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Preface

This report provides reliable and comprehensive statistical data over the period 1960 to 2000 for
the evaluation of energy trends and issues in the aluminum industry. It should be noted, however,
that during the summer of 2001, the extensive heat wave in the western United States produced an
increased demand for electricity. Simultaneously, the ability to generate hydroelectric power was
reduced due to historically low snowpacks in the Columbia River basin and new regulations
mandating the spill of water to aid migrating salmon. The combination of high electricity demand
and limited water supply contributed to significant increases to the market price of electricity during
this time. This price increase in the Pacific Northwest made it more economical for aluminum
smelters to stop production and sell back power from their low-cost, fixed-price electric contracts
to aid in minimizing the shortfall in energy supply. As a result, the majority of aluminum smelting
capacity in the Pacific Northwest, representing approximately 43% of all U.S. primary aluminum
capacity, shut down.

In light of the issues facing aluminum production in the Pacific Northwest. Much of the detailed
statistical data for the years 2001 and 2002 are neither finalized nor available. It is currently too
early to accurately assess the long-term impact of the shutdown and changing conditions on the
aluminum industry. It remains to be seen whether the shutdown will lead to a permanent decline of
primary metal production in the Pacific Northwest, or whether the industry will emerge robustly
with additional self-generated power capacity and energy efficiency improvements. Whatever the
industry’s future, it is clear that the local and global pressures to increase overall energy efficiency
will determine its vitality. The energy efficiency opportunities discussed in this report are pertinent
to the future of the aluminum industry.
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Executive Summary

The United States aluminum industry is the world’s largest, processing over 10.7 million metric
tons of metal and producing about $39 billion in products and exports in 2000. It operates more
than 300 plants in 35 states and employs more than 145,000 people. Aluminum impacts every
community and person in the country, through either its use and recycling or the economic benefits
of manufacturing facilities.

Energy reduction in the U.S. aluminum industry is the result of technical progress and the growth of
recycling. These two factors have contributed 21% and 37% respectively to the total 58% energy
reduction over the past forty years. By many measures, aluminum remains one of the most energy-
intensive materials to produce. Only paper, gasoline, steel, and ethylene manufacturing consume
more total energy in the United States than aluminum. Aluminum production is the largest consumer
of energy on a per-weight basis and is the largest electric energy consumer of all industries. The
U.S. aluminum industry directly consumes 61.5 x 10° kilowatt hours (0.21 quad) of electricity
annually or 1.6% of all the electricity consumed by the residential, commercial, and industrial
sectors of the U.S. economy. This is equivalent to the electricity consumed by 7,023,000 U.S.
households annually.

The aluminum industry has large opportunities to further reduce its energy intensity. The annual
sum of all the energy required in the production of aluminum metal and products in the United
States is equivalent to 185 x 10° kilowatt hours (0.63 quad). The difference between the gross
annual energy required and the theoretical minimum requirement amounts to over 140 x 10° kilowatt
hours (0.48 quad). This difference is a measure of the theoretical potential opportunity for reducing
energy consumption in the industry, although achievable cost-effective savings are smaller.

U.S. Energy Requirements for Aluminum Production, Historical Perspective, Theoretical Limits
and New Opportunities provides energy performance benchmarks for evaluating new process
developments, tracking progress toward performance targets, and facilitating comparisons of energy
use. The report provides a basic description of the processes and equipment involved, their
interrelationship, and their effects on the energy consumed and environmental impact of
manufacturing aluminum and aluminum products. This knowledge can help identify and understand
process areas where significant energy reductions and environmental impact improvements can be
made.

This report examines and carefully distinguishes between the actual “onsite” energy consumption
values and gross or “tacit” energy values. The “tacit” or gross energy value accounts for the generation
and transmission energy losses associated with electricity production, the “feedstock™ energy of
fuels used as materials, and the “process energy’ used to produce fuels. Onsite energy improvements
provide concomitant gross energy savings.

Primary aluminum is produced globally by mining bauxite ore, refining the ore to alumina, and
combining the alumina and carbon in an electrolytic cell to produce aluminum metal. Secondary
aluminum is produced globally from recycled aluminum scrap. Primary and secondary aluminum
metal are cast into large ingots, billets, T-bar, slab or strip and then rolled, extruded, shape-cast, or
otherwise formed into the components and useful products we use daily. Diagram A - Aluminum
Industry Flow Diagram shows the major processing operations required to produce aluminum and
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aluminum products. This report examines these processes and the energy they require.

Identifying Energy Reduction Opportunities

Energy performance benchmarks, current practice, and theoretical minimums provide the basis for
evaluating energy reduction opportunities. These benchmarks and gross energy consumed during
aluminum production in the United States are summarized in Table A.

Table A - U.S. Energy Requirements and Potential Savings

U.S. Total U.S. Annual Theoretical Total U.S. Total U.S. Gross Potential
Energy Production Minium Energy Process Energy Energy" Gross U.S.
Requirements & 2000 Requirement Required Required Energy'Savings

Potential Savings Metric tons | kWh (10%)/yr (quad) | kWh (10%)/yr (quad) | kWh (10°)/yr (quad) | kWh (10°)/yr (quad)

Bauxite Mining

Alumina Refining 3,985,000 0.52 (0.002) 15.00 (0.051) 16.24 (0.055) 15.72 (0.054)
Anodes Production 1,668,000 15.36 (0.052) 21.36 (0.073) 21.86 (0.075) 6.49 (0.022)
Aluminum Smelting | 3,741,000 22.41 (0.076) 58.29 (0.199) 116.36 (0.397) 93.95 (0.321)
Primary Casting 3,668,000 1.23 (0.004) 3.70 (0.013) 4.56 (0.016) 3.34 (0.011)
Secondary Casting 3,450,000 1.15 (0.004) 8.63 (0.029) 9.64 (0.033) 8.49 (0.029)
Rolling 5,498,000 1.76 (0.006) 3.45 (0.012) 6.66 (0.023) 4.90 (0.017)
Extrusion 1,719,000 0.75 (0.003) 2.23 (0.008) 2.59 (0.009) 1.84 (0.006)
Shape Casting 2,513,000 0.84 (0.003) 6.42 (0.022) 6.63 (0.023) 5.79 (0.020)
Total 44 (0.150) 119 (0.406) 185 (0.630) 141 (0.479)

Industrial processes that consume energy at significantly higher rates than their theoretical
requirements are, on the surface, obvious targets for potential improvement. However, energy
performance is only one factor in identifying the best opportunities for improving energy efficiency.
Other factors, particularly market dynamics, process economics and forecasting of future demand
are very significant in identifying real opportunities. This report examines the energy performance
of the operations involved in manufacturing aluminum products.

The amount of energy used onsite in the major processing operations of the U.S. aluminum industry
are shown in Diagram B - Process Energy Used in U.S. Manufacturing of Aluminum Products. The
bottom band on each bar shows the theoretical energy requirement, while the top band of each bar
shows the energy used above the theoretical minimum. The size of the top band is an indication of
how large the opportunity is for energy reduction in that process step.

Smelting requires 49% of the total energy consumed in U.S. manufacturing of aluminum. This
process is the largest consumer of energy and the most technically complex operation. Smelting
requires more than twice its theoretical energy and has the potential for the greatest energy reduction
of all operations. Electricity is required for smelting and accounts for over 98% of the energy used
in the process. Current research and development (R&D) efforts to advance existing technology
and to develop alternatives to the existing smelting process have the potential to lower smelting
energy consumption by more than 30%.

Process heating accounts for 25% of the total energy consumed in U.S. manufacturing of aluminum.
Process heating is required for holding, melting, purifying, alloying, and heat treating. It is utilized
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in nearly all aluminum
production operations. 60 1
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Diagram B - Process Energy Used in U.S.
Manufacturing of Aluminum Products

The magnitude of the top bands of the energy bars in Diagram B shows that large opportunities
exist for lowering energy consumption in the industry. The Aluminum Industry Vision, Sustainable
Solutions for a Dynamic World published by the Aluminum Association in 2001 recognizes these
opportunities and sets industry goals for achieving further energy reduction. In Hall-Héroult smelting
technology, the most energy-intensive process, the industry has set a target for reducing electrical
energy usage from 15.4 kWh/kg to 11 kWh/kg of aluminum produced by the year 2020, a 27%
reduction from 2000 practices.

Evaluation of the many opportunities that exist for reducing energy consumption in the industry can
only be made by comparing processes using consistent system boundaries and measures. This report
provides data and information necessary for the reader to understand opportunities for energy savings
in the aluminum industry.
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1.0 Introduction

Aluminum is an essential material for modern manufacturing. It is a lightweight, high-strength,
corrosion-resistant metal with high electrical and thermal conductivity, and it is easy to recycle. The
U.S. aluminum industry is the largest in the world both in terms of production and consumption.
The U.S. aluminum industry utilized 10,698,000 metric tons in 2000 to produce an enormous variety
of products. U.S. per capita consumption was 35.4 kilograms. The industry operated more than 300
plants in 35 states and employed over 145,000 people to make aluminum products.! These products
are shipped to thousands of businesses in the United States from which they are distributed or are
incorporated into other products. Aluminum, per unit mass, is the most energy-intensive material
produced in large quantities in the United States. Only paper, gasoline, steel and ethylene
manufacturing consume more total energy for manufacturing in the United States than aluminum
(Appendix B).

Research and development (R&D) efforts to reduce energy consumption are important, since energy
consumption correlates to manufacturing economics, environmental impact and United States
dependence on imported energy sources. Identifying process areas where opportunities for energy
use reduction exist and applying resources to capture these opportunities will benefit the industry
and the nation.

Energy is an essential input to all manufacturing of materials and products. Decreasing energy
usage correlates with improving manufacturing economics and environmental impacts. Aluminum
manufacturing is energy intensive and roughly one third of the cost to produce aluminum from ore
is associated with the use of energy and environmental compliance. The aluminum industry, in the
past forty years, reduced its overall energy intensity by nearly 58% (Appendix L). However, even
with the large reduction in energy intensity, the industry consumes nearly three times the theoretical
energy required. Significant opportunities for further energy improvements still remain.

.1 Purpose of Report

The energy consumption and environmental effects associated with product manufacturing and use
are important measures of the product’s impact on society. Energy consumption and environmental
impact measures are becoming key decision tools for consumers and corporations when choosing a
product. In the near future, manufactured products will compete not only on price and performance,
but also on their impact on society.

The purpose of this report, U.S. Energy Requirements for Aluminum Production, Historical
Perspective, Theoretical Limits and New Opportunities, is:

* to provide an understanding of the processes involved, the energy consumed and the
environmental impact of manufacturing aluminum and aluminum products;

* to provide a common set of terms, benchmarks and values for comparing processes and issues
related to the aluminum industry;

* to identify process areas in which significant energy reductions and environmental impact
improvements could be made;
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» to strengthen public and work force awareness, education and training (identified as an industry
goal in Aluminum Industry Vision *).

This report focuses on the most energy-intensive manufacturing operations for aluminum, electrolysis
(smelting) and process heating operations. These two operations account for over 69% of the energy
used by the industry (Appendix F, Table F-8). There is a large difference between the theoretical
minimum energy requirements and current practice energy values in electrolysis and melting. The
magnitude of the energy consumed and the difference between current practice and theoretical
energy levels means improvement in electrolysis and process heating will have the largest impact
on the performance of the industry. This report documents existing operations and explores potential
new technology opportunities.

The science and technologies associated with the production of aluminum and aluminum products
are complex. This report attempts to provide the reader with a basic understanding of the science,
technology and energy usage of the aluminum industry. More detailed books ** are available for
the reader who requires further in-depth study of the subject.

1.2 Energy and Environmental Overview

Technologies, practices and product use determine the energy consumption and environmental impact
of aluminum. Many of the current technologies and practices used to produce aluminum metal and
aluminum products are mature. New technologies and practices are being proposed and studied to
improve aluminum manufacturing from an energy and environmental standpoint. The history and
explanation of current state-of-the-art technologies and practices are presented so the reader can
appreciate the values and benefits that new technologies or practices might bring to the aluminum
industry. Current U.S. production levels, historical production levels and projected growth rates of
aluminum are presented. These production values are needed to measure the magnitude of the
impact of a change in technology or practice. The energy and environmental impacts from the use
of aluminum products are generally low and in some applications may be significantly better than
the impacts of alternative materials. As significant as these impacts on the use of aluminum products
are, they are beyond the scope of this report.

The greatest impact on the future energy intensity of aluminum has been the structural change in the
industry itself. More than 48% of the aluminum produced by U.S. industry in 2000 came from
recycled material. Forty years ago, recycled material was used to generate less than 18% of U.S.
produced aluminum (Appendix G). Recovering aluminum from wastes and scraps requires less
than 6% of the energy of aluminum production from bauxite mining (Appendix F, Table F-6). This
report examines how “urban mining” (recycling) will continue to change the structure of the aluminum
industry and continue to lower the overall energy associated with aluminum production. Recycling
is the largest contributor to the reduction of the energy intensity of U.S. produced aluminum.

Aluminum is an “energy bank” in that nearly all of the original energy stored in the metal can be
recovered again and again every time the product is recycled. Small fractions of the recycled metal
are lost to oxidation (melt loss) and entrapment in purifying fluxes (dross) during the recycling
process. Aluminum can be recycled indefinitely, allowing this saved energy to be collected again
and again.
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Greenhouse gas (GHG) emission reduction is a key environmental and sustainability issue for the
twenty-first century. Energy-intensive manufactured materials (such as aluminum) could be
significantly affected both in terms of price and use by GHG emission-reduction policies. However,
contrary to common belief, aluminum production could be positively affected by GHG emission
reduction policies. A combination of emission mitigation in production and significant GHG emission
reduction further down the product chain enhance the attractiveness of aluminum for end-use
applications.

