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1. INTRODUCTION

Life-cycleanalysishas been effectively used in many fields to quantify the environmental
impacts of products and process®&s. gonne Nat i o GREETmodelgCoeerdduser y 6 s
Gases Regulated Emissian and Energisein Transportation)was originally developed to
evaluate fuetycle (or wellto-wheels) energy use and emissions of various transportation
technologiegWang 1999)In 2006, the GREET vehicleycle model GREET2) was released to
examineenergy use and emissions of vehicle production and disposal pro@ssdgsam et al.

2006) GREET 2 contains material and energy flow data for the production of over 50 materials
that are in the supply chain of the different vehicle types considered BREET 2 model,

which include conventional vehicles, electric vehicles, fuel cell vehicles, and other vehicle types.
Further, the GREET 2 model contains data regarding the composition of different vehicle types
and their components (e.g., lithidiom bdteries in the case of electric vehicles). GREET 2

users can estimate lifgycle energy consumption and air emissions (including greenhouse gas
(GHG) emissions for different vehicles and their components. While GREET 1 has been fully
expanded to permdalculation of lifecycle water consumption, GREET 2 is still undergoing this
expansion as data become availgdhEmpert 2014

In general, we consider that the materials contained within GREET 2 are used in the
United States. For materials that aré produced in the United States, GREET developers seek
material and energy flow data associated with producing these materials in locations that supply
a significant share of the material to the United States. For materials produced both domestically
andabroad, typical data sources include the academic literature, industry association reports,
environmental permits, corporate sustainability reports, and other publicly available data sources.
Reportsthat are not publimay be used to corroborate find&dputgenerally are naised as
datasource. For materials produced abroad, when possible upstream data specific to those
locations are applied in calculating the craidigjate energy and emissions intensity of the
material. If country-specific energylata are available within GREE&missions factors and
efficiencies for that countryds electrical gr
(GREET has suctata for Chile, for instance). In absencélo$ energydata, US. efficiency
factars are appliedor mobile and stationarfon site)power sourced-or electricity,information
regar di ng t h elecgicahgmdmix anal tramgmissiod and distribution lossesbe
found and used to create a psewadantry specific grid; howeveupstream data and facility
efficiencies will commonly be based on U.S. domestic electricity productidomestically
produced materials use domestic GRE&4I-cycleassumptions and calculatis related to
fuels,energy andemissions associated witose fuelslepending upon assumptions regarding



their combustion (i.eefficiencies and characteristics associated with diffezemtbustion
technologies as described in GREET).

GREETanalysegypically use masallocationor economic allocatiotechngues
depending upon appropriateness and data availability. Generally, wApeadtects have highly
disparate economic valugben economic allocation is the preferable means of allocating co
products, otherwise mass allocation is usealvever, gstem eypansion can be used ameans
of avoiding allocation bgubtractingacpr oduct 6 s ener gy and emissi o
route of interest if a known process is available for thgiroduct. Finally, GREET uses a
recycled content approach for all médés; thereforejt does not include recycling credits for
prospective recycling, rather recyclingascounted fobased on its current usage witlhe final
productof interest (typically vehicles in GREET).

Metals play a role in a number of processed materials related tbe fuels and vehicles
that are included in the GREET modé. this report, we describe additions to and expansions of
data for metals production BREET 2for nickel, platinummolybdenum, zincand silicon
with one chapter pe2ach metal considerelh some cases, data and results for these metals are
used iINGREET land we describe that use in this report. For example, in the case of zinc, we
describe zinc mining and beneficiation, which could be us&RREET 2as part of th process
of vehicle productionWe also describe, however, how zinc concentrate from a zinc mine is
further refined to produce catalygtiality ZnO. This material is not used in calculations in
GREET 2 but is referenced in some processeéSREET 1 We eplain both the development of
the data and analysis for these metals and where they are used within GREET.

2. MOLYBDENUM METAL

2.1 INFORMATION AND STAT ISTICS

Molybdenumis the principal metal sulfide in large legrade porphyry molybdenum
deposits ath as an associated metal sulfide indgrade porphyry copper deposits. Even though
molybdenumis containedn various minerals, only molybdenite molybdenum disulfide
(M0S,) is suitable for the industrial productiohmarketable molybdenumproducts The Mo
content of viable ore bodies ranges between 0.01 and 0.25%.

Molybdenum (Mo) is a refractory metallic element used principally as an alloying agent
in steel, cast iron, and super alloys. To achieve desired metallurgical propkdalieys
molybdenum, primarily in the form of molybdic oxide or ferromolybdenum, is frequently used in
combination with or added to chromium, manganese, niobium, nickel, tungsten, or other alloy
metals.Molybdenum enhanssteed a n d ¢ a $&ardenability,rstéesgth, tghness, and
wear and corrosion resistan@®lyak 2015) It is much less toxic thasomeheavy metals
(e.g, mercury, thalliumand lead)which makes molybdenum an attractive substituterfore
toxic materials(IMOA 2015). During thefirst World War, tke demandor molybdenum
increased due to its applicatsmoth inarmor platingand as aubstitute fotungsten in steel
alloys (Millholland 1941) Molybdenumadditives come ithe form ofmelt stock productand


http://en.wikipedia.org/wiki/Vehicle_armor

include technical Mo oxide, ferromolybdenum, and Mo metal peNétsal products
(e.g, powder, Mo metal and Mbasel alloy mill products, and products fabricated from them)
are also produced from MeS

Moreover, molylbdenumcompoundsre used itigh-pressurend hightemperature
applications, apigments and asatalystsChemical products (e.g., catalysts, polymer
compounding additives, corrosion inhibitors, and kpginformance lubricant formulation) also
result from the mining and processing of ores containing M2l ybdenumdés appl i c;
catalyst prompted the development of material and energy flows for the production of
molybdenum compounds to be added into GREHIE specifiamolybdenuracontaining
compound that we treat as a catalyst precursor is ammonium molybdatgs{(N+D24).
Molybdenumbased catalysts have a number of important applications in the petroleum and
plastics industrieand have been noted for thpromise in bimetallic catalysts for the upgrading
of lignin to variousaromaticchemicalsamong other produc{®lonso et al. 2012)

According totheU.S. Geological Surve@Polyak 2015)in 2014 the domestic production
and use of molybdenum was valusdabout $1.8 billion (based on an averaggybdenum
oxide price)lron, steeland super alloy producecsnsumed4% of the molybdenumproduced
domestically in 2014Table 1presents the yearly production, consumption, expanid imports
of molybdenu in the Uhited States Molybdenumproduction hasncreasedverthe last
5years. Although there was a deelin molybdenumproductionfrom U.S mines betweer2011
and 20132014 production exceeded 20pdoductionby 10%. Moreover, it can be observeath
the Unhited Statesexportsmost of the molybdenum produces and thalhe averageprice of
molybdenum in 2014 was estimatedo®22% less than in 2010 he main countries from which
the Unhited Statesimportsmolybdenunores and concentrates &anada44%; Mexico, 28%;
Peru, 22%andChile, 5%(Polyak 2015)For more information and statistics about molybdenum
production and its produgtglease refer t®olyak(2014)

