High-Value Utilization of Aluminum Ash with
Intelligent Three-Ring Kiln Technology to Help
Restructure the Global Aluminum Industry Landscape
Against the Backdrop of European and American

Carbon Tariffs

The global aluminum industry is at a historic crossroads. The Western carbon tariff
system, represented by the European Union's Carbon Border Adjustment Mechanism
(CBAM), is fundamentally rewriting the rules of international trade, posing an existential
challenge to high-carbon-emission industries. This change is not just a simple cost
increase but a global market access review with "embodied carbon emissions" as the
entry threshold. Against this backdrop, the traditional manufacturing and operational
models of the aluminum industry, especially the long-neglected treatment of its
byproduct—aluminum ash—have become a fatal weakness constraining its future
competitiveness. Traditional landfill or pyrometallurgical disposal is not only costly and
highly polluting, but its massive carbon footprint will be directly converted into punitive

tariffs under the new rules, severely eroding product profits.

The large-scale patented equipment—"Intelligent Three-Ring Kiln Activation
Calcination Technology"—and its supporting "Dark Factory" intelligent solution, with
independent intellectual property rights from Shandong Hening Shun Kiln Co., Ltd.

(Website: www.heningshun.com) in China, will become the key breakthrough for the

global aluminum industry to cope with the impact of carbon tariffs and achieve
sustainable development. The core value of this technology lies in its ability to completely
transform the hazardous waste of aluminum ash from a costly environmental liability into
a highly profitable strategic asset. Through a fully unmanned and intelligent operation, it
"eats up and cleans out" the aluminum ash, efficiently co-producing high-value-added

new materials urgently needed by the market, such as 4N-grade (99.99%) high-purity


https://www.heningshun.com/

alumina and synthetic cryolite, while achieving near-zero emissions and extreme energy

utilization.

The Middle East, a highly concentrated region for the world's aluminum industry, has
unique advantages as the preferred strategic location for this technology. The Middle
East not only faces the severe pressure of disposing of over 500,000 tons of high-fluorine
aluminum ash annually but also possesses an unparalleled energy cost advantage
globally. This perfect combination of "problem-driven" and "cost advantage" creates a
historic opportunity to build a low-cost, high-profit, ultra-low-carbon global high-value
materials base. Through a prudent technical and financial evaluation of this technology,
investing in the intelligent three-ring kiln is not just a defensive measure to avoid carbon
tariffs, but a strategic investment to proactively restructure the industrial chain value and
seek a leading position in the global aluminum industry. This is not only the ultimate
solution for aluminum ash disposal but also the passport for the aluminum industry to

move towards a green, intelligent, and high-value-added future.

I. The New Global Paradigm: The End of the Era of Parallel Tracks for

Carbon Tariffs and the Aluminum Industry

The underlying logic of global trade is undergoing a profound transformation. The
deep integration of climate politics and the international economy has given rise to a new
set of trade barriers centered on carbon emissions. For an energy-intensive industry like
aluminum, this marks the end of an era and the beginning of a new one filled with

challenges and opportunities.

1.1 Deconstructing the EU Carbon Border Adjustment Mechanism (CBAM)

The European Union's Carbon Border Adjustment Mechanism (CBAM) is not an
isolated environmental policy but a landmark tool for the EU to maintain the effectiveness
of its climate policies and prevent "carbon leakage." "Carbon leakage" refers to the
phenomenon where companies within the EU, to avoid strict carbon emission costs,

move their production to countries with relatively lax environmental regulations, resulting



in no reduction in total global carbon emissions. The core logic of CBAM is to ensure fair
pricing for specific imported goods entering the EU market based on the greenhouse gas
(GHG) emissions generated during their production process, ensuring that imported

products bear a carbon cost comparable to that of EU domestic products.

For global aluminum producers, the implementation path and timetable of CBAM are
crucial. The mechanism entered a transitional period on October 1, 2023, which will end
on December 31, 2025. During this period, the main obligation of importers is to submit
quarterly CBAM reports, detailing the total quantity of imported goods, direct and indirect
"embodied emissions," and the carbon price already paid in the country of origin, but
without financial settlement. This is a data collection and system debugging phase. The
real impact will come on January 1, 2026, when EU importers must purchase and
surrender a corresponding number of CBAM certificates for the "embodied emissions" of
their imported aluminum products. The price of CBAM certificates will be linked to the
allowance price of the EU Emissions Trading System (EU ETS), which means that the

carbon cost of non-EU producers will be directly aligned with the EU internal market.

According to the current CBAM rules, for the aluminum industry, its scope of
collection currently covers mainly direct emissions generated during the production
process, temporarily excluding indirect emissions from the electricity used in production,
but this leaves room for future policy adjustments. The essence of this mechanism is to
force a profound "green transformation" of the global supply chain. It transforms the
carbon footprint from an environmental indicator into a core financial indicator that

determines market access and product competitiveness.

1.2 The US Front: Analyzing the Clean Competition Act (CCA) Proposal

The EU's action is not an isolated case. The draft Clean Competition Act (CCA)
proposed by the US Senate aims to impose a carbon tax on US domestic manufacturers
and foreign importers whose carbon emissions exceed industry benchmarks. Although

the bill is still in the proposal stage, the signal it sends is extremely clear: major Western



economies are gradually forming a consensus on building a "carbon tariff* system and

reshaping global industrial competition rules.