Additional energy and environmental savings can be achieved in the aluminum product chain through
the introduction of new alloys and improved (light weight) product design. These options will not
be considered in this study, but their potential is at least of the same order of magnitude as changes
to production practices and processes.
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2.0 Methodology, Metrics and Benchmarks

There are a variety of metrics, measurements, benchmarks, boundaries, systems and units that are
used differently by various analytical groups. These variations can cause confusion when comparing
values stated in one report to those of another. Two commonly confused values are the relationship
between onsite and tacit energy values and between U.S. energy requirements and worldwide energy
requirements. Onsite energy values are based on physical measurements. Tacit energy values have
assumptions associated with them. These assumptions can create large differences in reported values.
Onsite and tacit values used in this report are explained in Section 2.2. The United States does not
mine ore for aluminum production, and refines roughly half of the ore required domestically. This
report focuses on energy consumption within the United States. The total energy associated with
production of metal from ore is an important value and is reported as the “worldwide” energy
requirement in this report.

2.1 Theoretical, Practical Minimum and Current Practice Benchmarks

When examining industrial processes, two metric values are obtainable with little debate: the process
theoretical minimum value and the current practice value. The theoretical minimum energy
requirement for chemically transforming a material is based on the net chemical reaction used to
manufacture the product. In the case of aluminum, made from alumina (2ALO, = 4Al+3 O)),
the theoretical minimum energy is 9.03 kWh/kg of aluminum produced (Appendix J). This minimum
value is simplistic and represents the thermodynamically ideal energy consumption. It requires any
reaction to proceed infinitely slow. The theoretical minimum energy to transform a material from
one shape to another shape is based on the mechanical properties of the material. It is also an
idealized value. Neither chemical nor mechanical theoretical minimums can be realized in practice;
however, these provide the benchmarks that no process will better (Analogy - The theoretical
minimum score for a full round of golf is 18).

The current practice value is the average of the actual measurements of existing processes and
practices (Analogy - The current practice value for golf'is the average score of every player, which
is well above par). The boundaries drawn around the process or practice, the number of samples,
sampling techniques, etc., determine the precision and accuracy of this value. The difference between
the theoretical minimum and current practice metric is a valuable measure of the opportunities for
energy efficiency improvement in that process or practice.

Practical minimum energy is a term in common usage. However, its definition varies. In some
instances, it is used to describe the process energy value that represents the combination of integrated
unit operations using best available technology and best energy management practices. In other
instances, practical minimum energy is defined as the optimal design value projected with the
adoption of new, advanced technology. Practical minimum energy values are, in reality, a moving
target since it is not possible to predict the new technologies, practices and materials that will
impact an industrial process. What is known about the practical minimum energy value is that it lies
somewhere between the current best available value and the theoretical minimum value. (Analogy
- The practical minimum score for golf is some value below par and over 18.)
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The “Aluminum Industry Vision > has selected a goal of 11 kWh/kg of aluminum as its smelting
current practice value for the year 2020. This represents a 27% reduction over 1995’s current value
of 15.4 kWh/kg of aluminum. This future target value was reached by industry experts in a deliberative
process. The industry can envision this as an obtainable goal, and this goal sets the industry practical
minimum smelting energy for 2020.

2.2 Tacit, Process, Feedstock and “Secondary’ Energies

Current practice process measurements are actual measurements taken within a facility on existing
operations. These onsite process measurements are valuable because they are the benchmarks that
industry uses to compare performance between facilities and companies. More importantly, these
onsite process measurements are used to assess the value of new processes and practices. These are
the critical values used in the decision-making process to adopt new technologies and practices.
Onsite process measurements, however, do not account for the complete energy and environmental
impact of manufacturing a product. A full accounting of the impact of manufacturing must also
include the energy used to produce the electricity, the fuels and the raw materials used within a
manufacturing facility. These “secondary energy” requirements for electric power generation and
transmission, for the energy needed to produce fuels and for the energy values of feedstock materials
are very important from a regional, national, and global energy perspective, but they are seldom
analyzed or accounted for within an individual plant site.

The process energy or “secondary energy” associated with the fuels used in aluminum processing is
presented in Appendix C, Table C-1. The process energy adds approximately 3% to the energy
values of the fuels used (Appendix C, Table C-2). Feedstock energy represents the energy inherent
in fuels that are taken into a manufacturing process, but used as materials rather than fuels. Aluminum
production uses coke as a raw material in the production of carbon anodes. Coke’s feedstock energy
is significant and is equivalent to a 30% increase in the onsite energy consumption of the Hall-
Héroult process (Appendix F, Table F-1). The energy contribution of feedstocks is expressed in
terms of calorific or fuel value plus the “secondary energy” used to produce the feedstock. (Note:
fuel and feedstock tacit energy values used in this report are the calorific fuel value plus the fuel
processing energy, Appendix C, Table C-1).

Tacit energy is a term frequently used to describe the combined total of onsite energy and the
“secondary energy” requirements. Tacit electrical energy and environmental impact measurements
account for the fact that substantial electrical generation inefficiencies and transmission losses
occur outside the facility. It can take as much as four units of hydrocarbon or coal calorific energy to
produce one unit of electric energy. Saving one kilowatt-hour of onsite electricity is equivalent to
saving over three kilowatt-hours of the energy contained in the petroleum or coal-based fuels used
to generate electrical power.

Tacit electric conversion factors are variable since they are dependent on the sources of the energy
used to produce electricity. Each manufacturing facility has a different tacit conversion factor
depending on its location. Typical U.S. grid electricity requires about 9,780 Btu of energy to deliver
1 kWh of onsite electricity (3,412 Btu) for use. Electricity production from coal requires 10,290 Btu
to deliver 1 kWh of onsite electricity (3,412 Btu). Water has no fuel value and typically hydroelectric
facilities are assumed to have a tacit energy requirement of 3,412 Btu to deliver 1 kWh of onsite
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electricity (3,412 Btu) and near zero greenhouse gas emissions (Appendix D). The onsite and tacit
electric energy requirements for a facility operating on hydroelectric power are equal.

Comparing energy values for the various steps used in the production of aluminum products is
simpler when a common unit is used for all processing steps. Since electricity is the single largest
source of energy consumed in the manufacture of aluminum, the common units of a kilowatt-hour
(kWh) are used in this report. Process energy values for production steps that consume fuels are
converted to kWh using the conversion factor of 3,412 Btu/kWh.

The large variations in tacit electric energy conversion values, 10,290 Btu per onsite kWh for coal
compared to 3,412 Btu per onsite kWh for hydroelectric, have a dramatic influence on the reported
tacit energy profile of an industry. Aluminum smelting energy is 98% electric energy. A modern
smelter operating from a hydroelectric utility requires 14.4 kWh/kg of aluminum produced of onsite
energy and 14.4 kWh/kg of aluminum of tacit energy, whereas an identical smelter operating from
a coal-fired utility requires 14.4 kWh/kg of aluminum of onsite energy and 36.0 kWh/kg of aluminum
of tacit energy (Appendix C, Table C-3). The U.S. primary aluminum industry has more than half of
its capacity connected to hydroelectric facilities. This report uses an average tacit value of 6,850
Btu per onsite kWh of electricity for smelting and anode production facilities, and 9,780 Btu per
onsite kWh for all other operations (Appendix D). This report, for clarity, distinguishes between
onsite operating energy values and the secondary energy values that include tacit/feedstock
contributions with the use of a superscript (Any value that includes tacit and/or feedstock components
is denoted with the superscript “tf”, e.g., 1.0" kWh).

2.3 Life Cycle Assessment

Life Cycle Assessment (LCA) is recognized as the most complete analysis model of a product’s
impact on energy, environmental, economic and social values. LCA of an industrial product extends
from “cradle-to-grave” (i.e., from material acquisition and production, through manufacturing,
product use and maintenance, and finally, through the end of the product’s life in disposal or
recycling.) LCA recognizes the importance of considering energy, economic and environmental
factors not only for production of a product, but also over the product’s complete life cycle, including
use and disposal. The LCA is particularly useful in ensuring that benefits derived in one area do not
shift the impact burden to other places within a product’s life cycle.

The LCA “use and maintenance” factor for aluminum varies by end-product and in many applications
is more significant in terms of energy and environmental impact than production. Aluminum, in
some cases, provides LCA “use and maintenance” energy savings that are significantly greater than
the energy used in its production. For example, production of an equal strength, but lighter aluminum
product in the transportation sector saves significant amounts of transportation fuel and provides
substantial reductions in greenhouse gases during the product’s “use” phase when compared to
traditional materials.

Complete LCA for aluminum products must account for the significant portion of aluminum that,
in the acquisition phase, comes from “urban mining” (recycling). Aluminum’s ability to be easily
recycled is reflected in the fact that nearly half of the U.S. produced aluminum now originates from
recycled material. Recycling is the best option for disposal of nearly every product made from
aluminum. This makes aluminum a “cradle-to-cradle” LCA product.

Page 10



2.4 Energy Value Chain Analysis

The energy values studied and presented are based on an energy “value chain” analysis. The value
chain analysis or “cradle-to-shipping dock™ analysis provided is an integral part of an LCA. It
provides valuable information and data values for organizations performing LCA on aluminum
products. Value chain analyses are similar to LCA; however, they cover only a portion of a total
LCA. Diagram 2.4 - Boundaries for Life
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2.5 Transportation Energy Value Chain Assessments
The transportation energy associated with acquiring raw materials and distribution on intermediate
products is important for a full Life Cycle Assessment. Transportation energy can account for a
significant portion of the total energy associated with manufacturing a final product. The energy
required to transport mined bauxite to refining operations, alumina to smelting operations, ingots
to metal processors, and scrap from collection to melting is not accounted for in the process energy
requirements that are developed in this report. This report focuses on the energy associated with
the processing of raw materials and the processes employed in aluminum production. The
transportation energy associated with these raw materials and processes is small in relation to the
total energy consumed.

Transportation energy calculations for raw materials that are mined globally are highly variable.
They are a function of location and multiple modes of transportation, e.g., conveyors, trucks, trains,
ocean freight. Transportation energy requirements were evaluated in the Life Cycle Inventory Report
for the North American Aluminum Industry. Transportation of raw materials accounted for 2% of
the total energy associated with primary aluminum production in the United States.®
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Evaluation of'the transportation energy requirements associated with secondary aluminum production
is complicated. Consumer scrap can require considerable transportation energy resulting from
individual consumer drop-off, curbside collection, transfer station collection and the actual transport
to a secondary processor. Transportation energy, associated with industrial manufacturing scrap
and scrap originating at large automotive and white good scrap processing centers, is more easily
estimated since its boundaries are easier to define. The Life Cycle Inventory Report for the North
American Aluminum Industry estimates transportation energy from these sources to account for 6%
to 8% of the total energy associated with the production of secondary aluminum products.

2.6 Emissions

Energy use and greenhouse gas emissions are closely related. This report provides overall carbon
emission data associated with fuels used for aluminum operations. Other fuel-related emissions
(e.g., nitrous oxides, sulfur dioxide, volatile organic compounds) are not considered. These other
emission quantities are typically small when compared to the carbon-based emissions. Emissions
that are aluminum process-related (e.g., perfluorocarbons, from cryolite) are reported. Energy and
Environmental Profile of the U.S. Aluminum Industry " provides detailed emission data for aluminum
operations.

Emission calculations for this report are shown in Appendix E. Greenhouse gases contribute to
climate change by increasing the ability of the atmosphere to trap heat. Gases differ in their ability
to trap heat. To express the greenhouse effect of different gases in a comparable way, atmospheric
scientists use a weighting factor, global warming potential (GWP). The heat-trapping ability of one
metric ton of CO, is the standard, and emissions are expressed in terms of a million metric tons of
CO, equivalent or 10°TCDE. This report uses carbon dioxide equivalents (CDE). Emissions are
also commonly expressed in terms of a million metric tons of carbon equivalent (10°TCE). Carbon
comprises 12/44 of the mass of carbon dioxide; to convert from CO, equivalent to C equivalent,
multiply 0.273 by the CO, equivalent .
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3.0 Aluminum Production

Aluminum metal is classified as primary aluminum if it is produced from ore and as secondary
aluminum if it is produced predominantly from recycled scrap material. Primary aluminum metal
production consists of bauxite mining, refining bauxite to produce alumina, and smelting alumina
to produce aluminum. Secondary aluminum is produced by sorting, melting and treating scrap
aluminum. Primary and secondary aluminum metal are further processed using traditional metal
working technologies-rolling, extrusion, forging, shaping and casting into thousands of products.

Aluminum is the second most abundant element in the Earth’s crust after silicon. Aluminum is
never found in natural deposits as a free metal like, copper and gold. Aluminum is typically found
as one of several aluminum oxides or silicates mixed with other minerals and must be processed to
be recovered in its pure form. All commercial primary aluminum is produced from one raw material
(bauxite) and by one process (electrolytic reduction). For economic and strategic reasons, the
aluminum industry continues to perform research and development on alternative raw materials
(e.g., kaolin clay) and processes (e.g., chemical reduction). Although these alternatives hold promise
for reducing costs, energy consumption, and environmental impacts, none are near commercialization.

The aluminum industry’s raw materials and product markets are global. Global primary aluminum
production has been growing at a rate of 2.2% annually over the last ten years.® The U.S. aluminum
total supply grew at an annual rate of 3.6% over the period of 1990 to 2000 (Appendix G). Aluminum
is still in the growth phase of the product cycle. Demand for aluminum is increasing, mainly due to
aluminum substitution for other materials in the transportation sector and other lightweight
applications. Its light weight, corrosion resistance and processing possibilities coupled with its ease
and value for recycling strengthen its position as the material of choice in many applications.
Measured in either mass produced or economic value, aluminum’s use exceeds that of any other
metal except iron. It is important in virtually all segments of the world manufacturing.

The global estimate for economically recoverable bauxite reserves is 22,000,000,000 metric tons.
This quantity can supply demand for the next century. Two countries have nearly half of the world’s
identified bauxite resources (Guinea has 25% and Australia has 20%). Bauxite is no longer mined
in the United States as a commercial feedstock for aluminum production. Domestic ore, which
accounts for less than 1% of the U.S. requirement for bauxite, is used in the production of non-
metallurgical products such as abrasives, chemicals, flame retardants, and refractories.’