Table 2 presents the worl dods mine producti
United States, and Chile are the three primary molybdenum producers (Polyak 2015). Polyak
(2015) states that the resources of molybdenu
foreseeable future.
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Table 1. Domestic production, imports, exportsof molybdenum
consumgtion (in metric tons of molybdenumn) (Polyak 2015)

Annual Production

Parameter

2010 2011 2012 2013 2014
Productionmine 59400 63700 61500 60,700 65500
Imports for consumption 19700 21,100 19800 20200 23,600
Exports 49900 56,700 48900 53100 55300

Consumption
Reported 19200 19100 19400 18600 19,000
Apparent 28200 26100 33100 29500 33,900

Price, average value )" 34.83 34.34 28.09 22.85 26.90

a  Estimated.
b Reported consumption of primary molybdenum products.

¢ Apparent consumption of molybdenum concentrates roasted to make molybdenum o
Apparent consumption is defined as the amount molybdenum produced plus the amo!
is imported minus the amount exped.

4 Time-weighted average price per kilogram of molybdenum contained in teclynazie
molybdic oxide.

Table 2. World & mine production and reserves of
molybdenum (Polyak 2015)

Mine Production

Country 2013 2014 Reserves
United Sates 60,700 65,500 2700
Armenia 6700 6700 150
Australia T T 200
Canada 7620 9500 260
Chile 38,700 39,000 1800
China 101,000 100,000 4300
Iran 4000 6300 50
Kazakhstan T T 130
Kyrgyzstan NA NA 100
Mexico 12,100 11,000 130
Mongolia 1900 2000 160
Peru 18,100 18,100 450
Russia 4800 4800 250
Turkey 1500 2800 100
Uzbekistah 530 530 60
World Total (rounded) 258000 266,000 11,000

a  Estimated.



2.2 MOLYBDENUM METAL EXTRACTION AND PRODUCTION

The process to obtain molybdenamd other chemicafsom molybdenum disulfide
concentratéi.e., M0S,) consists of three main stegadure J. First, the Mo%is extracedor
mined, either as g@rimarydeposit oras abyproduct orco-productof coppemining. The second
step isbeneficiationor concentratin, which consist of crushing, grindingflotation, and
leaching Additionalprocessinguch agoasting andefining alsotakesplace(Figure 1) In this
section, some important aspects o$ threestepprocess are discussdiOA 2015).

According totheU.S. Geological SurvefPolyak 2015)in 2014 molybdenum was
produced al3 U.S.mines Three of these mines produt®lybdenum oresaa primary product
the Climax Mineoperates in two Colorado locatiohske County and Summit Countgnd he
Thompsa Creek Mineoperatesn Custer Countyldaha About 50% of the global supply of
molybdenum is produced as apaduct or as a byproduct of copper mining. Iqpcoduct
mining, commercial viability is dependent upon the extraction of balybdenum disdide and
copperbearing minerals, whereas in byproduct minmmglybdenum disulfidés obtained during
copper recoverysee Section 2.2.2 for modetailson coproduction of molybdenun(Fthanakis
et al. 2007)Ten copper mines in therlited Statesalsoproduce Mo$%: sixin Arizona,andone
each in Montana, Nevada, New Mexico, and Utah.

Energy Emissions Further Pure MoS2
processing lubricant

of copper miningand
beneficiation

; 1
; 1
i 1
1 - —m . o . i
h Primary miningand beneficiation Ao OBt (SR Bradicy !
; 1
: Pl S . — Other chemicals (molybdenum oxide, rhenium):
1 ERtFAEHGRERA Beneficiation: Roastingand !
i ) > milling-flotation- SREREA —> Mo metal powder :
i handling ; . |
1 leaching MoS, | Briquettes -
: > Ferromolybdenum :
: [ :
; 1
i 1
- 1
; 1
; 1
; 1
- 1
i 1
| Molybdenum as co-product MoS, g
’ :
i 1
i 1
i 1
; 1

Figure 1. Molybdenum processing flowchart

2.2.1 Primary MoS2 Mining and Benefitiation

When MoS is the primary mining producth¢ mining pocess involves several
operations. The first stage is extraction, which includes activities such as blasting and drilling to



loosen and remove material from the mifikere are two conventional hard rock mineral
extraction methods: underground and opeifij@., surface)mining. Open cast pit technology
can be used if the ore lies close to the surfdtith this methodthe overburdeii.e., rock or soil
overlying a mineral deposity excavated to reveal the ore bddy easy extraction. However, if
theore lies deep underground, the underground block caving technique is employed. In this
caselarge blocks of ore are undercut and allowed to collapse under their own weight. The
resulting rock is removed to the surface for procesdM@A 2015). Mining alsoconsumes
largeamountof explosiveswhich are used tbreak upthe rockand help in the collection of are
In fact, most of the explosives and blasting agents sold inrnitedStatesare used in mining
(Office of Energy Efficiency and Renewable Ege2002) Two types of explosives can be used
in mining: high explosivesvhich vary in composition and performaneed blasting agents and
oxidizers which include ammonium nitrateiel oil (ANFO) mixturesANFO isthe predominant
explosiveused in themining industrybecausét is not difficult to prepareon the work site and
the raw material is inexpensive. In surfacming, for examplethe first step is to drill theoles
through the overburdethen the explosives aleadedanddischargedothe iock in the
overburdens shatteredThe second stagd mining process is materidt&ndling, which

involves the transportation of ore and waste away from the mine to the mill or disposal area

Once the ore is excavated from the mine ntlodybdenum disdide is concentratd
(i.e. in thebeneficiation processYheconcentratiorsteps are milling, flotation, and leachirigy
milling, rod mills crush and grind the mined ore to reduce the rock to fine par8¢E3rim) in
diameter, releasing molybdenunorin therock that surrounds jcalled gangue-lotation the
next stepseparates the metallic minerals from the gangué¢his stepthe milled ore/gangue
powder is mixed with a liquid and aerated so the less dense ore rises in the froth to be collected,
while the gangue cape discarded. When copper and molybdenum ores are mined together, the
flotation step separat@esolybdenum disulfidérom copper sulfide. The resulting
MoS; concentrate contains between 85 a6thMoS (approximately 5&t% of Mo)
(Thompson Creek Mining Company 2013)he final step is leaching, which uses acids to
dissolveand removempurities like copper and lead necessary.

