Journal of Cleaner Production. 320, 128714.

Raho, B., Colangelo, G., Milanese, M., et al., 2022. A
critical analysis of the oxy-combustion process: From
mathematical models to combustion product analysis.
Energies. 15(18), 6514.

Cormos, C.C., 2017. Chemical Looping with Oxygen
Uncoupling (CLOU) concepts for high energy effi-
cient power generation with near total fuel decarboni-
sation. Applied Thermal Engineering. 112, 924-931.

258

[25]

[26]

[27]

(28]

[30]

[31]

[35]

[36]

Taskinen, P., Jokilaakso, A., 2021. Reaction sequences
in flash smelting and converting furnaces: An in-depth
view. Metallurgical and Materials Transactions B.
52(5), 3524-3542.

Zhao, H., Sohn, H.Y., 2024. Bath Smelting. In Treatise
on Process Metallurgy: Volume 4: Industrial Plant
Design and Process Modeling, 2dn ed. Elsevier: Am-
sterdam, The Netherlands. pp. 711-737.

Song, K., Jokilaakso, A., 2022. Transport phenomena
in copper bath smelting and converting processes—A
review of experimental and modeling studies. Mineral
Processing and Extractive Metallurgy Review. 43(1),
107-121.

Yurkov, A., 2022. Refractories for the Metallurgy
of Copper. In: Romano, T., Vedani, M. (Eds.). Cop-
per—From the Mineral to the Final Application. Inte-
chOpen: London, UK.

Rodriguez, P.V., 2004. Comparison of Several Fur-
nace Concepts for the Pyrometallurgical Refining of
Secondary Copper [Master’s Thesis]. LUT University:
Leoben, Austria.

Roy, A., 2024. Towards Net-Zero Steam Production:
Challenges and Solutions for Industrial Decarboniza-
tion [Master’s Thesis]. LUT University: Lappeen-
ranta, Finland.

Sun, G., Li, B., Guo, H., et al., 2021. Thermody-
namic Study of energy consumption and carbon diox-
ide emission in ironmaking process of the reduction
of iron oxides by carbon. Energies. 14(7), 1999.
Shishin, D., Tripathi, N., Sineva, S., et al., 2024.
Thermodynamic Modeling and Research for Process-
ing Complex Concentrate Blends in Custom Copper
Smelters for Maximum Revenue. Processes. 12(12),
2820.

Gao, X., Zheng, C., Chiang, P.-C., et al., 2021.
Multi-Pollutant Control for Flue Gases: Principles
and Applications. Springer: Singapore.

Gao, R., Shi, Y., Cao, C., et al., 2024. Assessment of
carbon emissions and reduction potential in China’s
copper smelting industry. Journal of Industrial Ecol-
ogy. 28(6), 1626-1640.

Lechtenbdhmer, S., Nilsson, L.J., Ahman, M., et
al., 2016. Decarbonising the energy intensive basic
materials industry through electrification—Implica-
tions for future EU electricity demand. Energy. 115,
1623-1631.

Roy, P,, Sardar, A., 2015. SO, emission control and
finding a way out to produce sulphuric acid from in-
dustrial SO, emission. Journal of Chemical Engineer-
ing & Process Technology. 6(2), 1000230.
Richardson, J., Theodore, L., 2024. Optimizing Air
Pollution Control Equipment Performance: Operation
and Maintenance. John Wiley & Sons: Singapore.
Kohse-Hoinghaus, K., 2023. Combustion, chemistry,
and carbon neutrality. Chemical Reviews. 123(8),



Journal of Environmental & Earth Sciences | Volume 08 | Issue 07 | July 2026

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[49]

5139-5219.

Normann, F., Andersson, K., Leckner, B., et al., 2008.
High-temperature reduction of nitrogen oxides in
oxy-fuel combustion. Fuel. 87(17-18), 3579-3585.
Zhang, J., Sun,X., Deng, J., et al., 2022. Emission
characteristics of heavy metals from a typical copper
smelting plant. Journal of Hazardous Materials. 424,
127311.

