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Abstract

This study presents a screening-level conceptual, stoichiometric, and scenario assessment
of a pathway linking sulfur dioxide (SO2) capture from coal-fired flue gas to sulfuric acid
production and the downstream reaction of sulfuric acid with pretreated scrap aluminum.
A regenerable sodium sulfite (Wellman–Lord) capture route, followed by gas polishing
and drying, catalytic SO2 oxidation, controlled SO3 absorption, acid conditioning, and an
Al–H2SO4 reactor, is used as the reference configuration. The sulfur balance distinguishes
sulfur in coal, ash retention, gaseous SOx, SO3/acid mist, absorber inlet and stack slip,
captured sulfur, regenerated sulfur, and sulfate purge. Under the central assumptions, 1 t
of sulfur in coal yields 0.849 t of recovered sulfur equivalent, 2.599 t of H2SO4, 0.477 t of
aluminum feed, 2.419 t of anhydrous-equivalent Al2(SO4)3, 4.240 t of commercial aluminum
sulfate on a 17 wt% Al2O3 basis, and 42.4 kg of H2 at 80% aluminum conversion. The
upstream base-energy screen is 3.3–7.2 GJth and 0.18–0.45 MWhe per tonne of sulfur in coal.
Diluting the acid to the selected 0.5–1.0 M aluminum-reaction window and subsequently
producing a 17 wt% Al2O3 product creates a minimum water-removal load of 21.6–47.6 t
and a latent-heat floor of approximately 49–108 GJth/t S. Retail prices are replaced by
2024 customs unit values, and internal-acid-production and sulfuric-acid-opportunity-
cost boundaries are evaluated separately. In the central opportunity-cost case, the H2

value must reach approximately 6.9 USD/kg merely to balance material values before
CAPEX, OPEX, energy, purification, transport, and environmental-compliance costs. The
Afşin–Elbistan A case is treated as a full-design-throughput illustration based on an histor-
ical 18 Mt/y coal requirement, not as a measured current operating average; coal sulfur is
tested over 1.0–2.5 wt%. The aluminum step is restricted to cooled and diluted 0.5–1.0 M
H2SO4 at 40–60 ◦C, and direct H2 production from 96 to 98 wt% acid is not assumed.
Plant-specific capacity factor, time-matched coal assays, flue-gas flow, oxygen-corrected
stack data, reaction kinetics, gas purity, and product quality remain to be verified. The
integrated sustainability screening indicates conditional circular-economy potential rather
than a demonstrated sustainability advantage: sulfur recovery must be weighed against
energy and water demand, sulfate purge and wastewater, diversion of recyclable aluminum
from remelting, hydrogen purification, and market-scale product offtake. The pathway
therefore remains a research hypothesis requiring experimental validation, process simula-
tion, techno-economic assessment, comparative life-cycle assessment, safety analysis, and
market verification.

Keywords: coal-fired thermal power plants; sulfur emissions; sulfur valorization; hydrogen
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1. Introduction
Coal combustion produces pollutant streams through distinct chemical mechanisms.

Fuel sulfur, including pyritic and organic sulfur, is oxidized mainly to SO2 and partly to SO3;
pyritic sulfur is not the source of CO2 or NOx. CO2 results primarily from oxidation of fuel
carbon, whereas NOx forms from fuel-bound nitrogen and thermal fixation of atmospheric
N2. Coal also contains naturally occurring radionuclides; combustion can concentrate
these radionuclides in fly ash and bottom ash, but ash does not create radon. Any radon
release would arise from radioactive decay of pre-existing radium in coal or ash [1,2]. SO2

control remains necessary because sulfur oxides contribute to acid deposition, atmospheric
sulfate formation, equipment corrosion, and adverse environmental and health effects [3,4].
Plant-specific fuel properties, combustion conditions, and emission-control performance
are therefore essential inputs [1,5,6].

Conventional flue-gas desulfurization (FGD) technologies include wet and dry scrub-
bing, sorbent injection, spray-dry absorption, and regenerable capture processes [7–9].
Wet limestone FGD is widely applied and generally converts SO2 into calcium sulfite-
or gypsum-containing streams. These systems are designed primarily to meet emission
limits rather than to generate a diversified portfolio of chemical products. Their resource-
utilization performance depends on gypsum quality and marketability, water use, sludge
generation, and residual-waste management [8,9].

An alternative strategy is to recover or concentrate SO2 and convert it into sulfuric
acid. This route requires substantially more than direct contact between stack gas and
water. Coal-fired flue gas must undergo particulate removal, cooling and conditioning,
SO2 capture or concentration, gas polishing and drying, catalytic oxidation of SO2 to SO3,
controlled SO3 absorption, acid-mist control, corrosion management, and product-acid
finishing [7–15]. The low SO2 concentration and the presence of water vapor, particles,
NOx, metals, halogens, and other impurities distinguish flue-gas-derived acid production
from conventional sulfuric acid plants supplied with cleaner and more concentrated sulfur
feeds. Consequently, the SO2-to-H2SO4 stage is the principal engineering uncertainty in
the proposed valorization pathway.

Sulfur compounds have also been investigated in hydrogen-production systems,
including sulfur–iodine, hybrid-sulfur cycles and SO2-depolarized electrolysis [16–21].
These routes use sulfur-containing intermediates in thermochemical or electrochemical
cycles and are fundamentally different from the pathway examined here. In the present
pathway, hydrogen is not produced directly from flue gas or through a sulfur-based
electrolysis cycle; SO2-derived H2SO4 is instead used as an intermediate that reacts with
scrap aluminum to co-produce aluminum sulfate and hydrogen. Hydrogen is an energy
carrier that must be produced from another energy or material source, not a primary
energy source [22]. Steam-methane reforming and water electrolysis are used as benchmark
hydrogen-production routes [23].

2Al + 3H2SO4 → Al2(SO4)3 + 3H2

The Al–H2SO4 reaction is chemically established, but practical aluminum dissolution
and hydrogen evolution depend on acid concentration, temperature, alloy composition,
surface-oxide behavior, impurities, and mass-transfer conditions [24–26]. The stoichiomet-
ric equation therefore defines only theoretical maximum quantities; it does not establish
the actual hydrogen yield, reaction rate, product purity, or reactor performance.

The relevant literature can be grouped into three largely separate areas. Conventional
FGD focuses primarily on compliance with SO2 emission limits and commonly generates
gypsum or other sulfur-containing by-products and waste streams [7–9]. Flue-gas-based
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sulfuric acid production focuses on gas cleaning, SO2 recovery or concentration, catalytic
oxidation, SO3 absorption, acid quality, corrosion, and acid-mist control [7,9,11–15]. Sulfur-
based hydrogen research investigates sulfur–iodine cycles, hybrid-sulfur cycles, and SO2-
depolarized electrolysis [16–21]. The underlying reactions are established, although the
technological maturity of the complete process routes varies.

The contribution of this study is a screening framework that connects these otherwise
separately evaluated domains. Within a common system boundary, the framework links
sulfur recovered from coal-fired flue gas to H2SO4 production and then to the use of
pretreated scrap aluminum for the co-production of Al2(SO4)3 and by-product H2. The
pathway is evaluated as a material-flow and scenario hypothesis under Türkiye-specific
coal-fired-power-plant conditions, not as a proven process design.

More specifically, the study contributes by:

1. Defining the process boundary and theoretical material relationships among recovered
SO2, H2SO4, scrap Al, Al2(SO4)3, and H2;

2. Applying the framework to an illustrative Afşin–Elbistan case using explicit assump-
tions for coal consumption and sulfur content;

3. Examining how sulfur-recovery efficiency, Al–H2SO4 conversion, and input–product
price assumptions affect the screening result;

4. Comparatively positioning the proposed pathway against wet-limestone flue-gas
desulfurization, conventional contact-process sulfuric acid production, and sulfur-
based hydrogen-production routes; and

5. Identifying the experimental, process-simulation, techno-economic, life-cycle, and
safety evidence required before technical feasibility or sustainability claims can
be made.

Accordingly, the contribution should be understood as a Türkiye-specific comparative
screening and research-prioritization framework. It is not a new sulfuric-acid-production
method, a new hydrogen-production reaction, or an industrially validated process.

Plant-level emission studies show that sulfur-control and resource-utilization propos-
als must be assessed in a technology- and site-specific context. Tong et al. [5] demonstrated
that mitigation pathways depend on unit characteristics, fuel quality, control technology,
coal demand, and retrofit or retirement strategies. Filonchyk and Peterson [6] likewise
showed that aggregate emission trends can conceal substantial differences among indi-
vidual plants. Time-matched, unit-level data on fuel, load, flue gas, and control-device
operation are therefore required before the present pathway can be generalized.

The objective of this screening-level conceptual, stoichiometric, and scenario assess-
ment is to integrate the established SO2-to-H2SO4 and Al–H2SO4 steps within a common
analytical boundary; quantify the associated sulfur, material, water, and energy flows;
test sensitivity to recovery, conversion, and price assumptions; and identify the evidence
required for experimental and engineering validation.

