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Conversion Factors

Except for the use of kilowatts, most measurements in this report are in metric units. Conversion factors are

provided below. In this paper the metric ton is referred to as “ton.”

Inch/Pound to SI

Multiply By To obtain
Length
inch (in.) 2.54 centimeter (cm)
inch (in.) 254 millimeter (mm)
mile (mi) 1.609 kilometer (km)
Volume
gallon (gal) 3.785 liter (L)
cubic foot (ft3) 0.02832 cubic meter (m3)
Mass
pound, avoirdupois (Ib) 0.4536 kilogram (kg)
ton, short (2,000 pounds) 0.9072 metric ton (t)
ounce, troy (ozt) 32,150.7 metric ton (t)
SI to Inch/Pound
Multiply By To obtain
Energy
joule (J) 0.0000002 kilowatthour (kWh)
gigajoule (GJ) 277.8 kilowatthour (kWh)
SI Conversions
Multiply By To obtain
Mass
part per million (ppm) 1,000,000 metric ton (t)
Energy
kilowatt (kW) 1,000 watt (W)
megawatt (MW) 1,000 kilowatt (kW)
gigawatt (GW) 1,000 megawatt (MW)
terawatt (TW) 1,000 gigawatt (GW)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8x°C)+32

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°F-32)/1.8

Vi



Estimates of Electricity Requirements for the
Recovery of Mineral Commodities, with Examples
Applied to Sub-Saharan Africa

By Donald I. Bleiwas

Introduction

To produce materials from mine to market it is necessary to overcome obstacles that
include the force of gravity, the strength of molecular bonds, and technological inefficiencies.
These challenges are met by the application of energy to accomplish the work that includes the
direct use of electricity, fossil fuel, and manual labor. The tables and analyses presented in this
study contain estimates of electricity consumption for the mining and processing of ores,
concentrates, intermediate products, and industrial and refined metallic commodities on a
kilowatt-hour (kWh) per unit basis, primarily the metric ton (ton) or troy ounce. Data contained
in tables pertaining to specific currently operating facilities are static, as the amount of electricity
consumed to process or produce a unit of material changes over time for a great number of
reasons. Estimates were developed from diverse sources that included feasibility studies,
company-produced annual and sustainability reports, conference proceedings, discussions with
government and industry experts, journal articles, reference texts, and studies by
nongovernmental organizations (NGOs). Suggestions for additions and corrections are welcome
by the author.

Analytical Applications of Electricity Consumption Estimates

Estimates of electricity consumption can be applied to a wide range of analyses. For
example, the tables can be used to (1) perform or review prefeasibility level studies by using
individual estimates or linking them for estimating requirements for vertical integrated mining
operations; (2) estimate the economic effects of changes in power rates and fuel costs on
producing or planned mining facilities; (3) estimate a component of greenhouse gas contributions
produced by the energy source used to generate electricity consumed by a mining operation. For
example, burning coal produces over 50 percent more carbon/kWh than natural gas (CCL, 2011);
(4) estimate the power requirements for a sector of the minerals industry by commodity or
geographic area; (5) estimate power requirements for future mineral resource development on
existing or planned grids; (6) examine the effects of investment in development of underutilized
sources of electricity generation, such as hydropower, that may support mineral development;
and (7) evaluate potential effects on mineral commodity production as a result of inadequate and
interrupted electricity supply.



Limitations on Use of Estimates

For the aforementioned reasons and those listed below, the estimates presented in the
following tables are considered “back of the envelope” and in many cases should be considered
as prefeasibility level estimates, 25 percent of actual per unit electricity consumption, especially
for cumulative estimates (mining through marketable product), and perhaps even greater when
applied to a particular site where mining and beneficiation is included. They are “rule of thumb”
estimates and have value for undertaking prefeasibility level estimates of electricity
requirements. The development of an accurate estimate for any particular site requires more
information than is generally available in publicly available literature.

The following assumptions or methods used to develop estimates should be among the
considerations when performing analyses using the data presented in the tables:

1. Estimates are based on consumption of electricity on a per unit time basis (kWh) and by
unit of weight for ore, concentrate, matte, and refined mineral commodity production—
not demand expressed as kilowatts (kW). An explanation of the difference between kWh
and kW can be found in Think Energy Management LLC (2010).

2. The inefficiencies and losses in generation, transmission, and distribution of electricity
prior to entering a facility are not relevant to the analyses performed, but should be
considered when examining the burden placed on the electrical grid or a particular
generating facility. Electricity transmission loss in some countries exceeds 30 percent
from the point of generation to the point of delivery (Cleantech Group LLC, 2011). In the
United States, transmission losses are approximately 10 percent (National Council on
Electric Policy, 2004). In comparison, in Ghana, which has a relatively large gold mining
presence, transmission losses are estimated at nearly 18 percent (Trading Economics,
2011).

3. Electricity consumed at a site can be procured in part or in whole from a power grid, or
generated in part or in total by on-site or offsite facilities independent of the grid. For
example, sand and gravel operations, alluvial mining operations, and facilities in remote
areas often generate electricity independent of a grid using on-site, diesel-fueled
generators.

4. Inefficiencies that affect electricity consumption in a facility can occur for many reasons.
For example, operation of equipment at levels less than optimum efficiency can occur in
response to labor and technical problems and/or economic conditions. Electricity
consumed during care and maintenance or during periods of reduced production was not
considered. For example, ventilation and pumping of water (dewatering), which are
relatively significant consumers of electricity, can continue in underground mines with
reduced ore production or during care and maintenance.

5. Most estimates were based on actual or proposed facilities operating at or near design
capacity.

6. Unless otherwise noted, the electricity requirements for certain ancillary services are not
included in the electricity consumption estimates. These could include on-site
administrative facilities (office equipment, cooling and heating, and lighting), workers’
living quarters, potable water and sanitation facilities, unloading and loading activities,
and town sites. Other uses of electricity not directly related to the on-site processing of
ores, concentrates, and other materials employed to produce commodities, such as



corporate offices located offsite, are not included in the estimates. These can be
significant consumers of electricity, but are relatively low when prorated against ore
production.

Electricity used in the production of equipment, parts, construction materials (such as
cement and steel), consumables (such as balls, rods, and linings), anode paste, fuels,
reductants, and other reagents manufactured offsite and transferred to or purchased by a
facility are not included in the estimates. In some cases, electricity requirements for
facilities such as sulfuric acid plants and oxygen plants are included.

Electricity consumption for mining a surface or underground deposit can vary
significantly from one site to another owing to numerous factors that include: waste-to-
ore ratio and dilution, mining method and mine equipment selection, mine depth, extent
of workings, distance to working faces (which, in addition to types of equipment
employed, determines ventilation requirements and if refrigeration of air is necessary),
and requirements for dewatering (pumping). Examples include a group of gold and
platinum-group-metal operations in South Africa that extract ore from deep underground
mines that employ refrigerated ventilation, multi-stage pumping, specialized
compressors, and other types of equipment to meet requirements that are not
commonplace in the minerals industry. Mine ventilation, a significant use of electricity
for underground mines, requires roughly 10 short tons (st) of fresh air to be circulated for
each st of ore extracted; however, the hottest and deepest mines, like some of the
precious metal mines in South Africa, can use up to 20 st of fresh air for each st of ore
mined. The deep South African mines can require 254 cubic feet per minute (cfm) of
refrigerated air per t of ore mined per day, as compared to about 100 cfm per t of ore
mined for most underground mines (Stantec Inc., 2010).

Major factors that affect the amount of electricity required for the recovery of
commodities post-mining include: (1) ore grade and mineralogy; (2) size of material
delivered to the crusher; (3) crushing and grinding characteristics such as Bond work
index; (4) separation technologies such as flotation, gravity, leach, and pyrometallurgical
versus electrolytic refining; and (5) treatment and placement of waste. For example, the
ore hardness, brittleness, and size reduction of ore to optimize recoveries are major
determinants in the amount of electricity required during the grinding stage. Over 90
percent of the required external energy required to perform the work is in the form of
electricity. The amount of energy necessary to beneficiate ore, especially in the grinding
stage, is also very sensitive to ore grade when expressed as kWh per unit of recovered
copper cathode and can be misleading. As a simplified example, if 20 kWh are required
to crush and grind a ton of ore grading 0.5 percent copper, the amount of electricity
required to recover one ton of copper is about 4,500 kWh, based on an overall copper
recovery of 88 percent. However, if the ore grade is 1 percent copper and all other factors
remain the same, roughly one-half the amount of energy is required per t of copper
recovered, disregarding economies of scale. The presence of co- or byproduct minerals
associated with ore must be considered when expressing kWh/t against a single
commodity.

Other estimates are derived from sources that describe electricity consumption in
terms such as “typical” or “average” for mining, beneficiation, smelting, and refining
technologies. Using these types of estimates is less of an issue for post-beneficiation
technologies, such as smelting and refining. The consumption of electricity per unit of



commodity recovered is generally similar from site to site when employing state-of-the-
art patented technologies.

9. Electricity consumption for smelting and refining is affected to varying extents by
multiple factors, such as the composition of feedstock. For example, concentrates high in
sulfide minerals are exothermic when oxygen is supplied, which therefore reduces the
amount of direct energy needed to melt the material. The success of flash furnace
technology relies on the heat of oxidation reaction. The refractory nature of the molecular
bond is also a major component that determines the energy required to liberate an
element. Concentrates that contain MgO require more heat to form a melt. The amount of
electricity required to go from alumina to aluminum is highly energy intensive because of
the bond strength of oxygen. In general, the electricity consumption for all aspects of
mining through the production of a final product is affected by the age, type, and design
of equipment.

10. Operations may switch from electrically powered equipment to diesel powered
equipment on a temporary or permanent basis because of concerns regarding the
availability, cost, or other limitations of electricity. The reverse can also occur.

11. Electricity consumed for surface transportation of materials produced at the facilities,
with the exception of conveyor belts, is usually fossil-fuel dependent (trains pulled by
diesel-electric locomotives and trucks) and is not included in the estimates.

12. Power index conversions from volt-amps to watts vary from site to site. In some cases,
electricity requirements for an operation were estimated from the amount of diesel fuel
consumed by generators for producing electricity on site. The estimates using this method
are based on limited site information. Diesel fuel contains about 9.7 kWh/liter (kWh/I) of
energy, but when used in well-maintained generators, roughly 4 kWh/I is produced
(Williams, 2010; Natural Resources Canada, 2009). The balance of the energy is lost
through inefficiencies introduced through generation of heat from combustion, friction,
incomplete combustion, and other factors. See table 1 for estimates of kWh of electricity
contained and generated from major types of fossil fuels used in generators.
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Table 1. Estimated efficiencies for the conversion of selected fossil fuels to electricity.
[Estimates are rounded to two significant figures. kWh, kilowatt hour; t, metric ton; 1, liter; m3, cubic meter]

Fuel type Estimates of Unit  Range of efficiency estimates ~ Estimated kWh/unit
contained kWh/unit of fossil fuel conversion to of fuel?
of fuel electricity, percent’
Coal (lignite-anthracite)3 4,100-10,000 t 35-40 1,500-3,800
Diesel oil 9.7 1 35-44 3.8
Heavy fuel oil 12 1 3544 4.5
Natural gas 11 m’ 33-49* 4.5

! Estimates are for converting energy contained in fuel to electricity prior to transmission and do not include load
factors. Plant efficiency can be affected by numerous factors, including ambient conditions, design, fuel type and
quality, operational practices, and pollution controls. Estimates assume full load.

? Based on the simple average of the range of values of power plant fuel conversion efficiencies.
? Energy values in coal can vary significantly and assume complete combustion, which is not always the case.

* Within the range estimate, conventional gas turbines represent the lower values and combined-cycle-gas-turbines
represent the higher values.
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Examples of an Application of Electricity Consumption Data

The following section presents brief analyses illustrating the application of electricity
consumption data to the mining sector in sub-Saharan Africa.

Electricity Production in Sub-Saharan Africa

The electricity requirements of the mining industry in sub-Saharan Africa are met mostly
by government-owned suppliers through independent and interconnected grids. By country, these
include: (1) Botswana Power Corporation (BPC); (2) Democratic Republic of Congo’s
(Kinshasa) Societé Nationale d' Electricité (SNEL); (3) Ghana’s Electric Corporation of Ghana
(ECG) and Volta River Authority (VRA) (University of Ghana, 2005); (4) Electricidade de
Mocambique (EDM) of Mozambique; (5) Namibia’s Namibia Power Corporation (Pty) Ltd.
(NamPower); (6) Nigeria’s National Electric Power Authority, Brown Boveri (Nigeria) Limited,
Ibom Power Company, and the Trans-Africa Gas and Electric Company, Plc.; (7) Eskom
Holdings Ltd. in South Africa; (8) Tanzania Electric Supply Company, known as TANESCO, in
Tanzania; (9) Zambia’s Copperbelt Energy Corporation PLC (CEC), which generates some
power for its mining customers, and Zambian Electrical Supply Corporation (ZESCO); and (10)
ZESA Holdings (Pvt) Ltd., and its subsidiary Zimbabwe Power Company (ZPC) in Zimbabwe
(AfDevInfo, 2010; Briceiio-Garmendia, Smits, and Foster, 2008; Trinity International, 2010).

Some mining operations, smelters, and refineries also have “captured” electricity
generating plants using fossil fuels and/or hydroelectricity owing to their remote locations and/or
to ensure a reliable power supply. In some cases, the generating facilities have been attached to
existing power grids as part of cooperative agreements.

Eskom is by far the largest of all electricity suppliers in sub-Saharan Africa. The
company generates 95 percent of the electricity used in South Africa and 45 percent of the
electricity used in Africa. The company produced an average of approximately 206,000 gigawatt
hours (GWh) per year for the reporting years 2008 through 2010. A relatively small amount of
electricity was also generated by other South African energy producers. The South African
mining industry was reported by Eskom to have consumed an annual average of nearly 32,000
GWh, or about 15 percent of their delivered power during the period 2008 through 2010. In
fiscal year 2010 (April, 2009 through March, 2010), Eskom exported approximately 13,200
GWh to other countries (see fig. 1) (Eskom Holdings Ltd., 2010). Figure 2 illustrates the
percentage distribution of 26 terrawatt hours (TWh) consumed by selected mineral commodity
industries in South Africa in 2005 (adapted from Hughes and others, 2006). In 2010, the
increased share of electricity consumed for gold and PGM production was probably the result of
elevated precious-metal prices (roughly double their previous price) which spurred higher
production.

Southern African countries and their percentage share of Eskom’s energy exports
included Botswana (20 percent), Lesotho (less than 1 percent), Mozambique (63 percent),
Namibia (11 percent), Swaziland (5 percent), Zambia (less than 1 percent), and Zimbabwe (less
than 1 percent) (Eskom Holdings Ltd., 2010). Statistics on the amount of exported electricity
consumed by the minerals industry in these countries were not available. Table 1 lists the
electricity generation capacity and their share of the total capacity for selected countries in sub-
Saharan Africa in 2008. South Africa represents nearly 70 percent of the generating capacity
among the listed sub-Saharan countries. The United States is included in the list for the purpose
of comparison.



In recent years, the mining sector in some sub-Saharan countries has experienced
constraints on the availability of electricity because of increased consumption in sub-Saharan
Africa’s residential sectors, declining conditions of existing infrastructure, lack of reinvestment,
several years of drought, and other events. In Zimbabwe, the electricity supply is prone to
frequent outages and is perhaps the greatest infrastructure problem confronting the country’s
mining sector (Kaseke, 2010).

The United States International Trade Commission reported that financial commitments
to electric power projects in sub-Saharan Africa increased in 2007 over the previous year by 62
percent to $3.9 billion, including funding from the World Bank and other traditional
multinational and bilateral project financiers. Nevertheless, the World Bank estimated that the
electricity sector in sub-Saharan Africa requires financing of about U.S. $8.3 billion annually
between 2005 and 2015 to upgrade plants and equipment (U.S. $5.2 billion) and to provide for
adequate operation and maintenance (U.S. $3.1 billion). The World Bank is the principal lender
and guarantor in the sub-Saharan Africa electric power sector (U.S. International Trade
Commission, 2009). Actual expenditures, as opposed to commitments, have not been analyzed in
detail.

Mining companies in South Africa and other countries have responded to the shortage of
electricity and recently emplaced and proposed higher electricity costs by placing greater
emphasis on increasing the efficiency of power use, reducing production, and constructing or
planning captured generating plants (Hassan, 2007; Kavanagh and Riseborough, 2010; Yager,
2010). Some short term relief has resulted from the global economic recession while efforts are
being made by utility companies to add more generating capacity.
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Figure 1. Map showing Eskom’s southern Africa power grid map for fiscal year 2010. The figure illustrates
the company’s current and planned electricity distribution, generation, and other details (Eskom, 2010).
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Figure 2.  Estimated distribution of 26 TWh of electricity consumption during 2005 among selected mineral
commodity industries in South Africa (modified from Hughes and others, 2006).

Electricity Requirements for Selected Mineral Prospects Anticipated to Start Production by
2019

Data pertaining to 183 mineral properties undergoing significant exploration activity in
sub-Saharan Africa were examined to determine their potential to initiate production by the year
2019. Selection criteria included ongoing or imminent construction, acquisition of capital for
development, the amount of capital expended, findings from exploration activities, and other
data published in annual reports, prospectuses, and press releases. One hundred and thirty one
sites were selected using these and other factors and a rough estimate of the amount of electricity
required to support the announced or estimated capacity was developed for each of the potential
producers. A list of the countries and the number of sites within each country are listed in table 3
and a brief discussion of South African and Ghanaian sites follows.