Alumina is produced by refining bauxite in a wet caustic chemical leaching process (Bayer Process).
Imported bauxite is refined in the United States, the largest importer of bauxite and the second
largest bauxite refiner. Australia is the largest refiner of bauxite. Alumina production is continuing
torise in Australia, Brazil, Jamaica, Surinam, Venezuela and India, all countries with large indigenous
bauxite reserves. The trend in alumina production is toward placing refining capacity near the
mineral resources, thereby reducing transportation energy and costs, and adding more value to
exports.

Primary aluminum (aluminum from ore) is produced by the electrolysis (smelting) of alumina. The
electrolysis process is used globally. Companies choose their smelting locations where production
conditions are favorable. Favorable conditions include the availability of skilled labor, proximity to
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a consumer market, a highly-developed infrastructure and, especially, low cost and reliable energy.
Nearly 53% of the energy used worldwide for electrolysis of aluminum comes from hydroelectric
power (Appendix D, Table D-2). The bulk of energy use in aluminum production is related to the
electricity required for primary electrolysis. Since energy costs are approximately one third of the
total cost of smelting primary aluminum, smelter production has been moving from sites close to
consumer markets to sites with low electricity costs. Most of the primary aluminum industry
restructuring began in the late 1970’s and restructuring continues to this day. Australia and Canada
have emerged as major metal producers; other countries entering the world market include Brazil,
China, Norway, Venezuela, and countries in the Persian Gulf area, all areas with low energy costs.

Secondary aluminum is produced from scrap or recycled aluminum. The world’s average share of
secondary aluminum production is roughly one quarter of total aluminum production. The United
States produces nearly half of its aluminum from recycled aluminum scrap (Appendix G). Aluminum
recycling is concentrated in the countries where the scrap is generated with the exception of Asia,
which imports significant amounts of aluminum scrap (driven by the demand for cast aluminum in
the Asian car industry).

Primary and secondary
aluminum are used to
manufacture numerous
products ranging from
aircraft components to
household and packaging
foils. Each product requires
processing and many of
these involve heating,
melting, alloying and
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Production of primary aluminum accounts for 86/% of the energy consumed by U.S. industry;
production of secondary aluminum for 57%; rolling for 47%; extrusion for 17%; and shape casting
for the remaining 47% (Appendix F, Table F-4).

Two operations, electrolysis and the heating/melting of aluminum, account for over 74(79%)% of
energy consumed in aluminum processing (Appendix F, Table F-8). Heating and melting technologies
are used for holding, alloying, and treating metal as well as for recycling. Programs that improve
thermal efficiency of heating and melting while minimizing the formation of aluminum oxide and/
or dross, provide a much larger impact on decreasing industry energy usage than their energy
consumption indicates.
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3.1 U.S. Aluminum Supply

The U.S. aluminum supply of 10,698,000 metric tons in 2000 originated from three basic sources:
primary aluminum (domestically produced), secondary aluminum (recycled domestic material),
and aluminum imports. This consisted of 3,668,000 metric tons of primary aluminum, 3,450,000
metric tons of secondary aluminum and 3,580,000 metric tons of imported aluminum.'® From 1990
to 2000, the annual U.S. growth of these supplies was -0.8%, 4.3% and 10% respectively. Since
1990, the total U.S. supply has risen at an annual rate of about 3.6%. Diagram 3.1 shows the
distribution of these supplies over the past 40 years (Appendix G).
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Diagram 3.1 - U.S. Aluminum Supply 1960 to 2000

The United States is the leading producer of primary aluminum metal in the world. However, its
dominance in the global industry has declined. The U.S. share of world production in 1960 accounted
for slightly more than 40% of the primary aluminum produced. By 2000, the U.S. share of world
production had decreased to 15.3%. U.S. primary production peaked in 1980, and over the past
twenty years has been gradually declining. Significant year-to-year variations occur as a result of
U.S. electrical costs and global market changes.

Secondary (recycled) aluminum is of growing importance to the U.S. supply. In 1960, only 401,000
metric tons of aluminum were recovered. In 2000, almost 3,450,000 metric tons of aluminum were
recovered. For the years 1991 through 2000, the secondary production of aluminum has grown at
an annual rate of 4.3% (Appendix G). Recently, the secondary aluminum growth rate has been
slowing because of a combination of maturing scrap collection programs and slowing market growth
of scrap sources. This is expected to change. Use of aluminum in the automotive industry grew at
nearly 10% annually between 1990 and 2000. This large and growing supply is now beginning to
enter the scrap markets and will produce new growth in secondary aluminum.

Imported aluminum is the fastest growing source of U.S. supply with an annual rate of 10% over
the 1990 to 2000 time frame (Appendix G). New primary aluminum facilities are being located
outside the United States, near new sources of low-cost electricity.
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4.0 Primary Aluminum Raw Materials

The total energy associated with producing the raw materials required for aluminum production
from bauxite ore was approximately 8.20(14.117) kWh/kg of aluminum in 2000. This accounts
for 28% of the total energy required to produce primary aluminum metal and consists of:

0.32( 0.347) kWh per kg aluminum for bauxite mining,
7.27(7.87") kWh per kg aluminum for bauxite refining to alumina, and
0.66( 5.907) kWh per kg aluminum for carbon anode production.

A complete account of the energy requirements and environmental impacts to produce any product
must include the energy requirements and environmental impact associated with the production of
the raw materials used. The raw material energy requirements and environmental impacts associated
with primary aluminum production can be divided into the major operations required to produce it.
These are bauxite mining, bauxite refining and carbon anode manufacturing. Roughly 5,900 kg of
earth are mined to produce the 5,100 kg of bauxite, which is refined into 1,930 kg of alumina. The
1,930 kg of alumina are electrolytically processed with 446 kg of carbon to produce one metric ton
(1,000 kg) of aluminum (Appendix F, Table F-1).

Cryolite and other fluoride salts are used as the electrolytic bath for aluminum production. These
materials are theoretically not consumed in the process or combined as part of the final product.
However, approximately 19 kg of bath material is lost for every metric ton of aluminum produced
(Appendix F, Table F-1). These losses are a result of process upsets and bath drag-out when molten
aluminum is removed from the smelting operation. Since these salts represent a small portion of the
energy requirement for producing the raw materials required for aluminum production, they are not
addressed in this report.

4.1 Bauxite

Aluminum is never found as a free metal, but it is commonly found as aluminum oxides or silicates.
The oxides are used for producing aluminum. The silicates of aluminum is mixed with other metals
such as sodium, potassium, iron, calcium, and magnesium. These silicates are not useful ores since
it is chemically difficult and expensive to extract aluminum from them. The aluminum oxides
commonly found as naturally occurring minerals include

« corundum, alumina (ALO),)

* boehmite (<-Al,O,*H,O, a monohydrate containing 85 weight % alumina)

« diaspore (B-Al O,*H, O, the same chemical formula as boehmite with a different crystal
structure)

+ gibbsite («<-Al,O,*3H,0, a trihydrate containing 65.4 weight % alumina)

Alumina, used for the production of aluminum, is obtained from bauxite deposits. Bauxite is not a
true mineral but a rock that contains mostly boehmite and gibbsite along with diaspore, corundum
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and numerous impurities (mostly compounds of iron, silicon and titanium). Bauxite commonly
appears as a collection of small, reddish-brown nodules in a light-brown, earthy matrix. The alumina
available in commercial bauxite ranges from 30 to 60 weight percent. Bauxite is typically classified
according to its intended commercial application: abrasive, cement, chemical, metallurgical,
refractory, and other end uses. The bulk of world bauxite production (approximately 85%) is
metallurgical and used as feedstock for the manufacture of aluminum.

The United States mines less than 1% of the bauxite it uses annually. Domestic ore is mined by one
company from surface mines in Alabama and Georgia. Virtually all U.S. mined bauxite is used in
the production of non-metallurgical products, such as abrasives, chemicals, and refractories.® In
2000, the United States imported a total of 9,120,000 metric tons of bauxite. Each kilogram of
primary aluminum required approximately 5.1 kilograms of bauxite for its production. Approximately
7,800,000 metric tons of the imported bauxite were refined for the primary production of aluminum.
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Diagram 4.1 - U.S. Bauxite Supply 1960 to 2000

Diagram 4.1 graphically shows the U.S. bauxite supply (Appendix H).

Nearly all bauxite consumed in the United States is imported. In 2000, the United States imported
9,120,000 metric tons of bauxite. About 95% of the imported bauxite is refined to produce alumina.
Approximately 90% of the refined alumina is used to produce primary aluminum.

4.1.1 Bauxite Energy Requirements (Onsite and Theoretical)

Approximately 0.32(0.34%) kWh of process energy were required in 2000 to produce the 5.1
kilograms of bauxite needed to produce 1.0 kilogram of aluminum. Approximately 16.7 kilograms
of CO, equivalent were released for each metric ton of bauxite mined.

The energy demand associated with the extraction of bauxite is typical of most mining operations.
Bauxite ore is generally strip-mined by removing the overburden (the soil on top of the deposit) and
excavating it with mechanical equipment. The overburden is saved for reclaimation operations
which are extensively practiced to ecologically restore mined areas. The soft earthy nature of many
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bauxite deposits generally does not require drilling or blasting operations. After mining, the bauxite
is crushed, sometimes washed and dried, and transported to refining plants via ship, barge, rail,
truck or conveyor belt.

Approximately 5.1 kilograms of bauxite are required to produce a kilogram of aluminum. The
energy requirement per kilogram of mined bauxite is 0.06 kWh for typical extraction." Since
electricity accounts for less than 1% of the energy used in bauxite production, the tacit addition is
negligible (Appendix F, Table F-1).

Calculation of a theoretical minimum energy requirement for mining bauxite is dependent on the
system boundaries applied and processes used. The laws of thermodynamics state that separating
the constituents of a mixture, such as bauxite from bauxite-rich soil, requires a certain minimum
expenditure of energy. Bauxite is the major constituent of bauxite-rich soils, and there is no change
in the chemical nature of bauxite in the mining process so the theoretical minimum energy for
preparing bauxite is negligible. In addition, since it is theoretically possible to find bauxite on the
surface, the theoretical minimum energy requirement to produce bauxite is very close to zero. In the
interest of simplicity, this report uses a zero theoretical minimum energy requirement for mining
bauxite.

Emissions from fuels used in the extraction of bauxite are listed in Appendix E, Table E-2. These
emissions are typically from surface mining operations and result from a variety of fuels used in the
production of bauxite. Nearly 0.0167 kg of carbon dioxide equivalents are emitted for each kilogram
of bauxite mined.

4.2 Alumina

Theoretically, from the stoichiometric equation (2ALO,+ 3 C > 4 Al + 3 CO,), 1.89 kilograms
of alumina is required to produce 1 kilogram of aluminum. In practice, a very small portion of the
alumina supply is lost and the industry requires approximately 1.9 kilograms of alumina for production
of each kilogram of aluminum. The United States produced 3,970,000 metric tons of alumina from
bauxite and imported an additional 3,500,000 metric tons of alumina to make aluminum in 2000.
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Diagram 4.2 - U.S. Alumina Supply 1960 to 2000
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Diagram 4.2 graphically shows alumina supply sources. The United States had four Bayer refineries
in operation in 2000. These refiners processed about 8,664,000 metric tons of bauxite into 3,970,000
metric tons of alumina. About 10% of the alumina produced is used to manufacture abrasive,
refractory and other products. Approximately 3,571,000 metric tons of U.S. refined alumina were
transferred to the primary aluminum industry. This quantity of alumina was not sufficient to supply
the U.S. demand for alumina; therefore, an additional 3,500,000 metric tons of alumina were imported
(Appendix H).

All commercial alumina (Al O,) is refined from bauxite using the Bayer refining process. The
process, developed by Karl Bayer in 1888, consists of four major steps. Bauxite composition varies
and refining plant designs are slightly different to account for the site-specific quality of the bauxite.

1) Digestion - Crushed, ground, and sized bauxite is dissolved under pressure with a hot (180°C to
250°C) sodium hydroxide and sodium carbonate solution in a series of steam-heated digesters. The
concentrations, temperatures, and pressures employed vary depending on the properties of the bauxite.
Gibbsite is soluble in caustic soda above 100°C, while béehmite and diaspore are soluble in caustic
soda above 200°C. The treatment of boehmite and diaspore requires higher temperatures and longer
digestion times, and therefore is more expensive than treatment of gibbsite. The aluminum oxides
in the bauxite react to form soluble sodium aluminate or “green liquor”
(ALO,*H,O +2NaOH - 2NaAlO,+2 H O and ALO,*3H,O +2 NaOH ->2NaAlO, +4 H,O).
Silicas in the bauxite are detrimental to the digestion efficiency. They react to form sodium aluminum
silicate, which precipitates. This precipitate chemically binds the aluminum from the bauxite and
the sodium from the sodium hydroxide into a solid from that cannot be economically recovered.
This decreases the yield of alumina and increases the costs associated with sodium hydroxide.
Chemical additions and the adjustment of refining practices can effectively provide desilication
and decalcification of specific alumina streams.

2) Clarification - The green liquor produced by digestion is clarified to remove sand, undissolved
iron oxides, titanium oxides, silica and other impurities. The insoluble materials, called “bauxite
residue” or “red mud,” are thickened, washed, and dewatered to recover sodium hydroxide. Bauxite
residue is a large-quantity waste product that is generally stored adjacent to refinery sites in landfills
or lagoons. After weathering, the landfills can sustain vegetation.

3) Precipitation - The clarified liquid that results from clarification is cooled and “seeded” with
crystals of gibbsite to aid precipitation of alumina trihydrate (AL O,*3H,0). This is the reverse of
the digesting step (2NaAlO,+4 H,O & ALO,*3H,O +2 NaOH). However, by carefully

controlling the seeding, temperature and cooling rate, specific physical properties can be given to
the precipitating alumina trihydrate.