Unlike conventional Al2(SO4)3-production studies, this work evaluates a route in
which sulfur recovered from SO2-containing flue gas is converted to H2SO4 and then reacted
with pretreated scrap aluminum. Potential heat recovery from absorbent regeneration,
catalytic oxidation, acid absorption, and power-plant waste heat is treated as a conditional
integration opportunity rather than an automatic energy credit [9,13,15].

Accordingly, the study addresses six questions: (1) How is sulfur distributed among
ash retention, SO2, SO3/acid mist, capture, regeneration, purge, and stack emissions?
(2) What operating window is technically plausible for a regenerable SO2-capture and
enrichment route? (3) What material and screening-level energy balances follow per tonne
of sulfur in coal? (4) How should aluminum-feed composition, reaction conditions, side
reactions, and aluminum sulfate product form be represented? (5) How do the internal-acid-
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production-cost and acid-opportunity-cost boundaries affect the economic interpretation?
(6) Are the required scrap-aluminum supply and product offtake compatible with the scale
of the Türkiye market?

The assessment provides a closed screening sulfur/material balance, a route-specific
operating envelope, an energy range, customs-based material-value proxies, market-
capacity checks, and explicit uncertainty scenarios. The formal scope and evidence-status
categories are defined in Section 2.

2. Materials and Methods
This study is a screening-level conceptual, stoichiometric, and scenario assessment

of the conversion of sulfur recovered from SO2-containing flue gas into H2SO4 and the
subsequent reaction of H2SO4 with pretreated scrap aluminum to produce Al2(SO4)3

and H2. The calculations include sulfur, material, water, screening-energy, market, and
economic-boundary indicators. They do not assume that sulfate (SO4

2−) exists as an
isolated feedstock or that sulfuric acid can be obtained directly from untreated stack gas.

The quantitative scope comprises sulfur/material balances, water and screening-
energy calculations, market-scale comparators, and material-value boundaries. Integrated
experiments, pilot testing, engineering-grade simulation, equipment sizing, TEA, LCA,
and HAZOP are outside the present scope. The principal engineering uncertainty is the
SO2-to-H2SO4 train, including gas cleaning, regeneration, catalytic oxidation, absorption,
corrosion, product finishing, and waste handling [7–9,11–15].

Evidence status is distinguished throughout as: (i) calculated results derived
from stated equations and balances; (ii) the literature-supported screening parameters;
(iii) author-defined exploratory assumptions; and (iv) unavailable or unverified plant-
specific data. Table 1 identifies these categories for the sulfur-balance parameters; the
Results section reports calculated outputs, while transferability and validation needs are
reserved for the Discussion and Limitations

2.1. Conceptual Process Flow Configuration

The proposed pathway is represented as a conceptual process flow rather than a de-
tailed engineering design. It begins with SO2-containing flue gas leaving coal combustion
and proceeds through particulate removal, flue-gas cooling and conditioning, regenerable
SO2 capture, absorbent regeneration and sulfur recovery, gas polishing and drying, cat-
alytic oxidation of SO2 to SO3, controlled sulfuric acid absorption, acid conditioning, the
Al–H2SO4 reaction, gas–liquid separation, hydrogen purification and compression, and
aluminum sulfate finishing [7–9,11–15].

The conceptual process flow is summarized in Figure 1.

2.1.1. System Boundary, Functional Unit, and Reporting Basis

The primary functional unit is 1 metric tonne of sulfur contained in coal entering
combustion (1 t S). All sulfur streams are reported on a sulfur-mass basis so that coal sulfur,
ash-retained sulfur, gaseous SO2/SO3, captured sulfur, recovered sulfur, purge sulfur, and
stack sulfur can be reconciled without mixing sulfur mass with molecular SO2 mass. Molec-
ular products are then derived from the recovered-sulfur stream. Plant-scale quantities are
secondary scale-up results. The downstream aluminum sulfate balance is reported both
as anhydrous Al2(SO4)3 equivalent and as a commercial product standardized to 17 wt%
Al2O3; the commercial basis is used only for the customs-value screening [27].

The functional unit is referenced to sulfur in coal entering combustion, whereas
the quantitative process boundary begins with the SO2-containing flue gas entering the
sulfur-control train and ends at the plant gate with aluminum sulfate product and puri-
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fied/compressed hydrogen. The boundary includes particulate removal, flue-gas cooling,
SO2 absorption, absorbent regeneration, gas polishing and drying, catalytic oxidation,
SO3 absorption, acid conditioning, scrap-aluminum pretreatment, reaction, gas–liquid
separation, filtration, product finishing, recycle, wastewater, purge solids, and stack emis-
sions. Coal mining, boiler operation, electricity generation, product transport, product
use, and end-of-life are outside the quantitative boundary. Coal combustion is used only
to define the sulfur reference flow and is not included as an energy or cost burden of the
valorization process.

Figure 1. Selected reference route for the screening assessment. The diagram specifies a sodium-
sulfite Wellman–Lord absorber/regenerator, concentrated-SO2 polishing, V2O5-catalyzed oxidation,
controlled acid absorption, acid dilution, a pretreated-aluminum reactor, gas–liquid separation,
hydrogen purification/compression, and aluminum sulfate finishing. Values marked with an asterisk
are screening design values rather than Afşin–Elbistan measurements.

2.1.2. Sulfur-Balance Parameters, Sources, and Evidence Levels

Five process-performance parameters and one recycle-recovery assumption are used.
The sulfur-conversion rate (ηconv) is the fraction of sulfur in coal converted to gaseous
SOx; fSO3 is the fraction of gaseous SOx represented as SO3/acid mist; ηcap is absorber
SO2 capture; ηrec is recovery of captured sulfur as concentrated SO2; ηAl is downstream
aluminum conversion; and ηrecycle is recovery of unreacted acid and aluminum. Evidence
levels are defined as follows: Level A, plant-specific measured or official operating data;
Level B, established regulatory or industrial-performance evidence; Level C, peer-reviewed
laboratory or the literature-derived evidence; and Level D, an author-defined exploratory
assumption. Table 1 identifies the source, evidence level, and applicability limit for each
parameter. No Level A value is available for the integrated Afşin–Elbistan configuration.

Table 1. Parameter sources, evidence levels, and screening ranges used in the sulfur balance.

Parameter and
Definition Conservative Central Optimistic Source and

Evidence Type
Evidence

Level/Applicability

ηconv—coal S converted
to gaseous SOx

0.90 0.95 0.98 AP-42 coal-combustion
guidance [1]

B—regulatory default; not
a plant-specific
sulfur balance

fSO3—SO3/acid-mist
fraction of gaseous SOx

0.020 0.010 0.005 The coal-boiler SO3
literature [10,11]

C—fuel, boiler,
catalyst, and

control-system dependent
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Table 1. Cont.

Parameter and
Definition Conservative Central Optimistic Source and

Evidence Type
Evidence

Level/Applicability

ηcap—SO2 capture
in absorber 0.90 0.95 0.98

FGD review and EPA
Wellman–Lord

report [9,15]

B–C—published process
range; not a

vendor guarantee

ηrec—captured sulfur
recovered as

concentrated SO2

0.90 0.95 0.98
Wellman–Lord
regeneration

evidence [22,23]

B–C—affected by
oxidation, purge, and
regenerator operation

ηAl—Al–H2SO4
conversion 0.60 0.80 0.90 Dilute-acid laboratory

studies [24–26]

C—not validated for
mixed scrap or the
integrated process

ηrecycle—recovery of
unreacted acid and Al 0.80 0.90 0.95

Author-defined
mass-accounting

sensitivity

D—exploratory
assumption; no measured

recovery data

The recovered-sulfur fraction is calculated as ηS,rec = ηconv(1 − fSO3)ηcapηrec. Stack
SO2 slip, SO3/acid mist, ash retention, and sulfate purge are reported separately; conse-
quently, the sulfur balance closes to 1.000 t S per functional unit. The parameter ranges
are screening bounds, not probability distributions; only ηrecycle is a purely author-
defined assumption.

2.1.3. Selected SO2 Capture, Enrichment, and Acid-Production Route

The reference configuration uses a regenerable sodium-sulfite Wellman–Lord route
because it separates SO2 capture from sulfur recovery and produces a concentrated SO2

stream suitable for a sulfuric acid plant (Table 2). Flue gas is cleaned of particulate mat-
ter and cooled to approximately 40–55 ◦C. SO2 is absorbed in aqueous Na2SO3 to form
NaHSO3. The rich solution is filtered and thermally regenerated, returning lean Na2SO3

to the absorber and releasing concentrated SO2. A sulfate-rich purge is required because
oxygen and SO3 irreversibly oxidize part of the sulfite. The recovered gas is polished and
dried, heated to the catalytic operating window, oxidized over a vanadium catalyst, and
absorbed under controlled sulfuric acid conditions [9,15].