South Africa

Based on a review of approximately 60 sites in South Africa being explored for minerals
in 2010, it was estimated that roughly 6,900 GWh will be consumed by 33 mining sites and
facilities anticipated to come on-line by 2019 in South Africa. The largest portion of the future
consumption will be for the production of precious metals (gold and platinum-group metals). The
additional consumption will replace electricity used by sites that will shut down during that time
period, complement expansions at operating mining-related facilities, and will likely be served
by the addition of new generating facilities. These complexities prevented an estimate of net
change in electricity consumption by the South African minerals industry by 2019.
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Ghana

Electricity consumption estimates were developed for producing gold operations and
bauxite mines and alumina-aluminum plants in Ghana. Based on the operations listed in tables 4,
5 and 6, it was calculated that roughly 1,700 GWh were consumed in 2010. Approximately 720
GWh could be required by gold operations anticipated to begin production by 2019. In 2010, the
Gahnaian bauxite for export operation was a relatively small consumer of electricity
(approximately 2.8 GWh); however, that could change if the refining and smelting sector is
revitalized, which could consume roughly 3,100 GWh annually. Additions to the country’s
electricity generating capacity are planned through new power plants and expansions and
rehabilitation of existing plants (Mingle, 2010; Top China ADR Portal, 2010).

Table 2. A compilation of estimated net generation of electricity in gigawatt hours (GWh) for selected sub-
Saharan African countries in 2008. The United States is included for the purpose of comparison. Net
generation does not take into account losses in transmission and distribution prior to consumption by
users. Losses can exceed 20 percent. For some countries, electricity consumption exceeds domestic
generation because electricity is imported from other countries, primarily South Africa.

Country name Net GWh electricity Percentage share of selected African
generation, 2008 countries (rounded to nearest whole
percent, except when less than 0.5

Angola 3,940 1

Benin 130 <0.5
Botswana 590 <0.5
Burkina Faso 590 <0.5
Burundi 210 <0.5
Cameroon 5,420 <0.5
Cape Verde 260 <0.5
Central African Republic 160 <0.5
Chad 100 <0.5
Republic of the Congo (Brazzaville) 450 <0.5
Democratic Republic of the Congo (Kinshasa) 7,450 2

Cote d'Ivoire 5,550 2

Equatorial Guinea 90 <0.5
Eritrea 270 <0.5
Ethiopia 3,720 1

Gabon 1,960 1

Gambia 220 <0.5
Ghana 8,170 2

Guinea 920 <0.5
Guinea-Bissau 70 <0.5
Kenya 6,790 2

Lesotho 200 <0.5
Liberia 340 <0.5
Madagascar 1,110 <0.5
Malawi 1,680 1
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Table 2. A compilation of estimated net generation of electricity in gigawatt hours (GWh) for selected sub-
Saharan African countries in 2008. The United States is included for the purpose of comparison. Net
generation does not take into account losses in transmission and distribution prior to consumption by
users. Losses can exceed 20 percent. For some countries, electricity consumption exceeds domestic
generation because electricity is imported from other countries, primarily South Africa.—Continued

Country name Net GWh electricity Percentage share of selected African
generation, 2008 countries (rounded to nearest whole
percent, except when less than 0.5
Mali 490 <0.5
Mauritania 550 <0.5
Mozambique 14,980 4
Namibia 2,200 1
Niger 200 <0.5
Nigeria 20,130 6
Rwanda 160 <0.5
Sao Tome and Principe 40 <0.5
Senegal 2,230 1
Seychelles 260 <0.5
Sierra Leone 60 <0.5
Somalia 320 <0.5
South Africa 238,300 66
Swaziland 470 <0.5
Tanzania 4,280 1
Togo 160 <0.5
Uganda 2,180 1
Zambia 9,600 3
Zimbabwe 7,720 2
United States 4,119,390 N/A
Total w/o United States 354,720 N/A
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Table 3. Number of sites and estimated annual electricity consumption for mines and facilities considered

likely to come into production by 2019 in countries comprising sub-Saharan Africa.
[GWh, gigawatt hour]

Country Number of sites Estimated annual consumption,
analyzed (GWh)1:23

Angola 3 24
Botswana 5 260
Burkina Faso 4 550
Cameroon 2 560
Central African Republic 2 190
Republic of the Congo (Brazzaville) 1 250
Cote d'Ivoire 3 320
Democratic Republic of the Congo 13

(Kinshasa) 5,600
Eritrea 3 280
Gabon 2 480
Ghana 7 720
Guinea 2 1,500
Kenya 1 100
Lesotho 3 210
Liberia 3 500
Madagascar 1 670
Malawi 2 20
Mali 2 360
Mauritania 2 530
Mozambique 3 160
Namibia 7 780
Niger 2 290
Senegal 4 790
Sierra Leone 4 870
South Africa 33 6,900
Tanzania 4 440
Zambia 10 2,400
Zimbabwe 3 260
Total 131* 26,000

" One GWh is equivalent to 1 million kilowatt hours (kWh).
? Individual values and total are rounded to two significant figures.

3 Unless otherwise stated in data, concentrates were assumed to be smelted and/or refined in country. For additional
assumptions and criteria used for estimations see page 2.

* A total of 183 properties in sub-Saharan Africa were considered for analysis and 131 were selected.
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Table 4. Electricity consumption estimate for mining and processing bauxite for export in Ghana.
[t, metric ton; kWh/t, kilowatt hours per metric ton; Gwh, gigawatt hours]

Average annual ore Estimated . . .
Name of . . . Estimated annual electricity consumption based
. Majority owner/operators Mine type production 2007- kWhit : . 2
site 2010 ()" bauxite? on average annual production 2004-2009 (GWh)
Awaso Bosai Minerals Group (80 percent)
Bauxite o8 era’s ‘roup 1o percer), Surface 700,000 4 2.8
Mine Government of Ghana (20 percent)

" Ghana exported 498,000 t of bauxite in 2004; 607,000 t in 2005; 842,000 t in 2006; 748,000 t in 2007; 700,000 t in 2008; and 440,000 t in 2009. Average
annual bauxite production from 2004-2009 was 640,000 t and, for purposes of analyses, was rounded to 700,000 t. The Bosai Minerals Group has stated in a
series of press releases that they intend to invest (U.S.$) 1.2 billion to rebuild the bauxite-aluminum industry in Ghana and supply funding to upgrade existing
and construct new electricity supply for this and other investments. As part of the investment, Bosai intends to increase bauxite production to 1.5Mt/yr (million
metric tons per year) by 2014. (Top China ADR Portal, 2010; Mingle, 2010).

? Bauxite ore in Ghana is extracted with front-end loaders and trucks (very large capacity mines in other countries may, in addition to front-end loaders and
trucks, use electrically-powered draglines and wheel excavators and loaders to move overburden and ore), screened, crushed, washed, solar dried (less than 1
kWh/t is required to run motors if rotary driers are used), and shipped. On average, the amount of electricity used in mining bauxite is generally less than 1 kWh/t
of ore because ore and overburden are drilled and blasted, and removed with diesel-powered shovels and trucks. Approximately 1 kWh/t is required for operating
draglines that are used for removing either overburden or ore. Electricity used to power pumps and other in-pit equipment is usually met with the use of diesel-
powered generators. The estimate of 3 kWh/t of bauxite and the annual bauxite production estimate are based on washing, screening, and crushing to minus 4
inch (100mm) size, of which roughly 2 kWh/t is required for crushing. Crushing to perhaps 200 mm would require considerably less motor power, at about 1
kWh/t bauxite (Liming Heavy Industry, 2008). Shops and administrative electricity consumption is slightly less than 1 kWh/t on a bauxite basis. Conveyor belts
are used at some mines to transport bauxite from a mine to a port or alumina refinery. Belts generally consume from about 1 kWh/t for transport of several
hundred meters to 5 kWh/t for moving bauxite about 50 km (ABB, 2010; FISmidth, 2009; Tech-A Ltd., 2010; World Port Development, 2010). The range is due
to factors such as distance, changes in elevation, speed, weight of material transported, and efficiency of use. Some conveyor belts are designed with generators
that produce significant amounts of electricity when going downhill, thereby offsetting some of the facility’s requirements and, in some cases, resulting in a net
gain.
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Table 5. Estimated unit and annual electricity consumption for an alumina-aluminum facility in Ghana.
[kWh/t, kilowatt hours per metric ton; Gwh/yr, gigawatt hours per year]

Name of Site Majority Aluminum Annual Estimated Total estimated annual
owner/operator production aluminum kWhit electricity consumption at
2007-2009" design aluminum at capacity (GWh/yr)3
capacity capacity?
VALCO' Gov’t of Ghana 0 200,000 15,500 3,100

' The highest annual aluminum production achieved since 1985 was in 1992 (180,000 t). Annual production began a
significant decline from 1994 through 2002, when production dropped from 141,000 to 117,000 t. The plant has
operated intermittently, producing 16,000 t in 2003; 13,000 t in 2005; and 8,000 t in 2006. There was no reported
production for 2004 and 2007-2010.

? Includes mining, ore preparation, refining, and smelting.

? Estimate based on previously published capacity data, although plant is currently on care and maintenance and its
condition is not known. The estimate in table 5 includes electricity used in a smelter. If processing of bauxite to
alumina (400,000 t/yr alumina) is undertaken, roughly 120 GWh/yr of electricity would be consumed using the
Bayer process. Bosai intends to invest into energy production if the construction of a refinery is initiated to assist in
providing sufficient power for the plant and other income generating activities in the western region of Ghana.

* The VALCO (Volta Aluminum Company) site is on care and maintenance. Bosai has stated that they are
committed to re-establish an alumina refinery by 2014, but little has been published concerning an aluminum
smelter. No information was encountered concerning the proposed alumina capacity or possible aluminum capacity.
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Table 6. Estimated electricity requirements for selected operating and prospective gold operations in Ghana.
[kwh, kilowatt hours; Gwh/yr, gigawatt hours per year]

Estimated annual

Estimated kWh/ounce gold

Total estimated

Name of site Majority Mine Gold recovery refined gold produced for mining and annual electricity Grid
owner/operator type! technology? production processing at estimated consumption (T, P)45
capacity (ounces) production capacity in 20103 (GWhlyr)3
Newmont Ghana
Ahafo Gold Lid. S CIL 520,000 550 286 P
Bogoso/Prestea® Golden Star S CIL 200,000 600 120 P
Resources Group
Chirano’ Kinross C CIL 250,000 900 225
Gold Fields
Damang Ghana Lid. S CIL 220,000 600 132 P
Iduapriem AngloGold S cIp® 230,000 550 127 P
Ashanti
AneloGold (90 %. U, Flotation, Surface (400), UG (1,300
Obuasi Asl%an G 10% S gravity, and 380,000 kWh) weighted average = 456 P
and T) CIL 1,200 kWh’
Gold Fields 10
Tarkwa Ghana Ltd. S CIL, CIP 750,000 300 225 P
Wassa Golden Star S CIL 220,000 600 132 P
Resources Group
Total of producing N/A N/A 2,770,000 N/A 1,700" N/A
operations
Non-producing
properties w/
favorable economics g, | C CIL 1,100,000 600 700 N/A
and possible
production within
next 5 years.12
Total of producers
and nonproducing  N/A N/A N/A N/A N/A 2,400 N/A

properties.

! Surface open pit (S) or combined open pit-underground (C), tailings (T).

2 Carbon-in-leach (CIL), Carbon-in-pulp (CIP).

? kWh—kilowatt hour, GWh—Gigawatthours (equal to 1 million kilowatt hours). Estimates rounded to two significant figures.
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* P—Partially grid dependent to meet electricity requirements to operate at capacity, T—Total grid dependent to meet gold production capacity requirements. All
operations are equipped with back-up generators to supply electricity for critical requirements that can include compressors, hoists, pumping, ventilation, and
other equipment.

> An 80 MW diesel-powered electricity plant was constructed in 2007 and provides all or supplemental electricity to the gold operations of Gold Fields Ghana
Ltd., Anglo Gold Ashanti Ltd., Newmont Ghana Gold Ltd., and Golden Star Resources Ltd. Based on the partnership, each receives 20MW of electricity. The
plant is also connected to the grid.

6 Underground mining currently inactive.

7 Estimate for Chirano includes surface and underground mining. The facility is undergoing modification. If production is restricted to surface mining, electricity
consumption would be approximately 550 kWh/ounce of gold, but combined operations are likely.

¥ Heap leach discontinued.

? Obuasi underground requires refrigerated ventilation and has multiple shafts. Employs 5,000 people.

' Approximately 70 percent of the mined ore is milled and treated using CIP, 30 percent of the ore is processed by CIL.
' At least 700 GWh are provided by private company-owned generation. See footnote 8.

"2 Includes Bibiani, a past producer, and six well-explored and developing properties (Akyem, Ayanfuri, Grumesa, Kubi, Nzema, and Wa) with a combined
potential production of approximately 1.1 million ounces of gold per year within the next 5 years, assuming favorable economics and other critical factors. They
will not likely begin operations at the same time.
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Appendix 1. Electricity Requirements for the Production of Selected
Mineral Commodities

Table 7. (A) Generalized electricity requirements for mining and producing aggregate (crushed rock).!
[kWh/t, kilowatt hours per metric ton]

Specific electricity
Process Feedstock’ usage
(kWh/t product)
Mining
Surface mining using drills, trucks, and non-electric Primarily limestone, dolomite, 2
shovels granite, and sandstone. B
Generalized processing technology (sizing)?

Crushed, screened, and stacked Limestone 1.5
Crushed, screened, and stacked Well-fractured andesite 1-2
Crushed, screened, and stacked Basalt 24
Crushed to minus 2- inch sized material, and screened Not specified 2.5
Crushed to 20 mm (3/4 inch), screened and stacked Not specified 34
Crushed to sand size (unspecified), screened, and stacked  Not specified 4-5

'Limestone, dolomite, and granite comprise over 75 percent of the U.S. crushed stone production.

2 Mining in quarries using trucks, shovels, and other equipment consumes very little electricity/t of production,
except for what might be used for dewatering, lighting, and in maintenance shops. The total probably amounts to
less than 0.25 kWhtt.

? Quarried rock may or may not include one or more of the following: crushers, conveyor belts, vibrating tables,
screens, cyclones, clarifiers, stackers, and other equipment that consume electricity. In general, the crusher
consumes the largest portion of electricity per t at a full integrated crushed stone operation that produces a minus 2-
inch product (30 percent), followed, in descending order, by conveyors (18 percent), screens (13 percent), and
pumps (12 percent). Most of the balance of electricity requirements resides roughly equally in the asphalt plant, dust
collection, sand plant, and lights (Moray and others, 2006). Also, plants may or may not be tapped into the grid
because of their remoteness. In many cases, they generate their own power in part or in whole using diesel-powered
generators.
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efficiency opportunities in the stone and asphalt industry, in Twenty-Eighth Industrial Energy Technology
Conference, proceedings: New Orleans, La, Proceedings of the Twenty-Eighth Industrial Energy Technology
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Table 7. (B) Generalized electricity requirements for mining and processing unconsolidated sand and gravel

for construction.
[kWh/t, kilowatt hour per metric ton]

Process Feedstock Specific electricity usage

(kWhit product)
Mining
Cutterhead suction dredge’ Subaqueous sand and gravel 1
Surface mining using trucks and shovels Sand and gravel -2
Generalized processing®

Sorting, screening, and stacking without crushing  Sand and gravel 1.0
Sorting, screening, and stacking with 25 percent Sand and gravel

. . 1-2
crushed to minus % inch
Sand and gravel sized material Sand and gravel 7
Total mining and processing FOB site Sand and gravel 1-7°

! Cutterhead suction dredges are the most common type of floating electric suction dredge in commercial use for
offshore or “pond” sand and gravel mining. The electricity/unit recovered will change owing to economies of scale
and other factors related to productivity. The kWh estimate is based on 10—15.2 meter maximum digging depth and
removing 460 cubic meters/hour (920 t/hr) of material. Tonnage is based on a weight of 2 t per cubic meter of wet
sand and gravel. Calculations are rounded to one significant figure. Plants may or may not be tapped into the grid
because of their remoteness or other reason. They generate their own power in part or in whole on the barge,
adjacent to the barge, or on land.

2 Mining sand and gravel using trucks and shovels uses very little electricity/t of production except for what might
be used for dewatering, lighting, and in the maintenance shop. The total is less than 0.25 kWh/t in the great majority
of cases.

? Processing of sand and gravel plants may or may not include one or more of the following: crushing (to varying
extents depending on feedstock size and desired material sizes), conveyor belts, vibrating tables, screens, cyclones,
clarifiers, stackers, lighting, dust control, compressors, and other equipment that consume electricity. Crushing
material to meet specifications can increase electricity consumption significantly. Plants may or may not be tapped
into the grid because of their remoteness. They generate their own power in part or in whole.

* Presented as an example of a high electrical energy consumptive operation in the sand and gravel industry. The
relatively small facility is located in Germany with an annual capacity of 150,000 t (Lahmeyer International, 2006).
Estimates for most unconsolidated sand and gravel operations consume significantly less electricity per unit of
production.

> Based on the 1997 census performed by the U.S. Census Bureau, approximately 5.2 kWh/t was required to produce
approximately 500 million t of sand and gravel from 2,334 mining operations in 1997 in the United States. The
estimate includes a mix of operations, but is heavily weighted towards production from unconsolidated construction
sand and gravel surface operations.
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Table 7.  (C) Estimated electricity requirements for the production of aluminum from bauxite ore.
[t, metric ton; kWh/t, kilowatt hour per metric ton]

Estimated Specific
Country/site name c:::gii;, elﬁ::;‘:’ty
(1000 t) (kWhit Al)
Cameroon
Edea 100 19,500
Ghana
Tema, 200 16,050
Mozambique
Maputo, Mozal 562 11,560
South Africa’?

Richards Bay-Bayside 195 13,000
Richards Bay-Hillside 710 --
All Africa’ 1,970 14,600

"In addition to the existing plants identified above, there are suspended plans to construct a 720,000 t aluminum
smelter at Port Elizabeth, South Africa. If the plant is constructed and comes on-line with those currently operating,
it would increase the electricity demand for full-capacity aluminum smelting in sub-Saharan Africa from 3.3 to 4.2
GW.

* The increased cost of electricity and interruptions coupled with limited supply have incentivized producers to
reduce electricity consumption through modernization, replace older and less-efficient pot lines, and install onsite
generation facilities.