The emergence of the CCA indicates that trade restrictions on high-carbon products
may become a global norm rather than a regional exception. For aluminum companies
with a global layout, this means that the pressure to deal with carbon emissions will be
all-encompassing. Merely meeting the EU's requirements is no longer enough;
establishing a universally applicable and verifiable low-carbon production system will

become a basic prerequisite for survival and development in the future global market.

1.3 The Inescapable Conclusion: Quantifying "Embodied Carbon" Costs

The core of CBAM is the concept of "embodied emissions," which refers to the direct
greenhouse gas emissions generated in the production of one unit of a CBAM-covered
product, measured in tons of carbon dioxide equivalent (t-CO2e). For aluminum products,
this includes not only carbon dioxide from the electrolysis process but also potent

greenhouse gases like perfluorocarbons (PFCs).

Among these, a long-overlooked source of carbon emissions—the aluminum ash
treatment process—has become a key factor affecting the final product's carbon cost.
Aluminum ash is an inevitable byproduct of aluminum smelting and processing, and its
treatment method directly affects the carbon footprint of the entire aluminum industry
chain. The traditional pyrometallurgical treatment process, such as the rotary kiln, is itself
a high-energy-consumption, high-emission process, with a carbon footprint as high as 1.2
tons of carbon dioxide equivalent per ton of aluminum ash (1.2 t-CO2/t-ash). This "waste
treatment carbon" will be traced and included in the total embodied emissions of the final

aluminum product according to CBAM's accounting rules.

The profound impact of this mechanism is that it completely internalizes a link
previously considered an external environmental cost into a quantifiable direct financial
liability. In the past, aluminum companies might only have had to pay a fixed fee for the

disposal of aluminum ash; in the future, they will also have to pay for every kilogram of



carbon emissions during the disposal process in the form of CBAM tariffs. This makes
choosing inefficient, high-carbon aluminum ash treatment technology tantamount to
actively shouldering a heavy tax burden when exporting their products, losing the

competition with low-carbon producers at the starting line.

Therefore, a clear logical chain has been formed: carbon tariffs are not an optional
cost to be paid, but a market access mechanism that forces non-EU producers to meet
environmental and production standards comparable to those within the EU. Faced with
this situation, producers have only two choices: one is to passively accept high carbon
taxes, leading to soaring product prices and loss of market competitiveness; the other is
to proactively invest in advanced low-carbon technologies to reduce the "embodied
carbon" of their products from the source, thereby securing market share and gaining a
competitive advantage. This is no longer a choice of "pay or not pay," but a choice of
"upgrade or be eliminated." Against this backdrop, technology that can fundamentally
solve the problem of high carbon emissions from aluminum ash treatment is no longer an
optional improvement but a "market passport" that ensures the future survival and

development of the enterprise.

Il. The Industry's Unresolved Pain: Aluminum Ash, a Heavy Liability

Dragging Down Competitiveness and Sustainable Development

Behind the glamour of the aluminum industry chain, aluminum ash, as a hazardous
and difficult byproduct, has long been a hidden pain for the industry's sustainable
development. As global environmental regulations become increasingly stringent and the
era of carbon costs arrives, this problem is evolving from a simple disposal cost to a

strategic issue that constrains the competitiveness of the entire industry.

2.1 A Global Waste Stream: Quantifying its Burden

The scale of aluminum ash generation is staggering. Millions of tons of aluminum
ash are produced globally each year, with the generation rate varying depending on the

production process. In the primary aluminum production process, 3% to 5% of aluminum



dross is typically generated per ton of aluminum produced; in the aluminum product
processing process, 3% to 4% of aluminum ash is generated per ton of aluminum; in the
process of recycling scrap aluminum, 15% to 25% of aluminum ash is generated per ton
of recycled scrap aluminum. Taking China, the world's largest aluminum producer, as an
example, its primary aluminum (electrolytic aluminum) output in 2024 is about 44 million
tons. Conservatively estimated at a 3% generation rate, the annual output of aluminum

ash exceeds 1.3 million tons.

In the Middle East, another major center for global primary aluminum production, the
problem is equally severe. The region produces more than 500,000 tons of high-fluorine
aluminum ash (fluorine content F = 5%) annually. Such a huge output means that any
improper handling could trigger a regional environmental disaster and bring a huge

economic burden to aluminum companies.

2.2 Hidden Dangers: Environmental Toxicity and Regulatory Supervision

Aluminum ash is a hazardous waste with tangible dangers. Its main hazard comes
from its high aluminum nitride (AIN) content of 12-18%. When aluminum nitride comes
into contact with water or moist air, it undergoes a violent hydrolysis reaction (AIN +
3H,0 — AI(OH); + NH31), releasing a toxic gas with a strong pungent odor—ammonia
(NH3)—which poses a direct threat to the health of surrounding personnel and the
ecological environment. The aluminum ash in the Middle East is even more troublesome
due to its high fluorine characteristics. Fluorides have strong leaching toxicity. If
traditional landfilling is used, it will pose a long-term and serious pollution risk to the

already precious groundwater resources in the region.