Na2SO3 + SO2 + H2O ⇌ 2NaHSO3

SO2 + 1/2O2 → SO3; SO3 + H2O → H2SO4

Table 2. Reference operating window for the selected route.

Unit Operation Screening Operating Window Specified Output/Control Point

Pretreatment and quench Particulate removal; 40–55 ◦C
absorber inlet

Low solids; temperature below absorbent
degradation/evaporation range

Wellman–Lord absorber Aqueous Na2SO3/NaHSO3;
counter-current packed beds

90–98% SO2 capture; outlet commonly targeted
below 100–200 ppmv

Regeneration Vacuum/steam-assisted
thermal evaporation

Concentrated SO2, approximately 90–95 vol% on a
dry screening basis; Na2SO3 recycle

Gas polishing/drying Demisting, trace contaminant removal,
acid drying

Catalyst-protection specification; low moisture
and particulates

Catalytic oxidation V2O5 catalyst; approximately 420–450 ◦C;
excess O2

High SO2-to-SO3 conversion with inter-bed
heat management

Absorption/acid finishing SO3 absorbed in circulating 97–98 wt%
acid; controlled dilution 93–98 wt% H2SO4 product; acid-mist control
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The illustrative absorber-inlet range of 1500–3000 ppmv SO2 and the recovered-gas
concentration are screening design assumptions rather than Afşin–Elbistan measurements.
Plant-specific stack testing must establish flue-gas flow, moisture, SO2/SO3, particulate mat-
ter, halogens, metals, oxygen concentration, and load dependence before equipment sizing.

2.2. Aluminum–Sulfuric Acid Reaction Conditions and Side Reactions

The upstream sulfuric acid product and the aluminum-reactor feed are treated as
distinct process streams. The contact/absorption section may produce approximately
93–98 wt% H2SO4, but this acid must be cooled and diluted before the reference hydrogen-
producing reaction. The reactor is evaluated only at 0.5–1.0 M H2SO4 (approximately
5–10 wt%), 40–60 ◦C, controlled agitation, and a freshly activated aluminum surface. Stud-
ies conducted in 0.1–1.0 M sulfuric acid media [24–26] support this dilute-acid screening
window; they do not validate direct use of 96–98 wt% acid. Reactor temperature, pres-
sure, acidity, induction time, gas-evolution rate, and hydrogen concentration must be
monitored continuously. Dilution creates a major water-management burden unless a
dilute aluminum sulfate solution is marketable or a different experimentally validated
reactor/product configuration is selected.

2Al + 3H2SO4(dilute) → Al2(SO4)3 + 3H2

Concentrated sulfuric acid is excluded from the reference hydrogen case. Aluminum
may passivate in concentrated acid at low temperature, whereas hot concentrated sulfuric
acid may act as an oxidizing acid and generate SO2 rather than H2. The relevant side
reaction is:

2Al + 6H2SO4(concentrated, hot) → Al2(SO4)3 + 3SO2 + 6H2O

Consequently, the model does not assume that increasing acid concentration or tem-
perature increases hydrogen yield. The crude reactor gas may contain H2, water vapor,
sulfuric acid aerosol or entrained droplets, air-derived N2/O2 introduced through leakage,
and—if coatings or unsuitable acid conditions are present—VOCs and SO2. It is therefore
not a saleable hydrogen stream. A closed, pressure-relieved system with ignition control,
demisting, cooling, drying, gas analysis, purification, and compression is required. Saleable
hydrogen must be calculated by multiplying crude H2 by a measured purification/recovery
efficiency; no purification efficiency is assumed in the stoichiometric result.

At 298.15 K, the standard potential of the Al3+/Al couple is −1.677 V, whereas the
H+/H2 standard electrode is 0 V [28]. For the ideal ionic reaction 2Al(s) + 6H+(aq) →
2Al3+(aq) + 3H2(g), E◦cell = 1.677 V and ∆G◦ = −nFE◦ = −(6)(96,485 C/mol)(1.677 V) ≈
−970.8 kJ per reaction as written, or −485.4 kJ per mole of Al. This value applies only to
standard aqueous ionic states at 25 ◦C and 1 bar H2. It is not a Gibbs-energy value for
96–98 wt% sulfuric acid, a specific aluminum sulfate hydrate, or a passivating alloy system.
Activities, sulfate complexation, alloying elements, oxide films, and side reactions must be
included in a rigorous thermodynamic and kinetic model.

2.2.1. Scrap-Aluminum Source, Composition, and Pretreatment

The reference feed is sorted post-industrial or post-consumer wrought-aluminum
scrap with documented provenance. AA6061 is proposed as one reproducible reference
alloy, with the following composition limits (wt%): Si 0.40–0.80, Fe ≤ 0.70, Cu 0.15–0.40,
Mn ≤ 0.15, Mg 0.80–1.20, Cr 0.04–0.35, Zn ≤ 0.25, Ti ≤ 0.15, other elements ≤ 0.05 each
and ≤0.15 total, balance Al [29]. This benchmark is not assumed to represent mixed scrap.
Each batch must be characterized by supplier certification and/or XRF. Mixed cast scrap,
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laminated foil, heavily painted architectural scrap, oily turnings, and copper- or steel-
attached components should be excluded unless separately characterized. Pretreatment
comprises magnetic and density separation, removal of fasteners and copper attachments,
shredding, validated thermal or mechanical decoating, alkaline degreasing, rinsing, drying,
and fresh abrasion or controlled chemical activation immediately before acid addition.
Induction time, exposed surface area, oxide-removal method, and evidence of repassivation
must be reported. Pretreatment wastewater, off-gas, coatings, fines, and insoluble residue
remain within the material-accounting boundary (Table 3).

Table 3. Expected effects of common scrap-aluminum constituents.

Constituent/Condition Expected Process Effect Required Control

Mg
Reacts readily with acid; increases H2
evolution but changes stoichiometry and
sulfate composition

Alloy assay; separate Mg balance;
gas-rate control

Zn Acid dissolution and additional H2; ZnSO4
contaminates product

Limit high-Zn alloys; analyze Zn in
solution/product

Si Partly insoluble silica/silicate residue;
filtration and gel risk

Solid–liquid separation;
filterability testing

Fe Colored/metallic impurity; may prevent
water-treatment-grade product

Feed specification;
oxidation/precipitation or
product downgrade

Cu
Galvanic acceleration, possible H2
contamination pathway and
product-quality concern

Remove copper attachments; strict
Cu limit

Coatings/oils/plastics VOC, foam, organic carbon, odor, gas
contamination, wastewater load

Decoating, degreasing, off-gas
treatment, TOC monitoring

Oxide layer Induction period and
incomplete conversion

Fresh abrasion/activation and
controlled acid addition

Hydrogen purity and aluminum sulfate quality must be demonstrated experimentally.
The gas-analysis plan should quantify H2, O2, N2, water, SO2, acid mist, CO/CO2, hydrocar-
bons/VOCs, and sulfur-bearing trace contaminants. A buyer-specific product specification
must be defined before a saleable quantity is reported. Fuel-cell-grade hydrogen may be
claimed only if the applicable ISO 14687/SAE J2719 requirements are met [30,31], including
the 99.97% dry-basis hydrogen benchmark and contaminant limits [32]. The aluminum sul-
fate product must be analyzed for Al2O3, free acid, Fe, Cu, Zn, Mg, Si, oils/TOC, insolubles,
moisture, and physical form.

2.2.2. Aluminum Sulfate Product Basis

Stoichiometric calculations first report anhydrous Al2(SO4)3 equivalent (molar mass
342.15 g/mol). Commercial comparisons use a product containing 17 wt% Al2O3, consis-
tent with the product forms covered by AWWA B403-24 (liquid, ground, or lump) [27].
Because anhydrous Al2(SO4)3 contains 29.80 wt% Al2O3, 1.000 t of anhydrous equivalent
corresponds to 1.753 t of a product standardized to 17 wt% Al2O3. Product water is there-
fore not treated as a newly created chemical value. A liquid product could instead be
reported on an Al2O3-concentration basis, but it would require a different transport and
price basis.

m(product, 17% Al2O3) = m(anhydrous Al2(SO4)3) × 0.2980/0.17
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2.3. Complete Material Accounting and Recycle Logic

The central material balance is based on 1 t S in coal, the central sulfur parameters in
Table 1, and ηAl = 0.80. The same flows are normalized per tonne of recovered concentrated
SO2. Aluminum and pure-acid equivalent are fed at the stoichiometric ratio corresponding
to recovered acid. The unreacted 20% is reported explicitly; 90% of each unreacted stream is
assigned to recycle and 10% to purge or loss. Theoretical oxygen demand and the dilution,
product-carrier, separation/recycle, and latent-heat calculations are reported separately.