3 Average electricity consumption estimated by the International Aluminum Institute. Using an average electricity
requirement of 14,600 kWh for producing one t of aluminum in a smelter at full capacity for plants in Africa would
result in a total annual electricity consumption of 28.6 terrawatt hours. Considerably more power would need to be
generated to accommodate losses of electricity through transmission, transformers, and other losses occurring prior
to the point of consumption.
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Table 8. Estimated electricity requirements for production of ore from a multi-million t/yr block-caving
operation with an underground cone crusher and a 10-mile conveyor belt to the beneficiation plant that
produces one concentrate by flotation. Approximately 99.5 percent of the plant feed reports to the

tailings storage area.
[kWhtt, kilowatt hour per metric ton]'

Estimated mine and

Product and process Feedstock Product beneficiation plant electricity
usage (kWh/t ore)?

Underground block cave mining Molybdenite ore Molybdenite ore 12°
Underground crusher Molybdenite ore Molybdenite ore 34
Underground-surface belt Molybdenite ore Molybdenite ore 1.7
Beneficiation (primarily crush, .
grind, float, dry, and disposal of Molybdenite ore Molybdenite 17

- concentrate
tailings)
Total - - 34

! Modeled after engineering data for the Henderson molybdenum mine.

2 Electricity supplied by grid. Estimates rounded to two significant figures.

? Ventilation comprises 65 percent or 7.6 kWh/t ore of underground electricity consumption, not including the
crusher or conveyor belt (see additional discussions relating to conveyor belts in table 3). Most of the balance is
consumed by the use of mining equipment, providing compressed air, lighting, dewatering the mine, operating the
hoists, and running the underground shops. Block-caving generally requires less ventilation per unit of ore extracted
than other underground mining methods. Grinding of ore consumes the largest portion of electricity during
beneficiation (fig. 3) and prepares the ore for flotation (fig. 4).
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Figure 3.  Large electrically-driven ball mills used for grinding ore to a size suitable as feedstock to the
flotation cells. Note the two plant employees for scale, indicated by a white arrow. Photograph is
provided courtesy of Rio Tinto’s Bingham Kennecott Utah Copper.
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Figure 4.  Ground ore is directed to a series of froth flotation cells in which hydrophobic copper sulfides
and other minerals attach to bubbles where they form a froth that is skimmed off. The resulting
concentrate contains about 28 percent copper. Photograph is of one froth flotation cell with a volume of
about 3,000 cubic feet (roughly 15 feet in width, length and depth) at the Copperton concentrator that
treats ore from the Bingham Canyon pit, Utah. Concentrate is piped 27 kilometers (km) to the smelter
(Brian Davis, Manager for Government and Community Relations, Rio Tinto, Utah, oral and written
commun., February 16, 2011). Image is provided courtesy of Rio Tinto’s Bingham Kennecott Utah
Copper.
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Table 9. Estimated electricity requirements for cement production.
[kWh/t, kilowatt hour per metric ton]

Region/country (site name or company) Electricity usage

(kWhit cement)!
Democratic Republic of the Congo (Kinshasa)
Cimenterie de Lukalu (CILU) --
Cimenterie Nationale (CINAT) 122
Kenya
Bamburi Cement Ltd. 105
EAPCC 140
Namibia
Ohorongo Cement (Pty) Ltd. 130
South Africa
Nonspecific 120-140
Uganda
Bamburi Cement Ltd. 105
Athi River Mining 105
Sub-Saharan Africa, excluding South Africa 120
Western Europe
Nonspecific 95-130
Japan
Nonspecific 96-107
United States
Wet plant 141
Dry plant 142
Grinding plant 77*
“Typical” 129°
World
Average 110
Range 90-150

! Estimates of electricity requirements reflect greater or lesser efficiencies, but represent to a greater degree the grain
size of the cement product. For example, the U.S. cement industry produces a high percentage of fine-grained
cement resulting in higher electricity requirements for grinding. Europe experiences lower electricity requirements
for cement owing to a coarser grain-sized product (Van Oss, oral commun., 2010). Also, because of their remoteness
some cement plants do not have access to a utility grid and must generate their own power.

* Note that the grinding plant is for a sole plant that processes clinker for U.S. markets and therefore the product is
finer grained than that consumed by most other world markets. In doing so, more electricity is consumed per unit.

3 Estimated at 7kWh/t for quarrying and pre-blending, 31 kWh/t crushing and grinding, 8 kWh/t for blending, 28
kWh/t burning and cooling, 48 kWh/t for final grinding, and 7 kWh/t for conveying and packaging.
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Table 10. Generalized estimated electricity requirements for the production of chromite ore products (lump,
chip, and fines of chemical, metallurgical, and foundry grade chromite) from underground room and
pillar mining and gravity beneficiation.

[kWh/t, kilowatt hour per metric ton]

Estimated mine and beneficiation

Product and process Feedstock Product(s) plant electricity usage (kWh/t ore
produced)’
Underground mining . .
(R&P)’ Chromite ore Chromite ore 20-25
Underground mining . .
(SLC)’ Chromite ore Chromite ore 48
Beneficiation (crushing, Lump, chip, and fines of
cyclones, spirals, and Chromite ore chemical, foundry, and 1524
DMS)* metallurgical grade chromite.

" Estimates do not include ancillary services such as hospitals, town sites, and other facilities not directly related to
the mine and beneficiation plants. Estimates are limited to the mine and beneficiation plant.

? Based on Mecklenburg chrome project, South Africa, using the room and pillar method (R&P). Proposed 720,000
t/yr of ore using LHDs with ore conveyed (2 belts) to surface facility through inclines. LHDs are used for mining ore
with proposed depths to 400 meters. The use of LHDs and belts for extracting chromite ore from underground is
somewhat typical in South Africa owing to the nature of the ore bodies’ geometry. Some mines, such as Xstrata’s
Kroondal mine have capacities of approximately 2 million t/yr of ore.

? Based on the feasibility study for the proposed Voskhod mine in Kazakhstan using sublevel caving (SLC) and
selective mining of metallurgical grade chromite ore

* The ore recovered from the mine is crushed and wet-screened. Dense media separation (DMS), cyclones, and other
heavy media separation methods are employed, from which three chromite products (each with various sizes) are
produced and shipped by truck. The process is somewhat typical of South African operations that do not include
pelletization on site.

> The engineering and cost data contained in the Voskhod feasibility study are modeled on South African operations
by SRK Consulting, 2006.
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Table 11. Estimated electricity requirements for the production of coal.
[kWhtt, kilowatt hour per metric ton]'

Technology Feedstock? Estimated plant usage

(kWhit coal)
Mining method
Surface®*
Surface mining w/ cable shovels (not including overburden) Anthracitic and bituminous coal 1(0.72-1.2)
Dragline for overburden removal at 1:1 stripping ratio Anthracitic and bituminous coal 1.39
Dragline for overburden removal at 2:1 stripping ratio Anthracitic and bituminous coal 2.38
Dragline for overburden removal at 3:1 stripping ratio Anthracitic and bituminous coal 4.17
Dragline for overburden removal at 4:1 stripping ratio Anthracitic and bituminous coal 5.56
Dragline for overburden removal at 5:1 stripping ratio Anthracitic and bituminous coal 6.39
Surface mining, plus overburden removal with waste:ore stripping ratios of 2:1-4:1° Anthracitic and bituminous coal 3.38-6.56
Underground®
Ilinois deep mines using room and pillar (approx. 200-300 meters depth)’ Bituminous --
Mining Bituminous 14
Hoisting Bituminous 6.0
Pumping (dewatering) Bituminous 2.5
Ventilation Bituminous 2.0
Drilling Bituminous 1.8
Break and convey Bituminous 0.80
Ancillary services Bituminous 0.50
Total Bituminous 28
Various underground mining methods Anthracitic and bituminous coal 11-25
Beneficiation method?
Crushing, grinding and cleaning Anthracitic and bituminous coal 15-30
Estimated totals for operations®
Surface mine with a range of estimated stripping ratios of 2:1—4:1° and beneficiation Anthracitic and bituminous coal 18-37
Underground mine and beneficiation Anthracitic and bituminous coal 26-55

!Estimates of electricity requirements are generalized. U.S. data formed the basis for some of the estimates. Electricity requirements between coal operations
vary considerably, owing to factors that include but are not limited to mine type (surface and underground mining methods that include longwall and shortwall,
continuous and room and pillar mining, shafts or inclines), equipment choices, depth and orientation to coal, ventilation and dewatering requirements, stripping
ratios, underground mine waste versus coal, economies of scale (small surface mines use hydraulic shovels, large surface mines employ electric shovels), coal
type (hardness, competence), coal transport to the surface (belts, mine cars), crushing and pulverizing, cleaning and washing, and numerous other factors that can
affect the production process. The availability of capital, mining methods dictated by geology and engineering, regulations, and the relationship between labor
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cost and productivity are some of the major factors in determining the amount and types of mechanization that may determine electricity use. Draglines consume
roughly 1.7 kWh per cubic meter of overburden. Converting these values to a t basis would require specific information on the blasting method and efficiency,
rock breakability, moisture content, rock or soil type, and other factors at a particular site, but would be roughly 0.85 kWh per t assuming 2 t per cubic meter of
bank or overburden material.

* In South Africa, approximately 47 percent of the country’s coal production was reported to originate from underground operations and 63 percent from surface
mines. Botswana produced about 1 million t from its only coal mine. The mine is operated as an underground operation and supplies coal to the Morupule power
plant. See http://www.infomine.com/index/properties/MORUPULE COAL MINE.html, and

http://www.methanetomarkets.org/documents/toolsres_coal overview ch3.pd.

3 Essentially all of South Africa’s coal production is anthracitic or bituminous coal.

* Depending on the design of the surface mine, the use of drag lines to remove overburden and the use of bucket-wheel excavators and electric-cable shovels to
extract coal will generally consume the largest share of electricity for surface mining.

> The average stripping ratios estimated for South African coal mines.

% The electrical equipment can include ventilation, electric LHD, drills, jumbos, continuous mining machines, underground crushers, conveyors, dewatering
pumps, compressors, and hoists used to lift people, equipment, waste, and ore. Specific reference to 20.3kWh/t was stated for underground mines in South Africa
(Eliasson and Lee, 2003).

"Number 6 coal. Estimates, including the total, are rounded to two significant figures.

¥ Estimate for theoretical beneficiation plant includes grinding, centrifuges, flotation, screens, and magnetic separators. A pulverizer plant for producing power
plant feed is not included. The Bond work index for coal is approximately 13. Depending on the consumer, not all coal is treated beyond crushing and washing,
although most is.

? Estimated totals are based on combining simple averages of beneficiation estimates, the range of stripping ratios, plus surface mining and rounding totals to two
significant figures.
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Table 12. Estimated electricity requirements (kWh/t) for the recovery of cobalt cathode from intermediate

products from primary and secondary feedstock by electrowinning in chloride and sulfate media.
[kWh/t, kilowatt hours per metric ton; NA, not applicable]

Electricity
Plant name and country Media Feedstock (kwmgg:,rfe'ggcte red
cobalt as cathode)
Jinchuan, China Chloride  Cobalt carbonate produced from primary sources 3,400
Nihama, Japan Chloride  Cobalt hydroxide produced from primary sources 3,100
Nikkelverk, Norway Chloride  Cobalt carbonate produced from primary sources 3,700
Simple average of above Chloride NA 3,400
NA Chloride  Secondary materials’ 4,400"
Chambishi, Zambia Sulfate Cobalt carbonate produced from primary sources 6,500°
Luilu, Kinshasa Sulfate Cobalt hydroxide produced from primary sources 5,000-6,000”
Port Colborne, Canada Sulfate Cobalt hydroxide produced from primary sources 3,600
Shituru, Kinshasa Sulfate Cobalt hydroxide produced from primary sources 5,300°
Simple average of above Sulfate NA 5,300°
NA Sulfate Secondary materials® 3,000’

" Based on bench scale experimentation and not known to be in commercial practice. Process was designed to
recover chromium chemicals and produce cobalt and nickel cathodes from super-alloy scrap.

2 The listed plants in Kinshasa and Zambia are undergoing major renovations that have already or will likely reduce
the electricity requirements per unit of cobalt cathode produced.

? The estimate of the electricity requirement is considered to be under optimum conditions for electrowinning cobalt
in a sulfate media using secondary feedstock consisting of Alnico, super-alloy scrap, and spent catalysts.

References for Table 12

Bateman Engineering, 2001, Chambishi cobalt-purification plant: last accessed May, 2, 2011, at
http://batemanphp.syncrony.com/TECHNOLOGY/ChambishiCobaltPurificationPlant.pdf.

Cobalt Development Institute, 2011, Trends in cobalt recovery technology: Cobalt news, no. 1, January, p. 3—6, last
accessed May 2, 2011, at http://www.thecdi.com/cdi/images/news_pdf/cobalt_news_jan2011.pdf.

Ecomaterials Center (Japan), 2003, Estimation of CO2 emission and energy consumption in extraction of metals:
National Institute for Materials Science, Independent Administrative Institution, last accessed June 7, 2011, at
http://www.nims.go.jp/imel/mde-report/Report/01-e-p.pdf.

Peek, Edgar, Akre, Torjus, and Asselin, Edouard, 2009, Technical and business considerations of cobalt
hydrometallurgy: Journal of Metals, v. 61, no. 10, p. 43-53.

Redden, L.D., and Greaves, J.N., 1992, The technical and economic aspects of producing high-purity cobalt and
nickel from superalloy scrap utilizing a double membrane electrolytic cell: Hyrometallurgy, v. 29, issues 1-3, p.
547-565.

Schyff, Willem van der, 2011, An independent technical report on the material assets of Katanga Mining Limited,
Katanga Province, Democratic Republic of Congo, accessed May 2, 2011, at http.//www.investis.com/
katanga/technicalreport-201 1/katanga-mining-limited-technical-report2.pdf-

Sharma, 1.G., Alex, Pamela, Bidaye, A.C., and Suri, A.K., 2005, Electrowinning of cobalt from sulphate solutions:
Hydrometallurgy, v. 80, no. 1-2, p. 132-138.

35


http://batemanphp.syncrony.com/TECHNOLOGY/ChambishiCobaltPurificationPlant.pdf
http://www.thecdi.com/cdi/images/news_pdf/cobalt_news_jan2011.pdf
http://www.nims.go.jp/imel/mde-report/Report/01-e-p.pdf
http://www.investis.com/katanga/technicalreport-2011/katanga-mining-limited-technical-report2.pdf
http://www.investis.com/katanga/technicalreport-2011/katanga-mining-limited-technical-report2.pdf

Table 13. Generalized electricity requirements for mining and heap leaching copper oxide ores.
[kWh/t, kilowatt hours per metric ton; t, metric ton]

. . Electricity
Process Feedstock I(E;W;?tcgyo';qsiﬁn;‘::; requirement
(kWh/t copper)
Mining
Open pit' Copper oxide ore <1-6 600-2,500
Processing

Secondary crushing, stacking ore with belts
or trucks, pumping solvent, solvent Copper oxide ore 6-21 2,200-4,500
extraction, and electrowinning’

Total mining and generalized processing

technology FOB - -7 2,800-7,000
Chile (average 2004—2008) Copper oxide ore

Open pit mining, t Cu do 173
Underground mining, t Cu do 461
Beneficiation, t Cu do 2,100
Smelting, t Cu Copper concentrate 1,050
Electro-refined, t Cu Copper anode 349-600
LX-SX-EW, t Cu Leach solutions 2,880
Services,’ t Cu N/A 144

! Electricity requirements for mining of ore expressed as per t of copper cathode can vary significantly from site to
site based on factors such as stripping ratios, types of mining, and equipment used (such as electric shovels versus
diesel-powered loaders), use of in-pit crushers, blasting methods, and conveyor belts or trucks to move ore to the
mill. Depending on the type of mining equipment, the waste to ore ratio also affects the amount of electricity
consumed. Ore grade and copper recovery significantly affect consumption of electricity when expressed as kWh/t
cathode. As an example, if 17 Mt (million metric tons) of ore is mined annually at 3kWh/t and 42,000 t of copper
cathode is produced annually from that ore, approximately 1,244 kWh of electricity per t of cathode is required for
mining. Mines operating with an in-pit crusher and conveyor belt (as opposed to trucks) expend roughly 1,000
kWh/t copper cathode.

Accounting procedures can also affect estimates as a result of the methods used for distributing cost and
consumption centers.

? Electricity requirements at a facility can vary between sites because of numerous factors, including ore grade, mine
and metallurgical recoveries, dewatering requirements, operating days per year, and the presence or absence of an
acid plant. For example, in some cold weather climates the plant may operate at 230 days per year. Copper anodes
(fig. 5) produced in a smelter are sent to the refinery for electrorefining into copper cathodes (see fig. 6). Copper
recovered from solution extracted through heap leaching is also processed in a refinery for electrowinning and can
contain roughly 3040 grams of copper per liter of solution. The power requirement for electrorefining copper from
copper anode is approximately 661 kWh/t of copper recovered and approximately 3,000 kWh/t of copper recovered
from a copper-laden acid leach solution using leaching, solvent extraction, and electrowinning (LX-SX-EW).