To estimate the material and energy flows associatedmatitodenunmining when
there are no eproduced mtals, we relied upontachnical reporfrom Thompson Creek
Mining Companythat describemining and processin@Marek and Lechner 201and the
Title V air permitsfor that facility theldaho Department of Environmental Qualggued
(Thompson Creek Ming Company 2013)ThompsorCreek is a molybdenum disulfide
concentrat§dMoS,) open pitmining, milling, and concentration facilitythe mine annually
produces between 15 a@@ million pounds of molybdenum concentraBased on the permit,
we used a proaduion rate 020 million pounds Mogconcentratger year(1.14ton/hr). The
plant operates 24 houpgr day,365 daysf the yearMoreover, Thompson Cre@onsumes
10,000 tons of explosives per year 1 ton of explosives per ton ofolybdenum disulfate
(M0oS,) producedDitsele (2010pssesseénergyconsumptiorandgreenhouse ga&SHG)
emissions associated with explosieessumedn surface coal miningHe assumed that all
operations studied in his report use ANFO as the explosirening operationsA NF O 0 s
energy content i2.9 mmBtu/ton 3360kJkg) of explosive This energy content is somewhat
indicative of the energy consumed to produce ANFO, although the actual energy consumed in its
production is likely higher thatihe energy contendf the expbsives Using this energy content



and the amount of explosives needtethe Thompson Creek mining procesg estimate that
2.9 mmBtuis consumed peaon of MoS concentrateThis energys roughly1% of the total
energy inputs used in primary miniagdbeneficiation We thereforedo not include thignergy
input in the GREET model. Finallffhompson Creeklso producehibricantgrade Mo$ by
further processinthe concentrate tachieve a higher puritfy.e., 98% or more Mog. We do
not include the adtional processing of Mofo lubricant grade.

Table 3summarizes thpurchaseenergy inputs required for primary mining and
beneficiation procegs which sums to 260 mmBtu/ton Ma$urchased energy refers to the
energy delivered to a company and caned in processesAs shown irthistable, to obtairl
ton of MoS concentrate requise260 mmBty, of which93% is diesel fuelthatmining
equipmend includinghauling trucks, dozers, wheeled loaders dogers, motor graders, drills,
and shoveld consums (Thompson Creek Mining Company 2018geTables AlandA2 in
AppendixA). As expected, mlybdenum miningand beneficiatiomequire high energy inputs
because there concentratiors low. According toThompson Creek Mining Company (2013)
the ore has an asgresult 010.03% of MoS or higher We also found that hauling trusk
consumeb4% of the energgonsumed bynobile equipment used in tingéining process
Stationary equipment including boilers, waste oil heaters, generators, and pumps also consume
dieselfuel. Seven percenif the energy consumedasectricity.

Table 3. Purchased @ergy inputs in primary mining & beneficiation of

molybdenum
FuelType mmBtu/hr mmBtu/ton of Mo$S Fuel Share
Produced
StationaryEquipment
Diesel 62 54 21%
Mobile Equipment

Diesel 215 188 2%
Electricity 20 18 7%
Total 297 260 T

GREET calculates fufuel-cycle energy consumption and emissions from the
combustiorof energy inputs such &lsose reported iffables 3and4. Non-combustion
emssions such as particulate matter emissions from materials handling equipment or volatile
organiccompaind (VOC) emissions from chemical reactionsdoying equipmenimust be
enterednto GREET as separate inputs. In the case of MuSing, we used datiaom the
Thompson Creek mining permit to estimate ftombustion emission®ermit emissions data
are notto-exceed limits agreed upon by a facility and a regulatory agency. These data often
overestimate actual emissions at a facility. Accordingly, thexes&s worst case emissions
estimatesTable 4shows norcombustiortotal emissions othe processequipmentat the mine



which includesrushersconveyors, andryers.Thecrushing and materials handlieguipment
haveemissiondimits for particdate mater between 0.02 andtdn/yr of PM.sand between Q.
and14ton/yr of PMuo. In the last part of the concentration process, a filtration step increases the
solid concentratiorof the MoS from 30'35% to 5060%. A filteris used to remove waterh&

filter cake is driedn aHolo Flite Dryerthat emits at most 16 tons VOCl/yr.

The only material that the permit reports to be consumed in the mining operations is
hydrochloric acidHCI), which theleach plantonsumes at a rate 01013 ton/yr.

Table 4. Non-combustion emissionsin MoS; mining

Primary Overland EastOre West Ore  Holo Flite Total T.Ota.ll
Type of - Emissions
o Crusher Conveyor Feeder Feeder Dryer Emissions
Emissions : (g/ton of
(ton/yr) Drive 1 (ton/yr) (ton/yr) (ton/yr) (ton/yr)
MoS,)
(ton/yr)
PMzo 4.1 4.9 14 14 0.1 36.4 3301
PMzs 12 1.4 4.0 4.0 0.02 10.7 972
VOC 0.0 0.0 0.0 0.0 16 16 1458

The mning industry uses water in the extraction of minerals from the ground and often to
wash the ore after it has been extracted. Some opesdhiat use water include crushing,
screening, washing, and flotation of the mined material. For example, in Thompsonnlireek
water is added in the crushing and grinding area to crush the ore. Accordimgnpson Creek
Mining Company (2013thewate system is a closed system wherein water and entrained
reagents areontinuouslyrecyclal. This mine tries to recycle as much water as possible to
minimize alterations of local fresh wat®vater isthereforereclaimed from the tailings pond
(wherethe wderis stored) and pumped back to the grinding and flotation plant. The water
reclamatiorsystem was designed to pump a maximum, 857 gallons per minut&5% of the
water is fresh watghatis pumped from the Salmon Rivevhile 25% is reused. Thereeano
off-site discharges of miAefluenced waterand surface water drainage from mine operatisns
directed into the tailings storage facilifthompson Creek Metals Company, Inc. 20B&cause
there is not enough information to quantify the amountaiker used inhe miningprocesof
molybdenumwedo not include water consumption in this analysis.