Gonzalez-Castanedo, Y., Moreno, T., Fernandez-Ca-
macho, R., et al., 2014. Size distribution and chemical
composition of particulate matter stack emissions in
and around a copper smelter. Atmospheric Environ-
ment. 98, 271-282.

Feng, S., Che, J., Zhang, W., et al., 2024. A sustain-
able approach for recovering copper and zinc from
copper smelting flue dust: Paving the path for waste
reduction. Separation and Purification Technology.
342, 127037.

Wendt, J.O., Lee, S.J., 2010. High-temperature sor-
bents for Hg, Cd, Pb, and other trace metals: Mecha-
nisms and applications. Fuel. 89(4), 894-903.
Elehinafe, F.B., Aondoakaa, E.A., Akinyemi, A.F.,et
al., 2024. Separation processes for the treatment of
industrial flue gases—Effective methods for global
industrial air pollution control. Heliyon. 10(11),
e32428.

Chen, Y., Xu, R., Qu, G, et al., 2025. A Review of
Research on Coordinated Air Pollution Control and
Carbon Dioxide Reduction in the Silicon Industry:
Coordinated Accounting and Emission/Control. Sili-
con. 17,935-951.

Yi, M., Guan, Y., Wu, T., et al., 2023. Assessing
China’s synergistic governance of emission reduction
between pollutants and CO;. Environmental Impact
Assessment Review. 102, 107196.

Arias, L., Balladares, E., Parra, R., et al., 2020. Sen-
sors and process control in copper smelters: A review
of current systems and some opportunities. Minerals.
11(1), 1.

Liu, L., Xiang, D., Cao, H., et al., 2022. Life cycle en-
ergy consumption and GHG emissions of the copper
production in China and the influence of main factors
on the above performance. Processes. 10(12), 2715.
Giurco, D., Stewart, M., Petrie, J., 2006. Deci-
sion-making to support sustainability in the copper
industry: Technology selection. In Proceedings of the
6th World Congress of Chemical Engineering, Mel-
bourne, Australia, 23—27 September 2001.
Goswami, A., 2025. Principles and Applications of
Waste Heat Recovery. Educohack Press: Delhi, India.
Harvey, L.D., 2010. Energy and the New Reality 2:
Carbon-Free Energy Supply. Routledge: London, UK.
Joubert, H., Mc Dougall, 1., de Villiers, G., 2019. De-
sign of copper cooling systems for copper smelting
and converting furnaces. In Proceedings of the COM

259

[53]

[54]

[55]

[58]

[60]

[61]

[62]

[63]

[65]

& Copper 2019 conference (COM-Cu2019), Vancou-
ver, BC, Canada, 18-21 August 2019.

Saini, S., Shah, J.M., Shahi, P., et al., 2022. Effects of
gaseous and particulate contaminants on information
technology equipment reliability—A review. Journal
of Electronic Packaging. 144(3), 030801.

Che, J., Zhang, W., Deen, K.M., et al., 2024.
Eco-friendly treatment of copper smelting flue dust
for recovering multiple heavy metals with economic
and environmental benefits. Journal of Hazardous Ma-
terials. 465, 133039.

Dijkstra, R., King, M., Lee, H., 2025. Sulfuric Acid
Production in the Copper Industry—A Review with
Future Insights. In 12th International Copper Confer-
ence: Proceedings of the Extraction 2025 Meeting &
Exhibition, Volume I. Springer: Cham, Switzerland.
pp- 39-53.

King, M., Moats, M., Davenport, W.G., 2013. Sulfuric
Acid Manufacture: Analysis, Control and Optimiza-
tion. Elsevier: Burlington, MA, USA.