3 Generally, electricity requirements for offices and infrastructure requirements, such as lighting, sanitation, and
water supply.
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Table 14. Estimated electricity requirements for mining, beneficiation, smelting, and refining for copper

oxide ores and sulfide ores.
[kWh/t, kilowatt hours per metric ton; t, metric ton; LX-SX-EW = Heap leaching, solvent extraction, and
electrowinning]

. Estimated electricity Estimated electricity
Country/Product, units consumption (kWh/t ore)  consumption kWh/t Cu
Australia
Electro-refining (Townsville) 420
Botswana
Mining and beneficiation 1,400
BCL flash smelter/33 percent Cu and 38 percent Ni in matte 880"
Chile (average for the years 2004—-2008)
Open pit mining, t Cu 170
Underground mining, t Cu 460
Beneficiation, t Cu 2,100
Smelting, t Cu 1,000
Electro-refining, t Cu 350
LX-SX-EW, t Cu 2,880
Services,” t Cu 144
Democratic Republic of the Congo (Kinshasa)
Kamoto underground (combined methods) 60 --
Kamoto concentrator 90 4,5003
Luilu plant 120 6,000
Smelter-Converter Technologies/product*®
INCO flash smelter/45 percent Cu in anode. 560
Mitsubishi process/55-70 percent Cu in anode. 1,200
Noranda process/65-75 percent Cu in anode. 780
Outokumpu flash smelter/55-65 percent Cu in anode. 390
Reverberatory smelter/40-45 percent Cu in anode. 850
Teniente converter/70-75 percent Cu in anode. 1,000
Electrorefining of anodes 300-350

General Estimates

Concentrate (mining through beneficiation) 6

Flash smelting 650

Electro-refining 140-660
Electrowinning 2,000’

" The estimate for mining, beneficiation, and smelting is burdened on copper. The BCL smelter produces matte and
ground material that contains copper, nickel, cobalt, and precious metals. Material is exported for refining. Burdened
on nickel the electricity requirement for smelting is 770 kWh/t. The electricity requirement to produce a t of matte
was estimated at 290 kWhit.

* Services include electricity consumed for administrative offices, general maintenance, security, and other general
support operations.

3 Includes crushing, grinding, and flotation of oxide, sulfide, and carbonate ores at the reactivated Kamoto operation.
The Luilu plant roasts, leaches, precipitates, and electrowins copper and cobalt. KWh estimates are burdened on
copper. Cobalt is refined separately and reported in the cobalt table.

? Flash smelting of copper or copper-nickel concentrate is primarily a pyrometallurgical process using oxygen and
relatively minor amounts of electricity, unless an electric furnace is employed. Most of the electricity in the smelter
is consumed by motors used for handling feedstock and products.

* The electrorefining of copper or copper from copper-nickel anodes in the most efficient operations requires
approximately 0.2-0.4 kWh per kilogram of copper metal recovered from anode. An average of 0.3 kWh was used
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for estimates for operations in this category type when actual data were not available. Higher estimates were used
when actual data were unavailable and operations were not considered to be of optimum efficiency.

Approximately 2.5 kWh is required to recover one kg of copper by electrowinning of copper-laden leach solutions
in efficiently operated facilities.

The specific electricity consumption estimates are based on selected copper operations located in various countries.

For some operations, copper is usually associated with other recoverable commodities. For example, nickel, cobalt,
platinum-group metals, and other products are being produced as co- or byproducts in Botswana, Canada, and South
Africa. The copper-based estimates apply only to the copper produced, so some facilities could have greater
electricity consumption assignable to the nickel and cobalt output post-smelting if a single smelter matte is
produced. The example for Chile includes electrorefining and SX-EW. The recovery of nickel from anode requires
approximately 6,000—8,000 kWh per t of cathode nickel.

> Includes materials handling, which comprises from 20 to 50 percent of the total value.

% Ore hardness, brittleness, and size reduction of ore to optimize recoveries are major determinants in the amount of
electricity required during the grinding stage. Over 90 percent of the required external energy is in the form of
electricity. Estimating the amount of energy necessary to beneficiate ore, especially in the grinding stage, is very
sensitive to ore grade when expressed as kWh per unit of recovered copper cathode. For example, if 20 kWh are
required to crush and grind a t of ore grading 0.5 percent, the amount of electricity required to recover one t of
copper is about 4,500 kWh, based on an overall copper recovery of 88 percent. However, if the ore grade is 1
percent copper and all other factors remain the same, one-half the amount of energy is required per t of copper
recovered.

The presence of co- or byproduct minerals associated with ore must be considered when expressing kWh/t against a
single commodity.

" Considered a minimum energy requirement per t of copper recovered from electrowinning.
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Figure 5.  Copper anode arrives at a refinery for electrorefining (electrolysis). Each anode weighs
approximately 320 kg and is approximately 99.6 percent copper (Kennecott Utah Copper, 2011).
Photograph provided courtesy of Rio Tinto’s Kennecott Utah Copper.
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Figure 6.  Photograph of electrolytic cells in a copper refinery. Racks of anodes are lowered into an acid
solution interleaved with stainless-steel cathode starter sheets. For 10 days, an electric current is sent
between the anode and the cathode, causing the copper ions to migrate from the anode to the cathode
by electrolysis. Impurities, including gold and silver, fall to the bottom of the tank holding the solution
and are collected for further processing. The electrolytic process results in the formation of a cathode
that contains 99.99 percent copper. Each cathode weighs approximately 130 kg (Kennecott Utah
Copper, 2011). Note technician (white arrow) for scale. Photograph provided courtesy of Rio Tinto’s
Kennecott Utah Copper.
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Table 15. Generalized electricity requirements for mining and processing diamondiferous kimberlitic and

lamprolitic pipes (weathered and fresh) from selected open pit mines.
[kWhtt, kilowatt hours per metric ton]'

Process Feedstock Electricity requirement

(kWh/t processed ore)
Mining
Open pit” Weathered and fresh ore <1
Generalized processing technology

Crush, grind, heavy-media separation, X-ray Weathered and fresh ore

. . ) 15-20
optical sorter, grease tables, and acid cleaning
Total mining and processing FOB site 16-21

! Estimates are based on surface operations at the Argyle mine, Australia; the A6 and the Boteti prospects; the
Damtshaa, Jwaneng, Letlhakane and Orapa mines in Botswana; and DeBeers’ worldwide operations. The Diavik
mine, located in the Northwest Territories, Canada, was evaluated but not included in the averages owing to the high
electricity requirements resulting from its geographical location (high latitude and surrounded by dikes holding back
lake water that require high-capacity pumps for dewatering). The averages of the facility’s operational data
pertaining to consumption of electricity for the years 2007 through 2009 were approximately 150 kWh/t of ore and
45 kWh/recovered carat. Underground mining at Diavik is suspended and is not included in the estimates. Estimates
are highly dependent on factors such as diamond abundance per unit of ore, recoverability, size, and technology
applied. Generally, deposits containing gem quality diamonds are lower in abundance, resulting in a significantly
higher per carat electricity consumption. Deposits with a high carat count per unit of ore nearly always are mined for
smaller and flawed industrial-quality stones.

? Little electricity is used in pits, except in some cases for belts, lighting, pumping, and so forth. Almost all mining
equipment (shovels and trucks) and in-pit supporting activities operate using diesel fuel. If electric shovels and in-pit
belts are used, electricity requirements could reach 1 kWh/t.

* The application of the principle of diamond recovery related to the mineral’s specific gravity as described is
generalized, but it is in widespread use throughout the “hardrock” diamond mining industry. Primary and secondary
crushing and grinding technologies, degree of size reduction, and methods for separation of “heavies” vary between
sites. Estimates for sites evaluated, with the exception of Diavik, vary from approximately 12—45 kWh/t of ore
treated. The higher estimates are for recently investigated prospects that in general contain fewer carats per t of ore.
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Table 16. Generalized electricity requirements for recovering diamonds from alluvial and colluvial deposits.
[KWh/t, kilowatt hours per metric ton; FOB, free on board]'

Electricity requirement

Process Feedstock (KWt processed ore)
Mining
Surface” Alluvial and/or colluvial material <0.25-1.0
Processing
Scrubbing, jigging, heavy (dense)-media Alluvial and/or colluvial material
separation, X-ray optical sorting, grease 6-10
plant, and acid cleaning’
Total mining and processing FOB site’ N/A 6-11

' Estimates do not apply to offshore mining of marine diamonds.

? Little electricity is used in “dry” mining operations. Diesel-fueled front-end-loaders, shovels, rippers, and trucks
comprise the majority of equipment. Electricity is used for pumps, lights, conveyor belts, and other miscellaneous
equipment. Dredges and associated equipment in “wet” environments may use up to 1 kWh/t. Electricity is usually
provided by on-site, diesel-fueled generators.

? The kWh estimates for diamond recovery are based on the technologies focused on using diamonds’ high specific
gravity and other “unique” characteristics for separation. They are generalized, but are in widespread use in part or
in whole throughout the alluvial and colluvial diamond mining industry. A grizzly and scrubber will generally
suffice for size reduction and cleaning. Crushing is usually not required. The degree of size reduction and methods
for separation of “heavies” vary between sites because of factors such as diamond shape, carat content per unit
treated, size, and size distribution of diamonds. The physical characteristics of the material hosting the diamonds
also contribute significantly to equipment selection.
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Table 17. Estimated electricity requirements for production of ore from a polymetallic ore body producing

two base-metal concentrates.
[kWh/t, kilowatt hours per metric ton]

Estimated mine and
Process Feedstock Product(s) beneficiation plant electricity
usage (kWh/t ore produced)’

Underground mining” Ore Polymetallic ore 51

. . Precious metal
Beneficiation (crush, grind, float
concentrate and

(producing two concentrates) and Ore . 40
tailings disposal’ concentrate containing

Cu, Co, Ni, and Zn

Total -- -- 91
Crushing’ Ore Crushed ore 3-7
Grinding’ Crushed ore Ground ore 12-16
Flotation (two concentrates)’ Ground ore Concentrate 7-14
Tailings (waste) treatment and Tailings Tailings (slurry) 5
disposal’ (slurry)

Other* N/A N/A 1-3
Total -- -- 25-42

" All power supplied by grid (externally generated).

2 An 800,000 t/yr underground open-stoping operation requiring backfill (0.5 t fill: 1 t ore). Ore is accessed by spiral
incline. Ore is brought to the surface using diesel trucks and loaders loaded at stopes. Paste backfill uses
approximately 8 kWh/t to prepare and place in mined-out stopes. The estimate is not representative for all
underground mining. The amount of electricity consumed per unit of ore can vary significantly within a mining
operation and between mining operations. Major factors affecting electricity consumption include the amount of
workings, depth, mining method, the types of mining equipment employed to extract ore and waste rock, and the
ventilation and pumping requirements for dewatering. Polymetallic ores are also mined by surface methods.

3 Ore is standard crush, grind, and float. Concentrates are shipped from site. Energy requirements for crushing and
grinding can vary considerably based on size of material fed to the crusher, desired grinding size for optimum
recoveries, mineralogy, and Bond work index. Values for flotation will vary depending on a number of factors that
include the number and type of concentrates produced, types of equipment, the number of circuits, efficiency, and
methods employed for filtering and drying concentrate.

* «Other” includes lighting, bagging, loading, possibly heating, and other equipment.
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Table 18. Estimated electricity requirements for producing selected types of common ferroalloys.
[kWh/t, kilowatt hours per metric ton]

Product /country, site name, or company) E:(ﬁl(\:l:;tcg},olilzac%)e Specifications and metallurgical recoveries!
Ferromanganese
China 580-1,800 Hot charge (low) and cold charge (high) for low-mid-carbon FeMn
China 2,600 NA
Gabon (ore is processed in Norway, United States, and other 2,152 78.1 percent Mn, 12.7 percent Fe
countries)

India 2,400-2,800 70-80 percent recovery
India 2,600-3,000 85-90 percent recovery
Average for India 3,000-3,500 High carbon, 1.2 percent C
South Africa 2,600 78 percent Mn, High carbon
South Africa 3,100 80 percent Mn, Medium carbon
General world estimate 2,000-2,600 NA

High Carbon Silicomanganese
China 4,200 NA
India 3,765-9,869 NA
India 4,750-5,250 60—70 percent Mn, 10-20 percent Si, and 20 percent C
India (average) 4,875 NA
South Africa 3,860—4,840 NA
South Africa 4,000 65 percent Mn
Average 27MW furnace 3,500-4,000 70 percent Mn, 88 percent plant recovery

Ferrovanadium
South Africa 1,100 80 percent V (vanadium oxide feed for upgrade)
General 3,200 42 percent V and 53 percent Fe
Ferrosilicon
China 8,500-9,000 FeSi 75 percent
India 9,000-10,000 75-90 percent silicon
India 8,166 72—74 percent Si, 24-26 percent Fe. Plant recovery 88—95 percent
India 8,000 NA
General 6,000 45 percent Si
General 9,000 75 percent Si
Ferrotitanium

General 7,500 26 percent Ti

' Product specifications may vary. Specification data may be incomplete. NA, not available.
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Table 19. Electricity requirement for the production of charge-grade ferrochrome and electrolysis of

chromium metal in a solution of sulfuric acid.
[kWh/t, kilowatt hours per metric ton]

Electricity consumption, kWh/t of

Technology ferrochrome (f) or chromium (c)
China
Electric arc furnace 2,600-3,200 (f)
Plasma arc electric furnace 4,600 (f)
Finland
Outokumpu process 3,500 ()
India
Electric arc furnace 3,100—4,000 (f)°
South Africa
Outokumpu process 3,200 ()’
Premus process 2,400-2,700 ()"
Zimbabwe
Electric arc furnace 4,000 ()
World (estimated range) 3,200-5,000 ()"
General estimate
Electrolysis 18,500 (c)’

'Includes (1) ore processing (primarily of lumpy ore); (2) blending silica and coke fines with a suitable binder; (3)
pelletizing; (4) sintering; (5) preheating in a shaft furnace; and (6) melting in a submerged arc electric furnace.
Estimates of electricity consumption are likely under optimum conditions. Mining is not included.

There are basically two major types of ferrochrome: charge ferrochrome and high-carbon ferrochrome (HCFeCr).
Charge ferrochrome has a relatively low chromium content (typically 48—58 percent), a Cr:C ratio of 6.5:1, and a
Cr:Si ratio of 12:1. HCFeCr contains 58—70 percent chromium, has a Cr:C ratio of about 9:1, and a Cr:Si ratio of
greater than 100:1. Iron comprises roughly 35 percent of the content in both types.

Charge ferrochrome is produced from chromite ore with relatively low chrome content, such as those mined in
South Africa. The alloy is a critical component in the manufacture of stainless steel with a chromium content usually
ranging from 10 to 20 percent, whereas high carbon ferrochrome produced from high grade ore found in Kazakhstan
is more commonly used in specialized applications such as engineering steels. A high Cr to Fe ratio and minimum
levels of other elements such as sulfur, phosphorus and titanium are important. Except for a small amount produced
for special alloys, nearly all of Africa’s production is in the form of charge ferrochrome, virtually all from South
Africa.

State-of-the-art ferrochrome smelter facilities include blending of chrome ore with coke, coal, quartzite, and other
materials that are preheated to form briquettes or pellets and fed to closed AC-based submerged-arc-furnaces of
varying sizes. Estimates of the kilowatt hours (kWh) of electricity required to produce a t of charge ferrochrome
assaying approximately 53 percent chromium, 35 percent iron, 6—8 percent carbon, and 1.5—4 percent silicon were
developed for several major types of processing methods from published data and communications with individuals
familiar with the industry. The consumption of electricity to produce a ton of charge ferrochrome was determined by
numerous factors that included the type of ore smelted (fine versus lumpy ore), feedstock preparation prior to
smelting (preheated or “cold;” pelletized or sintered), and the type of furnace employed (AC or DC; open or closed).

The Outokumpu process is widely used because of its relatively low energy requirements. The Boshoek plant in
Rustenberg, South Africa, achieved these levels of efficiency during early performance tests (Bateman, 2002).
Samancor’s plants in South Africa use the Outokumpu process include the Ferrometals and Tubatse facilities.
Xstrata’s plants using the process include the Rustenburg and the Wonderkop, also in South Africa.

The estimates include the steps of ore-milling; blending with silica, coke fines, and a suitable binder; pelletizing; and
sintering and preheating in a shaft furnace from which gravity feeds a submerged-arc-AC furnace. The closed
furnace allows the capture of the CO-rich furnace gas, which is then used to fuel the pre-heating shaft furnace and
the sinter furnace.
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The Premus method, which is technologically similar to the Outokumpu design, is employed in Xstrata’s South
African Lion facility for the production of charge ferrochrome and reportedly uses less electricity (in the range of
2,400-2,700 kWh) compared to older conventional plants that require approximately 3,900 kWh per t of charge
ferrochrome (McCullough and others, 2010; Naiker and Riley, 2006; Visser, 2006; Xstrata, 2010). Much of the
reduced electricity requirement results from pre-reduction (sintering) of the feedstock using fossil fuels and waste
gases.

Approximately 4,200 kWh are required when an AC furnace is directly charged with a blend of “cold” lumpy
chromite, reductant, silica, and other materials. It was estimated that 5,000 kWh per t of ferrochrome is required
when a “cold” blend of fine chromite ore, reductant, silica, and other materials are fed to the smelter, but this
process is being phased out as energy costs and energy availability are a focus of concern in the industry (Xstrata
Alloys-Merafe, 2006). The direct smelting of ore in DC arc furnaces uses approximately 4,800 kWh of energy to
produce a t of ferrochrome, but preheating and sintering the ore can reduce the electrical requirements to
approximately 3,600 kWh/t (McCullough and others, 2010; Xstrata Alloys-Merafe, 2006).

Zimbabwe’s Maranatha Ferrochrome Ltd., Zimasco, and Zimbabwe Alloy Ltd. operations produce HCFeCr and
LCFeCr containing from 55 to 65 percent chromium (John Papp, mineral commodity specialist, oral commun.,
August 12, 2010; Shoko and Chirasa, 2004). Considering the state of the facilities and older technologies employed,
about 4,000 kWh of electricity might be a reasonable assumption to produce a ton of ferrochrome. Energy
requirements would likely decrease if capital intensive improvements are completed by Chinese companies.

? Lower value represents production of charge ferrochrome with preheated feedstock. The higher end of the range
represents production of charge ferrochrome using briquetted feed without preheating.

? The estimated electricity requirement to recover chromium metal by electrolysis. Process follows the use of the
electric furnace and the removal of iron from a chromium sulfate solution.
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Table 20. Estimated electricity requirements for the mining and production of gold using carbon in pulp, carbon adsorption, and Merrill-Crowe

processes.
[kWhtt, kilowatt hours per metric ton; GWh/t, gigawatt hours per metric ton]'

Estimated electricity Estimated electricity

Country, mining methods, and recovery processes Feedstock/Product (kWhloz gold recovered) (GWht gold)
Australia [open pit, carbon in leach (CIL)] Gold ore/Refined gold 260 8.4
Burkina Faso (open pit, CIL) Gold ore/Refined gold 800 26
Democratlc Republic of the Congo (Kinshasa) [open pit, carbon Gold ore/Refined gold 700 23
in pulp (CIP)]

Ghana (open pit, CIP) Gold ore/Refined gold 600 19
2 1 .