2.22 MoS2 Mining as aCo-Product or By-Product of Other Metals

Molybdenum is a byproduct of copper production at the Bagdad and Sierrita Mines in
Arizona which are operated by Phelps Dodge Capd at the Bingham Canyon Mine in Utah
operated by Kennecott Utah Copper Corporation (KU®@&)ducing about 25% of the copper
mined domesticallKUCC is the second largest copper producer in thiged States(Rio
Tinto-Kennecott Utah Copper Corporation 201#-also produces gold, silver, and molybdenum
at the Utah mine. Therenolybdenum is recovered duringpperbeneficiation or concentration
Once the copper ofeavesthe concentrator as a fine powgk is putthrough a series of



flotations where some liquids are added to the powder. These liquids can include xanthates,
alcohols, and pine oil (Fthenakis et al. 20@).adding these liquidsnolybdenumcopper,
gold, andsilver float to the top offte flotation cells in frothy bubbleghere they arekimmed
off. This process is repeated several times, so that finally the molybdenum disusparated
The concentrate is further clesathresulting in ahigh-quality molybdenum disulfideoncentrate
which is aboub0 to 586 molybdenumThen, the molybdenum disulfide concentratehgpped
to roasting facilitiegFthenakis et al. 2009J able 5presents production of coppegrsus
production ofmolybdenumat the Utah minéNewman et al. undated; Rionto-Kennecott Utah
Copper Corporation 2014y he ratio of molybdenum to copper varl®sabout3%, depenihg
on themolybdenungrade Fthenakis et a{2007) use thi8%ratio as their allocation factor for
their calculationgFthenakis et al. 2007)

Table5. Cu and Mo production level at KUCC, USA

Year Cu Refined Mo Refined Mo/Cu (%)
(ton)
(ton)
2001 312668 8106 26
2002 293700 6100 21
2003 230600 4600 2.0
2012 162700 9400 5.8
2013 193600 5700 2.9

8 These values are taken frd®ip Tinto-Kennecott Utah Copper
Corporation (2014)

Fthenakis et al. (2009eportenergy consumed imining and smelting/refiningrocesss
associated with eproduction of copper, molybdenum, selenium, and telluliethanakis et al.
2009) Molybdenum, havever, is separated off before the smelangrefining steps We
therefore sought to exclude energy consumed in these steps in our estimate of the energy
intensity of producing molybdenum as a coppepomduct.Fthenakis et al. (2®) reportedhat
coneentration is about 50% of the total energy consumed in mining of these metals (25 to
30 GJtonne of refined copperWe therefore adopted the energy intensities they report for
mining and half the total energy they report for mining and recovery comtsrtbe anergy
intensity associated with molybdenummaduction. We assume that the energy consumed in
concentration is electricitfNorgate and Rankin 2000)herefore ,Table 6presents the energy
inputs forco-produced miningndbeneficiation of molybdeum.In addition,Fthenakis et al.
(20M) report 54 g of particulate matter emissions from mining per ton of mined Métadopt
this figure in GREETFthenakis et al. also report s@missions, but these are largely from
copper smelting, so we do notinde them in molybdenum production.



Table 6. Purchased @ergy inputs for co-produced mining and
beneficiation of molybdenum

Fuel Type mmBtu/ton of M& FuelShare
Co-Produced
Mining
Electricity 1.1 8%
Diesel 1.0 8%
Concentration
Electricity 11 84%
Total 13 T

a8 Mo is molybdenum metal (Fthenakis et al. 2009).

2.2.3 Production of Ammonium Molybdate

The next step in the conversionMdS; to chemical compounds is the roasting of the
Mo$S; concentratéo yield molybdenum tioxide (MoQOs) (also known as technical Mo oxide, or
tech oxide)Roasters are multevel hearth furnaces, in whidhoOs concentrates move from
top to bottom against a current of heated air and gases blown from the Botpically, the
roaster operatdsetween 500 and 650°Thechemical reactionghatoccur in the roaster aees
follows (IMOA 2015).

2MoS + 7Y 2 Mo+@SQO
MoS2+ 6Mo:Y 7 Mo+QSQ
2MoO,+ Y 2 Mo O

The resulting roasted molybdenite concentrate typically contains a minimum of 57%
molybdenum, and less than 0.1% sulftiie MoQis then converted to a number of other
products, including amanium molybdatewhich is the produadf ourinterestin this report

Kumar (2002) and the U.&nvironmental Protection AgenciERA) (1994) describe the
upgrading process and subsequent prodoatstail Both EPA (1994and Kumar (2002)
suggest that is possible to produce several products from Md@ure lpresens those
products metal Mo powdennmolybdicoxide (MoO), ammonium molybdaféhe catalyst
precursor)and rheniumRhenium is arery scarce metallp pb i n t heangisr t hés <cr
prodiction through Mogconcentrate roasting one of itsprincipal commercial sources

To estimate the material and energy flows in the conversion of Mwfentrate to
products including ammonium molybdate, we used a Title V air perm@lforax Molybdenun
Company in Fort Madison, low&limax Molybdenum Company 2013} limax Molybdenum
Company produceaspgraded molybdenum chemical produiis lubricantgrade molybdenum
disulfide, sublimed pure molybdic oxide, calcined pure molybdic oxde differentammonium

10



molybdate types (i.edimolybdate heptamolybdategctamolybdate, and sodiunihe MoS,
concentrate comes to this facility directly from different mines and is roastechpé¢rature
between 500 and 650°Chis concentrate has low moisture comitasdictated by shipping and
marketing considerationasually ranging between 5 and §¥hompson Creek Mining
Company 2013)The facility useswo roasters. These roasteechhave a capacity of 1fons of
MoS; concentratéar. We assume that these stars both operate full time and thia¢ MoS
concentrate is 90% MaSThe permit does not statiee output quantities of the different Mo
containing products or ghenium To develop material and energy intensity for ammonium
molybdate, we used an appoh based on conservation of moles of Mo throughout the process.
We first calculated energy intensity omos-of-pureMoS; basis, then converted those results to
a perton-of-ammoniummolybdate basis using stoichiometry. The data GREET contains,
however are first presented onpeerton-of-pureMoS; basis so that a user can trace the data
directly to what the permit provides as energy consumption and pollutant emissiofi$data.
mass of rhenium producedlikely very small; we do not assign any mateaaknergy
consumption to its productioim addition, 0.18 tons of ammonium hydroxide (XHH) are
consumed to producketon of ammonium molybdate.

The total amount of energy required in the conversion process is preisehéddie 7
These values come frodividingthe energyconsumptiorof each piece gbrocess equipment by
31ton/hr (which is the total amount of molybdenum concentrate procdssiegroasting and
conversiol. The list of process equipmeand their energy consumption values aresentd in
TableA3 of Appendix A Thensum ofthese values the total energy consumptior3% of the
energy consumeith this process isatural gas while 25 is diesel oil. Although te permit for
this section of the process does imatudeprocess equipmemdectricityconsumptionthis
analysis includethe most importanenergyintensiveprocesequipmenisuch as roasters,
furnacesand kilng.