Because of its hazardous nature, regulations in countries around the world are
becoming increasingly strict. In 2021, China officially included aluminum dross in the
"National Hazardous Waste List," which means that its disposal must be handled by
enterprises with professional qualifications, and the disposal cost has also risen

accordingly. It is estimated that the cost of aluminum ash disposal in China is about



1,200 yuan per ton (about $160), and the cost of specific incineration disposal is as high
as 2,200 yuan per ton (about $300). In the Middle East, the traditional landfill cost has
also soared to more than $200 per ton. Just handling the newly added high-fluorine
aluminum ash annually will bring a direct economic liability of more than $100 million to
aluminum companies in the region. This fee was already a heavy burden before the
implementation of CBAM, and in the future, it will be superimposed with carbon costs,

forming a double pressure.

2.3 The Failure of Traditional Methods: A Dead End in a Low-Carbon World

Faced with the problem of aluminum ash, the traditional treatment methods that
have been used in the industry for a long time have reached their end in the new era of

carbon constraints.

Landfill: As the most primitive treatment method, landfilling not only occupies a
large amount of precious land resources but also cannot fundamentally eliminate the
harm of aluminum ash. The risks of ammonia and fluoride leakage always exist. In
today's era of increasingly strict environmental regulations, landfilling is rapidly becoming

unacceptable and costly.

Traditional Pyrometallurgy (Rotary Kiln): This disposal method has huge flaws.
First, its energy efficiency is low, requiring a large amount of fuel, resulting in a
surprisingly high carbon footprint (1.2 t-CO,/t-ash); second, the metal recovery rate is
limited, usually only between 60-70%; most seriously, it produces a large amount of salt-
containing waste slag (commonly known as "salt cake"), which itself is still a hazardous
waste and requires secondary disposal, not really solving the problem, but only

transferring the form of pollution.

The common characteristics of these traditional methods are: high pollution, high
energy consumption, low efficiency, and high carbon emissions. They cannot meet the

current requirements for environmental protection, low carbon, and resource recycling.



The global aluminum industry urgently needs a disruptive technological revolution to

replace these outdated disposal methods.

Table 1: Comparative Analysis of Aluminum Ash Treatment Technologies

Technology | Core Metal Operati | Carbon | Main
Route Principle Recove | ng Cost | Footpri | Limitations/Advant
ry Rate | ($/ton nt (t- | ages
(%) ash) CO,/t-
ash)
Traditional Physical 0 >200 N/A Limitations:
Landfill isolation Occupies land; risk
of ammonia and
fluoride leakage,
polluting
groundwater; high
cost, no resource
recovery.
Traditional High- 60-70 ~83 1.2 Limitations:
Rotary Kiln temperature (excludi Produces large
(Pyrometallur | melting, salt ng amounts of salt
ay) flux hazardo cake, which still
us requires hazardous
waste waste disposal; high
disposal energy consumption,
fees) significant carbon

emissions; limited

metal recovery rate.




Intelligent Ultra-high >95% ~82 ~0.17 Advantages:

Three-Ring temperature (prudent Transforms

Kiln (This activation estimate hazardous waste

Solution) calcination + ) into high-value
hydrometallurg products; extremely
ical selective low carbon footprint;
leaching achieves a "zero-

waste" closed loop;
high initial
investment, but
significant long-term

benefits.

Through comparative analysis, the huge generational gap between different
technical routes is clearly revealed. The intelligent three-ring kiln technology not only
comprehensively surpasses traditional methods in key performance indicators such as
metal recovery rate and carbon footprint, but more importantly, through physical and
chemical methods, it transforms the final output from "waste slag that needs to be
treated" to "reusable high-value products," pointing out a feasible path for the industry

that balances environmental protection and profitability.

lll. A Technological Revolution: The Intelligent Three-Ring Kiln

Faced with the dilemma of aluminum ash treatment and the heavy pressure of
carbon tariffs, the industry itself urgently needs a disruptive paradigm revolution. The
intelligent three-ring kiln and its supporting "four-step closed-loop" high-value process are
the core engine of this revolution. With the ultimate goal of "eating up and cleaning out," it
systematically transforms hazardous industrial solid waste into strategic new materials,

and its technological advancement is reflected in every link of the process flow.



3.1 From Hazardous Waste to Strategic Materials: The "Four-Step Closed-

Loop" Process

The core concept of this technology is to build a full-process, full-element, closed-
loop resource utilization system. The entire process flow is ingeniously designed into four

closely coupled modules:

1. Intelligent Raw Material Pre-treatment and Briquetting & Drying System: In
this module, the hazardous aluminum ash raw material is received, accurately
proportioned, mixed, homogenized, and pressed into high-density spheres with a
diameter of 30-50 mm in a fully enclosed and unmanned environment. This step lays the

physical foundation for the subsequent efficient calcination.

2. Core Calcination and Activation Intelligent Kiln System: This is the heart of
the entire process. The pressed spheres, after being dried by circulating low-temperature
tail gas, enter the intelligent three-ring kiln and undergo calcination and activation in
precisely controlled gradient temperature zones, achieving the decomposition of harmful

substances and the targeted transformation of target components.

3. Selective Leaching and Separation Intelligent System: The calcined clinker
enters this module. Through advanced hydrometallurgical processes and precise pH

control, high-purity alumina is selectively and accurately separated from other impurities.