Dilution, Water-Separation, and Latent-Heat Calculation

For the central case, the pure H2SO4 equivalent entering the downstream section
is mH2SO4 = 2.5995 t/t S. For a target acid mass fraction wacid of 0.05–0.10, the total
reactor-solution mass and added dilution water are:

m(solution) = m(H2SO4)/wacid

m(dilution water) = m(H2SO4) × (1/wacid − 1)

These equations give 25.995–51.990 t of total dilute reactor solution and 23.396–49.391 t
of added dilution water per tonne of sulfur in coal. The central reaction produces 2.4191 t
of anhydrous-equivalent Al2(SO4)3, corresponding to 4.2405 t of commercial product on
a 17 wt% Al2O3 basis. The non-anhydrous carrier allowance in that commercial product
is therefore:

m(product carrier) = m(product, 17% Al2O3) − m(anhydrous equivalent) = 1.8214 t/t S

The minimum downstream water-separation or recycle load is calculated as:

m(water separation/recycle) = m(dilution water) − m(product carrier) = 21.574–47.569 t/t S

Using a water latent heat of vaporization of 2.257 GJ/t at approximately 100 ◦C [33],
the evaporation-only thermodynamic lower bound is:

Qlatent = m(water separation/recycle) × 2.257 = 48.7–107.4 GJ/t S

The rounded values reported in Tables 4 and 5 are 21.6–47.6 t/t S and 49–108 GJ/t S.
This quantity is explicitly a separation/recycle load, not a claim that all water must be
evaporated. The exact split among acid recycle, purge liquor, product water, evaporator
condensate, wash water, and wastewater remains unverified and must be closed in a
process simulation. Sensible heat, boiling-point elevation, heat losses, and equipment
inefficiency are excluded from the latent-heat floor.

Table 4. Central material and water-accounting screen per tonne of sulfur in coal and per tonne of
recovered SO2.

Stream t per t S in Coal Interpretation t per t Recovered SO2

Sulfur retained in ash/other
non-gaseous forms 0.050 1 − ηconv 0.0295

Sulfur as SO3/acid mist 0.0095 1% of gaseous SOx; separate
control requirement 0.0056

SO2-sulfur entering absorber 0.9405 Gaseous sulfur less SO3/acid mist 0.5540

SO2-sulfur captured 0.8935 ηcap = 0.95 0.5263

SO2-sulfur emitted as absorber slip 0.0470 Uncaptured SO2 0.0277
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Table 4. Cont.

Stream t per t S in Coal Interpretation t per t Recovered SO2

Sulfur recovered as concentrated SO2 0.8488 ηrec = 0.95 0.5000

Sulfur in sulfate purge/by-products 0.0447 Captured but not regenerated 0.0263

Recovered SO2 gas 1.6976 Molecular SO2 mass 1.0000

H2SO4 to downstream section 2.5995 Theoretical acid from
recovered sulfur 1.5313

Total dilute reactor solution at
5–10 wt% H2SO4

26.0–52.0 m(H2SO4)/wacid; before liquid
recycle split 15.3–30.6

Al feed 0.4775 Stoichiometric to acid feed 0.2813

Al reacted 0.3820 ηAl = 0.80 0.2250

Unreacted Al 0.0955 0.0859 recycle; 0.0095 purge/loss at
ηrecycle = 0.90 0.0563

Unreacted H2SO4 0.5199 0.4679 recycle; 0.0520 purge/loss at
ηrecycle = 0.90 0.3063

Al2(SO4)3, anhydrous equivalent 2.4191 Reaction product at ηAl = 0.80 1.4250

Al sulfate product, 17% Al2O3 basis 4.2405 Commercial reporting basis 2.4979

Non-anhydrous carrier retained in
17% Al2O3 product 1.8214 Commercial product mass minus

anhydrous equivalent 1.0729

H2 0.04244 42.4 kg before purification losses 0.0250

O2 for catalytic oxidation 0.4244
Stoichiometric O2 corresponding to

recovered sulfur; supplied as air
in practice

0.2500

Net reaction water for
H2SO4 formation 0.4775 Stoichiometric chemical water

incorporated into acid 0.2813

Added dilution water for 5–10 wt%
H2SO4 reactor feed 23.4–49.4 m(H2SO4)(1/wacid − 1); before

recycle partition 13.8–29.1

Minimum water separation/recycle
load to reach 17% Al2O3 basis 21.6–47.6

Dilution water minus
product-carrier allowance;

lower-bound load
12.7–28.0

Table 4 identifies the pure-acid feed, total dilute solution, added water, product-carrier
allowance, and minimum water separation/recycle load. Additional streams requiring
pilot measurement include carrier flue gas, Na2SO3 makeup, Na2SO4 purge, catalyst
replacement, acid mist, wash water, spent cleaning solution, filter cake, dissolved impu-
rity salts, vent gas, hydrogen-purification reject, evaporator condensate, and wastewater-
treatment residues.

Table 5. Screening energy demand per tonne of sulfur in coal (central material balance).

Process Block Basis/Assumption Screening Demand

Flue-gas cooling, booster fan,
absorber circulation Carrier-gas dependent 0.07–0.18 MWhe

Wellman–Lord regeneration 1.5–3.0 GJth per t recovered SO2 2.55–5.09 GJth

Gas drying, reheating, catalytic
section, acid finishing 0.3–0.8 GJth per t H2SO4 0.78–2.08 GJth

Acid/aluminum mixing,
filtration, pumping Equipment allowance 0.02–0.06 MWhe

H2 purification and compression 2–5 kWh per kg H2 0.085–0.212 MWhe
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Table 5. Cont.

Process Block Basis/Assumption Screening Demand

Base total excluding
downstream reconcentration

Sum of capture, acid, mixing,
purification, and compression ranges 3.3–7.2 GJth and 0.18–0.45 MWhe

Acid dilution/product
reconcentration (conditional)

21.6–47.6 t minimum water
separation/recycle load; Section
Dilution, Water-Separation, and

Latent-Heat Calculation

≥49–108 GJth latent-heat floor [33]

Combined thermal screen if
evaporative reconcentration

is required

Base duty plus evaporation-only
lower bound; no heat-recovery credit ≥52–115 GJth plus 0.18–0.45 MWhe

2.4. Screening-Level Energy Balance

The energy balance is expressed as a range because flue-gas flow, heat integration,
absorbent concentration, evaporation ratio, and hydrogen-delivery pressure are unknown.
The principal upstream thermal load is absorbent regeneration; principal electrical loads are
fans, pumps, gas drying, hydrogen purification, and compression. Catalytic SO2 oxidation
and SO3 absorption are exothermic, but no heat-recovery credit is taken. The conditional
water-separation duty follows the equations in the Dilution, Water-Separation, and Latent-
Heat Calculation section. The ranges are the literature-informed screening allowances
rather than vendor guarantees [9,13,15,32,33].

The base 3.3–7.2 GJth range excludes product-liquor reconcentration. If the full acid
stream is diluted to 5–10 wt% and a 17 wt% Al2O3 product is required, the evaporation-
only latent-heat floor for the minimum water separation/recycle load is approximately
49–108 GJth/t S [33]. This is not a complete evaporator duty and excludes sensible heating,
boiling-point elevation, process inefficiency, and wastewater treatment. Alternative product
forms, crystallization, condensate recovery, and heat integration must be evaluated before
selecting a concentration train.

2.5. Scenario, Sensitivity, and Uncertainty Analysis

Conservative, central, and optimistic scenarios use the parameter ranges in Table 1 and
independent industrial price assumptions. Feed quantities are calculated from recovered
acid; reaction conversion affects reacted material and product quantities, whereas unreacted
feed is assigned to recycle and purge rather than removed from the original feed. Single-
factor sensitivities are reported for coal sulfur content (1.0, 1.8, and 2.5 wt%), hydrogen value
(2, 5, and 7 USD/kg), and aluminum conversion (0.60–0.90). The break-even hydrogen
value is calculated before process cost and is therefore a lower bound.

P(H2,BE) = [CAl + Cacid/opportunity + Cprocess − VAl-sulfate − Vrecycle]/mH2

2.6. Material-Value Screening Boundaries and Price/Quality Basis

The calculation is limited to a material-value screening and is not a profitability, cash-
flow, or techno-economic assessment. Two mutually exclusive boundaries are used. In
the internal-acid-production-cost boundary, H2SO4 is not purchased or assigned a transfer
value; capture and acid-production costs would instead be included as capture + acid. In
the sulfuric-acid-opportunity-cost boundary, recovered acid is assigned a plant-gate oppor-
tunity value and its upstream production cost is not charged again. The two boundaries
are not combined, thereby preventing double counting of internally produced acid.