Table 7. Purchased @ergy inputs for the
conversion of MoS concentrate to ammonium

molybdate
Fuel Type mmBtu/ton FuelShare
of MoS,
Natural Gas 6.5 73%
Diesel 25 27%
Total 9.0 T

Table 8presents noicombustioremissions from conversion of Mg#ito the products
Climax Molybdenum Company produc@$iese emissions correspond to particulate matter
(PM) generated by material handling uratsl processing uni{€limax Molybdenum Company
2013) Similar to energy consumption, the values present&dlite8 are calculated by dividing
the PM value of each unit lilge total amount of Mo oncentrate pressed in the conversion
process
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Table 8. Particulate matter emission from non-combustion
equipmentin the conversion process of MogSconcentrate to
ammonium molybdate

Unit PMzo
(g/ton MoS)

MoOj3 Unload to Storage Bin From Bags and Barrels 313
Pure Oxide Product Screening and packaging 76
Downgrade Calciner Product Bagging (2 units) 32
Downgrade Calciner Combustion (2 units) 9
Dryer 64
Sodium Molybdatérying, ScreeningandPackaging 179
MoS; Transfer from Pit to Storage Bin 184
Mo$S; Rail Ca Unload 184
MoO; Transferfrom Roasterto Bin 83
Transfer Mog from Storageto Roaster 106
Briquetting 60
Lime Dust Unload 177
Lime Transfer to Silo 450
Roasters(2 units) 83
Sublimed Oxide Furnace (2 units) 22
Molysulfide Kiln 6
Molysulfide Kiln Afterburner 6
Molysulfide Kiln Burner 9
AOM Dryer 4
Total 2048

In addition, we also include the $@missions emitted by the sulfur furnace and the two
roasters used in the conversion prortesse values are shownTable 9

Table 9. SO, emissbns from furnace and roasters
in the conversion process of Mogconcentrate to
ammonium molybdate

Unit SO
(g/ton MoS)
Sulfur Furnace Startup Burner 922
Roasters (2 units) 3098
Total 4020

In our analysis of molybdenum, we did not consider séaoy production (recycling) of
molybdenum because only up to 4% of molybdenum in spent catalyst is re(@otadrede
2014)
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2.3 ADOPTION OF MOLYBDEN UM DATA IN GREET 1 AND GREET 2

GREET 2contains anolybdenumtab that houses the data summarized in 8&e&i This
tab reports energy consumption data for primary mining of molybdenum in units of mmBtu/ton
MoS,, assuming 90% of MaSoncentrate leaving the mine is Mo®ith the balance being
water and impurities. It reports energy consumption data for Mogin concert with copper
and other metals as mmBtu/ton Mo.

Full fuel cycle results for each of these processes are reported in Sectithre same
units. To generate this resulp@importanissumption is the share of molybdenum that is
produced atheprimary mine produdtSection 2.2.1dr as aco-productwith other metals
(Section 2.2.2)To allow GREET users flexibility in modeling Mo mining, a user parameter
(Yoprim) can be set to define the share of primaiped Mo.The default value of thisggameter is
50% (Fthenakis et al. 26D

We useEquation 1(which uses fossil fuetonsumptioras asampleresult) to calculate
the totalenergy or materialseperton of MoS; concentrate

Ot i lo@ka P 00 p 00 o ™ H—— (1)
Where& & o Is thefossil fuel use in mining and beneficiation of primary production,
and& & o Is the fossil fuel use in the gmoduced mining with coppefhe mining

and beneficiation of primary productioeport the energgonsumptionn terms of mmBtu pet
ton of MoS concentratebutthe valuefor co-produced minings interms ofmmBtu perl ton of

molybdenum Therefore& & \ o is multipliedby & y———— so that it hashe

same units as primaproduction. This valueorresponds to the 58% wiolybdenumin the
MoS; concentrate as i presented byhompson Creek Mining Company (20E8)dFthenakis
et al. (2007)

Finally, the Catalyst tab dBREET 1 reports material and energy consumption for
conversion of Mosto ammonium molybdate amperton-of-MoS; basis. However, to calculate
the results for ammonium molybdate opextorrammoniummolybdatebasis we multiplythe

energy inputs in the conversion processmy ¢ . This value is calculated

throughstoichiometic relations betweethe amount of Mosconcentrate and the amount of
ammonium molybdate.

3. PLATINUM GROUP METAL S (PGMS)

3.1 INFORMATION AND STATISTICS
The six platinum group metals (PGMs) are platinum (Pt), palladium (Pb), rhodium (Rh),

ruthenium (Ru), iridium (Ir) andsmium (Os). All of them occur together in nature alongside
nickel and copper. Along with gold and silver, the PGMs are precious metals and very rare
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elements in thea r tchugt. PGMs possess a range of unique chemical and physical properties.

They aremcreasingly used in a variety of environmenta#iated and specialty technologies,
such as chemical process catalysts (especially in oil refineries) and catalytic converters that treat
vehicle exhaustMudd 2012) PGMs are found in numerous productspfrioard disks to aircraft

turbines and industrial catalysts. Around 51% of PGMs are used in catalytic converters while

16% of PGMs are used in jewelffPA 2015a) The six PGMsre excellentatalyss and can be
employed in pathways to produce biofu€dmeinteresting characteristic 8§ GMsin catalytic
converterss that theydecrease harmful emissions from vehiglesferski 2015; Saurat and

Bringezu 2008)PGMs can also be used as alloying agent to improve theearresistant

properties oklectroniccomponers; for example, ruthenium is used to improve this property in
titanium, platinumand palladiun{Wang et al. 2013)The GREET catalysis module therefore
relies on the material and energy flows for PGM production developed herein.

Besides use in talytic converters, a key transportation applicatioplafinumis its use

as a catalyst i

n

f uel cel |l s.

A

t hi

n

cathode and anode. At thaode this coating catalyzes the oxidation halcton; at the
cathodeit catalyzes the reduction half reaction. The Pt cataljsivs fuel cells tooperate at low

temperature(Burnham et al. 2006)

Table 10presents the yearly production, exppaisd imports of PGMs in therited

ayer

States(Loferski2015) Platinum and palladium are the dominant PGMs in thiédd States
becausehey are more abundant and highlrevalue than the other PGMs Trable 10 According
to Loferski (2015) in 2014one domestic mining compamyoduced PGMs ats Stillwaterand

East Boulder Mines in souitentral Montana. Small quantities of PGMs were also recovered as

byproducts of copper refining.