4) Calcination - Alumina trihydrate is typically calcined in a fluid bed or rotary kiln at about 980°C
to 1,300°C to remove the water of crystallization (AL,O,*3H,0 = AL O, + 3H,0) and produce
the dry white powder, alumina. Calcining rates and temperatures are carefully controlled and vary
depending on the final physical properties specified for the alumina.

Alumina used for electrolysis not only has a chemical purity specification, but also a physical
specification on particle size, surface area, bulk density and attrition behavior. These properties
affect alumina’s free flowing properties (how it flows in feeders), the rate at which it dissolves in
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cryolite, dust levels, the strength of the alumina crust, its insulating properties and other properties
important in the aluminum electrolysis cell operation.

Bauxite residue (red mud) is a by-product of the Bayer Process and contains the insoluble impurities
of bauxite. The amount of residue generated per kilogram of alumina produced, varies greatly
depending on the type of bauxite used, from 0.3 kilograms for high-grade bauxite to 2.5 kilograms
for low-grade bauxite. Its chemical and physical properties depend primarily on the bauxite used
and, to a lesser extent, the manner in which it is processed.

Although a great deal of effort has been expended over several decades to find and develop uses for
bauxite residue, a cost-effective, large-scale bulk application has yet to be found.'> Numerous attempts
have been made to recover additional metals from the residue, such as iron, titanium, and gallium.
Other possible uses for the residue have included the production of ceramic bricks or tiles, the use
as roadbed material or as filler material for plastics, or the production of cement. Accordingly, the
current industry efforts focus on minimizing the amount of residue generated and improving its
storage conditions.

Probably the most promising and recent application for the residue has occurred in Western Australia,
where it is being evaluated as a soil amendment or conditioner. The soils in Western Australia are
sandy and drain freely, allowing fertilizers to leach into waterways where they boost nutrient levels
and can lead to problems such as algal blooms. The application of bauxite residue to these sandy
soils aids the retention of phosphates and moisture, and reduces the need to apply lime for soil pH
adjustments. In locations where bauxite residue has been applied, there has been a significant increase
in crop yield and a significant reduction in the amount of phosphorous being leached into local
waterways.

4.2.1 Alumina Energy Requirements

Approximately 7.27(7.87") kWh of energy were required and 1.62 kg of CO, equivalent were
released to refine the 1.93 kg of alumina from bauxite needed to produce one kilogram of
aluminum in 2000.

The energy required to produce alumina from bauxite in 1985 was estimated to range from 2 kWh/
kg to 9 kWh/ kg of alumina.”® This broad range of energy intensity reflects both bauxite quality
(alumina content) and refinery design. It was estimated that in 1991 U.S. refiners averaged 3.66
kWh/kg of alumina produced.' The most recent available refining data lists 3.76 kWh/ kg of alumina
for 1995." Calcination is the most energy-intensive operation of the Bayer Process. On average,
1.93 kg of alumina are consumed to make one kilogram of aluminum.'® The alumina energy
requirement can be estimated as 3.76 kWh/ kg of alumina times 1.93 kg alumina per kg aluminum
or 7.27 kWh/kg of aluminum, a tacit value of 7.87* kWh/kg of aluminum.

The Alumina Technology Roadmap provides insight into the high-priority research and development
needs of the global alumina industry.!” The Roadmap recognizes the need and the opportunity for a
25% energy reduction by 2020 and improved, more sustainable handling of bauxite residues. Better
chemical process knowledge, waste heat utilization, and cogeneration are opportunities for energy
reduction in the refining process.
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Emissions from fuels used in the refining process are listed in Appendix E, Table E-2. These emissions
are predominately related to natural gas and coal consumption for digestion and calcination. Nearly
1.62 kg of carbon dioxide equivalents are emitted for each kilogram of refined alumina.

4.2.2 Alumina Theoretical Minimum Energy Requirements

The theoretical minimum energy required to produce alumina is 0.13 kWh/kg of aluminum
produced.

The theoretical minimum energy requirements to produce metallurgical grade alumina from
bauxite can be calculated from the reactions required in the process. The minimum energy
requirement for the digestion, clarification, and precipitation steps is related to the two chemical
reactions that take place during these processing steps. However, since there is no net chemical
or temperature change for the combined reactions

(ALO,*3H,0 + 2NaOH 5 2NaAlO, + 4H,0 & ALO,*3H,0 + 2NaOH),

the theoretical minimum energy requirement for these steps is near zero. The third reaction,
calcination, require energy to drive off the hydrated water (A1,O,*3H,O = ALO, + 3H,0).
The theoretical minimum energy requirement to calcine (dehydrate the alumina) is 0.13 kWh/kg of
aluminum produced (Appendix J, Table J-10).

4.3 Carbon Anode

The United States consumed 1,651,000 metric tons of carbon anode in 2000. Approximately 0.45
kilograms of carbon anode were needed to produce one kilogram of aluminum. (Appendix F, Table
F-1) All commercial production of aluminum uses carbon as the anode material for the electrical
reduction of alumina to aluminum. The carbon anode net reduction reaction
(2A1,0,+ 3C = 4Al + 3CO,) requires three carbon atoms for the reaction to free four aluminum
atoms. The theoretical minimum anode consumption is 0.33 kg of carbon per kilogram aluminum
[(3 x 12.01 carbon molecular weight )/( 4 x 26.98 aluminum molecular weight)]. Anode material
quality is important since all impurities are dissolved into the bath and ultimately contaminate the
molten aluminum. The anode’s physical quality also affects both the energy efficiency and
productivity of smelting cells.

Anode consumption rates in practice, typically about 0.45 kg carbon per kg of aluminum, are 35%
higher than the theoretical requirement. Excess carbon usage results from the need to protect the
iron electrical connection within the carbon anode, and from air burning and dusting. The surface of
the carbon is hot enough, at cell operating temperatures, to oxidize at a slow rate. This is minimized
by coating the anode surface and covering the anode with alumina, which insulates it from air
exposure.

Dusting, breaking off small particles of carbon into the air or bath, can account for half of the excess
carbon used in the smelting process. Anode carbon dust is unavailable for aluminum production.
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Dusting is a direct function of the anode material uniformity. It is caused by selective electrolytic
oxidation and air burning of the binder pitch, which releases aggregate carbon particles into the
bath.

Two different anode technologies are utilized by U.S. industry. “Prebaked” carbon anodes account
for more than 82% of U.S. capacity. Older, “in-situ-baked” Soéderberg anodes account for the
remainder of the capacity. New prebaked anode reduction cells have surpassed Soderberg anodes in
terms of current efficiency and emission control. No new Soderberg cells are being built, and those
that exist are progressively being replaced, converted, or shut down. This report will focus mainly
on “prebaked” anodes for smelting technology.

Carbon “prebaked” anodes are made by mixing ground used carbon anodes, calcined petroleum
coke and coal tar or petroleum pitch. Pitch acts as a binder to hold the anode mass in a “green”
formed shape. Compacting the anode by using vacuum and vibrating the mixture when forming
produces a denser, more conductive and lower dusting anode. Baking carbonizes the pitch and
creates a solid bond between the particles of calcined coke and used anode material. Cast iron is
poured into preformed sockets in the baked anode to form an electrical connection. “Prebaked”
anodes can weigh as much as 1,250 kg and have a working face size of about 0.70 m x 1.25 m and
a 0.5 m height. “Prebaked” anodes are removed before they are completely consumed. Used anodes
are recycled into the anode production system to recover the carbon and the iron rods used for
electrical connections. Used anodes can account for 15% to 30% of the mass used in green anode
makeup.

Calcined petroleum coke is a byproduct of the crude oil refining industry. Green or raw coke contains
8% to 10% moisture and 5% to 15% volatile organic materials. Raw coke must be calcined at about
1,200°C to 1,350°C in gas-fired kilns or rotary hearths to remove the moisture, to drive off volatile
matter, and to increase the density, strength and conductivity of the product.'® Worldwide, about
25% of all raw coke is calcined and about 70% of all calcined coke goes to aluminum production.
Modern calcining hearth and kiln designs capture and use the volatile organic matter in raw coke as
their major fuel source.

4.3.1 Carbon Anode Energy Requirements

Approximately 0.61(0.74") kWh of energy were required and 0.12 kg of CO, equivalent were
released in the manufacturing of the 0.45 kg of carbon anode needed to produce one kilogram of
aluminum in 2000.

Anode blocks are typically baked in a natural gas-fired furnace for several weeks. Quality anodes
depend upon careful baking controls to gradually raise the temperature to about 1250°C. Volatile
hydrocarbons from the pitch are gradually released during the baking process. Theoretically, these
volatile compounds could provide sufficient heat for anode baking and no additional energy would
be required. However, in practice, volatile organic compounds account for only 46% of the energy
input to the prebake ovens. The remaining 54% of the energy needed comes from fuel. Only about
30% of the input energy goes into making the anode, 24% is lost from oven surfaces, 29% goes up
the stack and 17% is lost in other ways. New prebake furnace ovens with computer controls are
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more efficient with both regenerative and recuperative elements."

Emissions associated with prebaked anodes result mainly from the combustion of natural gas and
the volatile organic compounds contained in pitch. These amount to 0.27 kg CO, equivalents per
kilogram of anode or 0.12 kg CO,
equivalents per kilogram of aluminum
(Appendix E, Table E-2).

Table 4.3.1 - Energy Associated with Carbon
Anode Manufacturing

The process energy used to produce a e o e T

carbon anode is 1.36(1.66") kWh/kg of a 0.45xa
anode from the most recent available U.S. | pitch 0.003(2.58) 0.001(1.15%)
data for‘ 1995.2° The total energy (sge coke 0.11(8.97%) 0.05(4.00%)
Appendix I) to produce a carbon anode is

shown in Table 4.3.1 - Energy Associated | anode | 1.36(1.66) 0.61(0.74%)
with Carbon Anode Manufacturing. The | TOTAL | 1.47(13.21%) 0.66(5.89)

energy per kg of aluminum produced is
obtained by multiplying 0.45 times the total energy required to produce a kilogram of carbon anode.

Soderberg anodes use green coke and are baked in-situ. These anodes can be baked only to the
maximum cell-operating temperature, which results in an anode with 30% higher electrical resistivity
and a greater dusting propensity than a prebaked anode.?' The cell emission control system is also
more complex than for a prebake cell, since emission systems must be designed to handle the 5% to
15% volatile organic material content of the green coke.”? Some plants employ both wet and dry
gas scrubbing systems to meet environmental regulations.

4.3.2 Carbon Anode Theoretical Energy Values

The minimum theoretical energy requirement to manufacture a carbon anode is the energy necessary
to convert the coal tar pitch by destructive distillation to a coke-based binder. Approximately one-
third of the pitch binder mass is lost in the baking process.”® A portion of this loss consists of
volatile components, while the remainder is the carbonization of the pitch. Pitch contains
approximately 85% carbon. Approximately 79% of the pitch is actually carbonized, while 21% is
volatilized. The fuel energy value of the pitch that is carbonized, 0.75 kWh/kg of anode, is a measure
of the theoretical energy required for anode manufacturing. In addition, the tacit or inherent energy
of 11.55" kWh/kg of anode must be accounted for as part of the total theoretical requirement.
Therefore, the total theoretical minimum energy associated with the production of prebaked carbon
anodes is 12.30" kWh/kg of carbon anode. Theoretically, 0.33 kg of carbon anode are required to
produce a kilogram of aluminum. Therefore, the minimum theoretical energy requirement to produce
anodes is 4.1 kWh/kg of aluminum.
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5.0 Primary Aluminum Production

The total energy associated with primary aluminum production from bauxite ore was
approximately 23.78(45.217) kWh/kg of aluminum in 2000. This consisted of:

8.20(14.11") kWh/kg aluminum for raw materials and
15.58(31.107) kWh/kg aluminum for electrolytic reduction.

Alumina is insoluble in all ordinary chemical reagents at room temperature and its melting point is
high, above 2000°C. These properties make conventional chemical processes used for reducing
oxides difficult and impractical for conversion of alumina into aluminum.

Commercial primary aluminum is produced by the electrochemical reduction of alumina. Charles
Martin Hall in the United States and Paul Lewis Toussaint Héroult in France independently developed
and patented a commercially successful process for alumina reduction in 1886. This process,
commonly referred to as the Hall-Héroult process, is still in use. Though the engineering has improved
vastly, the process fundamentals are basically unchanged today. The Hall-Héroult process takes
place in an electrolytic cell or pot. The cell consists of two electrodes (an anode and a cathode) and
contains a molten bath of fluoride compounds (cryolite), which serves as an electrolyte and solvent
for alumina. An electric current is passed through the bath, which reduces the alumina, to form
liquid aluminum and oxygen gas. The oxygen gas reacts with the carbon anode to form carbon
dioxide. Molten aluminum collects at the cathode in the bottom of the cell and is removed by
siphon.

5.1 Production, Capacity, and Growth

Eleven companies in 2000 operated 23 primary aluminum production facilities in the United States.
These facilities had a production capacity of approximately 4,280,600 metric tons and produced
3,668,000 metric tons. These facilities operated at approximately 86% capacity in 2000.%

5
Million *
Metric 31
Tons 2 1

1
0
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Source: Aluminum statistical review for 2000, The Aluminum Association, 2001, p.7

Diagram 5.1 - U.S. Production of Primary Aluminum 1960 to 2000
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Production variations in the United States are more representative of the costs to produce aluminum
than of the domestic demand. Primary aluminum is traded on a global market, and global demand
has been growing steadily at more than 2.2% annually for the past ten years. The United States
accounted for 15.3% of the world’s primary aluminum production in 2000.