Ghana (deep underground , b1.0—ox for sulfide ore; heap leach Gold ore/Refined gold 2,000 64
with carbon adsorption for oxides)
Guinea (open pit, CIP, and heap leach with carbon absorption) Gold ore/Refined gold 800 26
Mali (open pit, CIP) Gold ore/Refined gold 700 23

. 2 .
Et(;luetrhs )Afrlca (deep underground”, Merrill-Crowe, CIP, and Gold ore/Refined gold 2.500-3.600 80120
South Africa (open pit, CIL) Gold ore/Refined gold 800 26
South Africa (open pit, heap leach and carbon adsorption) Gold ore/Refined gold 500 16
South Africa (average all mines) Gold ore/Refined gold 2,200-2,900 71-93
Tanzania (open pit, CIP) Gold ore/Refined gold 700 23
United States, Barrick operations (open pit, underground and
processing methods that include autoclaving, gravity, roasting, Gold ore/Refined gold 500 16
heap leach, CIL)?
United States, Cripple Crc?ek chlctor Gold (open pit, heap Gold ore/Refined gold 340 11
leach, and carbon adsorption)
General electrorefining of gold Gold chloride solution/Refined gold 0.009-0.0109 0.0003-0.00035
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! Estimates of electricity requirements are based on electricity-consumption data, energy-consumption data, cash-cost data, kilowatt-hour charges, and percentage
of electricity cost to cash-cost data. Numerous factors can affect energy consumption in the mines. For underground mines, major factors include extent of active
and development of underground workings; number, size, and depth of shafts; ventilation and refrigeration of air; compressed air and water pumping
requirements; drilling requirements; ore grade; waste and dilution; and types and amount of equipment. The underground mines in South Africa are at average
depths of 2.7 km. At these depths, mines require greater amounts of energy per unit of ore for compressed air, dewatering, hoisting, and ventilating and cooling.
Ambient rock temperatures in active mining areas average 55-62 degrees centigrade (C) and require a significant consumption of electricity to cool the air to
about 28-32 degrees C.

Surface mines generally use trucks and loaders and therefore use less electricity per ton of ore than underground mines. Drills may be electric, but are powered
by electricity generated on-site.

Electricity requirements for beneficiation and gold recovery vary. The highest energy consumption per unit of gold recovery is dependent on the work index of
the ore, size of milling product, and gold recovery technologies.

All or part of the electricity consumed by ancillary facilities such as maintenance shops, administrative buildings, and housing and medical facilities are not
included in the estimates, unless otherwise noted. Electricity estimates include sites and post-mine processing to gold, but do not include electricity consumed for
materials and reagents purchased or consumed at offsite corporate facilities. Some operations are supplied in total by on-site generation of electricity and/or
purchased in whole or in part from a grid. Not all mines and facilities drawing electricity from the grid are provided by Eskom. Estimates for countries were
independently estimated, based on local factors.

*The "deep mines” is a term applied to a group of operations that are among the deepest in the world developed in the Witwatersrand of South Africa. These
mines collectively produce more than 6 million ounces of gold annually, roughly 90 percent of South Africa’s gold production. These mines require significantly
more electricity per ton of ore than most other underground mines. Some of the underground mines in Ghana share some of the characteristics of the South
African mines, but not to the same extent. See table 22 for specific information relating to the South African operations.

3 Includes the Goldstrike, Marigold, and Round Mountain Mines in Nevada, United States.

* Data are provided for the purpose of comparison. Estimates are based on actual 2010 operational data for the Cripple Creek & Victor Gold Mine, Cripple Creek,
Colorado. The major processes for recovering gold are similar to many other operations and entail: (1) crushing 20 Mt/yr ore to minus 6 inch in gyratory crusher
and then minus % inch in cone crushers; (2) blending with lime and other material; (3) placing ore on heap; (4) applying cyanide solutions on the heap and
leaching metals; (5) carbon adsorption of metals from pregnant solution; (6) re-precipitation of gold and silver from pregnant solution onto steel wool cathode
under a low electrical charge in a electrowinning cell; and (7) smelting to gold-silver doré. Barren or “stripped” cyanide solution is reconstituted and pumped to
be reapplied to the heap. For 2010, the electricity requirements were estimated using actual site data at 340 kWh/oz gold recovered or 4 kWh/t ore (Jane Mannon,
Manager for Community Affairs, Cripple Creek & Victor Gold Mining Company, Colorado, oral commun., October 18, 2010). Stripping ratios at the Cripple
Creek & Victor Gold Mining operation are about 1:1 while the open pit mines in Ghana have stripping ratios as high as 7:1 and average about 5:1. The ore in
Ghana treated by the CIL method is ground to minus 200 microns and the ore treated by heap leaching is reduced to 8—12 mm. The ore, which is also treated by
the heap leaching at the Cripple Creek operation, is reduced to minus % inch (19 mm) and therefore requires lesser amounts of electricity per unit of feed to the
mill (see fig. 7). In general, the ores in Ghana also have a higher Bond work index than the ores in Colorado.

References for Table 20
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Metallurgy, v. 108, No. 2, p. 669-681, also available online at Attp://www.saimm.co.za/Journal/v108nlIp669.pdf.
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Figure 7. A photograph of the Cripple Creek & Victor Mining Company’s open-pit gold operation in
Cripple Creek, Colorado, showing a fairly typical heap leach gold operation: (1) gold ore being dumped
into the primary crusher (white arrow); (2) ore screened for size (red arrow); (3) ore conveyed to the
secondary cone crushers (blue arrow); and (4) ore being conveyed to the lime blending and load-out-
bin where trucks are loaded with ore (yellow arrow). The black arrow points to a truck dumping crushed
gold ore on the heap to be leached. Photograph courtesy of Cripple Creek & Victor Gold Mining
Company.
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Table 21. Estimated electricity requirements for the mining and production of gold from five deep-underground mines operated by AngloGold Ashanti

in South Africa in 2006.
[kWhtt, kilowatt hours per metric ton]'

Ore production/ depth/process Great Noligwa Kopanang Moab Khotsong? Mponeng Tau Lekoa
Approximate tons of ore milled in 2006 2,400,000 2,000,000 70,000 1,900,000 1,500,000
Estimated mining or shaft depth (meters) 3,400 2,500 3,000 2,500 1,650
Primary mining method 121;?:5: stoping Xéﬂiﬂ: stoping Xgﬁgﬁ: stoping Grid mining Longwall
Fodtn (oo g 0 g :
Hoisting (kWh/t ore) 23 N/A 544 24 32
Ventilation (kWh/t ore) 34 32 468 39 27
Refrigeration (kWh/t ore) 6 N/A 505 N/A Not required
Pumping (dewatering, kWh/t ore) 21 N/A 87 N/A 18
Compressed air (kWh/t ore) 7 N/A 67 N/A 12
Total estimated KkWh/t ore mined® 101 <32 1,740 <63 90

"“Deep mines” are those developed in the Witwatersrand and collectively produce more than 6 million ounces of gold annually, roughly 90 percent of South
Africa’s gold production. Estimates are for ore brought to the surface. Major factors affecting electricity use include extent of active and developing underground
workings; number, size, and depth of shafts; ventilation and refrigeration of air; compressed air and water pumping requirements; drilling requirements; ore
grade; waste and dilution; and types and amount of equipment. The great depths of these mines require greater amounts of energy per unit of ore for compressed
air, dewatering, hoisting, ventilating, cooling, and other requirements. Ambient rock temperatures average 55 degrees centigrade. Ore grades range from
approximately 5.6 to 7.5 g/t.

> The Moab Khotsong mine was undergoing extensive development activities in 2006, resulting in disproportionate estimates for kWh/t ore when compared to
active mining operations at higher levels of capacity utilization. The mine is anticipated to produce 7.67 Mt of ore in 2015, from which approximately 130 t of
gold will be recovered. The higher production level will reduce the amount of electricity required when expressed against units of material recovered in several
relatively fixed cost-centers, such as dewatering.
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? Estimates include mining equipment using electricity provided by cable from the surface. Battery-driven locomotives, diesel equipment, and hydropowered
(pressurized water-driven) equipment may not be included in the estimates.

*Mine makes heavy use of hydropower for mining, electric slushers, and battery-driven locomotives.

> Estimates of electricity requirements are based on electricity-consumption data, energy-consumption data, cash-cost data, kilowatt-hour charges, and percentage
of electricity cost to cash-cost data. Numerous factors can affect energy consumption in the mines. For underground mines, major factors include the extent of
active and developing underground workings; number, size, and depth of shafts; ventilation and refrigeration of air; compressed air and water pumping
requirements; drilling requirements; ore grade; waste and dilution; and types and amount of equipment. The underground mines in South Africa are at average
depths of 2.7 km. At these depths, mines require greater amounts of energy per unit of ore for compressed air, dewatering, hoisting, ventilating, and cooling.
Ambient rock temperatures average 55 degrees centigrade (C).
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Table 22. Estimated electricity requirements for producing gold from four deep-underground mines in South Africa operated by Gold Fields Ltd. in

2006.
[kWhtt, kilowatt hours per metric ton]'

Ore production/depth/process Beatrix Driefontein Kloof South Deep
Approximate tons of ore milled in 2006 3,551,000 3,867,000 3,206,000 1,256,633
Average ore grade per t of ore produced (g/t) 52 8.1 8.7 7.03
Estimated mining or shaft depth (meters) 705-1,962 2,307 2,665 2,031-2,550

. . Longwall and modified Longwall and modified Longwall and modified Longwall and modified
Primary mining methods . . . .
room and pillar room and pillar room and pillar room and pillar

Production (conveyors, loaders, locomotives

i Ore)( y ) 13 69 41 NA
Hoisting (kWh/t ore) 26 Included in production 59 NA
Ventilation (kWh/t ore) 29 64 141 NA
Refrigeration (kWh/t ore) 24 35 65 NA
Pumping (dewatering) (kWh/t ore) 68 133 106 NA
Compressed air (kWh/t ore) 55 99 124 NA
Gold plant (kWh/t ore) 31 64 42 NA
General services (kWh/t ore) 16 15 18 NA
Total estimated kWh/t ore mined 262 479 596 438

"“Deep mines” are those developed in the Witwatersrand and collectively produce more than 6 M ounces of gold annually, roughly 90 percent of South Africa’s
gold production. Estimates are for ore brought to the surface. Major factors affecting the amount of electricity used in the mine include the extent of mining
activities; development of additional underground workings; the number, size, and depth of shafts; requirements for ventilation and refrigeration of air;
compressed air and water pumping requirements; drilling requirements; ore grade; waste and dilution; and types and amount of equipment. The great depths of
these mines require greater amounts of energy per unit of ore for compressed air, dewatering, hoisting, ventilating, cooling, and other requirements. Ambient
rock temperatures average 55 degrees centigrade. Electricity comprises over 98 percent of the energy used at Beatrix, Dreifontein, and Kloof.

References for Table 22

Tshisekedi, Jean Rene, 2008, Energy consumption standards and costs in South African gold and platinum mines: University of the Witwatersrand, South Africa,
Masters of Science Thesis, last accessed May 6, 2011, at http://wiredspace.wits.ac.za’/handle/10539/7043.
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Table 23. Estimated electricity requirements for a small- to medium-sized gold mine using conventional
underground cut-and-fill mining at 1,500 metric tons per day (tpd) using the carbon-in-pulp (CIP) leach

process to recover gold.
[kWh/t, kilowatt hours per metric ton]

Estimated mine and
beneficiation plant
electricity usage (kWh/t ore
produced or fed to mill)!

Product and Process Feedstock Product(s)

Vein quartz and
disseminated gold in schist

Crushing, grinding, CIP tank leach Gold ore Dore' bars 80

Underground mining (cut and fill) Gold ore 40

' Modeled from Apollo Gold Corporation’s Black Fox project located at Timmins, Ontario. Estimates are limited to
the mine through the pouring of precious metal doré bars. The waste-to-ore ratio averages approximately 0.5:1. Most
of the underground equipment and movement of ore associated with this model is diesel-powered. The major
consumers of electricity per unit of ore extracted by underground mining include backfilling, using waste rock and
rock (mixed with cement and fly ash) for ground support, compressed air, dewatering, and ventilation. The modeled
underground mine is accessed by ramps. The ore and waste are removed with trucks using ramps, as opposed to
shafts presented in the previous models. The use of a shaft and electrically driven mine equipment could add 10
kWh/t of ore. The amount of electricity consumed per unit of ore can vary significantly between mining operations,
even on a local basis. Estimates are limited to the consumption of electricity at the mine, mill, and onsite refinery.
Energy requirements for crushing and grinding can vary considerably based on factors that include the size of
material fed to the crusher, desired grinding size for optimum recoveries, mineralogy, and the Bond work index.

References for Table 23

Natural Resources Canada, 2005, Benchmarking the energy consumption of Canadian underground bulk
mines: Ottawa, ON, Mining Association of Canada, 79 p., last accessed August 15, 2010, at
http://oee.nrcan.gc.ca/publications/industrial/mining/bulk-mine/BulkMines-1939A4-Eng.pdf.

SRK Consulting, 2008, NI 43-101 Technical report: Timmins, Ontario, Apollo Gold Corporation, Black Fox
Project, 216 p., last accessed August 15, 2010, at http://www.brigusgold.com/pdf/blackfox-NI _43-101.pdf.
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Table 24. Estimated electricity requirements for the production of iron ore products (lumpy and fines).
[kWh/t, kilowatt hours per metric ton]

Estimated mine and
Mine and location Feedstock Product beneficiation plant electricity
usage (kWh/t ore produced)’

Lump and fine

3
hematite 13

Sishen (Kumba) open pit, South Africa  Iron ore

Khumani open pit, South Africa Iron ore Lump and fine 20*

! Total for lump and fine ores.

2 The ore recovered from the Sishen pit is crushed and screened into coarse, medium, and fine sized hematite. The
plant has a combined annual capacity of approximately 40 Mt of product, of which 29 Mt was produced through
dense media separation and 10.4 Mt was produced by the jig plant. Approximately 82 Mt of waste rock was
produced. The mine uses nine electric shovels in addition to other types of non-electric shovels. In some years prior
to 2009, the haulage trucks were trolley assisted as a fuel-saving strategy. In 2009, the pantographs were
discontinued to save electricity, but this resulted in increased fuel costs. The operator plans to revert to pantographs
when Eskom’s electricity supply problems are resolved.

* The estimate derived was from gigajoules consumed annually over a 4-year period, percentage of fuel-based
energy, and electricity-based energy derived from grid. Includes mining operations, pantograph assisted trucks,
crushing, jigging, dense media separation, stacking, and other on-site requirements. It is not known if a portion of
the operation’s fuel consumption is used for on-site electricity production (other than for backup generators). The
stripping ratio at the mine is generally about 1.8:1 (waste to ore).

* The ore is considered exceptionally hard and therefore requires significant energy to reduce the size of the material
to desired specifications. Mining is accomplished using wheel loaders and trucks.

References for Table 24
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Table 25. Estimated post-mining electricity requirements for the production of iron and steel.
[kWh/t, kilowatt hours per metric ton]

Process Electricity consumption (kWh/t)

Crushing and grinding iron ore 20-30

Pelletizing iron ore 20-35

Direct reduced iron from iron ore (fluid bed furnace) 110-180

Direct reduced iron from iron ore (kiln) 70-100

Direct reduced iron from iron ore (rotary hearth furnace) 90-120

Direct reduced iron from iron ore (shaft furnace) 110-130

Direct reduced iron from scrap (coal or natural gas-heated furnaces) 75

Steel from pig iron or scrap (electric furnaces) ' 500-680

' Approximately 110 kWh/t of additional electricity is necessary to roll and finish steel.
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Table 26. Estimated electricity requirements for the production of lime-based products.
[kWh/t, kilowatt hours per metric ton; tpd, metric tons per day]

Process and Product Feedstock Estimated electricity usage

(kWhit product')
Pre-calcining
Ore preparation (crushing and grinding). Limestone and dolomitic limestone 25-40
Stand-alone calcining operation?
Shaft furnace @60-200 tpd (second most common practice used in Europe) Limestone or dolomitic limestone 5-15
Parallel flow regenerative (PFR) kiln @100—-600 tpd (most common in Europe) Limestone or dolomitic limestone 20-40
Annular shaft kiln @80-300 tpd (an obsolete technology in most countries in Limestone or dolomitic limestone }gafrfmﬁ;rniri;n tzléeofli%]iof(t)(r)

Europe and in the U.S.) grain sizes greater than 40 mm.

Long rotary kiln@ 160-500 tpd (method is mostly obsolete in industrialized

. Limestone or dolomitic limestone 18-35
economies)
Rotary kiln with preheater@100-1,500 tpd Limestone or dolomitic limestone 17-45
Small “cottage-industry” sized shaft kiln @ 50 tpd Limestone or dolomitic limestone 30

Vertically integrated operation (ore preparation through calcining)?

Rotary kiln (lime or hydrated lime, average for United States production in year

) 0005) Limestone or dolomitic limestone 67-70
Variable kiln types and capacities Limestone or dolomitic limestone 40-140
General vertically integrated operation producing ground lime product (including
crushing, grinding, calcining in a parallel flow regenerative (PFR) lime kiln, Limestone 62-129
regrinding, and dust control)
Xse(;ncally integrated gas suspension kiln (ore prep through kiln and product) at Limestone or dolomitic limestone 33
Post-calcining
L . .. . Additional 4-10 for finer material
Grinding of lime (post calcining) Lime product and 10-40 for coarser material.
Hydrating of lime (post calcining) Lime product 5-30
Environmental controls
Dust control to meet European standards General 7-9

' Lime producers may generate electricity on site because of the remoteness of their location and lack of access to a grid. Estimates can be variable depending on
technologies used, efficiencies of operations, and product types. Energy requirements for crushing and grinding can vary considerably based on size of material
fed to the crusher, desired grinding size to meet specifications, mineralogy, and Bond work index.
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* “Stand alone” estimates do not include ore crushing and grinding.