Table 10. Domestic production, imports, exports consumptiorkg of PGMs

PGM Year
2010 2011 2012 2013 2014
Mine Production (platinum 15050 16,100 15970 16320 15850
and palladium)®
Imports for Consumption
Platinum 152000 129000 172000 116000 130000
Palladium 70,700 98900 80,100 83100 99000
Rhodium 12800 13100 12800 11,100 11,000
Ruthenium 14100 13300 10200 15300 11,000
Iridium 3530 2790 1230 1720 2500
Osmium 76 48 130 77 235
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Exports (PGMs)° 61,040 45820 43510 39640 41,700
Price, Average Value

($/troy ounce})!
Platinum 1616 1725 1555 1490 1440
Palladium 531 739 649 730 830
Rhodium 2459 2204 1275 1069 1180
Ruthenium 199 166 112 76 67
Iridium 642 1036 1066 826 573

a  Estimated.
Estimated from published sources.
¢ Mostly platinum (28%) angballadium (57%)

Engelhard Corporation unfabricated metal.

Between 2010 and 201the Uhited Statesimportedplatinumfrom Germany (16%),
South Africa (16%)the United Kingdom (8%)andCanada (7%)amongothercountrieg(53%).
Countries from which the U.S. importedlladiumincludeRussia (31%), South Africa (28%),
the United Kingdom(23%), Norway (5%), and otheountries(13%). The world resources of
PGMs are estimated to total more than 100 million kilogr&osth Africahas the greatest
PGM resourcewith the largesPGMsreserves in the Bushveld Compl&4% of worldwide
PGM praduction occurs in this country. Russia, the site of 14% of worldwide $jgddiuction,
and the Wited Stateshave the second and third highest PGM reserves, respec¢tioétyski
2015) Other PGM:-producing countries include ZimbabwedCanada(IPA 20153.

3.2 PGMSEXTRACTION AND PRODUCTION

PGMsundergo extraction and beneficiation processes that are similar to those described
for molybdenumin Section 2.2Six monthscan elapsérom PGMs-bearing oregecovery to
refined metaproduction becausextracton, concentratiorand refining of PGMs require
complex, costlyand energyntensive processes. In South Africa, P&béaring ores generally
have a low PGMcontent betweer2 and 6 g/to)y therefore, to produce 1 ounce (@lof
platinumrequireshetwea 10 and 40 tosof ore(IPA 2015a) Expensive to produ¢®GMs are
more costly thamther metals.

To develop material and energy flows fdatinumproduction inGREET 2 we are
adopting data for PGBproduction at a South African mine because SouticAforoduces the
majority (71%) of PGMs worldwide. These data serve to update the existing GRERBT 2
for South African PGM production (Burnham et al. 2006). The mining compapgrating the
mineis called the Anglo American Platinum Company, or Artgpland itextracts some 40% of
t he wor |minédsplatmemAmplats operatem the Bushveld Complexvhich is the
principal source oSouthA f r i ¢ aThis dd@diéxncludesthe Bathopele, Dishaba,
MogalakwenaSiphumelele, Thembelarand Tumelanines.Table 11presentA mp | totals 0
production of PGMs, gold, nickeandcopperin 2014(Anglo American Platinum 2014)
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According to this table, 107.56nsof PGMs andgold were produced in 28¢, which accounts

for only 0.2%6 of productiorby mass. Kkel and copper represented6@nd40%, respectively,

of products from Ampl(AglsAimerican RlatiBumi2014Figres2s i n
presents the steps in the PGM mining and refining proedssh are described in the following
subsections.

Table 11. Refined production of PGMs, nickel, and
copper from Amplats minesin 2014

Product Tons % byMass

Platinum 59.1 0.1
Palladium 38.3 0.1
Rhodium 7.2 0.0
Gold 3.0 0.0
Nickel 31,967 60.3
Copper 20,944 395
Total RefinedProduction 53,018 T

We did not find sufficient information to update BREET 2data for PGM production
in the Lhited States

Energy Emissions

|

PGMs primary {
mining |
[

I

|

[

l

[

I

I

|

J

! Concentration
1 —L
| Smelting
| —— Platinum
Palladium
Refining Rhodium |

I Gold
Nickel

Figure 2. Steps in PGM, gold, nickel, and coppelproduction. The mining processuses equipment
for compressed ai, ventilation, refrigeration , and pumps. Concentration includes milling, flotation
and tailing. Smelting equipment includes furnaces and flash dryers. The refining, or purification,
section includes boilers and compressors.
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3.2.1 Mining

PGMs are mosglmined in South Africa and Russia, but mines in North and South
America produce PGMs, nickel, and copper. PGM aresminedhrough conventional
underground or open cut techniqu€ke majority of mines in South Africa operate at a depth
below 500 m andp to 2 km. Their tabular and narrow &@dies require intensive mining
techniques. PGM ore is drilled and broken with explosives before being removed mechanically
to the surfacdr-actors that contribute to the high energy consumption of mining inclede or
hauling,t h e mi n-deldpreuntatec drdlsonsumption of compressed and refrigerabn
of the working areawherethe hard rock has a highermal gradientor large increases in
temperature at increasing detR#\ 2015a)

3.2.2 Production

On the surface, the ore is crushed and milled into fine part\dater is added to
produce a slurryhat iseasy to pumpThen theconcentration process separates the milled ore
into a waste stream (tailings) and valuable mineral stream by flatatiswseparatioroccurs
using awet chemical treatmemhatproducesa PGMs-rich concentratéhatis dried and smelted
in an electric furnace at temperatures over 1,508°@atte containing the valuable metals is
transferred to convertevghereoxygenenrichedair is blown to oxidize sulfur and iron contained
in the furnace matte to S@as and slag, respectively. The resulting converter matte is slow
cooled to concentrate PGMs into a metallic fractitime inal concentrate is dissolved using
hydrochloric &id and chlorine ga®GMs are thesequentiallyseparated from the base metals
nickel, copperandsometimegobalt, and refined tol@gh purityusing a combination of solvent
extraction, distillationand iorexchange techniqué€B’A 2015a) Osmium is pecipitated as a
salt(Anglo American Platinum 2014)

PGMs can also beecovered throughecycling(secondary productigrfWilburn and
Bleiwas 2004; Johnson Matthey Precious Metals Management.201B8% Lhited States,
secondary production of PGMs usgent automotive catalytic converters and electronic sgap
asignificantresourcehowever, spent chemicaleforming catalystsand equipment used in the
manufacture of glassre also another resource of PGMélburn and Bleiwas 2004Although
the United Statesis not the primary producer of PGMt is the countryvith the highest
platinum and palladium recovery rates. For instamc2002the United Statesaccounédfor
approximately 65% of the platinum and 70% of the palladium recovered worléharde
catalytic converterghis met25%of thetotal U.S. demand for platinum and 2@¥ats demand
for palladium(Wilburn and Bleiwas 2004)Jwo processes comprisecondary productian(1)
the material containinBGMs are either smelted to form a molteretal matte, or dissolved to
bring the PGMs into a solutio(R) the PGMenriched output from step one is then refined to
recover the individual metals separately in a pure form identical to that from primary production
(IPA 2015b) GREET does not accoufar the secondary production of platinum because little
information is available on energy consumption for this p®aice
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3.3 PGMSPRODUCTION MATERIAL AND ENERGY FLOW DATA