5.2 Historical Hall-Héroult Energy Utilization

“The first commercial aluminum cells at Neuhausen, Switzerland (Héroult) and Pittsburgh,
Pennsylvania (Hall) required more than 40 kWh/kg of aluminum produced and had current
efficiencies ranging from 75% to 78%.”* The Hall-Héroult process is still electric energy intensive.
Since electricity costs are an

%0 _— important portion (about one
20 Approdmate industy Range. M | third) of the total production
USA Industry Range costs, energy efficiency
continues to be a major area
304 of focus for the aluminum
kWh industry.
k
2 The electrical energy
consumed in a primary
10 = aluminum cell is measured by
the number of watts consumed
0

over a period of time. Wattage
is determined by multiplying
_ _ _ @D roenceamosescanosesysens the  cell Voltage by cell

me= |nternational Aluminum Institute, 2001
R. Burkin, "Production of Aluminium and Alumina,” @D Aterative Technologies amp erag e. D 1 agram 5 . 2 a -

W Haupin, History of Energy Consumption by Hall-Heroult Cells, pages 106-113
in the "Hall-H It Cent ial" book

|| i eyttt e s Primary Aluminum Electric

Energy Consumption 1900 to
2000 shows the significant
electrical energy
improvements made between
1900 and 2000. Total electricity use (excluding tacit generation and transmission losses) varies
from less than 13 kWh/kg of aluminum for the state-of-the-art plants up to more than 20 kWh/kg
for older Soderberg facilities (U.S. plants in 1995 averaged around 15.4 kWh/kg Al). The theoretical
minimum energy requirement for carbon anode aluminum electrolysis is approximately 5.99 kWh/
kg of aluminum (see Section 5.3.1). Compared to theoretical values, U.S. facilities are operating at
roughly 38% energy efficiency.

T T T T T
1900 1920 1940 1960 1980 2000

Diagram 5.2a - Primary Aluminum
Electric Energy Consumption 1900 to 2000

Significant engineering changes in cell design and operation have occurred over the past fifty years.
Table 5.2 shows the changes in operating parameters of a typical new cell.*® Each new or updated
primary facility tries to increase productivity and incorporate energy-reducing technologies to lower
production costs. This results in gradual changes in the industry. The most significant change is
new equipment and techniques for smaller and more frequent alumina additions. This, combined
with higher amperage, lower current density and larger cells, has dramatically improved current
efficiencies and productivity.
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Table 5.2 - Typical Parameters of Aluminum Reduction Cells 1948 vs. 1999

Parameter 1948
Current Rating (kA) 50 - 60
Aluminum Production (kg Al /pot day) 385
Energy Consumption (DC kWh/kg Al) 18.5-19
Anodic Current Density (A/cm?) 1.2-1.3
Area of Cavity (m?) 8
Nominal Anode Area (m?) 4-5
Ratio of Area (Anode/Cavity) ~0.55
Average Velocity of Flow in Cathode (cm/s) 10- 15
Cathode Life (days) 600 - 800
Potroom Workers (hours/metric ton Al) 5-8
Interval for Alumina Additions (minutes) 80 - 240
Emissions (kg /metric ton Al)

F ~30

CF, ~1.5
Anode Effects per Pot Day 3-4
Net Anode Carbon Consumption (kg C/kg Al) 0.55
Number of Pots per Potline ~40
World Primary Production (10°) metric tons ~1

1999

300 - 325
2,475
12.9-13.5
0.8 - 0.85
40 - 45

38

=109

4-6
2,500 - 3,000
1.7
0.7-1.5

<0.5
0.05
0.05
0.43
~ 288
~20

There is a minimum cell amperage (electrical current) required to produce aluminum (the next
section details this minimum). Production in the United States now operates at about 95% current
efficiency. The aluminum industry, as shown in Diagram 5.2b - Primary Aluminum Current Efficiency

1900 to 2000, has significantly
improved current efficiency.
The high current efficiency of
existing technologies leaves

100

95

little opportunity for process or 2

technology improvements to & %

further reduce amperage and éj

save additional energy. Since Lf:. 8

current efficiency is high, ?:;

lowering  the  voltage © 80

requirements of cells presents

the largest challenge and best 75

opportunities for improving

Hall-Héroult efficiencies. The 70 T T
voltage requirements of a cell A L CAN

are described in section 5.4.2.

T
i

Source: Production of Aluminum and Alumina 3

200

Diagram 5.2b - Primary Aluminum Current Efficiency

1900 to 2000
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5.3 Theoretical Minimum Energy for Reduction

All current primary production facilities and most alternative processes for aluminum production
use alumina as their raw material. Any process that starts with alumina to make aluminum has the
same theoretical energy requirement. Different processes do not offer any theoretical energy
advantage. However, they do offer significant tradeoffs between efficiencies, emissions, footprints,
and sources of input energy (electricity, carbon, and fuels). The theoretical limits required to
manufacture aluminum provide a valuable insight into Hall-Héroult cell operation and potential
future reduction processes.

Molten aluminum is the product of primary reduction processes. This report calculates the theoretical
minimum energy by assuming the reactants enter and the byproducts leave the system at room
temperature and that molten aluminum leaves the system at 960°C. The molten metal temperature,
960°C (1233°K), is an approximation of an average commercial operating cell. Diagram 5.3
illustrates the theoretical boundaries for a system that reduces alumina to form aluminum and oxygen.
Changes in the operating temperature of a cell have a minor effect on the theoretical energy
requirements. Operating changes of 100°C in a

Hall-Héroult cell, operating in the range of 700°C Energy = volt x ampere x hour

to 1,100°C, result in less than a 1% change in the voltage

theoretical minimum energy requirements

(Appendix J, Table J-7). amperage Auminum (A)
Some studies assume that the gases evolved Ao

during reduction leave the system at the molten A Qv

metal temperature. In these studies, the theoretical [
minimum is 2.5% to 3% higher than the values
presented in this report (Appendix J).
Theoretically, it is possible to capture all the
energy associated with these gaseous emissions.
In practice, however, the gas stream is collected from hundreds of hooded pots and treated before
release to the atmosphere. Only a very small portion of the heat is actually absorbed and returned to
the system.

Diagram 5.3 - Alumina to Aluminum
Theoretical Minimum Energy

Three energy factors must be examined in the production of aluminum: the energy required to drive
the reduction reaction forward, the energy required to maintain the system at constant pressure and
temperature, and the energy required to change the temperature of the reactant and/or product. The
thermodynamics and chemical equilibrium of reactions are described by the following equation:
AG = AH - TAS. The energy required to drive the reaction forward is the energy for the electrolytic
reduction of alumina (2 ALO, = 4 Al + 3 O,) and is given by the change in the Gibbs free
energy value (AG). The energy required to maintain system equilibrium is the difference between
the heat of reaction (AH) and the Gibbs free energy value (AG), which equals the entropy term
(TAS). Since the Gibbs free energy requirement is less than the heat of reaction for alumina reduction,
additional energy must be added to the system to maintain the system temperature. Otherwise, the
system will cool as the reaction precedes. Hence, for the alumina reduction reaction, the AH term
provides the minimum theoretical energy requirement (reaction and equilibrium). Reduction cells
operate at atmospheric conditions and no pressure change results from the reduction. Numeric
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values for these thermodynamic measures and details the calculations used to determine the theoretical
minimum energy requirement are given in Appendix J for the elements and compounds common to
aluminum processing. The energy required to change the temperature of reactants and products is
calculated from their heat capacities (), which are provided in Appendix J.

Faraday’s law provides the minimum amperage requirement for electrolytic reduction. This law
states that 96,485 coulombs of electricity are passed through a cell to produce a one gram equivalent
of'an element or compound. Aluminum has an atomic weight of 26.98, a charge of 3" and therefore
has an 8.99 gram equivalent weight. Faraday’s law is converted to more common measurements:

96,485 coulombs | Ampere sec hour gm equivalent |( 1,000 gm
: = 2980 Ah/ kg
gm equivalent coulomb J\ 3,600 sec 899 gm kg

The value 2,980 Ah/kg of aluminum is the theoretical minimum amperage (current) required for
production. This value assumes perfect conditions, where there are no reverse or parasitic reactions
that consume amperage and no limitation to the ionic species availability to react at the electrodes
(no concentration gradients or gas bubbles). The Gibbs free energy (AG) divided by the Faraday
amperage provides the minimum voltage required to drive the reaction forward. Cell voltage and
current efficiency are variables that are controllable by design and they determine the electrical
power required for reducing alumina. In practice, electrolytic cells have significant inefficiencies
and operate above the minimum voltage requirement. This excess voltage provides the thermal
energy required to maintain system equilibrium (AH - AG) and to produce molten material (C).

In the case of aluminum made directly from alumina (2 ALLO, = 4 Al + 30,), shown in Diagram
5.3, the energy required to drive the reaction forward (AG) is 8.16 kWh/kg, the thermal energy (AH
- AG) required to maintain thermal equilibrium is 0.48 kWh/kg and the thermal energy (C,) associated
with producing the molten aluminum is 0.39 kWh/kg of aluminum. The theoretical minimum energy
requirement is 9.03 kWh/kg of aluminum. (Note: if the gas emission at 960°C is included, the total
theoretical minimum energy requirement is 9.30 kWh/kg of aluminum) (Appendix J, Table J-2).

5.3.1 Theoretical Energy for Hall-Héroult Carbon Anode Reduction

The theoretical minimum energy requirement for producing molten aluminum at 960°C in a
Hall-Héroult cell with a carbon anode is 5.99 kWh/kg.

All commercial aluminum production uses a carbon anode in a Hall-Héroult cell. The carbon is
consumed during the electrolytic process and supplies part of the energy necessary for the reduction
of alumina. This gives the Hall-Héroult carbon anode process a lower energy requirement than the
direct reduction of alumina to aluminum. The theoretical energy required for reduction is the same
for prebaked or Soderberg carbon anodes.

The net reaction for the carbon anode Hall-Héroult process is 2 AL O+ 3C = 4 Al + 3 CO,.

Diagram 5.3.1 shows an idealized Hall-Héroult cell for the production of aluminum. In this cell, it
is assumed that the reactants (alumina and carbon) enter the cell at 25°C, the carbon dioxide byproduct
leaves the cell at 25°C, and the aluminum product leaves as molten metal at the cell operating
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temperature of 960°C. The reaction is assumed Energy = volt x ampere x hour

to occur under perfect conditions, where there voltage

are no reverse reactions, no parasitic reactions Mi

consuming additional anode carbon, no Aumine (71209 il Aluminum (Al
limitations to the ionic species reacting at the —> —>
electrodes, and no heat or energy losses external Carbon (C)  |Al,O5 * 1.5 C—>2 Al + 1.5 CO,,| Carbon Dioxide (CO,)
to the system. AN ‘—zmb

Appendix J, Table J-1 details the calculation of
theoretical minimum energy for this reaction.
The results show that the energy required to
drive the reaction forward (AG) is 5.11 kWh/
kg, the thermal energy required to maintain equilibrium is 0.49 kWh/kg and the thermal energy
associated with the molten aluminum is 0.39 kWh/kg of aluminum. The theoretical minimum energy
requirement for the reduction of alumina in a carbon anode cell is 5.99 kWh/kg of aluminum.
(Note: if the CO, gas emission at 960°C is included, the total theoretical minimum energy requirement
is 6.16 kWh/kg of aluminum).

Diagram 5.3.1 - Alumina and Carbon to
Aluminum Theoretical Minimum Energy

In actual carbon anode cell operations, current efficiencies of less than 100% result from reverse
oxidation reactions between part of the aluminum metal that is dissolved in the cryolite and carbon

dioxide gas produced (2 Al + 3CO, > AL O, + 3 CO) and to a lesser extent between the carbon

dioxide gas and the carbon anode (CO,+ C = 2 CO). Current efficiency losses can also result
from direct shorting of the anode to the aluminum pad.

Today’s state-of-the-art reduction cells are achieving current efficiency levels of 96% and energy
consumption levels of 13.0 kWh/kg of aluminum.?” The theoretical minimum energy requirement
at 100 percent current efficiency is 5.99 kWh/kg of aluminum. The energy efficiency levels of
present state-of-the-art carbon anode reduction cells are about 46%.

5.4 Hall-Héroult Reduction Process

The engineering, materials, and process knowledge of existing components and processes form the
foundations for developing new components, processes, and techniques for producing aluminum.
The Hall-Héroult cell is a system and improving one component does not necessarily result in an
improved cell or a more energy-efficient operation, since all components must perform together as
a whole system. On a practical level, it is helpful to understand the Hall-Héroult process in terms of
its components, operation and interrelationships. This section describes a typical prebake anode
operation and provides practical information on the Hall-Héroult process so the reader can understand
the impact that component and system changes have on cell performance.

5.4.1 - Typical Hall-Héroult Cell Operation

A typical modern aluminum electrolysis Hall-Héroult reduction cell (pot) is a rectangular steel shell
9mto 12 mlong, 3 m to 4 m wide and 1 m to 1.5 m deep. It has an inner lining of carbon, which is
surrounded by refractory thermal insulation, that keeps it isolated thermally and electrically from
the steel shell. Commercial cells range in capacity from 60,000 amperes to more than 500,000

Page 29



Alumina Feed System ~ @amperes and can produce more than 450 to 4,000
Anode Bus Connection  K1lograms of aluminum per day, respectively.

Gas Collection Cover . A cell typically operates at 950°C to 980°C and
Carbon Anode yields molten aluminum and carbon dioxide. The
molten aluminum has a higher density than the
electrolyte (cryolite bath) and settles to the bottom
of the cell on top of the carbon lining. Molten
aluminum at about 99.7% purity is periodically
“tapped” by a vacuum siphon from the cell bottom.
Carbon Cathode Lining - The tapped metal is transferred to holding furnaces

Steel Shell

Deulation, | WHere the metal is alloyed and entrained gases and
impurities are removed prior to casting. The carbon
dioxide and other gases generated in the cell during

Diagram 5.4.1 - Typical Cell the reduction process are collected and treated to meet

environmental regulations.