Retail laboratory prices are excluded. The 2024 customs unit values for aluminum
scrap, sulfuric acid, and aluminum sulfate are used only as transparent bulk-trade prox-
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ies [34–36]. They are not harmonized quotations: the flows differ in trade direction, grade,
concentration, product form, delivery point, taxes, and Incoterms. Hydrogen is treated
separately. The 2 USD/kg case is an author-defined optimistic lower sensitivity, whereas
5–7 USD/kg brackets DOE-modeled PEM-electrolysis production costs in 2022 dollars [37];
these values are not equivalent to customs unit values or a saleable by-product price.
Table 6 records the quality and delivery limitations for each proxy.

Table 6. Material-value screening inputs and non-comparability limits (2024 USD basis unless stated).

Item Central Proxy Sensitivity Source/Trade
Direction

Product or Quality
Basis Delivery and Limitation

Scrap aluminum 1.876 USD/kg 1.60–2.10 Türkiye imports,
HS 760200 [36]

Customs category
includes mixed grades;

not equivalent to
certified AA6061

Border unit value;
excludes sorting,

pretreatment, inland
freight, and

plant delivery

Sulfuric acid
opportunity value 0.084 USD/kg 0.06–0.11 Türkiye exports,

HS 280700 [34]

Acid/oleum product
mix and concentration

are not harmonized with
the internal stream

Opportunity-value
proxy only; not purchase

price or internal
production cost

Aluminum
sulfate product 0.194 USD/kg 0.14–0.25 Türkiye exports,

HS 283322 [35]

Customs grade/form
may differ from the

17 wt% Al2O3
reporting basis

Product-mass proxy; not
a buyer quotation or

delivered price

Hydrogen 5.0 USD/kg 2–7 DOE Program
Record 24005 [37]

5–7 USD/kg: modeled
PEM production costs in

2022 USD; 2 USD/kg:
author sensitivity

Not customs-equivalent,
not by-product sale
price, and excludes

purity/delivery
reconciliation

Taxes, inland transport, insurance, storage, working capital, financing, price escala-
tion, product-grade discounts, purification, and contractual delivery terms are excluded.
Accordingly, the reported balance is a pre-process material-value indicator only.

2.7. Market-Capacity and Logistics Screening

Market compatibility is evaluated for both an ideal all-sulfur/complete-conversion
case and the central screening case. The ideal case requires 499.2 t/d of scrap Al and
produces 3161.4 t/d of anhydrous-equivalent Al2(SO4)3. At 330 full-load-equivalent days,
these flows correspond to 164.7 kt/y of scrap Al and 1.043 Mt/y of anhydrous-equivalent
product. The central case requires 423.7 t/d of Al feed and produces 3763 t/d of a com-
mercial product containing 17 wt% Al2O3. These quantities are compared with 330 kt/y
of recycled-scrap supply reported for Türkiye in 2021, 194.463 kt of scrap imports in 2024,
and 122.352 kt of aluminum sulfate exports in 2024 [35,36,38]. Export quantity is used
only as a scale comparator, not as a measure of total domestic demand. Türkiye’s Hy-
drogen Technologies Strategy provides policy context but does not establish a contracted
buyer for the hydrogen by-product [39]. These scale comparisons emphasizes the need for
named suppliers, product-grade specifications, long-term offtake agreements, storage, and
transport planning.

2.8. Comparison with Scrap Remelting and Conventional Sulfur Management

The proposed chemical-consumption route is compared with closed-loop scrap remelt-
ing, conventional aluminum sulfate manufacture, wet-limestone FGD with gypsum, re-
generable FGD with sulfuric acid sale, steam-methane reforming, and water electrolysis.
The International Aluminium Institute reports primary-energy demand of approximately
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8.3 GJ/t for recycled aluminum versus 186 GJ/t for primary aluminum, a 95.5% reduc-
tion [40]. The proposed route has a base screening duty of 3.3–7.2 GJth and 0.18–0.45 MWhe
per tonne of sulfur in coal; normalized by the central 0.4775 t Al feed/t S, this corresponds
to approximately 6.9–15.1 GJth/t Al plus 1.36–3.39 GJe/t Al before product reconcentra-
tion. If evaporative reconcentration is required, the combined thermal screen becomes
approximately 109–241 GJth/t Al. Because the products and system boundaries differ,
these figures are not a direct process-efficiency comparison; they indicate the opportu-
nity cost of removing recyclable aluminum from the metallic loop. Chemical conversion
is therefore considered only for contaminated or off-specification scrap that cannot be
economically remelted.

2.9. Integrated Sustainability Interpretation Framework

The sustainability interpretation integrates five dimensions: (i) sulfur-emission control
and material recovery; (ii) energy and carbon implications; (iii) water demand, purge
streams, and residual waste; (iv) circularity, market absorption, and logistics; and (v) occu-
pational and public health relevance. Quantitative indicators are taken directly from the
sulfur/material balance, energy screen, material-value boundary, and market-capacity re-
sults. Environmental and health implications remain qualitative because the study does not
perform a life-cycle inventory or impact assessment, avoided-emission accounting, atmo-
spheric dispersion, population-exposure, dose–response, or health-cost modeling [41,42].

The pathway is interpreted relative to wet-limestone FGD, regenerable sulfur recovery
with acid sale, closed-loop scrap-aluminum remelting, conventional aluminum sulfate
manufacture, steam-methane reforming, and water electrolysis [8,9,15,23,40]. Resource
exchange or recovery is not assumed to be inherently sustainable; industrial symbiosis
requires verified net benefits across the relevant material, energy, water, environmental,
and market boundaries [41–43]. A favorable interpretation would therefore require the
integrated route to reduce cradle-to-gate burdens relative to the relevant baseline while us-
ing low-remelting-value aluminum fractions, verified product markets, controlled residual
streams, and technically compatible heat and water integration.

3. Results
3.1. Verification and Interpretation of the Afşin–Elbistan a Data Basis

The official EÜAŞ plant/mine page reports an installed capacity of 1355 MW for
Afşin–Elbistan A and confirms that the Kışlaköy lignite field supplies the plant [44]. Older
engineering documents describe the original configuration as four units with a gross-design
notation of 4 × 344 MW, totaling 1376 MW [45]. These values are not interchangeable:
1355 MW is used as the public installed-capacity denominator, whereas 4 × 344 MW
is retained only as a historical design notation. The planned 18 Mt/y coal requirement
reported in historical project material [45] corresponds to 49,315 t/d on a 365-day basis; it
is a full-design throughput rather than a measured current daily average.

A current, time-matched operator coal assay was not identified in the publicly available
sources reviewed. A historical technical compilation describes Kışlaköy lignite as approxi-
mately 53% moisture, 19% ash, 20% volatile matter, 7% fixed carbon, about 2 wt% sulfur,
and roughly 1150 kcal/kg [46]. Peer-reviewed characterization of 86 Kışlaköy open-pit and
borehole samples also demonstrates substantial spatial heterogeneity [47]. Consequently,
1.8 wt% is retained as an illustrative midpoint and 1.0–2.5 wt% as a sensitivity range, not as
a verified current average. Any engineering assessment must use time-matched as-received
boiler-feed assays and report the year, unit load, sampling frequency, and moisture basis.
The status, interpretation, and limitations of these inputs are summarized in Table 7.
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Table 7. Status, interpretation, and limitations of the Afşin–Elbistan A input data.

Item Value/Interpretation Source Status

Installed capacity/unit notation
Official installed capacity: 1355 MW.

Historical engineering notation: 4 × 344
MW gross design (1376 MW).

Official EÜAŞ [44]; historical technical
source [45]. Values are not treated

as interchangeable.

Design coal throughput 18 Mt/y = 49,315 t/d at 365 d/y Historical design requirement [45], not a
measured current daily average.

Historical operating evidence
2008: approximately 10.717 Mt coal and

4.198 TWh generation; 2013: average 2497
unit operating hours

Historical evidence [46]; not a current
operating report.

Capacity factor/load multiplier

Current value unavailable. λ = actual
annual generation/(1355 MW × 8760 h).

2008 gross-nameplate ratio approximately
35.4%; 2013 calendar-hour ratio 28.5%.

Derived screening ratios; current
operator/regulator generation

data required.

Coal type and historical composition
Kışlaköy lignite; approximately 53%

moisture, 19% ash, 20% volatile matter, 7%
fixed carbon, about 1150 kcal/kg

Site-specific historical description [44,46].

Sulfur content
Historical description about 2 wt%;

screening midpoint 1.8 wt%, sensitivity
1.0–2.5 wt%

Not a verified current average;
time-matched boiler-feed assay

required [46,47].

Partial stack SO2 record 1 Jul–17 Oct 2020, Units 1–3 mean SO2:
3317; 2613; 2396.15 mg/Nm3

Partial ministry-shared CEMS
evaluation [48]; Unit 4 and complete QA

data unavailable.

Annual stack-emission mass Not calculable from the public
partial dataset

O2, flue-gas flow, moisture, complete
operating time, and pollutant-specific QA

are missing.

Required verification dataset

Annual generation and coal use; hourly
unit load; as-received sulfur; ash sulfur;

flue-gas flow; O2-corrected SO2/SO3;
FGD/CEMS availability

Must be obtained from operator and
regulator before engineering scale-up.