Table 12presend the purchased energyputsusing two methods to allocate tlesergy:
mass and market value allocatidnh e f i r st met hod uses the ratio
total weight of all productshile the second method involves multiplying the market value of
each of the products by the amount produced to gertetatenonetary revenue for each product
(seeTable 13. These values are calculated based on the average market value for the last 5 years
of each compound produced at Ampl&dtse revenue shares by product are then used to allocate
the total energy usessociated with mining and processing operat{@wnham et al. 2006As
is shown inTable 12 the two methodproducedramatically differentesults The marketbased
approach resulsitwo to three orders of magnitude larger thtiaa result obtained byass
allocation.The latter approach is setthe defaulimethodin GREET 2 .Regardless of the
allocation techniquemining and smelting of PGM ores are very resource intensive. The ore
typically has a grade of about 5 g/ton of @Rebb 2005; Renner 1992Therefore, PGM
primary production generates large amounts of mining veateonsumes large quantities of
energy and wate©f the total purchased enerd35%is consumed during extraction (e.qg.,
mining), while 28% is consunein smelting processeand only 12% is consumed during the
refining processOf the total energy72.4%comes from electricity, and most of this electricity is
used during the concentration process.

Table 12. Purchased energy inputs for the production of a ton oplatinum at Anglo
American Platinum Company

MarketAllocation

0 :
Process % of EnergyShare  MassAllocation mmBtu/ton Platinum

mmBtu/ton Platinum

Mining 35 140 73,423
Concentration 24 97 50,759
Smelting 28 114 59,844
Refining 13 53 27,721
Total energy consumpton i 404 211,747
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Table 13. Market value for all the products at
Anglo American Platinum Company

Product $lyr % byMarketValue

Platinunt 2,696,416,770 58%
Palladiun® 776,785,525 17%
Rhodiunt 341,842,456 7%
Gold® 119,859,977 3%
Nickel® 545820,956 12%
Coppef 139,711,234 3%
Total 4,620,436,917 T

a Loferski (2015).

b George (2014).

¢ Kuck (2015)

4 Brininstool (2014).

Table 14presents fuel share per operation during platinum produ@iogio American
Platinum 2014)

Table 14. Fuel Share of Anglo American Platinum Company 2014

Fuel Type Mining Concentration  Smelting Refining Total Share
in theProcess

Electricity 70% 9% 70.8% 33% 72%
DieselPetrol 30% 1% 0.3% 1% 11%
Coal 0% 0% 25.5% 66% 16%
NaturalGas 0% 0% 3.4% 0.0% 1.0%

On average, electricity production in South Africa is more-gdahsive than in the
United States GREET calculates the energy, GHG, and air emissions intensity of South African
derived PGMs with data for the South African grid mix for 200&b{e 15. In 2012 most of the
electricity produced in South Africamefrom coal (93%) and only 5%amefrom nuclear
which is very different from the U.8asewhere3%% of the electricity comes from coal{®
from natural gasand 196 from nuclear powr (EIA 2015%0).

The South African grid mix data is houseddREET 1on thefiinputd tab. The user can
select this mix usi nQntheGREETAAJSIea ¢ tDreif d n etdadb ,0 ptt hH ¢
transmission and distribution loss value is updated to tie¢ aurrent valuégfrom 2011) for
South Africa, 8%(World Bank 2015)
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Table 15. 2012South African
electricity grid mix

%

Electricity Source

Petroleum
Natural gas

Coal

Biomass

Nuclear

Hydro

Other?

0.1%
0.0%
92.7%
0.1%
5.1%
1.9%
0.1%

a QOtherrefers to electricity which
sources come from waste,
geothermal, solar, wind

No data were available on n@oembustion emissions from PGM minijrep non
combustion emissions for this process are not included in GREET.

As mentioned before, the minimgdustryusessignificant amounts ofvater in the
extraction and cleaning of minerals. AccordingAttglo American Platinum (2014in 2014the
total water consumptiowas?.16 billion gallons 84%of this water was consumed pnimary
activities which indude mining and processing of platinum group metals, gold, nickel, and

copper The balance was consumed by other actividégterconsumption decreased by 26% in

2014because oé labor strikePrimary activities consume botiew (potable) and makep

water. Potable water is sourced from different water utilities and accounts for 50% of the total

waterconsumptionThe freshwaterconsumedn primary activitiess aboutl13983gallonsper
ton of product(Anglo American Platinum 2014)

4.1

Zinc oxide has unique physical and chemical properties that make it a multifunctional

4. ZINC

INFORMATION AND STATISTI CS

material. For exampléts pieze and pyroelectric properties allow it to be used as a sensor,
converter, energy generatandphoto catalysin hydrogen production. It can also be disethe

ceramicindustry due to its hardness, rigidity, and piezoelectric constant, and in the biomedicine
industry due to its low toxicity, biocompatibilitand biodegradabilittK o g od z4 ej c z a k

Radzimska and Jesionwski 2014) Zinc oxide comes from processing zinc metal. Althopghe

zinc metal is never found in natuigj

S

a natur al

C 0 mp @resem in rockf

soil, air, and watefThe primary source of zinc is sphalerite (or zinc blend@balerite]Zng]),
which provides about 9@ 95%o0f zinc produced toda§pDOE 2002; International Zinc

Association 2015)ZnS occurs in association with other sulphide minerals, especially those of
copper, lead, and cadmium. These other sulfides, howeequresent in very small proportions
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(Wright 1918) For example, analysis of sphalerite in Miss@Bturduel912)showed that the
composition of the oris 65.9% zinc (Zn), 33%ulfur (S), 0.25%silicone oxide $i0), 0.32%

iron (Fe), and0.51% calcium (Crin other wordsaround 98.9% is ZnS, which means that most
of the zinc ore is zinc sulfidgurduel912) Zinc ores are widelgistributedthroughout the

world.

Zinc is primarily used as a coating on iron and steel to protect against corrosiorsdt is al
used in vehicle production. Much of the zinc in automobiles is used for galvanization of steel
parts which occurs via hot dipping steel in molten zidmc makes the average automobile last
longer(American Galvanizers Association 201Bpwever, thamount of galvanized steel in
vehicles hadeen reducedver the years.