Alumina Cover
Ledge

Bath

Aluminum Pad

Electric current enters the cell through the carbon anode and flows through 3 cm to 6 cm of electrolyte
(bath) to the aluminum pad and carbon lining cathode. The aluminum pad is in intimate contact
with the carbon lining and serves as the charged surface of the cathode. Steel collector bars are set
near the bottom of the carbon lining to conduct the current to the anode of the next cell.

The 950°C to 980°C molten cryolite and aluminum used in a typical reduction cell are corrosive.
Molten cryolite has low viscosity and interfacial tension that allows it to easily penetrate any porosity
in the cell lining. To protect the carbon lining, the thermal insulation is adjusted to provide sufficient
heat loss to freeze a protective coating of the electrolyte, known as “ledge,” on the inner walls. The
molten aluminum pad protects the carbon bottom of the cell. The cell is never tapped completely
dry of molten aluminum. It is essential that no alumina or frozen ledge form under the metal pad.
The carbon cathode must remain bare for good electrical contact with the aluminum pad.

The reduction reaction is continuous and alumina must be supplied to the bath at a controlled rate to
maintain constant conditions. This is accomplished with automatic feeders that break the surface
crust and deposit alumina into the molten bath where it is dissolved for reaction. Alumina is also
used to cover the carbon anodes and the frozen bath surface. The alumina covering serves as thermal
insulation and as a protective cover to reduce air burning of the anode.

The electrolytic reaction in a Hall-Héroult cell consumes the carbon anode. Approximately 0.45
kilograms of the carbon anode is consumed for each kilogram of aluminum produced. The carbon
anodes provide a necessary part of the energy required to operate a cell. The distance between the
carbon anode and the metal pad is kept constant by adjusting the anode as it is consumed. The
consumable carbon anodes must be replaced periodically, typically about every four weeks in a
modern plant. The frequency of anode changing depends on the anode design and cell operation.
Anode changing represents the most frequent cell and productivity disruption. The removed portion
ofan anode (known as a “butt”) is recycled or sold as a fuel. Replacing anodes disrupts cell operations.
The pot cover, which is part of the gas collection system, must be removed, the used anode must be
pulled from the frozen surface crust, and the new anode must be inserted into the space of the
consumed anode. This has to be accomplished without significant pot crust breakage or alumina
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falling into the bath. Anode changing is the single largest thermal, current, and magnetic disturbance
in cell operation.

Cells are arranged in long rows called “potlines.” They are placed as close as possible to each other
while maintaining sufficient room for anode changing, alumina feeding, and reasonably low
electromagnetic interference. The cells are connected electrically in series. Rectifiers, which convert
alternating current to direct current, are chosen to minimize capital investment and typically provide
about 700 V(dc). Typically a reduction cell’s design requires about 4.6 V(dc) so that a potline of
roughly 150 to 180 cells would be used.

5.4.2 Voltage Requirements

. . . . Volts %
The energy consumed in an electrolytic reaction is a |

function of the voltage used and the current efficiency External 015 33
ofthe operating cell (the minimum current is fixed by
Faraday’s Law, see Section 5.3). Modern Hall-Héroult
cells operate at high (95+%) current efficiencies. The
approximate voltage components of a conventional
cell are shown in Diagram 5.4.2 - Voltage Distribution
in a Hall-Héroult Cell.

Cathode 0.45 9.8
The electric current flows through the cell and the cell
voltage components can be described as a set of
resistors in series.

|

E = cell reaction + overvoltage + bath + Other 015 33
cathode + anode + connectors

Total 460 100

The cell reaction voltage is a function of temperature

and at 960°C is fixed at 1.2 V(dc).*® This is the Diagram 5.4.2 - Voltage Distribution in a
theoretical minimum voltage required for the reduction Hall-Héroult Cell

reaction to take place and no cell can operate at 960°C

below this voltage. The total cell operating voltage includes the addition of voltages required to
overcome the ohmic resistance of the other cell components. These are described in the following
section of the report.

5.4.3 Cell Subsystems and Variables
Busbars and Pot Connectors

Busbars electrically connect in series all the cells of a single potline, which typically contains more
than 150 pots or cells. They are fabricated from highly conductive aluminum alloy and are sized for
minimum overall system cost. Any voltage drop in the busbar and connector system results in
energy loss.
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Electrolyte

The electrolyte or bath used in Hall-Héroult is cryolite (Na,AlF ). This is modified with the addition
of aluminum fluoride (AIF,), calcium fluoride (CaF,) and other additives to control the operating
temperature, solubilities, activities of ionic species, conductivity, viscosity, interfacial tension, bath
density, vapor pressure, hardness of the crust, and other factors. Bath chemistry, physical properties
and thermodynamics are very complex. The bulk electrical conductivity of the bath is influenced
not only by its composition and temperature, but also by the presence of anode gas bubbles and
carbon dust.

Aluminum fluoride (AIF,) is the most common bath additive. It lowers the operating temperature,
the solubility of the reduced aluminum, surface tension, viscosity and density. However, it has the
undesirable effect of decreasing alumina solubility and electrical conductivity. The weight ratio of
NaF to AIF, is referred to as the bath ratio. Controlling this ratio is important for efficient cell
operation (Note: Outside the United States, many countries use the cryolite or molar ratio, which is
twice the bath ratio).

The fluid bath circulates within the cell. As gas molecules are formed at the anode, they accumulate
and coalesce into fine bubbles that aggregate into larger bubbles. These bubbles collect and move
across the anode surface to escape around the edges of the anode. The buoyancy of the gas creates
movement, which contributes to the motion of the bath and pad. The bath movement results from,
in decreasing order of magnitude, gas bubble drag and electrolyte density difference caused by the
bubbles generated at the anode, electromagnetic forces on the molten metal pad, and temperature
gradients. This motion influences the concentration gradients of dissolved alumina and affects current
efficiency. The motion also influences the heat transfer from the bath to the protective frozen ledge.

Anode-Cathode-Distance

The anode-cathode-distance (ACD) is the distance between electrode surfaces. In the Hall-Héroult
cell, it is the distance from the lower face of the carbon anode to the top surface of the aluminum
pad. This distance is typically about 4 cm to 5 cm. The electrolytic bath occupies the space between
the carbon anode and aluminum pad. The voltage required for current to pass through the bath is
related to the bath conductivity and the distance between the anode and the cathode. Decreasing the
ACD lowers the voltage and energy requirements of the cell. The operating ACD is a compromise
between keeping a low value of bath resistance, while at the same time enabling electrolyte rich in
alumina ionic species to reach the charged surfaces and allowing reactant gas bubbles to escape.
The ACD also must be large enough to ensure that the liquid metal does not contact the anode and
short circuit the cell.

The heat required to keep the bath molten is in part supplied by the electrical resistance of the bath
as current passes through it. The amount of heat developed depends on the current path or the ACD.
Changing the ACD is one method of controlling the desired bath operating temperature.

Aluminum Pad

The molten aluminum pad that forms at the bottom of the cell is the cathodically-charged surface
for the reduction reaction. The large amperage values flowing through a cell create electromagnetic
forces that cause the pad to rotate, and this motion deforms the molten aluminum/cryolite interface.
The electromagnetic forces cause local metal velocities of about 5 cm/sec to occur. Cells are designed
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to minimize these forces and today velocities are typically one third of what was common fifty
years ago. Movement of the aluminum pad is caused by electromagnetic forces in the cell and, to a
smaller extent, by the interfacial drag of the bath fluid. Joint discontinuities in the carbon blocks
create additional flow disturbances in the moving pad. The combination of all these forces causes
the pad to undulate or roll and can result in waves forming on the surface of the pad. These waves
can approach the anode and result in an electrical short circuit. The current that flows during this
shorting produces no aluminum and results in a major loss of power and productivity. The motion
of the aluminum pad also produces erosion of the carbon lining and shortens cell life. Since the
distance between the anode and cathode is constantly changing as a result of the undulating pad, the
ACD is kept large enough to avoid contact between the anode and the pad. This requires that the
anode be backed away from its optimal position. Designing systems to minimize movements of the
metal pad is a key factor in the efficient operation of a cell. A stable pad surface allows the ACD to
be decreased.

The newer concept of using a “drained cathode cell” is an approach to circumvent the difficulties
associated with keeping the metal pad stable. Essentially the bulk of the metal is drained to a sump
and the cathode is left wetted only by a thin metal sheet (Advanced Hall-Héroult Cells, Section 6.1).

Cathode

The bottom lining of the cell also serves as a cathode and carries current from the molten metal pad.
Since 10% of the total cell voltage drop is in the carbon cathode blocks, it is important that they
have the highest density and electrical conductivity possible.

In an attempt to reduce the resistance of the cathode, some have experimented with cathode blocks
containing a higher content of graphitic carbon. However, while less resistive, graphite is also less
wear resistant and this compromises the life of the cathode. The cathode life generally determines
cell life, since cathode replacement requires the complete dismantling of a cell. The advent of hard
TiB, coatings may offer an opportunity to increase the graphitic content of cathode blocks, and
lower cell resistance, without reducing cell life. Under optimal conditions, the life of a cathode or
cell is in the range of 7 to 10 years.

Current Density

Current density is a measure of the productivity of a cell. It is calculated by dividing the amperage
supplied to an anode by the geometric face area of the anode. It is generally expressed in amperes
per square centimeter (A/cm?). Most potlines operate in the range of 0.8 A/cm? to1.0 A/cm?. The
quantity of aluminum produced per cell increases with increasing current density. The tradeoff is
that as current density and productivity increase, current efficiency decreases, which results in a
higher energy consumption per unit of metal produced. Lower current densities are more energy
efficient, but increase capital and labor costs per unit of output.

Cell Polarization / Overvoltage

The reactions occurring at the anode and the cathode create localized conditions that are different
from the bulk of the bath. The reactions deplete the supply of reactants and increase the quantity of
products. This creates concentration gradients, which in turn cause concentration polarization.
Additionally, the gas generated at the anode forms bubbles, which lower the effective bath
conductivity. Localized conditions at the anode and cathode are unavoidable and require a voltage
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higher than the minimum reaction voltage to be applied to the cell.

No free aluminum (Al**) or oxygen (O*) ions are present in the bath. Alumina dissolves and
dissociates into salt complexes in the bath. The dynamics at the anode are complicated by the
release of gas bubbles. Oxygen-containing ionic species are transported through the bath and
discharged on the carbon anode. These anode reactions are

(AI2O2F62‘ +2F+C=> CO,+2 AIF4‘ + 4¢)
and (AI2O2F42‘+ 4F-+C=> CO, + 2A1F4‘ + 4¢).
At least three phenomena have been identified as contributing to the anode overvoltage:

1) an increase in local current density due to the presence of gas bubbles adjacent to the anode
surface, which displace the electrolyte bath,

2) an ohmic component from an increase in the resistance of the electrolyte due to the presence
of the bubbles, and

3) the concentration polarization overvoltage.”

Polarization effects at the cathode contribute much less to overvoltage than at the anode. The cathode
reactions are (AIF >+ 3e” > Al + 6F) and (AIF,” + 3e" & Al + 4F"). The aluminum ion
complexes AIF * and AIF,” have higher ionic mobility than their anodic counterparts, which lowers
the concentration polarization effect. In addition, no gas bubbles, which influence both resistance
and concentration polarization, are produced at the cathode.

Anode Effects

Control of the quantity of alumina dissolved in the bath is important for proper operation of a cell.
Alumina saturation is reached at about 7% alumina dissolved in a typical bath. The normal operating
level is about 3% alumina. If the level goes above 4%, some of the added alumina may not dissolve
rapidly and can settle to form a sludge on the cell bottom thereby reducing cell conductivity. If it
falls below 1% alumina the cell is starved of the reactant and an “anode effect” ensues. When this
occurs, the production of metal is interrupted and fluorine (F), hydrogen flouride (HF), and other
perfluorocarbon gases are discharged instead of carbon dioxide. Perfluorocarbon gases have 6,000
to 9,000 times the global warming potential of carbon dioxide and require gas scrubbing to meet
environmental regulations.

Significantly, alumina is a good absorbent of perfluorocarbon gases. This allows primary production
facilities to use their alumina raw material as an absorbent in dry gas scrubbing systems. The fluorides
absorbed on the alumina in the scrubbers are recycled into the pot feeding systems, so that both the
alumina and fluorides can be reused in the process.

Alumina Feed

Alumina is ideally added to the cell at a rate that exactly replaces the alumina that has been reduced.
If alumina is fed too fast or in large increments, it may not dissolve and can form sludge. Sludge
affects fluid flows within the cell and contributes to erosion of the cathode block surface. Under-
feeding the cell results in an anode effect. There is no current technology for in-situ, real-time bath
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analysis to provide control of alumina concentration in the bath and alumina feed rate.

Alumina is fed by automatic handling and conveyor systems. The alumina must dissolve rapidly
and its specifications are complex with numerous tradeoffs. The alumina should contain few
impurities, and have a high surface area, yet be a relatively large particle (this apparent inconsistency
is overcome by the particle having significant porosity). The particle must also be robust, create
little dust, and resist breakage during handling. The introduction of dry scrubbing systems for the
cell offgases, wherein the alumina is used as an adsorbent for fluoride emissions, further complicates
the alumina specifications.

Alumina is “side-worked” in older prebake cell designs and Soderberg cells. Side-worked cells
introduce alumina into the bath using automated crust-breaking and feeding machines that move
along the length of the cell. Side-working is time-consuming and can take one to four hours before
the machine feeds the same section of the cell again. Newer prebaked cell designs utilize the spaces
between the anodes to feed alumina into the cells. “Point feeders” pierce the crust and dispense
small quantities of alumina at numerous points, typically in the center of the cell. One-minute
intervals between point feeding is common. This frequent addition of small quantities of alumina
takes advantage of the motion of the bath and provides significantly better control of local alumina
concentration. This provides for better current efficiency, fewer anode effects and less erosion caused
by solid alumina. Point feeders have proven to be significantly better than and have replaced most
feeding systems in both prebaked and Soderberg cells.