3 Estimates of electricity requirements are based on crushing and grinding of dolomitic limestone, followed by calcining in kilns, crushing, grinding, hydrating,
and bagging. Post-kiln treatments of the calcine are determined by application; for example, agricultural or industrial application for pollution control.

* Electricity requirements for a 50 tpd single shaft lime kiln. Estimate does not include crushing, grinding, or other pre- or post-kiln operations. Some cottage-
industry sized lime plants may employ hand breakage of rock and use diesel generators to supply the power to produce less than several hundred tons of product
(varying in quality) per year.

> M. Michael Miller, Lime commodity specialist, U.S. Geological Survey, oral and written commun., February 16, 2011.
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Table 27. (A) Estimated electricity requirements for the production of dead burned and fused magnesia
(magnesium oxide).
[kWh/t, kilowatt hours per metric ton]

Estimated plant electricity

Process Feedstock Product usage (kWhit product )"
Dead-burned magnesia Magnesite Dead-burned magnesia 75-180°
Electric arc furnace High-grade magnesite or Magnesia 3,500-4,500

calcined magnesia

" Does not include the electricity required to mine ore or produce other materials required in production.

*Dead burned magnesia, a less energy intensive product than magnesia produced in electric arc furnaces, is produced
in rotary or shaft kilns and relies almost exclusively on fossil fuel for generating the heat required for its production.
Little operational-specific data addressing the electricity requirements for briquetting, crushing, grinding, turning
kilns, and ventilation were encountered. However, considering that the process is analogous to the production of
cement, the amount of electricity required to produce a ton of product is estimated at roughly 100-150 kWh/t of
product.
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Table 27. (B) Magnesium metal by electrolysis and the Pidgeon process.
[kWh/t, kilowatt hours per metric ton]

Estimated plant electricity usage

Process Feedstock (kWh/t magnesium metal )!

Primarily dolomite, magnesite, primary and byproduct

Electrolysis® brines produced from potash and fertilizer production, and 18,000-22,000
seawater.
Pidgeon process Primarily dolomite, magnesite, primary brines and
. C 3 byproduct brines produced from potash and fertilizer 25,000-35,000
(silicothermic)

production, and seawater.

" Does not include the electricity required to mine ore or produce other materials added in the process. For example,
the mining and preparation of dolomite, pumping of brines, or the approximately 1.2 kg of ferrosilicon produced in a
separate plant and used as an additive that requires 13 kWh to produce 1 kg of magnesium metal in the Pidgeon
process.

2 Roughly 80 percent of total world magnesium production is carried out by the electrolytic process. Many
producers use sea water or lake brines as a main source of magnesium by precipitating Mg(OH), from sea water and
either converting the Mg(OH), to anhydrous magnesium chloride or by dissolving Mg(OH), in concentrated
hydrochloric acid to get MgCl, solution. Dried magnesium chloride is then electrolyzed by applying a molten-salt
electrolysis technique.

*In the Pidgeon process, ground and calcined dolomite is mixed with finely ground ferrosilicon, briquetted, and
charged into cylindrical nickel-chromium-steel retorts. A number of retorts are installed horizontally with either heat
applied externally by electric or fossil fuels or by carbon arc furnaces. Although the Pidgeon process is more energy
intensive, its chief advantage is the low capital cost, estimated at about $300—400/t of annual capacity as opposed to
$10,000/t of annual capacity for an electrolysis facility. Labor costs are also lower as most of the remaining
magnesium plants using the Pidgeon process are located in China. The availability of low-cost dolomite and coal to
supply heat directly or indirectly to generate electricity is also advantageous in some situations.
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Table 28. Estimated electricity requirements for the production of manganese metal from reduced or

sintered ore.
[kWh/t, kilowatt hours per metric ton]

Estimated plant electricity usage

Product and Process Feedstock (KWhit manganese metal '
Electrolysis of aqueous solution Roasted manganese ore (non- 7.000-10.000
(Nelspruit process) electrically fired rotary kilns) ’ ’

Smelting in a submerged arc Roasted manganese ore 7,000 °

furnace (unspecified location)

"Electricity requirements can vary because of quality of feedstock, operating conditions, economies of scale, and
numerous other factors that affect the production process. Electricity requirements per unit of production for
ancillaries associated with the facilities were not estimated, but are probably less than 15 percent of the electricity
required per unit of manganese metal. The lower range of the electricity requirement estimate represents the
treatment of higher grade ores, like those of South Africa. The only remaining manganese metal plant in sub-
Saharan Africa, located in Nelspruit, South Africa, was operating as of October, 2010 and employed the electrolytic
process using ore mined from mineral deposits in the Kalahari region of South Africa. The plant’s annual capacity is
about 27,000 t of manganese metal. The plant also produced MnO and Mn;0,. These require roughly the same
amount of energy to produce on a per-unit of contained manganese, although some estimates for manganese dioxide,
produced by electrolysis have been stated as consuming about 2,400 kWh/t of manganese dioxide. Products
produced from the manganese metal at the plant also include those listed below, but amounts are unknown and
likely to change as per contracted orders [click links for more information]:

o Electrolytic manganese metal low hydrogen flake,

o Electrolytic manganese metal low oxygen flake,

e Electrolytic manganese metal stabilized powder,

o Electrolytic manganese metal unstabilized powder,

e High density manganese briquettes,

o Chromium aluminum briquettes,

o Manganese aluminum briquettes (75 percent manganese),
e Manganese aluminum briquettes (85 percent manganese),
e Mangano manganic oxide (Mn;0,),

e  Nitrided manganese briquettes, and

o  Nitrided manganese flakes.
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Table 29. Generalized electricity requirement for the production of manganese lump and sintered ore.
[kWh/t, kilowatt hours per metric ton]

Estimated electricity usage

Site and mine type Feedstock Product (KWhlt product )
Groote Eylandt, Australia ' Manganese ore ~ Lump ore 80
Kalahari open pit (proposed), South Africa’ Manganese ore  Lump ore 16
Mamatwan open pit, South Africa Manganese ore  Sintered ore 70
Wessels underground mine, South Africa* Manganese ore  Lump ore 30
Chikla underground mine, India’ Manganese ore ~ Lump ore 8-14

" The Groote Eylandt operation produces power on-site with diesel-powered generators to meet the needs of surface
mining, ore crushing, screening, washing, and loading ore at the port using conveyor belts. The diesel-powered
generators also provide power to a town site populated by approximately 1,200 individuals. The mine produces
approximately 15 percent of the world’s high-grade manganese ore, averaging approximately 3 million tons per year
(Mt/yr).

* Estimate based on electricity requirements for a proposed open pit operation in the Northern Cape Province of
South Africa with an average ore capacity of approximately 1.8 Mt/yr. The proposed Kalahari plant design is similar
to other lump ore operations in South Africa. Operations are generally open pit using loaders (non-electric) and
trucks. Ore is crushed and screened to minus 75 mm with a grade of 37 percent manganese prior to shipping.
Estimates do not include roasting or sintering.

? Ore from Mamatwan is transported from the crusher (in-pit), crushed to 100 mm and then transported by conveyor
belt approximately 2 km to a stockpile where it is further crushed. At least some ore is beneficiated using dense
media. Ore is sintered in an electric furnace and moved by bucket wheel. Production is approximately 2 Mt/yr. The
estimate includes crushing of ore (16 kWh/t), conveyor belt, beneficiation, sintering (30 kWh/t), and loaders. Energy
requirements for crushing and grinding can vary considerably based on size of material fed to the crusher, desired
grinding size for optimum recoveries, mineralogy, and Bond work index.

At the Wessels mine in South Africa, ore is crushed underground, and transported to the surface by belt, screened,
and shipped by train. Mine production is approximately 1 Mt/yr. Energy requirements for crushing and grinding can
vary considerably based on size of material fed to the crusher, desired grinding size for optimum recoveries,
mineralogy, and Bond work index. See additional discussions relating to the electricity requirements for conveyor
belts in table 3.

> Small underground mine producing approximately 300,000 t/yr of ore consuming 8—14 kWhit. Ore is crushed,
screened, and jigged.
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Table 30. Estimated electricity requirements for producing ferronickel (FeNi) from calcined nickel laterites

using electric furnaces (kWh/t calcined feed).
[kWh/t, kilowatt hours per metric ton]

Country Percent nickel in FeNi Percent iron in FeNi Estimated electricity consumption

(kWht calcined feed)
Brazil 28 70 490
Colombia 35 64 520
Dominican Republic 37-40 50 379
Indonesia 25 65 480
Japan 19 80 460
New Caledonia 25 74 475
Ukraine 17 72 620
Estimated weighted NA NA 500

world average

NA- Not available

" The calcining of nickel laterite ore involves the elimination of moisture (free and crystalline) remaining after the
drying of laterite ore and oxidation of contained nickel. Most of the reductant required for this step is provided by
combustion gases generated from burning coal. Electricity consumption for mining, drying, and calcining is
primarily dependent on mine-plant design, efficiency of equipment used, ore composition and ore character (for
example, grade and moisture content), and methods of transportation. A range of 10—15 kWh/t ore mined on a dry
weight basis is probably a reasonable estimate. Free moisture content in laterite ores generally range from 25-35
percent and crystalline water content from 10—12 percent. Calculations per ton of ore can be roughly calculated
applying these factors. Nickel recoveries in the smelters generally range from 88 to 97 percent.
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Table 31. Estimated electricity requirements for producing nickel from nickel laterite ores.
[kWh, kilowatt hours; t, metric ton; SX-EW, solvent extraction—electrowinning]1

Process kWh per unit Units
Surface mining” 5 t ore (35% moisture by weight)
Drying, crushing, and grinding3 10-15 t dry ore
Pressure acid leaching 3,600 t recovered nickel
Refining (SX-EW)* 4,100 t recovered nickel

! Based on a nickel ore grade of 1 percent.

* Additional electricity may be required for activities that include belts for transport of ore, dewatering, and other
types of equipment.

* The amount of electricity used to wash, dry, crush, and grind laterite ores depends on factors that include the clay
fraction of ore, local climate, work Bond index, and size reduction requirements.

*Does not include cobalt recovery.
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Table 32. Estimated electricity requirements for producing ore, concentrate, matte and refined nickel from

copper-nickel sulfide ore.
[kWh, kilowatt hours; t, metric ton]

Country, smelter or refinery technology, unit of feedstock type or product

Estimated electricity consumption

(kWh/unit
Botswana?
Mining (per t nickel-copper ore mined) 45
Beneficiation (per t nickel-copper ore feedstock) 35
Conventional electric-arc furnace (per t of dry nickel-copper concentrate) 490-520
Flash furnace’ (per t nickel-copper matte) 800
Brazil
Fortaleza, flash furnace’ (per t of dry nickel-copper concentrate) 103
Fortaleza, flash furnace’ (per t of nickel-copper matte) 1,400
Canada
Sudbury, electric-arc furnace (per t of dry nickel-copper concentrate) 440
Thompson, electric-arc furnace (per t of dry nickel-copper concentrate) 470
China
Jinchuan, flash furnace’ (per t of nickel-copper matte) 420
Finland
Harjavalta, flash furnace’ (per t of nickel-copper matte) 800
Harjavalta, flash furnace’ (per t of nickel in matte) 2,600-2,800
Harjavalta refinery, electrowinning (per t of nickel)” 5,000-5,500
Russia
Norilsky, electric-arc furnace (per t dry nickel-copper concentrate) 650
Pechanganickel, electric-arc furnace (per t of dry nickel-copper concentrate) 770
Nadezda, flash furnace’ (per t of dry nickel-copper concentrate) 200
South Africa®
Impala, electric-arc furnace (per t nickel-copper-PGM concentrate) 680
Lonmin, electric-arc furnace (per t nickel-copper-PGM concentrate) 700-900
Northam, electric-arc furnace (per t nickel-copper-PGM concentrate) 1,000
Polokwane, electric-arc furnace (nickel-copper-PGM matte), per t concentrate 750-850
Union-Mortimer, electric-arc furnace ( per t nickel-copper-PGM concentrate) 820-850
Waterval, electric-arc furnace (per t nickel-copper-PGM concentrate) 750-850
Zimplats, electric-arc furnace (per t nickel-copper-PGM concentrate) 850-950
United States®
Stillwater electric-arc furnace (per t nickel-copper-PGM concentrate) 900
Zimbabwe 56
Bindura electric-arc furnace (per t nickel-copper concentrate) 850-950
Bindura (electric-arc furnaces) (a) 550-850;
(a) per t concentrate; (b) per t nickel-copper matte’ (b) 2,600-4,000
Bindura refinery, electrorefining (per t of recovered nickel) 2,500
General
Beneficiation (crush, grind, float, dry, tailings placement, and other processes
i 7 250-2,000
[per t nickel-copper concentrate])
Slag cleaning, flash furnace (per t of slag) 50-100
Refining, electrorefining (per t of recovered nickel) 2,000—4,300
Sherritt-Gordon process, ammonia leach (per t of recovered nickel) 2,900
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! Estimates for flash smelting may be underestimated in some cases. Estimates may not include grinding of coal,
production of oxygen, handling of matte and other aspects of the facilities which cumulatively can be significant
consumers of electricity. Also, some smelters recycle slag through the flash furnaces while others use dedicated
electric furnaces for cleaning slag which consume electricity. Estimates for other plants may be applicable to the
smelting process only and may not include electricity requirements for handling matte and materials, lighting, and
other activities.

? Based on Phikwe, Selebi, and Selebi North. Mining uses cut and fill and open stoping. Smelting accomplished by
Outokumpu flash technology with oxygen plant. Matte containing cobalt, copper, and nickel is exported for refining.
Matte contains roughly 47 percent copper, 52 percent nickel and 1 percent cobalt. The electric-arc furnace, which
received concentrates from the beneficiation plants at the Trojan and Shangani operations contained an average of
roughly 9 percent nickel. The matte produced by the smelter contained about 20 percent nickel, 5 percent copper,
and 1.20 percent cobalt. The converter matte contained about 70 percent nickel, 15 percent copper, and 1 percent
cobalt. In 2011, the smelter was in a care and maintenance status.

? More than 75 percent of the electricity used in the post-beneficiation processes to produce matte associated with
flash smelter technology is consumed in the slag-cleaning process.

* Includes electricity consumption burdened on a t of nickel for the leaching of matte and electrowinning to recover
nickel, copper, and cobalt cathodes.

> The relatively high amounts of MgO associated with the ore minerals contained in concentrates requires higher
smelting temperatures than most other metal sulfide concentrates and therefore consumes more energy, including
electricity, per unit of metal recovered.

%Based on Bindura Nickel Corporation’s Trojan operation. The grade and quality of the concentrate is reflected in a
range of electricity requirements for the electric furnace from approximately from a low of 550 to a high of 850
kWh/t. Ore grades in the ore body are approximately 1 percent nickel that is upgraded to approximately 10 percent
nickel through beneficiation. The concentrates require less energy to smelt than ores mined chiefly for their PGM
content which have lower grades.

" The amount of electricity required for beneficiation on a unit recovered basis, concentrate or metal for example, is
highly sensitive to ore grade and varies from mine to mine world-wide. Sulfide ore can contain from approximately
0.25 percent to over 2 percent nickel. Bond work index is also a significant factor that affects electricity
consumption, but to a lesser extent than ore grade. Smelting of concentrates, when expressed against units of nickel,
is greatly affected by metal content. Nickel concentrates with a low metal content are generally more refractory,
produce more slag, and therefore generally require greater energy per unit of recoverable product. For some
operations, such as those in South Africa derived from the Bushveldt Complex, the primary product is PGMs, while
for others the primary products are copper and nickel. For example, ore produced from the Merensky Reef contains
roughly 5-9 grams of PGM per t, 0.13 percent nickel, and 0.08 percent copper. The concentrates produced from
these ores generally contain 2—4 percent nickel, 1.5-2.1 percent copper, and 130—150 grams of PGM per t.
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Table 33. Estimated electricity requirements for production of ore from vertical crater retreat (VCR) mining.

[kWh/t, kilowatt hours per metric ton]"*>
Process Estimated mine electricity usage Percentage of tot_al_electricity
(kWhit ore produced) use for mining
Creighton, Canada

Ventilation 99 60
Hoisting 33 20
Crushers, mining equipment, 33 20
production drilling, and so forth.

Total 165 100

! Modeled after the Creighton nickel operation, Sudbury, Ontario, Canada. Ore production in 2007 was
approximately 800,000 t. The Creighton operation may not be representative of other mines using VCR, a widely
used bulk-mining method used in the Sudbury District, Canada. VCR is also referred to as panel mining.

2 Except for standby generators, all power is supplied by a company-owned grid and provincial grid.

* Ore is loaded into trams pulled by diesel locomotives and delivered to an ore pass to feed an underground crusher.
In other parts of the mine, ore is trucked up a ramp to a crusher. Ore is lifted to the surface in skips. Tailings are
mixed with ash and cement then pumped underground as backfill. It is unclear if compressed air and backfilling are
included in the estimate of electricity per t of ore. Mining activities are working at approximately 2,200 meters
(7,000 feet) below the surface. Refrigeration of air is not necessary because during the warm months the ventilation
system is directed through ice caverns that form in broken rock near the surface during the winter, an uncommon
feature of mines. Refrigeration can consume significant amounts of electricity.
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Table 34. Estimated electricity requirements for loading of ore from a large open pit using primarily electric
cable shovels and diesel-electric trucks at selected waste to ore ratios with an in-pit crusher and

conveyor belt.
[KWh/t, kilowatt hours per metric ton]'

Process Feedstock Was::tit: ore Product Estlm?;%?;m:g{ sczll(j\j'vhl:;}c% I:')]d belt
Open pit mining Ore 1:1 Broken ore 323
Open pit mining Ore 2:1 Broken ore 4%
Open pit mining Ore 3:1 Broken ore 523
In-pit crushing Ore N/A Crushed ore 2-3*

Belt from in-pit

. Crushed ore N/A Crushed ore 1°
crusher to mill

Estimates rounded to nearest whole kWh/t ore, N/A — not applicable.
! Diesel-electric trucks convert fuel to electricity on-board and are not included in the estimates.