4. High-Value-Added Product Co-production, Purification, and Packaging
System: In this module, the separated components are further purified and synthesized
into final high-value products, which are then dried and automatically packaged into the

warehouse.

Through the seamless connection of these four steps, the system achieves the
ultimate recovery of almost all valuable elements in the aluminum ash. Data shows that

the conversion and utilization rates of fluorine (F), sodium (Na), aluminum (Al), and



silicon (Si) are as high as 99.7%, 99.5%, 98.9%, and 100%, respectively, truly achieving

the ideal goal of "zero waste discharge."

3.2 Core Technological Advantages: Efficient Calcination and Energy Recovery

The disruptive advantage of the intelligent three-ring kiln is first reflected in its
precise and efficient thermal performance. The internal temperature of the kiln can reach
up to 1450°C and is precisely divided into three temperature zones: preheating zone
(450-750°C), decomposition zone (700-900°C), and activation zone (1000-1350°C).
This gradient heating design, combined with precise control of the material residence

time, can achieve the following key chemical transformations:

Complete Harmlessness: At high temperatures, the hazardous aluminum nitride
(AIN) is completely decomposed into stable alumina (Al,O3) and harmless nitrogen gas

(N2).

Targeted De-fluorination: In the activation zone above 1000°C, by precisely
controlling the residence time, the solid fluorides are efficiently converted into gaseous
aluminum fluoride (AIF) or hydrogen fluoride (HF) and volatilized, with a de-fluorination
rate exceeding 98%. This creates the conditions for subsequent capture and resource

utilization.

Elimination of "Undercooking™: The bottom of the kiln is equipped with a
"smoldering homogenization" slow cooling section lasting 24 to 36 hours to ensure that
the internal reaction of the material is complete. The loss on ignition of the final product is

stably controlled below 1%, which is far superior to the 3-8% of traditional kilns.

A more critical innovation lies in its unique four-stage closed-loop waste heat

circulation system. This is an ultimate energy cascade utilization system:



First-level closed loop: The highest temperature flue gas at about 1350°C is
directly returned to the kiln for preheating and calcination of materials, maximizing heat

energy utilization.

Second-level closed loop: Part of the medium-temperature waste gas at about
750°C is intelligently dispatched to the briquetting and drying system of the first module
to replace additional heat sources; the other part is sent to a waste heat boiler for power

generation.

Third-level closed loop: The low-temperature flue gas at about 250°C can be used

for other auxiliary processes or primary preheating and drying of raw materials.

Fourth-level closed loop (implicit): The small amount of combustible waste gas
such as hydrogen and methane generated during the production process is collected and

returned to the kiln as supplementary fuel, achieving internal energy circulation.

Through this sophisticated energy closed-loop design, the comprehensive thermal
efficiency of the kiln is optimized to over 85%. Compared with traditional rotary kilns, it
can directly reduce fuel costs by about 40%. This not only means a significant reduction
in operating costs but also directly translates into an extremely low carbon footprint,

fundamentally solving the carbon cost pressure brought by CBAM.

3.3 The Ultimate Value Proposition: Co-production of 4N High-Purity Alumina
and Synthetic Cryolite

The most compelling result of the intelligent three-ring kiln technology is that it
completely changes the economic properties of aluminum ash disposal, turning a "cost
center" into a "profit center." This is due to its co-production of two high-value-added

strategic materials:

4N-grade High-Purity Alumina (HPA): Through the third step of the "acid-

controlled leaching”" method, in an acidic environment with a strictly controlled pH value



of 1.5-2.0, impurities in the calcined clinker are effectively leached out, while the
dissolution rate of the target product a-alumina (a-Al,Os) is less than 3%, thereby
obtaining a crude product with a purity greater than 99.2%. After subsequent deep
purification (such as electric arc furnace melting and refining), ultra-fine high-purity
alumina powder with a purity of up to 99.99% (4N grade) can be finally obtained. 4N HPA
is an indispensable core raw material in cutting-edge fields such as the electronics
industry (e.g., LED sapphire substrates), high-end lithium battery separator coatings, and

aerospace, with extremely high market value.

Synthetic Cryolite (NasAlF;): The fluorine-containing gas volatilized during the
second step of the calcination process, after efficient capture and purification, enters the
synthesis production line of the fourth module. Here, it reacts with valuable ions in the
leaching solution to produce synthetic cryolite with a purity of over 98%. This high-purity
cryolite is an ideal flux for electrolytic aluminum production and can be directly sold or
returned to the upstream electrolytic aluminum process for recycling, forming a perfect
industrial internal cycle and transforming harmful fluorine elements into valuable

resources.

This "turning waste into treasure" model builds a triple profit model of "hazardous
waste disposal income + high-value product sales income + potential carbon trading
income," and its business potential is far beyond what traditional disposal methods can

match.