Cell Operating Temperature

Temperature, C°

Bath chemistry controls the operating temperature of 1080
the Hall-Héroult process. Most commercial cells operate /
near 960°C (1233°K). Reducing the cell operating 1060 7
temperature is an obvious approach to saving energy /

and reducing capital costs by lowering insulation 1040

requirements. However, controlling the operating /

variables of a cell becomes more critical as temperature ¢ 1020

is lowered. Dissolved alumina must be available for N Liquid /

reduction in the bath to have high cell productivity, g 1000

minimize energy consuming concentration polarization, \ / e

and avoid anode effects. Lowering the cell temperature %80 AR,

lowers the solubility range for alumina in a cryolite bath. + Liquid

The solubility or phase diagram for a cryolite alumina 960

system is V-shaped with temperature on the y-axis and Solid

alumina concentration on the x-axis. Diagram 5.4.3 940

shows the phase diagram for pure cryolite and alumina.

Cells must operate within the V; operations to the left o 5 10 pp 20
will precipitate cryolite, and those to the right will Alumina concentration wt%
precipitate alumina. Decreasing the temperature narrows

the cell operating range with respect to alumina

solubility. In practice, bath chemistry is modified with
the addition of aluminum fluoride, calcium fluoride and

Diagram 5.4.3 Cryolite - Alumina
Phase Diagram
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other salts. These modifications lower the liquid phase temperature. However, the basic V-shape of
the diagram is retained.

Heat Balance

Controlling the thermal balance of the cell is of prime importance for efficient operation and long
cell life. There is no commercially available material that can retain its insulating value and resist
penetration and chemical attack by cryolite at cell-operating temperatures. Accordingly, the method
used to protect the side walls is to allow some heat loss so that the temperature of the exposed
surface of the cell lining is below the freezing point of the bath. This creates a frozen layer or ledge
of bath that protects the linings. Sidewall heat losses can account for 35% to 45% of the total heat
loss ina cell.* The frozen ledge, due to phase relationships, differs in composition from the bath. If
the temperature rises above steady state, the ledge begins to dissolve and the bath ratio (sodium
fluoride to aluminum fluoride) changes. If the temperature is allowed to fall too much, ledge formation
is excessive, anodes are changed with great difficulty, alumina does not dissolve as readily, and the
bath ratio is affected. The frozen electrolyte ledge also provides the electrical insulation of the side
walls. The thermal conductivity of frozen cryolite is an order of magnitude lower than molten
cryolite.

Large cell designs require less energy to maintain operating temperatures because of the lower
ratio of cell surface area to volume. This is one factor in the trend to use larger cells in newer
smelting plants.

5.5 Environmental Considerations

The Energy and Environmental Profile of the U.S. Aluminum Industry,” compiled by the U.S.
Department of Energy, Office of Industrial Technologies Program, and Life Cycle Inventory Report
for the North American Aluminum Industry,® published by The Aluminum Association, provide
detailed environmental information on the overall aluminum production process. The byproducts
generated in the Hall-Héroult process that are of environmental concern can be grouped into three
areas: electrolysis, anode production, and cell waste products.

Electrolysis

Electrolysis green house gas (GHG) emissions in the Hall-Héroult process can be split into three
groups: reduction reaction emissions, carbon dioxide (CO,) and carbon monoxide (CO); process
upset perfluorocarbons emissions; and hydrogen fluoride (HF) formed from the inclusion of moisture
(H,O) in the raw materials. Hydrogen fluoride gas is almost completely captured and returned to the
cells by the alumina dry scrubbing system used in modern facilities.

The carbon-based emissions associated with the reduction reaction come from three sources:

1) Reaction Products - The reaction produces oxygen that reacts with the carbon anode to
produce CO, and small quantities of CO; this reaction produces 1.22 kg of carbon
dioxide equivalents for each kilogram of aluminum produced (Appendix E, Table E-4).

2) Air Burning - The carbon anode loses mass to oxidation with the atmosphere. This produces
0.30 kg of CO, for each kilogram of aluminum produced (Appendix E, Table E-4).
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3) Electricity Generation and Transmission - The emissions related to the fuels used in electricity
generation for U.S. primary facilities are 3.79 kg of carbon dioxide for each kilogram of
aluminum produced (Appendix E, Table E-2).

A total of 5.31 kilograms of CO, is generated from the reduction process for each kilogram of
aluminum produced in the average U.S. primary facility. It should be noted, that electricity-related
emissions for specific potlines vary widely. Potlines operating on electricity obtained from coal-
fired power plants produce 16.0 kg of carbon dioxide for each kilogram of aluminum produced,
while potlines using electricity from hydro-power plants produce close to zero carbon dioxide
emissions.

The perfluorocarbon emissions are related to the “anode effect.” If the concentration of alumina in
the bath becomes too low, other reactions between the carbon anode and the bath occur and
tetrafluoromethane (CF,) and hexafluoroethane (CF,) are generated. These gases have a high global
warming potential (GWP). The GWP of a GHG is a ratio developed to compare the ability of each
greenhouse gas to trap heat in the atmosphere relative to carbon dioxide. The GWP of CF and C_F,
is 6,500 and 9,200 respectively. In other words, 1 kg of CF, released to the atmosphere is equivalent
in its warming potential to 6,500 kg of CO,,.

Aluminum smelting is the principal quantifiable source of perfluorocarbon in the United States.
The U.S. Environmental Protection Agency (EPA) estimates U.S. emissions from aluminum
production at 1,096 metric tons of tetrafluoromethane and 90 metric tons of hexafluoroethane in
2000.*' In 1995, the aluminum industry entered into a “Voluntary Aluminum Industry Partnership”
(VAIP) with the EPA to reduce perfluorocarbon emissions by 46% during the next decade. Reductions
in primary aluminum production and efficiency improvements to reduce anode effects have reduced
emissions of tetrafluoromethane and hexafluoroethane since 1990 by 55% and 64%, respectively.
The U.S. aluminum industry and EPA are continuing the VAIP to seek further GHG reductions
beyond the original achievements. The total 2000 U.S. aluminum perfluorocarbon emissions are
2.2 CO, equivalent metric tons per ton of aluminum.

The emissions of perfluorocarbon for older side-fed cells are one order of magnitude higher than
the emissions for cells with point feeders. The industry continues to improve point feed systems.
Ultimately, with the entire industry on point feeders and advanced cell control systems, it should be
possible to virtually eliminate anode effects and, hence, perfluorocarbon generation.

Anode Production

The CO, emissions for the carbon anode manufacturing amount to approximately 0.12 kg of CO,
equivalents per kg of aluminum. More specific information on this topic can be found in the
comprehensive life cycle information published by The Aluminum Association.®

Cell Waste Products

Aluminum electrolysis carbon slime (AECS) and spent potlining (SPL) are unavoidable byproducts
of the aluminum smelting process and are listed in the United States as hazardous wastes.
Development work is underway to mitigate problems associated with spent pot linings. Most
development efforts attempt to combust the carbon linings to destroy any remaining toxic chemicals,
to recover the valuable fluoride as AIF,, and to render the remaining material inert through
vitrification.
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5.6 Technological Change in the Next Decade

The Hall-Héroult electrolysis process, utilizing a carbon anode and cryolite bath, is a mature
technology. However, gradual improvements of both productivity and environmental performance
are still possible. The typical Hall-Héroult cell life ranges from seven to ten years. Adoption rates of
new technology and systems are governed to some degree by the cell life. There is a slow autonomous
efficiency improvement in the Hall-Héroult process because of continued adoption of improved
cell designs, improved feeding systems, improved bath composition, improved control systems,
and other technical and practice advancements. This trend has resulted in a gradual decline in
energy consumption in the range of 0.2% to 0.5% per year. Energy savings are actively pursued by
aluminum producers since electricity costs constitute a high percentage of total production costs.
Since current efficiencies are already over 95%, the goal is generally to reduce the overvoltage in
the aluminum cells to increase overall electric efficiency.

A number of technological and engineering improvement options exist and are being adopted by
industry. These include:

» Point feeders - Point feeders enable more precise, incremental alumina feeding for better cell
operation. Point feeders are generally located in the center of the cell and thereby cut down
on the diffusion required to move dissolved alumina to the anodic reaction sites. The controlled
addition of discrete amounts of alumina enhances the dissolution process, which aids in
improving cell stability and control, minimizing anode effects, and decreasing the formation
of undissolved sludge on the cathode. In the jargon of modern commerce, point feeders
enable “just-in-time alumina supply” to permit optimum cell operation. Point feeder
improvements continue to be made as more accurate cell controllers become available.

» Improved process controls - Advanced process controllers reduce the frequency of anode
effects and control operational variables, particularly bath chemistry and alumina saturation,
so that cells remain at their optimal conditions.

5.6.1 Changes to the Hall-Héroult Cell and Alternative Technologies

Two innovative technological changes to the Hall-Héroult process, the wetted drained cathode and
the inert anode, are on the near-term horizon for improving energy efficiency. These technologies
can, with cell modifications, be retrofit into existing potlines and supporting infrastructure. Wetted
cathodes are anticipated to lower energy consumption of a Hall-Héroult cell by 18%% when compared
to a modern Hall-Héroult cell. This report defines a modern cell as one that operates at 4.6 V(dc)
and 95% current efficiency with the voltage distribution shown in Diagram 5.4.2. The combination
of an inert anode with a wetted cathode could provide a 22% reduction in energy consumption and
the elimination of cell CO, emissions. These technologies are described in Section 6.0 - Advanced
Hall-Héroult Cells and the energy impacts are calculated in Appendix M. Multipolar cells using
Hall-Héroult chemistry require the use of inert anode and wetted cathode technologies. The multipolar
design allows for a more compact, more productive cell with significant thermal energy savings.
Section 6.0 also describes multipolar electrolytic cells.

Two alternative technologies to the Hall-Héroult process, Carbothermic Reduction and Kaolinite
Reduction, have been studied by several groups for many years. These alternative technology
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processes could displace existing Hall-Héroult cells in the future. These processes are described in
Section 7 - Alternative Primary Aluminum Processes. Both processes could potentially change
where and how the industry operates, while lowering energy consumption. These alternatives
consume more carbon and have higher onsite carbon emissions than the Hall-Héroult process.
However, their electrical demands are lower which results in lower overall (utility-to-metal) CO,
emissions. The carbothermic process is anticipated to save 20% in energy and be economical at a
much smaller scale than Hall-Héroult facilities. The kaolinite reduction process is anticipated to
save about 11%% of the energy required for a modern Hall-Héroult system. This value is impacted
by the need to prepare additional ore mass and carbon for the process. However, the kaolinite
reduction process is commercially interesting because of its lower on-site energy demands,

Table 5.6.1 - Ore-to-Metal Comparison of Near and Midterm Technology Improvements

Modern Wetted Inert Anode . Kaolinite
A1 U Prebaked | Cathode | Wetted Cathode | aogie™® | “alcl
kWh/kg Al Hall-Héroult | ACD =2.0 ACD=2.0 Reduction
ﬁ Bauxite-alumina 7.59 7.59 7.59 7.59
E Kaolinite 8.14
@ g Anode Materials 0.61 0.61 0.75 0.75
'g > Reaction Carbon
< f.‘? TOTAL 8.20 8.20 8.34 7.59 8.89
g
= ? Reaction Thermal 7.71 -1.90
gﬁ 5 Furnace Losses 1.36 0.40
5 £ Reaction Electrolysis 3.76 3.76 6.90 6.48
é € Cell Ohmic 10.67 7.62 6.20 2.93
° 3 TOTAL Reaction 14.43 11.38 13.11 9.07 7.91
= &
é TOTAL Onsite kWh/kg Al 22.63 19.58 21.45 16.66 16.80
Percent Energy Savings Reactions 21% 9% 37% 45%
Reactions and anode 20% 8% 40% 42%
Reactions, anodes and| ore 13% 5% 26% 26%

2 Bauxite-alumina 8.21f 8.21% 8.21% 8.21f
‘S Kaolinite 8.81¢
é‘ Anode Materials 5.89¢ 5.89 0.75% 0.75%
= > Reaction Carbon 8.251 11.10¢
S S TOTAL 14.10% 14.10% 8.96 16.44¢ 20.65'
< | &
£
3 1; . tf tf
a %" Reaction Thermal 15.48 -1.90
gﬁ 5 Furnace Losses 2.73 0.60
&'| £ Reaction Electrolysis 7.56% 7.56% 13.854 13.02¢
= *§ Cell Ohmic 21.41% 15.29% 12.464 5.88
E é TOTAL Reaction 28.97% 22.85% 26.311 18.21 17.594
§3)
g TOTAL Tacit kWh/kg Al 43.07¢ 36.95¢ 35.27¢ 34.65% 38.24%
Percent Energy Savings Reactions 21%% 9% 37%% 39"%
Reactions and anode 181% 22%% 48%% 47%%
Reactions, anodes and ore 14%% 18%% 20%% 11%%
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domestically available ore, and lower-cost raw materials.

Table 5.6.1 summarizes the estimated energy performance of these near and midterm technologies
(Appendix M, Table M-4). The onsite and tacit energy values in the table allow the processes to be
compared on a reaction, raw material or a complete ore-to-metal basis. The table provides the
energy associated with anode production and feedstock energies. The energy performance of the
near-term technologies, wetted cathode and inert anode, are based on voltage changes in the
electrolysis cell (Appendix M, Table M-1 and Table M-2). These voltage changes are supported by
theory and reported experimentation and provide a good estimation of energy use. The energy
values reported for midterm technologies, carbothermic reduction and kaolinite reduction, are
approximations based on the theoretical energy requirements and assumed reactor inefficiencies.
Both midterm technologies involve multiple reaction and separation zones. To date, no fully integrated
reactor systems have been built. These midterm energy approximations assume that there is significant
heat integration (recovery) within a facility.