? Does not include pantograph assisted trucks, blast-hole drills, pumps, and other equipment that, outside of
pantograph assisted trucks, combined require less than 1 kWh/t of ore.

?Based on P&H 4100¢ and 4100XPC electric rope shovels. P&H 2800XPC electric rope shovels are also used (see
fig. 8). Some operations may select other electric shovels or non-electric equipment based on factors such as tons of
ore and waste to be moved per unit of time, truck size, availability of electricity, geologic and engineering criteria
pertaining to the geometry of the ore body and associated waste rock, availability of capital, and other factors.
Electric shovels find their greatest application at high-tonnage operations, including coal, copper, gold, iron ore, and
oil sand mines. For this model, cable shovels were estimated to operate at 50 percent of peak kilowatt draw and with
an availability of over 95 percent. Roughly, 0.6—1.2 kWh/t of material moved is consumed by electric shovels; keep
in mind that numerous factors affect electricity consumption, including moisture content, operating efficiency, rock
breakage, and specific gravity. Waste to ore ratios also have a large effect when accounting for electricity
consumption against ore mined.

* Electricity requirements will vary depending mostly on blasting (size of material broken), crusher type, Bond work
index, and to what size the ore is crushed.

> Conveyor belts are used to transport ore from the crusher or offloading station to the mill. Crushers are not always
located inside the pit. The conveyor belt was modeled at 1,600 meters in length, with a capacity of 10,000 t per hour
and using 6,000 kW of power. Electricity consumption for conveyor belts depends on factors such as length, speed,
tonnage capacity, and inclination of the belt. Conveyor belts are sometimes affixed with generators that produce
electricity that can significantly offset the cost of the belt and other facility requirements. Not all mines use conveyor
belts. Some use trains or trucks. See additional discussions relating to conveyor belts in table 3.

See Figure 9 for a photograph of a conveyor belt used to move ore from an in-pit crusher to a concentration facility.
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Figure 8. A photograph of an electric rope shovel of the type used in large open pit mines. This mining
shovel (P&H, model 2800XPC) has a nominal payload capacity of approximately 60 t in its 35 cubic
meter-sized dipper and has seven motors. It is used primarily for loading 172-300 t capacity trucks.
The shovel's maximum height is approximately 20 meters and weighs approximately 1,000 t (P&H,
2010). The unit is supplied with electricity by a cable (indicated by the black arrow in the photograph).
Photograph is provided courtesy of Rio Tinto’s Kennecott Utah Copper.
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Figure 9. A segment of an 8 kilometer- (5 mile) long electrically-driven conveyor belt used to transport ore
from the in-pit crusher at the Bingham Canyon Mine to the Copperton beneficiation plant (concentrator)
in Utah, USA. See additional discussions relating to conveyor belts in table 3. Photograph is provided
courtesy of Rio Tinto’s Kennecott Utah Copper.
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Table 35. Generalized electricity requirements for mining and preparing phosphate rock.
[kWh/t, kilowatt hours per metric ton]

Specific electricity usage

Country/Process Feedstock (KWhit product )
United States?
Mining
Mining with. draglines (wellste.: to ore ratio 1:1) and Phosphate rock 20-30
slurry pumping to beneficiation plant.
Mining with draghnes (waste t.o ore ratio 2.5:1) Phosphate rock 50
and slurry pumping to beneficiation plant.
Beneficiation
Crushing and grinding without flotation Phosphate rock 1020
Crushing and grinding with flotation Phosphate rock 20-30
Estimated average for mining and beneficiation Phosphate rock 75
Morocco
Estimat.ed. average for surface mining and Phosphate rock 20-40 >
beneficiation
Estimat.ed. average for longwall mining and Phosphate rock 45
beneficiation
South Africa

Mining Phalaborwa ores (Foskor) (previously Foskorite, tailings, and <1
known as Palabora) pyroxenite

Other countries

Phosphate rock in Burkina Faso

Burkina Faso, Tanzania, and Zimbabwe and Tanzania; carbonatite and S

minor guano in Zimbabwe

' The amount of electricity used per t of phosphate rock mined and beneficiated is highly variable. Selection of
equipment (loaders and trucks versus electric shovels, draglines, belts, and slurry lines) and waste to ore ratios are
major determinants.

2 TFI production cost survey for U.S. phosphate operations in 2003. The average comes from data collected from a
survey of U.S. phosphate rock producers (except Monsanto) by the Fertilizer Institute in year ending December 31,
2003.

? Includes mining, crushing, screening, dewatering, and drying. Range in kWh/t is related to the waste-ore ratio,
which can exceed 9:1. Electricity used in drying is relatively small. Drier heated with fuel. Model is based on a
capacity of 3 million t per year of wet ore with a waste to ore ratio of 3.5:1 using 2 electric shovels and 6 draglines.
Energy requirements for crushing and grinding can vary considerably based on size of material fed to the crusher,
desired grinding size for optimum recoveries, mineralogy, Bond work index, and other factors.

* In the early 1980s, estimated electricity requirements at the Mingingu mine in Tunisia were 40 kWh/t of phosphate
rock using surface mining, crushing, grinding, flotation, and concentrate thickening. In the early 1980s, estimated
electricity requirements at the Dorowa mine in Zimbabwe were approximately 116 kWh/t of phosphate rock using
surface mining, crushing, grinding, screening, flotation, and concentrate thickening and filtering.

Approximately 2/3 of production at the Company’s mine is converted to phosphoric acid.

References for Table 35

Mhlongo, Henry, 2004, A perspective on the future development of the South African phosphate fertilizer industry,
in 2004 IFA Production and International Trade Conference, Dubai, UAE, 3—5 October 2004, Proceedings:
Dubai, UAE, 2004 IFA Production and International Trade Conference, last accessed August 4, 2011 at
http://www fertilizer.org/ifacontent/download/6492/103248/version/1/file/2004_PIT Mhlongo Paper.pdf.

Mining-technology.com, 2010, Benguérir Phosphates Mine, Morocco: Net Resources International, last accessed
September 26, 2010, at http://www.mining-technology.com/projects/benguearir/.

83


http://www.fertilizer.org/ifacontent/download/6492/103248/version/1/file/2004_PIT_Mhlongo_Paper.pdf
http://www.fertilizer.org/ifacontent/download/6492/103248/version/1/file/2004_PIT_Mhlongo_Paper.pdf

Muehlberg, P., Reding, J., and Sheperd, B., 1977, The phosphate rock and basic fertilizer materials industry, in
Industrial process profiles for environmental use: U.S. Environmental Protection Agency, Industrial
Environmental Research Laboratory, last accessed August 8, 2011 at,
http://nepis.epa.gov/Exe/ZyNET.exe/2000ZRGC.TXT? ZyActionD=ZyDocument&Client=EPA &Index=1976+Th
ru+1980&Docs=&Query=600277023V%200r%20Industrial%200r%20process%200r%20materials %2 00r%2
Oprofiles%200r%20for%200r%20environmental%200r%20use %2 00r%20Chapter%200r%20The %2 00r%20ph
osphate%200r%20rock%20and%20basic%200r%20fertilizer%200r%2 0industry & Time=&EndTime=&Search
Method=1&TocRestrict=n&Toc=&TocEntry=&QField=pubnumber"%22600277023V%22&QFieldYear=&Q
FieldMonth=&QFieldDay=&UseQField=pubnumber&IntQFieldOp=1&ExtQFieldOp=1&XmlQuery=&File=
D%3A\zyfiles\Index%20Data\76thruSO\Txt\00000007\2000ZRGC. txt & User=ANONYMOUS &Password=anony
mous&SortMethod=h|-
&MaximumDocuments=10&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150v150g16/i425&Display=p|f&
DefSeekPage=x&SearchBack=ZyActionL &Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1
&ZyEntry=1&SeekPage=x&ZyPURL.

United Nations Development Organization (UNIDO) and International Fertilizer Development Center (IFDC), 1998,
Fertilizer manual: The Netherlands, Kluwer Academic Publishers, 615 p.

United Nations Environment Programme and the International Fertilizer Industry Association, 1998, Mineral
fertilizer use and the environment: Fertilizer.org, 53 p., last accessed April 5, 2011, at
www.fertilizer.org/ifacontent/download/5407/85160/version/1/file/IFA-UNEP-Use.pdf.

U.S. Department of Energy, 2002, Phosphates, in Energy and environmental profile of the U.S. mining industry:
U.S. Department of Energy, last accessed September 22, 2010, at
http://wwwl.eere.energy.gov/industry/mining/pdfs/phosphate.pdf-

Van Straaten, Peter, 2002, Rocks for crops—Agrominerals of sub-Saharan Africa: Nairobi, Kenya, International
Center for Research in Agroforestry, 338 p., also available at
http://www.uoguelph.ca/~geology/rocks_for crops/.

Zellars-Willams, Inc., 1988, Assessment of present phosphate mining and beneficiation practice and evaluation of
alternative technology: Florida Institute of Phosphate Research, 277 p., last accessed September 26, 2010, at
http://wwwl fipr.state fl.us/fipr/fipri.nsf/129fc2ac92d337ca85256c5b00481502/e8a4a2ab4ealfcf285256b2f005
5f5¢5/8FILE/04-031-068Final.pdf.

84



Table 36. Estimated electricity requirements for the production of phosphoric acid-based products.
[kWh/t, kilowatt hours per metric ton]

Process/Location Feedstock Estimated electricity usage
(kWhit product 12)

Wet process/United States Phosphate rock 134-138 (194-198 if H,SO, produced on site)
Wet process/United States Phosphate rock 210(270 if H,SO,4 produced on site)
(mining through acid production)
Wet process/Florida) Phosphate rock 152 (212 if H,SO, produced on site)
Wet process/Europe Phosphate rock 120180’ (185245 if H,SO, produced on site)
Wet process/Richard’s Bay, Foskorite and pyroxenite ~ 287*
South Africa
Wet process/Rustenberg, South Foskorite and pyroxenite 188’
Africa
Wet process/Morocco Phosphate rock 278°
Wet process/Zimbabwe Carbonatite 244 (309 if H,SO,4 was generated on site)

" In addition to the variable types of technologies employed, electricity requirements can vary because of numerous
factors that include ore grades and ore characteristics, crushing and grinding specifications, plant operating
efficiencies , and economies of scale. Some operations produce reagent while others purchase them from vendors.
Roughly 15 kwh/t of phosphoric acid is required for the production and transport of slurry to a processing plant.

2 Using 22.4 kWh/t of sulfuric acid and a ratio of sulfuric acid to P,Os of 2.5-3.15 with a median of 2.87, the
electricity requirements to produce sulfuric acid per t of P,Os ranges from 56 kWh—71kWh with a median of
65kWh. Approximately 2.8-3.6 t of phosphate rock with a median of 3.2 t are required to produce one t of P,Os5 .

* The lower estimate is based on the assumption that grinding is not required. The higher estimate is based on
grinding required to meet customer specifications. It was assumed that acid was purchased. Values in parentheses
represent an additional 65kWh/t if sulfuric acid is manufactured on site.

* Feedstock from Phalaborwa consists of mill tailings that were previously crushed and ground. Other feedstock is
crushed and ground at the phosphoric acid plants. A large portion of the facility’s tailings and rock production is
shipped to Richard’s Bay for the production of phosphoric acid. The town site of Richard's Bay may generate all or
a portion of the plant’s electrical power requirements. Richard’s Bay produces its own sulfuric acid in separate
plants specifically to supply its phosphoric acid plants. The electricity requirement for acid production is included in
the estimate.

> Rustenberg uses material from Phalaborwa as a way of using excess sulfuric acid from Rustenburg’s smelter and at
the same time produce a saleable product. The electricity required for sulfuric acid generation was not burdened on
the phosphoric acid.

% Morocco’s plants produce their own sulfuric acid. The additional electricity requirement of 65 kWh/t P,Os is
included in the estimate. Approximately 1/3 of the electricity requirements for the Jorf Lasfar (Morocco) operation
may be generated on site. Multiple products are produced and may include sulfuric acid, concentrated and standard
phosphoric acid, and fertilizer.
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Table 37. Estimated electricity requirements for the production of platinum-group metals (PGM).
[kWh/kg, kilowatt hour per kilogram]

Country kWhlkg recoverable PGM'
Botswana 21,400
South Africa 23,300
Zimbabwe 21,400

'The estimates include all of the process steps (mining, air ventilation and refrigeration, compressors, crushing, and
water pumps), concentration (milling, flotation, tailings handling, and pumps), smelting furnaces, flash dryers, matte
handling, and refining (matte-leaching, tank house, compressors, and boilers). Actual electricity consumption per
unit can vary considerably, owing to the significant range in grades of ore (roughly 3-8 g/t) and resulting
concentrates (100—400 g/t).

Metals that include cobalt, copper, gold, and nickel are also being produced as co- or byproducts in the facilities that
treat sulfide ores. Electricity requirements for smelters range from approximately 600-855 kWh/t concentrate.
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Table 38. Estimated electricity requirements for the production of platinum from the Merensky Reef and

UG2 low-grade open pit in South Africa.
[kWh/t, kilowatt hours per metric ton; PGM, platinum-group metals; kWh/oz, kilowatthours per troy ounce]

Estimated mine, beneficiation, and other onsite

Product and Process Feedstock Product(s) requirements for electricity usage (kWhit ore,
concentrate, and per ounce platinum)’

Open pit mining PGM ore PGM ore Less than 1 kWh/t ore
Bengﬁmaﬂon and other onsite PGM ore Concentrate 70 kWh/t ore treated
requirements
Bengﬁmatlon and other onsite PGM ore Concentrate 700 kWh/oz. recoverable platinum in ore
requirements treated
Beneficiation and other onsite

. PGM ore Concentrate 2,100 kWh/t concentrate
requirements
Beneficiation and other onsite 730 kWh/oz. recoverable platinum in

. PGM ore Concentrate
requirements concentrate

'Estimates are based on published information pertaining to the development of open pits scheduled to produce ore
at the Pilanesberg deposits in South Africa. The ore production was estimated at 365,000 t per month (waste to ore
ratio is 6.5:1). Nearly all mining equipment will be diesel-powered loaders and trucks, so electricity consumption is
low per t of ore. The beneficiation plant’s design is likely similar to others with primary crushing into a semi-
autogenous grinding (SAG) mill with mill-float- mill-float (MF2) circuit and ultra-fine grinding on the combined
cleaner tail streams. UG2 and Merensky Reef ores require separate plants. A dense media separation is also
installed. The electrical power for the operations was estimated at 40MVA. Note that the electricity requirement per
ounce of recoverable platinum for beneficiation is relatively high compared to other PGM operations, owing to the
low grade of ore. The estimate of 700 kWh/troy oz for ore containing 2.7 g/t of platinum was developed through
proportioning of platinum in ores mined in several major South African operations. A platinum recovery of 85
percent was assumed. It was estimated that approximately 30 t of ore yields 1 t of concentrate containing roughly
200 gm of PGM, 90 gms of which was platinum. Energy requirements for crushing and grinding can vary
considerably based on size of material fed to the crusher, desired grinding size, Bond work index, and other factors.
The grades of ore and concentrate are significant factors when expressing energy consumption against recovered
metals.
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Table 39. Estimated electricity requirements for production of platinum from PGM ore by conventional

breast-stoping, room and pillar, and hybrid mining of Merensky Reef and UG2 ores, South Africa.
[kWh/t, kilowatt hours per metric ton; kWh/oz, kilowatt hours per troy ounce; PGM, platinum-group metals]

Estimated mine and beneficiation plant

Product and Process Feedstock Product electricity usage (kWhit ore or per ounce
recovered platinum [Pt])
General 23
Underground mining and processing ~ PGM ore Concentrate 100-250 kWh/t ore
Underground mining and processing ~ PGM ore Concentrate 800 kWh/oz Pt in concentrate
Underground mining PGM ore Ore 120 kWh/t ore
Beneficiation PGM ore Concentrate 50 kWh/t ore
Smelting (electric furnace)6 PGM PGM matte 600-1,100 kWh/t concentrate
concentrate
Anglo Platinum Limited Group’
Mining (includes hoists, dewatering,  -- PGM ore 50 kWh/t ore milled; 780 kWh/oz
ventilation, and refrigeration) refined Pt
Bgneﬁmatlon (1.ncludes crus hingand ~ PGM ore PGM 40 kWh/t ore milled ; 570 kWh/oz
grinding, flotation, and tailings
concentrate refined Pt
treatment)
Smelting (electric furnaces, dryers, PGM 33 kWh/t ore milled ; 520 kWh/t/oz
PGM matte
and converters) concentrate refined Pt
Reﬁmng'PGM (Leach, tank house, PGM matte Refined PGM 6.0 kWh/t ore milled ; 100 kWh/oz
and required purification steps) refined Pt
Total of Anglo Platinum Limited _ _ 130 kWh/t ore milled ; 2,000 kWh/oz
Group® refined Pt
Northam Mining Limited®
. PGM ore PGM ore 60-70 kWh/t ore milled; 800 kWh/oz
Production
refined Pt
Pumping (dewatering) PGM ore PGM ore 50 kWh/t ore milled; 500 kWh/oz
ping & refined Pt
oL PGM ore PGM ore 20 kWh/t ore milled; 200 kWh/oz
Ventilation
refined Pt
. . PGM ore PGM ore 30 kWh/t ore milled; 300 kWh/oz
Refrigeration
refined Pt
Lichtin PGM ore PGM ore 2-3 kWh/t ore milled; 20 kWh/oz
ghting refined Pt
.. PGM ore PGM 30 kWh/t ore milled; 300 kWh/oz
Beneficiation
concentrate refined Pt
Post-beneficiation (smelting [electric =~ PGM Precious and 40 kWh/t ore milled; 400 kWh/oz
furnaces] and refining) concentrate base metals refined Pt

Total of Northam Mining Limited

200 KWh/t ore milled; 2,500 kWh/oz
refined Pt.

" Two main shafts, 980 meters in depth. Estimated ore production at 230,000 t/mo (ton per month). Ore is
transported using trackless tramming with trucks, underground crushing, hoisting ore at 26 days/mo (days per
month) and 18 hours/day. Pneumatic scrapers are used mostly for the ores of the Merensky Reef, and load-haul
dumps (LHDs) are used mostly for mining the ores of the UG2. Ventilation air is cooled. Plant design includes
primary underground one-stage crushing into a semi-autogenous (SAG) mill with mill-float- mill-float (MF2) circuit
and ultra-fine grinding on the combined cleaner tail streams. Lower electricity requirement developed from estimate
for the Frischgewaagd-Ledig Core mine and processing with 40MV A power feed. At 90 percent efficiency = 280
million kWh/annum. Estimate for kWh/oz Pt developed through proportioning of PGM in ore and applies to the
Frischgewaagd-Ledig Core mine and mill in South Africa. Underground mining at Northam uses hydropower (high-
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pressure water) instead of fuel or electrically operated equipment for major underground equipment. They require
more electricity and less fossil fuel per t of ore, but have the advantage of generating less heat and exhaust. Mines
are between 700 meters (Frischgewaagd-Ledig Core mine) and 2,200 meters (Northam) in depth, which contributes
significantly to the differences in electricity requirements. Kennedy’s Vale project is planned for mining between
600 meters and 1,600 meters in depth. The electricity consumption for mining was estimated at 82 kWh/t of ore as
per published evaluation. This estimate may be low because the mine was assessed using fresh air instead of
refrigerated air. Fans and refrigeration are major users of electricity.