3.4 The "Dark Factory": Al-Driven Ultimate Efficiency and Safety

To maximize the absolute advantages of the technology, the entire solution is
designed as a "dark factory" with unmanned operation from raw material entry to finished
product delivery. Its core is a powerful Al digital twin central control platform, which is
the "brain" of the factory. Tens of thousands of Internet of Things (loT) sensors
(temperature, pressure, flow, gas composition, etc.) are distributed in every corner of the

factory, collecting massive amounts of data in real time and building a digital twin model



in virtual space that is completely synchronized and real-time mapped with the physical
factory. Al algorithms perform analysis, simulation, and optimization on this model to

achieve:

Intelligent Decision-making and Closed-loop Control: The Al platform can
monitor key parameters such as temperature, pressure, and atmosphere in the kiln in
real time, and automatically issue instructions to actuators (such as valves, motors) for

intelligent adjustment, ensuring that the process always runs in the optimal state.

Predictive Maintenance: By analyzing data such as equipment vibration and
temperature, Al can predict potential failures in advance with an accuracy of over 95%,

thereby arranging maintenance plans and eliminating unplanned downtime.

Full-process Automation: Unmanned automated guided vehicles (AGVs) and
intelligent pneumatic conveying systems are responsible for material transfer. High-
precision automatic batching systems, robotic briquetting, drying, and transfer units, and
fully automated leaching, filtration, drying, and packaging production lines jointly achieve

24-hour continuous, stable, and safe unmanned operation.

The "dark factory" model not only increases processing efficiency to 3-5 times that of
traditional kilns but also fundamentally eliminates safety risks caused by dust spillage
and manual operation. At the same time, the full-process data management provides a
traceable "digital ID card" for each batch of products, and its precise carbon footprint

record will become a powerful certificate for responding to trade rules such as CBAM.

Table 2: Key Performance Indicators (KPIs) of the Intelligent Three-Ring Kiln

Technology

Key Parameter Indicator/Value Remarks/Source

Harmless Treatment




Targeted De-

fluorination Rate

> 98%

Precise control of activation
zone temperature and residence

time

Loss on Ignition after <1% Traditional process is 3-8%,
Calcination eliminating "undercooking"
Fluorine-containing >99.9% Equipped with Venturi + two-

Tail Gas Purification Rate

stage alkaline washing tower

high-efficiency purification system

High-Value Output

Final High-Purity

99.99% (4N

Strategic new material for

Alumina (HPA) Purity grade) cutting-edge fields such as
electronics and batteries
Synthetic Cryolite > 98% Can be used as a high-
Purity quality flux and returned to the
electrolytic aluminum process
Comprehensive F: 99.7%, Na: Achieves "eating up and

Utilization Rate of Key

Components

99.5%, Al: 98.9%

cleaning out" of aluminum ash

Energy and

Operational Efficiency

Comprehensive

Thermal Efficiency

> 85%

Benefiting from the four-
stage closed-loop waste heat

circulation system




Fuel Cost Reduction

~40% (VS.

traditional kiln)

Significantly reduces
operating costs and carbon

footprint

Processing Efficiency

Improvement

3-5 times (vs.

traditional kiln)

"Dark factory" unmanned

operation

Environmental
Protection and Low

Carbon

Carbon Footprint ~0.17 t-CO,/t- Far lower than the 1.2 t-
ash CO,/t-ash of traditional
pyrometallurgy
Solid Waste Zero The final inert slag can be
Discharge used as building material,
achieving 100% consumption
Wastewater Zero Recycled within the system,
Discharge with by-products crystallized and

precipitated after saturation

IV. The Golden Implementation Zone—The Middle East: Turning a

Regional Crisis into a Global Advantage

If the intelligent three-ring kiln activation calcination technology is the "sharp sword"

to solve the global aluminum ash problem, then the Middle East is undoubtedly the most

ideal "sheathing place" for this sword. The region's unique industrial predicament and

advantageous resource endowment make it a strategic highland for deploying this

revolutionary technology and using it to build a global competitive advantage.




4.1 The Center of the Challenge: The Strategic Urgency of High-Fluorine

Aluminum Ash

As one of the core regions for global primary aluminum production, the Middle East's
industrial prosperity is accompanied by an increasingly severe aluminum ash disposal
crisis. The byproducts of the region's aluminum industry have a distinct "high-fluorine"
characteristic, with fluorine content usually higher than 5%, and also containing 12-18%
aluminum nitride. This compositional characteristic makes its environmental hazard far
greater than that of ordinary aluminum ash, and the disposal difficulty and cost are
correspondingly higher. The annual output of more than 500,000 tons of high-fluorine
aluminum ash has brought a direct economic liability of more than $100 million to the
region each year. This is not just an environmental compliance issue, but a strategic
problem that is eroding the competitiveness of the entire regional aluminum industry
chain. Therefore, aluminum producers in the Middle East have the most urgent and real
need for advanced technology that can solve the problem of high-fluorine aluminum ash
once and for all. This strong "problem-driven" provides the most fertile ground for the

landing of new technologies.

4.2 The "Geopolitical Platform": Leveraging Unparalleled Low Energy Costs

The most core and difficult-to-replicate strategic advantage of the Middle East is its
globally lowest energy cost. This provides a strong support platform for energy-intensive
heavy industrial projects like the intelligent three-ring kiln, building a solid economic moat.

The huge difference in energy costs is astonishing:

Natural Gas Cost: In countries like the UAE, the industrial natural gas price is only

about $0.40/MMBtu, while in China, this price is as high as $3.5/MMBtu.

Electricity Cost: The industrial electricity price in the UAE is between $0.021 and

$0.036/kWh, while in Europe it can be as high as $0.35/kWh.