Many technical hurdles remain to be solved in these new processes before they become commercially
viable. Wetted cathodes and inert anodes will be adopted as they are proven and existing cells need
rebuilding. Industry will require significant demonstration time before adopting any alternative to
Hall-Héroult technology.
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6.0 Advanced Hall-Héroult Cells

The Hall-Héroult cell system efficiency can be improved with the adoption of new cell technologies
described below. Wetted drained cathode technology offers the most significant improvement in
energy efficiency, but its adoption will be gradual. Typical cell life is seven to ten years. The industry
will optimize the capital invested in existing cells before retrofitting with new technology. Inert
anodes offer significant environmental benefits, lower maintenance costs, and can be retrofit into
existing cells. Inert anodes could be adopted more quickly by industry since carbon anodes are
replaced approximately every four weeks. However, their superior performance must still be proven
in industrial trials.

6.1 Wetted Drained Cathode

Wetted drained cathodes allow the anode-cathode-distance to be reduced and are expected to
result in a 20(18"%) reduction in the electrolysis energy required to produce aluminum.

Molten aluminum does not wet the carbon lining of a Hall-Héroult cell. The aluminum pad rests on
an extremely thin sheet of cryolite bath. This creates an electrical junction similar to the air gap
between two metal bars and causes a small voltage drop. If the bars are clamped tighter - providing
better contact - the junction voltage decreases. The thicker (heavier) the aluminum pad is, the thinner
the cryolite sheet becomes and the lower the junction voltage drop. Modifying the cathode surface
to make it more wettable would allow the same electrical contact with a decreased thickness in the
pad. A thinner pad would be more hydrodynamically stable, have lower wave height, and allow a
decrease in the anode-cathode-distance (ACD). A decrease in the ACD results in energy savings. A
cell lining that is completely wetted and inert to cryolite would be even more efficient. This
combination of properties would allow the aluminum pad to be drained out of the anode-cathode
spacing. Removing the unstable aluminum pad would allow the ACD to be considerably reduced
and provide significant energy savings.

Titanium diboride (TiB,) has been found to be a wettable cathodic material, and several approaches
to incorporate TiB, into a Hall-Héroult cell are being studied.’* Cathodes made wettable with TiB,
appear to increase cell life by making the cathode less susceptible to penetration by bath material.
This is a considerable benefit, as cell rebuilding costs are a major contribution to primary aluminum
operational costs. Longer life cells also generate less cell lining waste material (spent pot liner) per
ton of aluminum produced. These benefits have to be balanced with the higher costs associated
with the TiB, material. Recent evidence also suggests that wetted cathodes reduce the formation of
sludge (undissolved alumina) on the cell bottom and improve cell operations.*

Several concepts for wetted and draining cells have been proposed. Diagram 6.1 shows:
a) a conventional cell,

b) a low metal pad with a wetted cathode in a conventional cell,
c¢) a hybrid cell with a metal sump, and

d) a fully drained slanted cell.
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The decrease in ACD is shown for each configuration. These configurations are attractive since
they can be incorporated as a retrofit to existing facilities. Some of these configurations are currently
being evaluated in commercial cells and could soon be available.** However, as ACD is decreased,
less bath is available for circulation and mixing. This requires retrofit cell designs to account for the
change in bath dynamics. Designs must ensure that dissolved alumina is available across the anode
surface to maintain high current efficiency and productivity and to avoid anode effects. Designs
also need to compensate for the heat energy lost due to the lower cell voltage operation.

__ACD =4.5cm —_ACD=35cm — ACD =25cm = ACD =2cm
a. Traditional b. Wetted Cathode with c. Wetted Drained d. Wetted Sloped
Hall Heroult Cell Reduced Metal Pad Cathode Drained Cathode

Diagram 6.1 - Conceptual Wetted Cathode Cells

Conceptually, the fully-drained inclined cathode design offers the greatest potential for energy savings.
By inclining the anode and cathode a few degrees, the molten metal pad (with all its complexities)
is removed completely to a sump. Without the pad, the anode-cathode-distance is dimensionally
stable and can be narrowed, which significantly reduces the total electrical resistance of the bath.
The alumina feeding of the bath is not compromised because the buoyancy of the gas bubbles
generated during reduction causes bath circulation and fresh alumina is drawn into the ACD gap
and across the electrode face.

6.1.1 Energy Savings for Wetted Cathode Technologies

Decreasing the anode-cathode-distance (ACD) results in a proportional decrease in the voltage
drop associated with the electrolytic bath. Energy is saved when the ACD reduction is matched with
the ability to maintain current efficiency and heat balance. The energy savings of various wetted
designs can be estimated (Appendix M, Table M-1) for the different cell configuration shown in
Diagram 6.1.

The modern Hall-Héroult cell, shown in Diagram 6.1 (a) has an ACD of 4.5 cm and a voltage
distribution similar to that shown in Diagram 5.4.3. The traditional cell voltage distribution has
1.75 V(dc) associated with the ACD. The ACD voltage drop accounts for approximately 38% of the
total 4.60 V(dc) drop across the cell. A wetted cathode provides better electrical contact between
the metal pad and the cathode. It allows operation with a thinner metal pad which results in a flatter
pad surface. This allows the ACD to be decreased. If the ACD were lowered from 4.5 cm to 3.5 cm,
as shown in Diagram 6.1 (b), the voltage associated with the bath would be proportionally lowered
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to 1.36 V(dc). The total voltage would decrease to 4.21 V(dc), which would provide an 8% reduction
in electrical energy usage.

Draining the metal pad into a sump would eliminate the unevenness of the pad and permit an even
smaller ACD with greater energy savings. If the ACD were lowered from 4.5 cm to 2.5cm, as
shown in Diagram 6.1 (c), the voltage associated with the bath would be proportionally lowered to
0.97 V(dc). The total voltage would decrease to 3.82V(dc), which would provide a 16% reduction
in electrical energy usage.

Reducing the ACD is limited by the ability to transport the reactant (dissolved alumina) to the
electrode interface and to remove products (aluminum and carbon dioxide) from the electrode
interface. Sloping the electrode interface slightly as shown in Figure 6.1 (d), removes products and
supplies reactants more effectively by using the buoyancy of the gas to induce bath circulation. Itis
estimated that under the best conditions, the ACD for a sloped configuration could be reduced to as
little as 2.0 cm.**3¢ If the ACD were 2 c¢m, the voltage associated with the resistance of the bath
would be 0.78 V(dc). The total voltage required would decrease to 3.63 V(dc), which would provide
nearly a 20% reduction in electrical energy usage.

Table 6.1.1 - Energy Consumption Associated with Various Wetted Cathode
Arrangements (kWh/kgAl)

Energy IHPUt M(;;lelrln;,reball:ed Wetted Cathode Wetted Cathode Wetted Cathode
all-Hérou
ACD =35 ACD =25 ACD=2.0
kWh/kg Al D 4.5

Z § Bauxite-alumina 7.59 7.59 7.59 7.59
S | 3 & | Anode Materials 0.61 0.61 0.61 0.61
g S | TOTAL 8.20 8.20 8.20 8.20
o

= g & Reaction Electrolysis 3.76 3.76 3.76 3.76
3,3 ‘g 5 | Cell Ohmic 10.67 9.45 8.23 7.62
S é é TOTAL Reaction 14.43 13.21 11.99 11.38
=

f TOTAL Onsite kWh/kg Al 22.63 21.41 20.19 19.58

'E Percent Energy Savings Reactions 8% 17% 21%

S Reactions and anode 8% 16% 20%

Reactions, anodes and ore 5% 11% 13%
|
= | Bauxite-alumina 8.21* 8.21f 8.21f 8.21"

& | _ 5| Anode Materials 5.89¢ 5.89¢ 5.89¢ 5.897
§ E é TOTAL 14.101 14.10% 14.107 14.10%
£ . :

5 £ g Reaction Electrolysis 7.56 7.56 7.56" 7.56"
> *g 5| Cell Ohmic 21.417 18.96 16.517 15.29¢
o0 S| TOTAL Reaction 28.97% 26.521 24.077 22.851
)

8 TOTAL Onsite kWh/kg Al 43.07" 40.621 38.17F 36.951
=

~—

K3) Percent Energy Savings Reactions 81% 17%% 21%%
ﬁ Reactions and anode 7% 14%% 18%%

Reactions, anodes and ore 6% 11%% 14%%%
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Table 6.1.1 lists the data and measures the impact of the wetted cathode arrangements. Depending
upon the cell design, the reduction energy impact is expected to be as high as 18%%%.

6.1.2 Environmental Impacts for Wetted Cathode Technologies

The byproducts generated in the Hall-Héroult process that are of environmental concern are grouped
into three areas: electrolysis, anode production, and cell waste products. Of these, wetted cathode
technology impacts electrolysis and cell waste products.

Electrolysis

Electrolysis green house gas (GHG) emissions can be split into three groupings: reduction reaction
emissions, process upset perfluorocarbons emissions and hydrogen fluoride emission from the bath.
Wetted cathode technology does not change the emissions related to process upsets or bath emissions.
The electrolytic reaction emissions come from three sources: the reaction products, anode air burning
and electricity generation and transmission. Wetted cathodes do not change the reaction products or
anode air burning. Wetted and traditional cathodes will produce 1.22 kg of carbon dioxide from the
reduction reaction (2 ALO, + 3 C = 4 Al + 3 CO,), 0.30 kg of carbon dioxide for each
kilogram of aluminum produced from air burning of the carbon anode and 0.12 kg of carbon dioxide
for each kilogram of aluminum for the fuels associated with manufacturing the anodes.

The environmental benefit of wetted cathode technology is related to the emissions associated with
electricity production. A wetted cathode lowers the electrical energy requirement, which in turn
reduces the emissions related to the fuels used in electricity generation and transmission. The
electricity production (14.4 kWh/kg Al) for a modern Hall-Héroult cell emits 3.55 kg of carbon
dioxide equivalents (CDE) for each kilogram of aluminum produced. A wetted-sloped cathode cell
with a 2.0 cm ACD will lower the CDE emission associated with electricity generation and
transmission nearly 22% to 2.8 kg CDE/kg of aluminum produced. This lowers the total CDE
emissions associated with a wetted-sloped cathode cell from 8.26 kg CDE/kg to 5.86 kg CDE/kg of
aluminum produced (Appendix E, Table E-4).

Cell Waste Products

Longer cell life is one of the benefits of using wetted cathodes. Rebuilding cells less frequently will
lower the quantity of spent pot liner waste per unit of aluminum produced.

6.2 Hall-Héroult Inert Anode

Carbon anodes are consumed in the Hall-Héroult process, making the continuous manufacture of
new anodes and constant changing of the consumed anodes necessary. Anode changing upsets the
stability, production, and energy efficiency of the cell for more than 100 years. Charles Hall and
other primary metal producers have attempted to find an inert anode that would eliminate the
manufacturing and handling of consumable anodes.’” The material demands of an inert anode require
that it be highly conductive and thermally and mechanically stable at 800°C to 1000°C, not react or
dissolve to any significant extent in cryolite, and not react or corrode in the 800°C to 1000°C
oxygen containing atmosphere. Few materials are truly inert under the extreme conditions of a cell.
Undesirable inert anode reactions, dissolution, or corrosion with the bath must occur at a very slow
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rate since they result in anode material contaminating the aluminum product.

Research has focused on three classes of inert anode materials: ceramics, cermets, and metals. The
challenges to finding the most efficient material are substantial. Ceramics typically have poor thermal-
shock resistance, are not mechanically robust, display poor electrical conductivity, and are difficult
to connect electrically. Metals have good thermal, mechanical, and electric properties, but are attacked
by the hot oxidizing atmosphere. Metal oxides are somewhat soluble in cryolite and can resist the
hot oxygen atmosphere, but they exhibit lower electrical conductivity than metals. Once in solution,
they electrochemically reduce and contaminate the aluminum metal. Metal oxide solubility can be
reduced dramatically in cryolite by operating with a bath saturated in aluminum oxide, alumina.
However, this presents significant bath feeding challenges. Cermets combine the advantages and
disadvantages of ceramics and metals. In addition to overcoming technical hurdles, the likely higher-
cost of manufacturing inert anodes of commercial size must be compensated with longer life, lower
energy consumption, and higher productivity.

An inert anode would enable greater control of the critical anode-cathode-distance (ACD), which
represents the largest voltage drop in the cell (Diagram 5.4.2 Voltage Distribution in a Hall-Héroult).
When used in conjunction with a drained cathode, it is estimated that an inert anode may save up to
22% of the energy required for reducing aluminum. Inert anodes offer a major environmental
advantage and the potential of producing a valuable coproduct. Replacing the carbon anode with an
inert material results in oxygen (O,) being discharged rather than carbon dioxide (CO,). Ifa significant
market for oxygen is near the reduction facility, the oxygen produced could be collected and sold as
a coproduct. Carbon credits are an unknown but potentially large economic force that could hasten
the development of inert anodes.

Inert anode technology could potentially be retrofit into existing cells with limited changes and use
existing alumina and aluminum handling infrastructures. Some electrical infrastructure changes
would be required since the inert anode will operate at a higher voltage than carbon anodes. Since
frequent access to the cells is not required for changing anodes, cells can be sealed more effectively
to provide better gas collection and treatments.

Notable progress in the production and testing of potential inert anode materials has been made in
recent years.*® Some companies are now conducting trials with relatively stable materials that offer
the promise of inert anode performance. Using an inert anode and wetted cathode could also lead to
the design of multipolar, vertical electrode cells, which would increase productivity and further
reduce energy.

6.2.1 Theoretical Energy for Hall-Héroult Energy = volt x ampere x hour
Inert Anode

The theoretical minimum energy requirement for
an idealized Hall-Héroult cell using an inert anode
can be calculated from the thermodynamics of the

Aluminum (Al)
960°C

e

Alumina (Al ,03)
25°C

reaction (2A1 0, > 4Al+3 ()2) (Appendix J, A0, —*2Al * 150, | om0y
Table J-2). The production of aluminum shown in

Diagram 6.2.1 assumes that the reactant (alumina) Diagram 6.2.1 - Theoretical Energy
enters the cell at 25°