Kumar, A., Li, J., Luo, J., et al., 2017. Catalyst sulfur
poisoning and recovery behaviors: Key for designing
advanced emission control systems. In Proceedings
of the Symposium on International Automotive Tech-
nology 2017, Pune, India, 18-21 January 2017.
Munoz-Maldonado, Y., Correa-Quintana, E., Os-
pino-Castro, A., 2023. Electrification of industrial
processes as an alternative to replace conventional
thermal power sources. Energies. 16(19), 6894.
Lajunen, A., Yang, Y., Emadi, A., 2018. Recent devel-
opments in thermal management of electrified pow-
ertrains. IEEE Transactions on Vehicular Technology.
67(12), 11486-11499.

Zeng, A., Mao, X., Hu, T, et al., 2017. Regional
co-control plan for local air pollutants and CO, reduc-
tion: Method and practice. Journal of Cleaner Produc-
tion. 140, 1226-1235.

Mullinger, P., Jenkins, B., 2022. Industrial and Pro-
cess Furnaces: Principles, Design and Operation. But-
terworth-Heinemann: Oxford, UK.

Wang, P., Shen, S., Zhou, L., et al., 2019. Turbulent
aggregation and deposition mechanism of respirable
dust pollutants under wet dedusting using a two-fluid
model with the population balance method. Interna-
tional Journal of Environmental Research and Public
Health. 16(18), 3359.

Xu, H., 2021. Aerosol Deposition on Surface Mi-
crostructures in Turbulent Flow [PhD Thesis]. Hong
Kong University of Science and Technology: Hong
Kong, China.

Kukula, I., Ermanoski, I., Stechel, E.B., 2024.
Clean hydrogen potential for carbon-neutral copper
mining. Energy & Environmental Science. 17(23),
9164-9184.

Edstrom, J.O., 1983. Technology and economic vi-



Journal of Environmental & Earth Sciences | Volume 08 | Issue 07 | July 2026

[66]

[67]

[68]

[69]

[70]

[71]

[72]

ability of smelting reduction processes. Steel Times
International. 7(3), 48-57.

Spiryagin, V.V., Kravchenko, I.N., Kuznetsov, Y.A.,
et al., 2025. Review of International Experience in
Substantiating the Technology of Smelting Copper
Sulfide-Containing Concentrates Taking into Account
the Criteria of Efficiency, Cost Effectiveness, and En-
vironmental Friendliness. Surface Engineering and
Applied Electrochemistry. 61(2), 192-201.

Della Bella, S., 2024. The Material Constraints of the
Energy and Climate Transition [PhD Thesis]. Univer-
sity of Southern Denmark: Odense, Denmark.

Fan, X., Zhang, J., Zong, Y., et al., 2026. Current Ad-
vances in Understanding the Thermal Stability of Met-
allurgical Slags. Metallurgical and Materials Transac-
tions B. 57(3), 1327-1343.

Taylor, M.P., Etzion, R., Lavoie, P., et al., 2014. En-
ergy balance regulation and flexible production: A
new frontier for aluminum smelting. Metallurgical
and Materials Transactions E. 1(4), 292-302.

Xu, L., Chen, M., Wang, N., et al., 2021. Chemical
wear mechanism of magnesia-chromite refractory for
an oxygen bottom-blown copper-smelting furnace: A
post-mortem analysis. Ceramics International. 47(2),
2908-2915.

Long, G., Peng, Y., Bradshaw, D., 2012. A review of
copper—arsenic mineral removal from copper concen-
trates. Minerals Engineering. 36, 179-186.

Filippou, D., St-Germain, P., Grammatikopoulos, T.,
2007. Recovery of metal values from copper—arsenic
minerals and other related resources. Mineral Pro-

260

[73]

[74]

[75]

[76]

[77]

(78]

[79]

cessing and Extractive Metallurgy Review. 28(4),
247-298.

Xu, J., Zhang, J., Kuang, K., 2018. Conveyor Belt Fur-
nace Thermal Processing. Springer: Cham, Switzer-
land.