This means that in terms of energy, a key production factor, the Middle East project
enjoys a huge cost discount of about 80% compared to major competing regions. The
core process of the intelligent three-ring kiln needs to operate at an ultra-high
temperature of 1450°C, and energy cost is the key variable that determines its total
operating cost (OPEX). The energy advantage of the Middle East enables it to produce

high-end products at a very competitive cost in the global market.

This unique combination of advantages has given rise to a very attractive strategic
concept: turning a regional environmental crisis into a global business advantage. The

logical chain is very clear:

1. Negative-cost raw materials: The main raw material of the project—aluminum
ash—is itself a waste that requires a fee for disposal. Aluminum companies not only
provide it for free but are even willing to pay disposal fees, which means that the project's

raw material cost is negative.

2. The world's lowest energy cost: The project's largest operating expense—

energy—has the lowest price in the world in the Middle East.

3. High-value globalized products: The final output of the project—4N high-
purity alumina and synthetic cryolite—are high-value-added industrial raw materials with

strong demand in the global market.

Combining these three points, an unprecedented business model emerges: using
the unique conditions of the Middle East to transform industrial waste that other regions
avoid into high-profit export commodities at the lowest cost in the world. This is not just
solving a local waste problem, but using unique regional advantages to create a new,

high-profit, sustainable global advanced materials export industrial base.

4.3 Financial Deep Dive: A Prudent and Highly Attractive Investment Analysis

To provide a more objective and realistic investment perspective, a financial model

that has been prudently adjusted in an independent due diligence report is adopted. This



conservative analysis method can better reflect the true investment value and risk of the
project. The model is based on a "dark factory" with an annual processing capacity of

100,000 tons of high-fluorine aluminum ash. Key prudent adjustments include:

Higher Capital Expenditure (CAPEX): The total investment is $110 million, of

which $10 million is used as a project contingency reserve.

Higher Operating Costs (OPEX): The operating cost per ton of ash treatment is
$82, fully considering the high maintenance and spare parts costs (accounting for 3% of

the total investment) required for equipment operating under extreme working conditions.

More Conservative Revenue Expectations: The output rate of the core product 4N
HPA is 0.45 tons/ton of ash, and the selling price is $1,100/ton, which also prudently

considers actual production losses and market price fluctuation risks.

Even under these comprehensively tightened assumptions, the project's financial

performance is still extremely strong.

Table 3: Economic Feasibility Analysis of the Middle East "Dark Factory"

(Based on a Prudently Revised Model)

Item Sub-item Value Remarks
Capital Total $110 Million
Expenditure Investment
(CAPEX)
Raw Material $15 Million

Pre-treatment

High- $32 Million
Temperature Kiln

System




Leaching and

$15 Million

Separation
Center
4N Alumina $26 Million
Refining
Digitalization and $12 Million
Automation
Contingency and $10 Million
Indirect Costs
Annual Cost per ton of $82/ton
Operating Costs | ash
(OPEX)
Energy $30/ton
Maintenance & $40.5/ton Core advantage lies here
Spare Parts
Chemical $5/ton Arranged at 3% of total
Reagents investment
Labor & Other $6.5/ton Labor costs are extremely
low in the "dark factory"
model
Annual Revenue | Total Revenue $597.5/ton Conservative estimate

per ton of ash




4N High-Purity

Alumina (HPA)

$495/ton

Output: 0.45 tons, Price:

$1,100/ton

Period

(~25.6 months)

Synthetic Cryolite $80/ton Output: 0.10 tons, Price:
$800/ton
Sodium Sulfate, $22.5/ton Output: 0.15 tons, Price:
etc. $150/ton
Key Financial Gross Profit per $515.5 $597.5 (Revenue) - $82
Indicators ton of ash (OPEX)
Annual Gross $51.55 Million $515.5/ton x 100,000
Profit tons/year
Static Payback 2.13 years $110M / $51.55M. Highly

attractive for a heavy-asset

industrial project.

Internal Rate of 45.78% Far exceeds the

Return (IRR) investment return threshold
for most industrial projects.

10-year Net $206.8 Million @10% discount rate

Present Value

(NPV)

This financial analysis, based on prudent assumptions, clearly shows that the project

is highly feasible economically. A payback period of 25.6 months is still a very attractive

figure for a heavy-asset industrial project with an investment of over $100 million. The

internal rate of return of up to 45.78% further highlights its excellent profit potential. This

transparent and rigorous financial calculation proves that the project is a business entity

with high investment value that has undergone strict evaluation.




V. Global Impact and Market Dynamics: Perspectives from China and

Other Regions

Although the Middle East is the most ideal strategic starting point for the intelligent
three-ring kiln technology, its influence and applicability are far from limited to this region.
To fully understand the global potential of this technology, it must be placed in a broader
international perspective, especially by analyzing its opportunities and challenges in the

world's largest aluminum industry market—China.