Public operating evidence is sufficient to show that full-design throughput should not
be treated as normal operation, but it is insufficient to establish a current capacity factor.
Historical reporting gives approximately 10.717 Mt of lignite consumption and 4.198 TWh
of generation in 2008; using the official 1355 MW denominator gives an approximate gross-
nameplate utilization ratio of 35.4% for that year. A separate 2013 compilation reports an
average of 2497 operating hours across four units, equivalent to 28.5% of calendar hours,
but this is not a load-weighted capacity factor [46]. For future scaling, the load multiplier is
defined as λ = actual annual generation/(1355 MW × 8760 h). A current plant-specific λ

must be obtained from operator or regulator records; until then, the plant-scale flows in
Table 8 are reported at λ = 1 and must be multiplied by the verified value.

The publicly accessible stack record is also incomplete. A detailed evaluation of
ministry-shared continuous-emission-monitoring data covers only 1 July–17 October 2020
and only three units. Reported mean SO2 concentrations were approximately 3317, 2613,
and 2396.15 mg/Nm3 for Units 1–3, respectively [48]. The dataset lacks a complete
Unit 4 record, oxygen values, flue-gas flow, moisture, and complete operating-time and
quality-assurance data. It therefore cannot support a verified annual SO2 mass or cur-
rent plant-wide capture basis. The “477 t/y of toxic gases” value is not used because
concentration data or aggregated pollutant categories cannot be converted into annual
pollutant mass without pollutant-specific flow, oxygen, moisture, operating-time, and
quality-assurance information.
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Table 8. Central Afşin–Elbistan A full-design-throughput illustration at λ = 1 (49,300 t coal/d;
1.8 wt% S).

Quantity Central Result at λ = 1 Comment

Sulfur in coal 887.4 t S/d Full-design 49,300 t/d and 1.8 wt% S; multiply by λ

and measured-S/1.8.
Recovered sulfur equivalent 753.2 t S/d After conversion, SO3, capture, and regeneration losses
Recovered concentrated SO2 1506.5 t/d Molecular SO2 basis

H2SO4 available 2306.8 t/d Before downstream conversion
Al feed 423.7 t/d Feed, not reacted amount

Al reacted 339.0 t/d 80% conversion
Unreacted Al 84.7 t/d 76.3 t/d recycle and 8.5 t/d purge/loss at 90% recycle

Unreacted H2SO4 461.4 t/d 415.2 t/d recycle and 46.1 t/d purge/loss
Al2(SO4)3, anhydrous equivalent 2146.7 t/d Theoretical equivalent at 80% conversion

Al sulfate, 17% Al2O3 basis 3763.0 t/d Commercial reporting basis

H2 before purification loss 37.66 t/d Crude theoretical gas; multiply by λ and measured
purification recovery.

3.2. Sulfur Balance and Plant-Scale Material Results

Under the central assumptions, 84.88% of sulfur in coal is recovered as a concentrated-
SO2-equivalent stream. The remaining sulfur is distributed among ash or other retention
(5.00%), SO3/acid mist (0.95%), absorber stack slip (4.70%), and sulfate purge/by-products
(4.47%). This separation avoids the simplifying assumption that all sulfur in coal becomes
usable SO2.

At coal sulfur contents of 1.0 and 2.5 wt%, all sulfur-derived flows scale linearly to
55.6% and 138.9% of the 1.8 wt% case, respectively. Actual plant flows are obtained by
multiplying Table 8 values by λ and by the ratio of measured sulfur content to 1.8 wt%.
Stack-emission concentrations cannot be scaled in the same way because they also depend
on flue-gas volume, oxygen, moisture, unit load, control-system operation, and outages.

3.3. Screening Energy Results

Applying Table 5 to 887.4 t S/d gives a base requirement of approximately 2.9–6.4 TJth/d
and 160–399 MWhe/d before heat-recovery credits. Hydrogen purification and compres-
sion alone require approximately 75–188 MWhe/d for 37.66 t H2/d. More importantly,
if the full acid stream is diluted to the 0.5–1.0 M reaction window and the final material
must be concentrated to a 17 wt% Al2O3 product, the minimum gross water removal is
approximately 19,100–42,200 t/d and the associated latent-heat floor is about 43–96 TJth/d.
This conditional duty dominates the screening balance and may make the route imprac-
tical unless an alternative reactor/product configuration or exceptionally effective heat
integration is demonstrated.

3.4. Material-Value Screening and Break-Even Results

The opportunity-cost boundary uses the non-harmonized screening proxies in Table 6.
Per tonne of sulfur in coal, scrap-aluminum feed and sulfuric acid opportunity value total
approximately 1115 USD, whereas the 17 wt% Al2O3 aluminum sulfate product contributes
approximately 824 USD. The remaining pre-process material-value gap is approximately
291 USD before assigning a hydrogen value. With 42.44 kg H2, the corresponding break-
even value is approximately 6.86 USD/kg before energy, labor, maintenance, purification,
transport, CAPEX, financing, compliance, and price/quality reconciliation. This result is
not a profitability indicator.

Under the internal-acid-production-cost boundary, acid opportunity value is removed,
but capture and acid-production costs must be added. Before these costs, the calculated
hydrogen balance point is approximately 1.70 USD/kg. The difference between 1.70 and
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6.86 USD/kg represents the acid opportunity value foregone, not an economic gain. The
scenario results are summarized in Table 9.

Table 9. Scenario material-value results per tonne of sulfur in coal; opportunity-cost boundary, before
process costs.

Scenario Recovered S
Fraction

Commercial
Al Sulfate (t) H2 (kg)

Material-Value
Balance Before
Process Costs

(USD/t S)

Pre-Process H2 Balance Point

Conservative 0.714 2.677 26.8 −656 26.5 USD/kg
Central 0.849 4.240 42.4 −79 6.86 USD/kg

Optimistic 0.936 5.263 52.7 +670 0 USD/kg; Al-sulfate value
exceeds material inputs

The optimistic result is driven by simultaneous favorable assumptions for recovery,
conversion, low input prices, and high product prices. It is a sensitivity bound, not an
expected outcome. A Monte Carlo analysis would require empirically supported probability
distributions and correlations derived from experiments, vendor data, and contracts; these
data are not yet available.

3.5. Market Capacity, Logistics, and Alternative-Route Results

The scale check in Table 10 shows that neither the ideal case nor the central case can
assume unconstrained scrap or product markets. The ideal 499.2 t/d scrap requirement
equals 164.7 kt/y at 330 days, corresponding to 49.9% of the 330 kt/y recycled-scrap supply
reported for Türkiye and 84.7% of 2024 scrap imports. The ideal 3161.4 t/d anhydrous-
equivalent aluminum sulfate result equals 1.043 Mt/y, 8.53 times Türkiye’s 2024 aluminum
sulfate export quantity, and is not itself a directly priced market product because commercial
material is hydrated or sold on an Al2O3-concentration basis. The central case requires
139.8 kt/y of Al feed, equivalent to 42.4% of the reported recycled-scrap supply and 71.9%
of 2024 scrap imports, while producing 1.242 Mt/y of a 17 wt% Al2O3 product, 10.15 times
2024 exports. These are scale comparators rather than evidence of domestic demand. A
viable project would require segregated low-remelting-value scrap contracts and multiple
verified product offtakers.

Table 10. Feedstock-availability and product-market scale checks for the Afşin–Elbistan illustration.

Metric Daily Full-Design Value Annualized at 330 d/y Türkiye Scale Comparator

Ideal all-sulfur Al feed 499.2 t/d 164.7 kt/y
49.9% of 330 kt/y recycled-scrap

supply; 84.7% of
2024 scrap imports

Central Al feed 423.7 t/d 139.8 kt/y 42.4% of reported supply; 71.9%
of 2024 scrap imports

Ideal
anhydrous-equivalent

Al2(SO4)3

3161.4 t/d 1.043 Mt/y
8.53 × 2024 exports; not a

directly marketable
hydrate/solution basis

Central 17 wt%
Al2O3 product 3763.0 t/d 1.242 Mt/y 10.15 × 2024 exports; requires

multiple offtakers and logistics

Table 11 confirms that clean, sorted scrap should normally be remelted because remelt-
ing preserves metallic value and uses far less energy than primary aluminum produc-
tion [40]. The proposed route is therefore evaluated only as a possible outlet for low-
remelting-value fractions. Wet-limestone FGD remains the established emission-control
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benchmark, whereas regenerable FGD with acid sale avoids consuming aluminum. Steam-
methane reforming is the mature incumbent hydrogen route, and water electrolysis is the
principal electricity-based benchmark [23]. The proposed pathway produces hydrogen
only as a by-product and cannot be classified as competitive, low-carbon, or fuel-cell grade
without complete energy, carbon, purity, and cost evidence.