* Crushing and grinding kWh/t requirements can vary significantly for UG2 and Merensky Reef ores. They depend
on proportions of ores, size of material fed to crushers, and target grind size. Beneficiation estimates range from
approximately 30kWh/t—70 kWh/t of feed. An exception was the estimate for Kennedy’s Vale, which was 90 kWh/t
of mill feed and included treatment and placement of tails and other minor items.

’ Combined kWh estimate for Kennedy’s Vale for comparison purposes is 172 kWh/t ore for mining, processing,
tailings treatment and placement, and other minor requirements.

*Based on Royal Bafokeng Resources’ mines. Mining is primarily room and pillar. Mine depth is approximately
700 meters; ventilation and compressed air are required. No mention of refrigeration of air is in the source
information.

> Includes: ore receipt, Merensky Reef and UG2 storage and blending, crushing and screening, primary milling and
flotation, rougher flotation, secondary milling and tertiary stirred mill grinding, and tailings thickening and
deposition. An additional burden was added for tailings management. Additional electricity requirements for
housing and other ancillaries are not included in the estimates.

% Electrical power consumption for electric furnaces per t of concentrate. The lower value of the Bindura range
applies to concentrates derived from ores mined from the Merensky Reef and the high end of the range is the
electricity required to smelt the concentrate derived from ores mined from the UG2. The lower sulfide mineral
content and the higher MgO, SiO,, and Al,O5 content in UG2 concentrate is more refractory and requires more
energy to smelt than ores in the Merensky Reef, but because UG2 concentrates contain up to twice the amount of
PGMs than the Merensky Reef concentrates, the actual electricity required per unit of recovered PGM is lower. The
electricity required to smelt blended concentrates relies to some extent on the relative proportions of the feedstock.

" Includes the Amandelbult Section (underground), Bafokeng Rasimone mine (underground), Kroondal
(underground with minor pit production), Mogalakwena Section (formerly known as the Potgietersrust open pit
mine), Rustenburg mines (underground), and the Union Section (underground). Also includes production from
recovery and reprocessing of tailings (surface); there is a possibility that other operations are included. In 2006, the
average “4E” (platinum, palladium, rhodium, and gold) ore grade for the mines was approximately 3.6g/t and
approximately 44 Mt of ore was processed through the mills with approximately 2.8Moz (million troy ounces) of
refined platinum, plus additional PGM, copper, gold, and nickel recovered. Underground mining operations average
about 1,400 m below surface. Over 90 percent of platinum-group metal production originates from underground
operations. Approximately 80 percent of the operations’ energy requirements are met by electricity. In addition to
power purchased from Eskom’s grid, some additional power is generated on site by hydropower (approximately
4,500 kw). Electricity consumption for separating and recovering refined or intermediate products containing
palladium, rhodium, gold, copper, and nickel are burdened on refined platinum.

¥ Total rounded to two significant figures.

? Includes only Northam Platinum Limited’s Zondereinde mine. Average mining depth is about 1,800 meters.
Estimate based partly on using a 90 percent power conversion factor from MVA to kWh and estimates for hours of
use per operational unit. A portion of the concentrate produced at the plant is exported for smelting and refining or
sold on site. Estimates are rounded to one significant figure. Electricity consumption for separating and recovering
refined or intermediate products containing palladium, rhodium, gold, copper and nickel are burdened on refined
platinum.
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Table 40. Generalized estimated electricity requirements for mining and processing potash (K2SOs) ore by

conventional underground room and pillar method and solution mining.
[kWh/t, kilowatt hours per metric ton]

Generalized mining and processing
methods

Electricity requirement
(kWht)

Primarily sylvite (KCI) Ore 35-60" (Avg. of 9 Canadian
with halite (NaCl) operations approx. 41)
Solution mining/surface crystallization ~ Sylvite, halite, and or

plant carnalite brines Potash 200-400
Conventional crushing, scrubbing,

Feedstock Product

Mechanized room and pillar'

Primarily sylvite (KCl) 55-120" (Avg. of 8 Canadian

Z;z;;gg,zﬂotanon, de-brining, and with halite (NaCl) Potash operations approx. 80kWh/t)
Mechanized room and pillar, calcining, .
dissolution, solar evaporation, Polyhalite Potash 150

4.
collection, and drying. (K,Ca,Mg(S04)"2(H;0)

! Mining at average depths of roughly 1,000 meters. Most underground electricity consumption includes mining
equipment, pumping, shaft services, and ventilation requirements.

* Does not include the crystallization process, which relies mostly on natural gas.
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Table 41. Estimated electricity requirements for the production of silicon metal.
[kWh/t, kilowatt hours per metric ton]

Estimated plant electricity usage
(kWhit silicon metal)

Quartz sand, quartz, and/or quartzite 12,000715,0001

Process Feedstock

Open, closed, or semi-closed
submerged electric-arc furnaces

" The lower range of the estimate represents silicon contents ranging from 96-99 percent in silicon metal. The higher
value represents silicon metal that has been further processed through treatment by acid and other means to meet the
specifications necessary for solar cell application (Hesse, 2009) and is of the highest purity of silicon—at least 98
percent. A proposed silicon metal plant in Labrador, Canada, was estimated to require approximately 12,000 kWh/t
to produce a t of silicon from quartzite ore (approximately 5,000 kWh/t of quartzite treated) based on a requirement
to supply 2.4 t of quartzite to produce one t of silicon metal (Government of Newfoundland and Labrador,
Department of Mines and Energy, 2000). The South African Polokwane silicon plant, the largest silicon producer in
South Africa, produces 45,000 t of silicon metal and 15,000 t of fume (Solidarity, 2010). Silica fume, composed of
silicon dioxide, is a byproduct of producing silicon metal or ferrosilicon alloys. Silica fume is added to concrete mix
to provide added strength (Silica Fume Association, 2011). The plant has three 65MW furnaces that process quartz-
vein material as feedstock that is mined from the Witkop silica deposit located near the smelter. The Polokwane
plant produces chemical grade and metallurgical grade silicon. Chemical grade silicon is about 98.5 percent silicon,
0.5 percent iron, 0.07 percent calcium, and 0.2 percent aluminum, whereas metallurgical grade silicon is at or greater
than 98.50 percent silicon with a maximum content of 0.10 percent iron, 0.07 percent calcium, and 0.20 percent
aluminum. A rough estimate of 11,500 kWh/t of silicon metal was estimated using a factor of 90 percent capacity
availability for the three furnaces.
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Table 42. Estimated electricity requirements for electrorefining silver from solution.
[kWh, kilowatt hours]'

Process Feedstock/product kWhitroy ounce
refined silver!
Electrowinning  Cyanide solution of 100—1,000 ppm silver/Refined silver 0.3-0.03°
Electrowinning  Solution of nitric acid and silver nitrate silver; content NA/Refined silver 0.012-0.013
Electrowinning  Solution of nitric acid and silver nitrate; 1-1,000 ppm/Refined silver 0.103
Electrolysis Silver anode or slime in nitric acid (87-95 percent silver/Refined silver 0.014-0.016

NA = Not available
! Estimates do not include the electricity required prior to refining by electrolysis or electrowinning.

>The range of estimates reflects the concentration of silver in solution. Greater amounts of electricity are required to
recover silver from solutions with low concentrations of silver and high amounts of impurities.
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Ecomaterials Center (Japan), 2003, Estimation of CO, emission and energy consumption in extraction of metals:
National Institute for Materials Science, Independent Administrative Institution, last accessed June 7, 2011, at
http://www.nims.go.jp/imel/mde-report/Report/01-e-p.pdf.

Ewart, lan, and Treasure, Tony, 2011, Electrometals Technologies Limited, Silver electrowinning in the EMEW
cell: Electrometals Technologies Limited, last accessed June 6, 2011, at http://www.electrometals.com.au/
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Gekko Systems, 2007, Max Au current efficiency in an electrowinning cell: Gekkos, last accessed June 6, 2011, at
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Rajput, R.K., 2006, Utilisation of electrical power: New Delhi, India, Laxmi Publication Ltd., 709 p., last accessed
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Table 43. Estimated electricity requirements for the production of titanium and selected titanium-containing

products.
[kWh/t, kilowatt hours per metric ton]

Specific electricity usage
Product and process Feedstock (KWt product!)

Synthetic rutile

Becher process Ilmenite concentrate 300-350°

Titanium sponge

22,000-37,000

Kroll process TiCly from ilmenite or rutile w/o vacuum distillation’*
Pure titanium sponge
Vacuum distillation Impure titanium sponge 15,000"
Titanium pigment

Chlorination process High-grade rutile, synthetic rutile, and/or slag 650—1,800°

Sulfate process Ilmenite or slag 1,100-2,500>
Titanium slag®

Electrosmelting Ilmenite 2,100
Titanium metal®

Double-arc melting Titanium sponge 4,500-5,500

Vacuum arc remelting (VAR) Titanium sponge 3,000

"In some cases, it was difficult to discern between estimates for energy requirements, which may include fossil fuels
and electricity requirements. Electricity requirements can vary because of ore grades, operating conditions,
economies of scale, and numerous other factors that affect the production process. Electricity requirements for
ancillaries associated with the facilities were not estimated, but because of the high electricity intensity associated
with titanium products an additional burden of less than 15 percent could be expected.

2 Using the chloride process to produce titanium pigment from different materials was estimated at 1,300 kWh/t for
ilmenite, 888 kWh/t for Richard’s Bay slag, and 750 kWh/t for rutile. If produced on site, approximately 53 kWh is
required to produce a ton of chlorine. Sulfuric acid production requires approximately 18 kWh/t of acid. The
treatment of effluents from a plant with ilmenite as a feedstock and using the sulfate process was estimated at 600
kWh/t of pigment produced, and using titanium slag as a feedstock, 200 kWh/t of pigment.

* The electricity requirement for producing sponge using the Kroll process is approximately 37,000 kWh/t of sponge
and includes magnesium production, which is 97 percent of the total energy requirement. Estimates for producing
pigment from the chloride and sulfate process are 1,800 and 2,500 kWh/t of pigment, respectively. Vacuum
distillation is a widely used method of upgrading titanium sponge and has generally replaced the acid-leaching
method.

* The Hunter process consumes roughly the same amount of electricity per ton of product as the Kroll process. It is
unclear if chlorine and magnesium recycling is included in the estimates for the Kroll process.

> Titanium slag is used to produce pigments, titanium metal, welding fluxes, and other specialized products.

% High-quality titanium metal is produced from the melting of pure titanium sponge.
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Table 44. Generalized electricity requirements for the production of yellowcake (U3QOs).
[kWh/t, kilowatt hours per metric ton]

Estimated electricity usage

Generalized process description Feedstock/product (KWt UsOg)
Conventional (crush, grind, leach, and precipitate) Uranium ore (feed grade @ 0.03 percent U;Og)/yellowcake 48,000
Conventional (crush, grind, leach, and precipitate) Uranium ore (feed grade@ 0.05 percent U;0g)/yellowcake 31,000
Conventional (crush, grind, leach, and precipitate) Uranium ore (feed grade@ 0.09 percent U;Og)/yellowcake 19,000
gr(;t\i]gi?;lt?)lal (scrub, cyclone, screen, thicken, leach, and Uranium ore (feed grade@ 0.05 percent U;Og)/yellowcake 44,000
Uranium bearing leachate derived from in-situ leaching Uranium leachate (feed grade average approximately 65 ppm 100.000—130.000
followed by elution, precipitation, drying, and packaging [0.007 percent UsOg]/yellowcake) ’ ’

! The estimates of electricity requirements are based on data provided in several feasibility studies and are considered to be general estimates for recovering
yellowcake (U;0g) from conventional mining and in-situ leaching of ore. The amount of electricity required to recover yellowcake as a primary commodity may
vary significantly from site to site based on numerous factors. The major factors affecting electricity use include mine type (surface, underground, or in-situ
leach), ore feed grade and the chemical and physical nature of the ore, overall recovery, types of technologies used to recover yellowcake, and treatment of
waste.
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Table 45. Estimated electricity requirements for the production of vanadium oxide (vanadium pentoxide)
from pig iron.
[kWh/t, kilowatt hours per metric ton]

Electricity usage??
(kWhit product')
Vanadium oxide (vanadium pentoxide)' 3,000 Content greater than 99 percent V,05

Product Specification?

" Product specifications may vary. Specification data may be incomplete. Vanadium oxide produced from magnetite
ore is produced from molten pig iron as a product of the iron and steel-making process. Molten pig iron (containing
1.25 percent vanadium) is oxygen-blown to produce a vanadium pentoxide slag containing 12—24 percent vanadium
pentoxide and further processed to various purities of vanadium pentoxide using a roast-leach process.

* The initial process employed to produce vanadium oxide at the Evraz Highveld plant is not an energy intensive
burden on vanadium oxide production because most of the initial energy is expended in the production of iron and
steel derived from ores at the Mapochs magnetite mine near Roossenekal, South Africa. Electricity consumption
estimates per t of vanadium oxide are approximations based on limited data addressing the blowing of pig iron to
produce vanadium pentoxide products.

3 Includes crushing, grinding, and one or more of the following: roast-leach, rotary-kiln, electric-smelting, shaking-
ladle, and basic-oxygen-furnace operations.

References for Table 45

EVRAZ Highveld Steel and Vanadium, 2010, Company website: EVRAZ Highveld, last accessed August 14, 2010,
at http://www.evrazhighveld.co.za/general.asp.

Morrell, S., 2009, Predicting the overall specific energy requirements of crushing, high pressure grinding roll, and
tumbling circuits: Minerals Engineering, v. 22, p. 544-549, last accessed August 14, 2010, at
http://www.jktech.com.au/Products_Services/Laboratory-Services/Comminution-Testing/SMC-
Test/PredictingNOV09.pdf.
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Table 46. Estimated electricity requirements for the production of zinc and lead metal.
[kWh/t, kilowatt hours per metric ton]

Electricity usage
Process Feedstock [kWhit ore (0), concentrate (c), sinter (s), zinc
metal (Zn), lead metal (Pb)]'

Zinc - Electrolytic Process?

Concentrate production Ore 31 (o)
Roasting, leaching, and acid production Concentrate 800 (Zn)
Electrolytic refining Zinc solution 3,000-3,500 (Zn)

Bulk Pb-Zn - Imperial Smelting?
Concentrate production Ore 31 (o)
Sintering® Concentrate 335 (¢)
Imperial smelting sinter’ Concentrate 455 (Zn)
Imperial smelting sinter® Concentrate 114 (Pb)
Imperial smelting sinter® Concentrate 174 (Zn)
Refining of lead Crude lead 3 (Pb)
Refining of zinc Crude zinc 25 (Zn)

Lead — Blast furnace’

Concentrate production Ore 31 (o), 265 (Pb)
Sintering® Concentrate 335 (c), 590 (Pb)
Furnace Sinter 95 (s), 160 (Pb)
Pyro-refining Crude lead 3 (Pb)
Electro-refining” Crude lead 120-165 (Pb)

' The amount of energy required to produce metal from each of the three processes can vary considerably owing to
such factors as ore and concentrate grades, plant recoveries, and operating efficiency.

?The ore grade for the electrolysis (electrorefining) model was 8.6 percent Zn, 5.5 percent Pb, and 20 percent S. The
zinc concentrate grade was 50.3 percent Zn, 3.1 percent Pb, and 29.8 percent S. Rajput (2006) estimates a range of
3,000 to 5,000 kWh/t of zinc metal recovered using the electrorefining process. The electrolytic zinc process is used
for approximately 90 percent of the world’s primary zinc production from concentrate.

? The feedstock for the Imperial Smelting process was based on a concentrate containing 35.3 percent Zn, 21.6
percent Pb, and 26.1 percent S. The Imperial Smelting process is a bulk processing method heavily dependent on
fossil fuels as a source of energy.

*Includes 270 kWh/t of concentrate for sulfuric acid production.
> The total electricity requirement for a bulk concentrate burdened on KWh/t of recovered zinc.
% Electricity consumption allocated by commodity and includes a proportional share of acid production.

" The blast furnace model was based on a feedstock consisting of a lead concentrate containing 57.9 percent Pb, 6.1
percent Zn, and 18.8 percent S. Most primary lead is produced using this technology.

¥ Eletro-refining of lead by electrolysis is practiced on low-grade, high-impurity lead.
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