5.1 The Chinese Market Behemoth: Market, Competitors, and Partners

As the world's largest producer of primary aluminum, China's output in 2024 is as
high as about 44 million tons, which means that China also produces the largest amount
of aluminum ash waste in the world, constituting a huge potential market. The Chinese

market presents complex and unique dynamics:

Huge market demand: With the tightening of China's environmental regulations,
aluminum ash has been officially listed as a hazardous waste, and traditional treatment
methods are unsustainable. The Chinese government has clearly required in industry
regulations that scrap aluminum recycling enterprises should be equipped with hot dross
treatment equipment, the aluminum content in the final discarded aluminum dross should
be less than 3%, and the total aluminum recovery rate should reach more than 91%. This
has created huge policy-driven and market space for efficient, environmentally friendly,

and high-value aluminum ash treatment technology.

The rise of local competition: Chinese companies are also actively participating in
and expanding research and investment in the disposal and utilization of aluminum ash,
and have made breakthroughs to varying degrees. This shows that any external

technology entering the Chinese market will face challenges from local competitors.

Potential cooperation opportunities: Given the huge scale of the market and the

complexity of the technology, and the outstanding performance of the intelligent three-



ring kiln in key performance indicators such as intelligence level, energy efficiency, and
final product value (especially 4N HPA), it can become a powerful bargaining chip for
technical cooperation and technology licensing with leading enterprises in the resource

utilization of aluminum ash disposal in China.

This can not only seize the development opportunities in China but also hedge risks
and participate in the competition in the global high-end materials market by establishing
a highly cost-competitive production fortress overseas, thereby maximizing global

interests.

5.2 A Replicable Model: Assessing Applicability in Other Key Regions

The problem of aluminum ash is a common problem in the global aluminum industry.
Any country or region with a large-scale aluminum smelting industry, such as India,
Russia, Canada, Australia, etc., faces similar waste disposal pressure, and with the
development of the global carbon pricing trend, they will inevitably feel the pressure from

carbon costs.

The core value proposition of the intelligent three-ring kiln technology—transforming
environmental liabilities into economic assets and significantly reducing the carbon
footprint—has universal appeal. Although the specific business model for deploying this
technology in different regions needs to be adjusted according to local energy costs,

labor prices, environmental regulations, and market demand, its basic logic is replicable.

In regions with high energy costs (such as Europe): The advantage of this
technology in energy efficiency (reducing fuel costs by 40%) will become particularly
prominent, and its economic benefits will be mainly reflected in the saved energy

expenses and avoided carbon taxes.

In regions with extremely strict environmental regulations: The characteristics
of "zero waste discharge" and complete harmlessness of this technology will become the

key to obtaining government permits and public support.



In regions close to high-end manufacturing clusters: The 4N HPA it produces
can be directly supplied to local high-tech industries such as semiconductors and new

energy, forming a close regional industrial chain synergy.

Therefore, the deployment of the project in the Middle East is not just an isolated
project, but a powerful "model project." It will show the global aluminum industry a
feasible transformation path, proving that environmental protection and profitability can

go hand in hand.

VI. Strategic Imperatives and Global Roadmap: Integrating Intelligent

Kilns into the Future of the Aluminum Industry

The promotion of any disruptive technology must be based on a clear understanding
of risks and meticulous strategic planning. To transform the advanced activation
calcination technology of the intelligent three-ring kiln into a powerful engine for
reshaping the global aluminum industry landscape, it is necessary to face challenges

head-on and formulate a clear and feasible roadmap for global development.

6.1 Facing the Challenges: A Transparent Assessment of Technical and

Execution Risks

Risk 1: Lifespan of Kiln Refractory Materials

Risk Description: The kiln is the heart of the factory, and its lining needs to operate
stably for a long time under the triple coupling effect of ultra-high temperature up to
1450°C, strong chemical corrosion, and material wear. Its service life is uncertain, and
any unplanned shutdown to replace the lining will lead to huge production and economic

losses.

Mitigation Strategy: Multi-level risk control measures must be taken. First, in terms
of material selection, higher-grade refractory materials should be used, such as high-

alumina bricks, silicon carbide (SiC), or silicon nitride bonded silicon carbide (NBSiC) and



other advanced refractories with excellent resistance to high temperature, chemical
erosion, and wear. Second, before the project is fully rolled out, invest in building a pilot-
scale test platform to verify the long-term performance of the selected refractory
materials under simulated real working conditions and obtain first-hand data. Finally,
online monitoring technologies such as kiln body scanning should be equipped to

establish a predictive maintenance model to provide early warning of lining wear.

Risk 2: Corrosion Challenge of the Hydrometallurgical Process

Risk Description: The leaching vessel in the project design is the area with the
most concentrated corrosion. The calcined clinker will inevitably contain a small amount
of untransformed fluorides, which will form hydrofluoric acid (HF) during acid leaching,

which can easily cause equipment to be corroded and damaged in a short time.

Solution: For pipes and equipment that are in a long-term state of strong corrosion,
ultra-high temperature, and easy material wear, select high-quality materials such as
silicon carbide that are resistant to high temperature, wear, and corrosion to make the
lining of pipes and leaching vessels, to completely solve the problem of unplanned
accidents caused by equipment damage under high temperature, easy corrosion, and
easy wear conditions, which lead to production stoppage. At the same time, strengthen
the monitoring and early warning of vulnerable equipment and the reserve of vulnerable

accessories to prevent unplanned shutdown events from the source.

Risk 3: Systemic Risks of the "Dark Factory"

Risk Description: The "dark factory" model highly concentrates operational risks
from scattered human errors to integrated automation control systems, network
infrastructure, and Al algorithms. A software vulnerability, a network attack, or a systemic

hardware failure could have catastrophic consequences.