Table 11. Screening comparison of the proposed route with principal alternatives.

Route Main Product/Function Resource Implication Key Decision Criterion

Scrap-aluminum remelting Secondary aluminum

Preserves metal value;
recycled Al about 8.3 GJ/t and
95.5% below primary-energy

demand [40]

Preferred for clean sorted
scrap; alloy and

contamination control

Conventional Al-sulfate
manufacture

Al sulfate from
Al(OH)3/bauxite + acid

Uses standardized feed;
established product quality

Benchmark cost, impurity
limits, and market demand

Wet limestone FGD SO2 control + gypsum Established high-volume
emission control

Gypsum quality,
water/sludge, retrofit status

Wellman–Lord + acid sale SO2 recovery + H2SO4
Avoids consuming valuable

Al scrap
Acid market, regeneration

energy, corrosion

Proposed acid + scrap-Al
route Al sulfate + by-product H2

Consumes metallic Al; base
duty approximately 6.9–15.1

GJth/t Al plus electricity;
much larger if reconcentration

is required

Only plausible for segregated
low-remelting-value scrap
with proven purity, energy

balance, and offtake

Steam-methane reforming Industrial H2

Mature, high-volume
incumbent; fossil carbon

unless coupled with
effective CCS

Hydrogen cost, carbon
intensity, gas supply,

purification [23]

Water electrolysis H2 and O2

Electricity- and
water-dependent; can be

low-carbon with
qualifying power

Electricity price/carbon
intensity, electrolyzer

efficiency, utilization [23]

3.6. Integrated Sustainability Screening Results

The combined material, energy, material-value, and market results identify both po-
tential resource-recovery benefits and countervailing sustainability burdens. Table 12
summarizes the principal outcomes using an ISO-consistent life-cycle interpretation frame-
work and an industrial-symbiosis perspective [41–43]. These results are screening indicators
rather than an aggregate sustainability score.

Table 12. Integrated sustainability screening outcomes for the central case.

Sustainability Dimension Central Screening Result Interpretation

Sulfur control and resource recovery

84.88% of sulfur in coal is recovered for
acid production; 15.12% remains as

ash/other retention (5.00%), SO3/acid mist
(0.95%), absorber slip (4.70%), and sulfate

purge/by-products (4.47%).

The route has pollutant-to-resource
potential, but the residual emissions,

purge, wastewater, and waste-treatment
burdens must be lower than those of the

selected FGD baseline [8,9,15].

Energy and carbon implications

Base demand: 3.3–7.2 GJth and
0.18–0.45 MWhe per tonne of sulfur in coal.
If dilute reaction liquor is reconcentrated to

a 17 wt% Al2O3 product, the latent-heat
floor adds approximately 49–108 GJth/t S.

No low-carbon or net-energy benefit is
demonstrated. Product reconcentration

may dominate the energy balance unless
an alternative product form, water

recycle, or validated heat integration is
available [9,13,15,41,42].
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Table 12. Cont.

Sustainability Dimension Central Screening Result Interpretation

Water, purge, and residual streams

The selected 0.5–1.0 M reaction window
creates a minimum 21.6–47.6 t

water-removal/recycle burden per tonne of
sulfur in coal, in addition to Na2SO4 purge,

wash water, wastewater, filter cake, and
purification rejects.

Water and residual management are
central sustainability constraints rather

than secondary utilities [9,15,41,42].

Aluminum circularity

The central balance requires 0.4775 t Al
feed per tonne of sulfur in coal. Clean

recycled aluminum requires approximately
8.3 GJ/t and preserves metallic value

through remelting [40].

Clean, sorted scrap should normally
remain in the metallic recycling loop.
Chemical conversion is potentially

defensible only for segregated
low-remelting-value or off-spec

fractions [38,40–43].

Market and logistics scale

At 330 full-load-equivalent days, the
central illustration requires about 140 kt/y
Al feed and produces about 1.24 Mt/y of
17 wt% Al2O3 aluminum sulfate product

and 12.4 kt/y H2.

The flows are market-transforming rather
than marginal. Named suppliers,

multiple product offtakers, storage,
transport, and buyer-specific product

specifications are prerequisites [34–36,43].

Material-value robustness

The central sulfuric acid opportunity-cost
case requires an H2 value of approximately

6.86 USD/kg merely to balance material
values before process energy, labor,

maintenance, purification, transport,
CAPEX, and compliance costs.

The current results do not demonstrate
profitability or economic
sustainability [34–37,49].

Environmental and public
health relevance

SO2 control is environmentally and socially
relevant [3,4], but the study does not

quantify avoided stack emissions, pollutant
dispersion, population exposure, disease

burden, healthcare costs, or
ecosystem effects.

Environmental and public health
co-benefits remain hypotheses and

cannot be attributed to the proposed
route without a measured baseline and

impact assessment [3,4].

Note: Quantitative values are derived from Tables 4–11. The interpretation is informed by the FGD and acid-
process literature [8,9,15], aluminum-sector and recycling sources [38,40], market data [34–36], hydrogen bench-
marks [23,37,49], ISO life-cycle-assessment standards [41,42], and the industrial-symbiosis literature [43].

Taken together, the integrated indicators do not demonstrate a net sustainability
advantage. The route could support industrial symbiosis only if recovered sulfur substitutes
a more burdensome product route, aluminum is sourced from fractions unsuitable for
efficient remelting, heat and water integration are technically matched, residual streams are
controlled, and the aluminum sulfate and hydrogen outputs displace existing production
rather than creating additional oversupply or waste [40–43].

4. Discussion
4.1. Implications of the Complete Sulfur Balance and Selected Capture Route

Separating sulfur conversion, capture, and recovery materially reduces the acid avail-
able relative to a 100% sulfur-recovery assumption. Even the central recovered fraction of
0.849 may be optimistic for a retrofit unless particulate, halogen, metal, and SO3 control
are demonstrated. Selecting the Wellman–Lord route closes the conceptual gap between
dilute flue gas and a usable SO2 feed, but it introduces absorbent oxidation, sodium sulfate
purge, evaporation duty, wastewater, and corrosion. These streams must be included in
any environmental comparison with wet-limestone FGD [8,9,15].

The selected route is not the only possible configuration. Direct wet-gas sulfuric acid
or SNOX-type systems may be attractive for sufficiently sulfur-rich, well-cleaned gases
with compatible heat integration, whereas limestone FGD may remain preferable when
emission control rather than sulfur recovery is the primary objective. Plant-specific flue-
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gas composition, existing controls, available space, materials of construction, and retrofit
constraints determine the appropriate route [9,13,15].

4.2. Aluminum Chemistry, Feed Quality, and Product Specification

The selected reaction window removes the implicit assumption that concentrated
acid maximizes hydrogen production. The 96–98 wt% acid leaving the upstream acid
section is not fed directly to the Al reactor in the reference case; it is cooled and diluted
to 0.5–1.0 M at 40–60 ◦C. The cited dilute-acid studies do not validate concentrated-acid
hydrogen production. The standard-electrode calculation gives ∆G◦ ≈ −970.8 kJ for
2Al + 6H+ → 2Al3+ + 3H2 under standard ionic conditions [28], not a practical Gibbs-
energy value for concentrated H2SO4 or mixed scrap. Even within the dilute window,
hydrogen yield cannot be validated without reporting alloy assay, exposed surface area,
oxide removal and repassivation, temperature profile, agitation, residence time, gas compo-
sition, and residual free acid.

Product form is equally important. Pricing an anhydrous formula against hydrated
or liquid commercial material overvalues water and creates an inconsistent mass basis.
The 17 wt% Al2O3 basis links the stoichiometric calculation to a recognized commercial
specification [27], but compliance still requires testing for insolubles, free acid, iron, other
metals, concentration, and physical form. Off-specification material may have substantially
lower value or may require treatment and disposal.

4.3. Energy, Material-Value Boundaries, and Uncertainty

The energy screening shows that sulfur recovery is not a negligible auxiliary step. The
upstream base range of 3.3–7.2 GJth/t S is dominated by regeneration and acid finishing,
and the electrical demand becomes significant at plant scale. The dilute-acid aluminum
reaction introduces a more severe conditional burden: producing a 17 wt% Al2O3 ma-
terial from a 5–10 wt% acid reaction liquor creates a latent-heat floor of approximately
49–108 GJth/t S before sensible heat and process inefficiency. Waste-heat integration may
reduce purchased energy, but it cannot be credited without matching temperature levels,
duties, operating availability, corrosion constraints, and lost electricity sales. A future TEA
must therefore compare alternative acid concentrations and product forms before scale-up.

The two material-value boundaries answer different questions. The internal-acid-
production-cost boundary asks whether the integrated plant can cover capture, acid, alu-
minum, utility, and capital costs. The opportunity-cost boundary asks whether converting
recovered acid into aluminum sulfate and hydrogen is preferable to selling the acid. Com-
bining these boundaries double counts acid value. The central 6.86 USD/kg hydrogen bal-
ance point only closes the pre-process material-value gap and is not a profitability indicator.