Hung, Y.-T., Ashner, 1., 2020. Sulfur dioxide emission
and mitigation. In: Hung, Y.-T., Wang, L.K., Sham-
mas, N. (Eds.). Handbook of Environment and Waste
Management, Volume 3: Acid Rain and Greenhouse
Gas Pollution Control. World Scientific: Singapore.
pp. 627-658.

Liu, H,, Shen, F., Li, Q., et al., 2023. Systematic con-
trol technologies for gaseous pollutants from non-fer-
rous metallurgy. Journal of Environmental Sciences.
123, 65-82.

Fagerlund, K., Lindgren, M., Jéafs, M., 2010. Mod-
ern flash smelting cooling systems. In Proceedings of
Copper 2010, Hamnurg, Germany, 6—10 June 2010.
Wang, G., Yang, Y., Zhou, S., et al., 2024. Data Anal-
ysis and Prediction Model for Copper Matte Smelting
Process. Metallurgical and Materials Transactions B.
55(4), 2552-2567.

Lahiri, A.K., 2017. Applied Metallurgy and Corrosion
Control: A Handbook for the Petrochemical Industry.
Springer: Singapore.

Kojo, I.V,, Jokilaakso, A., Hanniala, P., 2000. Flash
smelting and converting furnaces: A 50 year retro-
spect. JOM: The Journal of The Minerals, Metals &
Materials Society (TMS). 52(2), 57-61.

Carpenter, A.M., 2013. Advances in Multi-Pollutant
Control. IEA Clean Coal Centre: London, UK.



	Introduction
	Carbon-Free Self-Heating Smelting: Fundamentals and Technical Pathways
	Conceptual Framework of Autothermal Copper Smelting under Carbon-Free Constraints
	Heat Balance, Oxygen Potential, and the Determinants of Autothermal Margin
	Process Intensification through Oxygen Enrichment and Oxygen-Blown Operation
	Technology Classes Enabling Carbon-Free Self-Heating Smelting in Copper Production
	Extending ``Carbon-Free'' across Converting and Anode/Fire-Refining Operations
	Start-Up, Transient Operation, and the Practical Meaning of ``Carbon-Free'' in Industry

	Synergistic Co-Reduction of CO₂ and Flue-Gas Pollutants
	Coupling Logic between Decarbonization and Air-Pollutant Control in Copper Smelting
	CO₂ Reduction Mechanisms and Boundary-Sensitive Interpretation
	SO₂ Strengthening, Sulfur Capture, and the Co-Benefit Pathway
	NOₓ Formation Pathways under Carbon-Free Intensified Conditions
	Particulate Matter, Dust Loading, and the Emissions–Recycle Feedback Loop
	Trace Pollutants and Multi-Pollutant Control under Oxygen-Rich Autothermal Regimes
	Defining and Quantifying Synergy without Burden Shifting

	Integrated Process Design and Key Enabling Systems
	Oxygen Supply as a Structural Enabler and Its Implications for Net Decarbonization
	Waste Heat Recovery and Energy Cascading under Intensified Autothermal Regimes
	Off-Gas Cooling Architecture, Dust Conditioning, and Corrosion Control as Co-Design Constraints
	High-Efficiency Particulate Capture and Its Interaction with Intensified Smelting Conditions
	Sulfuric Acid Plant Integration and Tail-Gas Treatment in a Carbon-Free Framework
	Electrification of Auxiliary Heat Demands and the Role of Grid Carbon Intensity
	Digitalization, Instrumentation, and Advanced Control for Carbon-Free Operational Stability

	Comparative Assessment, Barriers, and Research Needs
	Rationale for Comparative Evaluation and the Need for Harmonized Metrics
	Benchmarking of Technology Classes: Performance Envelopes and Typical Tradeoffs
	Techno-Economic Drivers and Sensitivity to External Conditions
	Technical Barriers in Achieving Sustained Carbon-Free Self-Heating Operation
	Barriers Specific to Off-Gas Integration and Multi-Pollutant Control
	Priority Research Needs: Toward Predictive Design and Verified Environmental Performance

	Conclusions