Mitigation Strategy: A comprehensive digital risk management strategy must be

formulated. This includes redundant design ("active-active" or "hot standby") for core



control systems and networks to ensure that a single point of failure will not lead to a

plant-wide shutdown; implementing a defense-in-depth network security architecture,

including physical isolation, access control, intrusion detection, and regular penetration

testing; and formulating detailed disaster recovery and emergency response plans.

By proactively identifying and systematically addressing these risks, potential

weaknesses can be turned into opportunities to demonstrate the project team's

professional capabilities and foresight, thereby greatly enhancing investor confidence.

Table 4: Technology Risk Register and Mitigation Strategies

Risk ID Risk Potential | Likelihood | Mitigation Strategy
Description Impact
TR-01 Premature failure of | High Medium Material Selection:
kiln refractory Evaluate and select
materials due to higher-grade refractory
high temperature materials such as silicon
and chemical carbide. Pilot Test:
erosion, leading to Conduct long-term life
long-term unplanned tests on selected refractory
downtime. materials in a pilot plant to
obtain empirical data.
Predictive Maintenance:
Use technologies like kiln
scanning for condition
monitoring and early
warning.
TR-02 Premature damage | High Medium Material Selection:
to the Choose high-quality silicon
hydrometallurgical carbide materials for pipe




leaching vessel due
to hydrofluoric acid
(HF) corrosion,
leading to
equipment leakage
and production

interruption.

and equipment linings.
Corrosion Test: Conduct
strict coupon corrosion
tests before final material
selection. Predictive
Maintenance: Use daily
scanning of vulnerable
pipes and equipment for
condition monitoring and

early warning.

TR-03

Cyberattack on the
factory control
system, leading to
data theft or
production safety

accidents.

High

Medium

Defense-in-Depth: Design
a multi-layered network
security architecture.
Access Control:
Implement strict
permission management
and operational audits.
Regular Drills: Conduct
regular cybersecurity
penetration tests and

emergency response drills.

6.2 The Way Forward: A Phased Global Development and Market Entry

Strategy

To successfully introduce the intelligent three-ring kiln activation calcination

technology into the aluminum industry application track, the following needs to be done:

Phase 1: Pilot and Flagship (1-2 years): The core task is to verify the technology

and establish a benchmark. First, select a suitable target market (the Middle East) to




establish a pilot platform to verify all key performance indicators (KPIs) and the long-term
reliability of key materials (refractory materials, corrosion-resistant alloys) with irrefutable
real data; initiate the financing and construction of the first full-scale "dark factory" in the

Middle East, making it a global flagship project and demonstration center.

Phase 2: Regional Expansion (2-5 years): After the successful operation of the
flagship project in the Middle East and the generation of stable cash flow, replicate the
successful model in other strategically valuable regions. Give priority to countries that
also have energy cost advantages or particularly prominent aluminum ash disposal
problems, and expand through direct investment or by establishing joint ventures with

local leading enterprises.

6.3 Conclusion: Forging a Resilient Future with Verifiable Low-Carbon Value

We are in an era of restructuring world trade rules. The era of externalizing
environmental costs is over, and carbon emissions are becoming one of the core costs of
all industrial products. The carbon tariff system represented by CBAM is essentially a
"license for low-carbon production," which will reshape the competitive landscape of
global manufacturing. Against this backdrop, the intelligent three-ring kiln technology
provides a transcendent solution for the global aluminum industry. It is not just an
environmentally friendly piece of equipment for treating waste, but a strategic engine

driving industrial upgrading. It solves three major pain points of the industry at once:

1. It disposes of the hazardous aluminum ash liability, transforming it into a

valuable resource.

2. It significantly reduces the carbon footprint of the production process, obtaining

a "green passport" for products to enter future markets.

3. It creates a new, profitable stream of high-value-added material revenue,

completely subverting the traditional cost structure.



The deeper value lies in the fact that what this technology can provide is not only
physically high-purity materials, but also a new type of high-value-added industrial
product adapted to future trade rules. Based on the full-process data collection and Al
analysis capabilities of the "dark factory," and combined with trust technologies such as
blockchain, an unalterable "digital passport" can be created for each batch of 4N HPA or
cryolite leaving the factory. This passport will clearly and credibly record its raw material
source, production process parameters, and most importantly—the ultra-low carbon

footprint, accurate to the kilogram and verified.

For downstream EU customers, when they purchase raw materials with this "digital
passport," they can greatly simplify their own CBAM compliance declaration process and
help them reduce the total embodied carbon of their final products, thereby enhancing
their market competitiveness. This value-added service that bundles "physical products +
credible ESG data" will surely command a significant premium in the future market and
establish a deep strategic binding relationship with customers that traditional material

suppliers cannot match.

Therefore, the high-value utilization of aluminum ash through intelligent three-ring
kiln activation calcination is a strategic project that can simultaneously achieve
extraordinary profitability, excellent environmental benefits, and strong strategic
competitiveness. For visionary global aluminum industry leaders and investors, now is
the time to seize this historic opportunity, become a leader in the aluminum industry, and

lead the industry into the next era of green, intelligent, and high-value development.