Scenario values remain uncertain because no integrated pilot data are available. The
ranges are anchored to published capture performance, laboratory aluminum-conversion
behavior, and customs unit values, but they are not probability distributions. A defensible
Monte Carlo model should be developed only after correlations among sulfur content,
unit load, capture performance, regeneration energy, aluminum composition, conversion,
product grade, and contract prices can be estimated.

4.4. Market Absorption and Circularity Trade-Off

The plant-scale output is market-transforming rather than marginal. The ideal all-
sulfur/complete-conversion case would consume approximately half of Türkiye’s reported
annual recycled-scrap supply and produce an anhydrous-equivalent aluminum sulfate
quantity more than eight times 2024 exports. The central flows remain material: approx-
imately 140 kt/y of Al feed and 1.24 Mt/y of a 17 wt% Al2O3 product at 330 full-load-
equivalent days. These comparisons do not establish domestic demand because customs

https://doi.org/10.3390/su18157896

https://doi.org/10.3390/su18157896


Sustainability 2026, 18, 7896 20 of 24

exports are not total consumption and product grades differ. Named customers, buyer
specifications, seasonal demand, inventory limits, export infrastructure, shelf life, transport
mode, and alternative product concentrations are therefore primary design constraints
rather than secondary considerations.

From a circular-economy perspective, clean scrap should normally remain in metallic
cycles. Recycled aluminum has a reported primary-energy demand of approximately
8.3 GJ/t, 95.5% below primary production [40]. Diverting clean scrap to aluminum sulfate
sacrifices future remelting value and may create a substantially larger hydrated-product
and transport burden. The proposed route may have a role only for segregated fractions
that are technically or economically unsuitable for remelting, and only if the sulfate product
substitutes an existing product without creating a new waste burden. A comparative
LCA must include avoided remelting, primary-aluminum substitution, conventional FGD-
gypsum, acid sale, established hydrogen routes, waste treatment, product transport, and
hydrogen purification/compression [41,42].

4.5. Integrated Sustainability and Public Health Interpretation

From an industrial-symbiosis perspective, linking sulfur recovery, conditional heat
recovery, low-remelting-value aluminum, and chemical-product manufacture can reframe
selected emission and waste streams as potential resources [43]. However, resource recovery
is not automatically equivalent to sustainability. The benefit of sulfur capture must be
weighed against regeneration and acid-finishing energy, the conditional water-removal
duty, sodium sulfate purge and wastewater, hydrogen purification, product transport, and
the loss of future metallic-recycling value [9,15,40–42].

Potential public health benefits depend on a measured reduction in SO2, SO3/acid
mist, and particulate exposure relative to the plant-specific control baseline [3,4]. The
present assessment does not calculate avoided emissions, atmospheric dispersion, expo-
sure, dose–response relationships, avoided mortality or disease, healthcare savings, or
distributional effects on nearby communities. Public health relevance is therefore part of the
environmental motivation, not a demonstrated outcome of the proposed valorization route.

A comparative cradle-to-gate LCA should follow ISO 14040 and ISO 14044 and include
conventional wet FGD and gypsum management, regenerable sulfur recovery with direct
acid sale, conventional aluminum sulfate production, avoided or displaced scrap remelting,
primary-aluminum substitution, electricity and heat sources, water scarcity, wastewater
and purge treatment, hydrogen purification/compression, product transport, and market
displacement [41,42].

5. Conclusions
The assessment distinguishes sulfur in coal from gaseous SOx formation, absorber-inlet

SO2, captured sulfur, regenerated/recoverable SO2, stack slip, SO3/acid mist, ash retention,
and sulfate purge. Under the central assumptions, 84.88% of coal sulfur is recovered for acid
production rather than 100%. Per tonne of sulfur in coal, this yields 2.599 t H2SO4, 0.477 t
aluminum feed, 2.419 t anhydrous-equivalent aluminum sulfate, 4.240 t of a commercial
product containing 17 wt% Al2O3, and 42.4 kg H2 at 80% aluminum conversion.

A specific regenerable Wellman–Lord route and preliminary operating window are
defined. The aluminum reaction is restricted to dilute acid and controlled temperature;
concentrated-acid passivation and SO2-forming side reactions are recognized; and scrap
composition and pretreatment requirements are specified. The material balance includes
unreacted acid and aluminum, recycle, purge, oxygen, process water, SO3/acid mist,
stack emissions, wastewater, and solid residues. The upstream base energy demand is
3.3–7.2 GJth and 0.18–0.45 MWhe per tonne of sulfur in coal before heat recovery. If dilute

https://doi.org/10.3390/su18157896

https://doi.org/10.3390/su18157896


Sustainability 2026, 18, 7896 21 of 24

reaction liquor must be reconcentrated to a 17 wt% Al2O3 product, an additional latent-heat
floor of approximately 49–108 GJth/t S applies.

The Afşin–Elbistan A data basis is explicitly qualified. Official public information
gives 1355 MW installed capacity [44], whereas 4 × 344 MW is retained only as a historical
gross-design notation [45]. The 49,300 t coal/d value is the daily equivalent of an historical
18 Mt/y design requirement, not a verified current average. Historical data indicate lower
utilization in specific years, but a current capacity factor is not publicly established. The
1.8 wt% sulfur value is an illustrative midpoint tested over 1.0–2.5 wt%, not a time-matched
plant assay. Partial 2020 CEMS data cover only three units and lack the oxygen and flue-
gas-flow information required for annual mass calculation [48]. Accordingly, no current
plant-wide SO2 mass, recovery quantity, or “477 t/y toxic gases” value is claimed.

At 330 full-load-equivalent days, the central plant-scale illustration would consume
approximately 140 kt/y of scrap aluminum and produce approximately 1.24 Mt/y of
commercial aluminum sulfate and 12.4 kt/y of H2. These quantities create major feedstock,
offtake, storage, transport, and product-concentration risks and compete directly with
scrap remelting. The route should therefore be treated as a possible niche option for
low-remelting-value scrap, not as a default use of recyclable aluminum. Comparison
with remelting, wet FGD-gypsum, regenerable acid sale, steam-methane reforming, and
electrolysis does not demonstrate an advantage over established alternatives.

The integrated sustainability result is conditional rather than uniformly positive.
Potential advantages include improved sulfur control, recovery of a concentrated sulfur
stream, and possible substitution of conventional chemical products. Potential burdens
include substantial heat and electricity demand, a large water-management load, purge
and wastewater generation, diversion of recyclable aluminum from closed-loop remelting,
hydrogen-purification requirements, and product-market saturation [9,15,40–43]. None of
these trade-offs can be resolved by stoichiometry alone.

5.1. Limitations

Calculated results include the stoichiometric sulfur/material flows, scenario outputs,
the water-separation lower bound, and arithmetic material-value balances. The literature-
supported inputs include the AP-42 sulfur conversion default, published SO3 and Wellman–
Lord ranges, dilute-acid aluminum studies, and customs unit values. Author-defined
assumptions include ηrecycle and selected sensitivity bounds. Unverified plant inputs
include current capacity factor, time-matched coal sulfur, complete stack flow and oxygen
data, integrated reaction performance, product quality, and vendor energy duties.

The unresolved process items are flue-gas impurity control, catalyst life, corrosion,
sodium sulfate purge, circulating water closure, hydrogen purification recovery, aluminum
sulfate compliance, waste classification, and life-cycle impacts. The conditional evaporation
duty is a thermodynamic lower bound rather than an evaporator design [33,41,42].

5.2. Validation Roadmap

Stage 1 should obtain operator and regulator records for annual generation, unit-
level load, coal consumption, as-received sulfur assays, ash sulfur, flue-gas flow, oxygen-
corrected SO2/SO3, control-device operation, and CEMS quality assurance, and should
close a measured sulfur balance across multiple loads. Stage 2 should perform controlled ex-
periments with certified reference alloys and characterized low-remelting-value scrap using
0.5–1.0 M H2SO4 at 40–60 ◦C; 96–98 wt% acid should be examined only in separate passiva-
tion and side-reaction tests. Kinetics, induction period, surface treatment, gas composition
and purification recovery, impurity transfer, filtration, and product quality must be mea-
sured. Stage 3 should develop a process model for the selected Wellman–Lord/contact-acid
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route, including dilution, heat integration, water, purge, corrosion, product concentra-
tion, and hydrogen compression. Stage 4 should obtain vendor quotations, scrap-supply
agreements, named product offtakes, and complete TEA, ISO-consistent comparative LCA,
HAZOP, and market/logistics comparisons with remelting, wet FGD-gypsum, acid sale,
steam-methane reforming, and electrolysis [41,42].
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46. Algedik, Ö. Afşin–Elbistan Coal Power Plants: Historical Compilation Based on Public EÜAŞ and Court of Accounts Records.
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