According totheU.S. Geological SurvefTolcin 2015) China is the most significant
zinc producer (i..5000 thousand metric tons in 2013). Australia and Peru are also important
producers(DOE 2002) In the case of zinc oxide, China, Korea, and Taiwan, are the largest
producersfollowed by Europe and North Americkn North Americawhere rubber is the major
market consumption of zinc oxide amounted to 207 thousand tons. AEg&¥af zinc oxideis
used inrubber compounding, 22% is employed in the production of chemicals, 10% is used in
agricultural activities, and the rest is used in pacdatings, cerami¢gnd other applications
(Schlag and Yoneyama 2010)

4.2 ZINC OXIDE PRODUCTION

To producezinc oxidesuitable for catalyst production, the Zti@t comes from roasting
zinc concentratenust first be converted to pure #rough either hydrometallurgical
(electrolytic) or pyrometallurgical methadsgure 3presentshe different step involved in the
productionof zinc oxidefor catalyst productiaon

American process [ Zn0O Energy Emissions
Jf e i e i Tt i s s T Tt e T Tt i T 97
| |
1 Mining and Hydrometallurgical |, French process | —* [
i beneficiation Zns method Zn Zno |
J metal {
J |
}

Figure 3. Zinc oxide processing flowchart

4.2.1 Mining and Beneficiation
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Eighty percentbf zinc mines recover zinc from undergroundhile 8% have open pit&r
surface mimg). The remainder recover zinc from a combination of lflotternational Zinc
Association 2015)The use of underground or surface mining techniques depends on the
proximity of the ore body to the surface and individual characteristittee ore bodyln
underground mininga tunnel or drift along the vein is created. The ore is removed by drilling
and blasting, and removed through the drift to the shhé.ore is hoisted to the surface for
further concentratio(DOE 2002). Concentration is needed tlu¢éhe low zinc content in the ore
(which not only contains sphalerite, but also other material that will end up as mining waste).
According to the International Zinc Associati(®#015, zinc ores containi5L5% zinc The next
process is known asheficiaton; it includesmilling, crushing,and flotationstepsto produce
concentrates of 50 to 60% zirMilling is a multistage process that involvesishing followed
by wet grinding. The crushed ore is mixed with water and initial flotation reagents toltwrm s
Rod and ball mills are used to grind the.dneflotation, slurry reagents form frothy bubbles that
attach themselves to theavymineral andallow them tofloat away from the lighter powdered
ore.During or after milling the ore may be treatedttvchemicals known as conditioners and
regulators to modify the pH of tleee pulp prior to flotatiofDOE 2002) The concentrate may
contain some copper, leaghd iron. Concentration is usually done at the mine site to keep
transport costs to roasterslaw as possibl@nternational Zinc Association 2015jinc is in the
form of ZnS (concentrate) after the beneficiation step.

Table 16presents zinc mining and beneficiation energy consumpataobtained from

different literature sources. After rewng these data, we choose to maintain the values in
GREET from Ruth (1998), 3.7 mmBtu per ton of zinc. We added, however, the energy
consumed in the beneficiation process, 0.1 mmBtu electricity per ton of zinc (Norgate and
Rankin 2002). Electricity is caumed in the beneficiation process for milling and crushing the
rock (Norgate and Rankin 2002). In addition, Norgate and Rankin (2002) also reported that
around 228 gallons of water per ton of ore of zinc is consumed in the beneficiation process.

Table 16. Energy inputs required in mining and beneficiation ofzinc

Mining Units Fuel Type Beneficiation Fuel Type Total Reference
1.8 mmBtu/ton Zn Nonereported 2.9 Nonereported 4.7 Rankin (2011
1.7 mmBtu/ton Zn Nonereported 2.6 Nonereported 4.3
0.1 mmBtu/ton ore Zn  Diesel (62%) 0.1 Electricity 0.2 Norgate and

(100%) Rankin (2002)

0.04 mmBtu/ton ore Zn  Electricity (38%)
2.4 mmBtu/ton Zn Fuel oil (21%) 0.04 Electricity 2.4 DOE (2002)

Gasoline (1%) (100%)

Electricity (78%)
0.71  mmBtu/ton ore Zn  Diesel (19%) None 3.72 Currently in
3.01 Electricity (81%) reported GREET 2

(Ruth1998)

a2 These values are for Australian conditions.

4.2.1 Metal Production: Hydrometallurgical Method
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The most common methods farocessinginc metal are eidgr hydrometallurgical or
pyrometallurgicalPorter 1991)Figure 4describes these two proces@Norgate and Rankin
2002)

Hydrometallurgical
process

Pyrometallurgical
process

Bulk concentrate Zinc concentrate

Acid plant Sintering Roasting Acid plant
l i l - Sulfuric acid
Sulfuric acid Imperial smelting Leaching L—
Slag «—| furnace (ISF) l
i Purification
Zinc refining (uses cerIentation)
Zinc metal Electrolysis
Zinc metal

Figure 4. Pyrometallurgical and hydrometallurgical process basedon main processing routes for
zinc)

Before metallic zinc aabeproducedusing either hydrometallurgical or
pyrometallurgical techniques, sulfur in the concentrate must be rembivisds done by
roastingor sintering(International Zinc Association 2015)

The concentratéZnS) that is fed to the roasting orteinng stepgontains soma5si 30%
or more of sulfur and different amounts of iron, lead, sjlaad other minerals. Roasting is a
high-temperature process that converts zinc sulfide (ZnS) concentrate to an impure zinc oxide
(ZnO) calledcalcine(DOE 2002) The concentrate iseatedo over900°C.Simultaneously
sulfur reacts with oxygen, emitting sulfur dioxitdh&atsubsequenylis converted to sulfuric acid
(International Zinc Association 2013Roaster types include multiphearth, suspensipoand
fluidized beds. Sometimes, zinc ore concentrates are first slurried with water prior to roasting
(DOE 2002) On the other handsintering is used to compact and form a solid mass of material
by heatng without melting it to the point of liquefaction. Sinteriirsgessential to prepare the
feed for theall thermal methods of producing zinc

The tydrometallurgical process also known asheelectrolysis proces#t includes
roasting, leaching, and electrowinnisigps In theleaching stagesulfuric acid is usd to
separateinc oxide from the other calcineBhe purification processsescementation to further
purify the zinc Cementatioruseszinc duwstand stem to remove other metals like cadmium,
copper, cobalt, and nick&bm the solution Finally, in theelectrolysisstep to recover the
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metallic zincfrom the purified solution, curreplasesthroughan electrolyte solutiowhich
allowszinc to deposit on an aluminum cathodéhile theelectrolyte slowlycirculates through
the cells, watein the electrtyte dissociates anetleagsoxygen at the anodé.is assumed that
sulfuric acid is regenerated for recycle to the lepidtes{EPA 1995) The sulfuric acid acts as
a catalyst in the process as a whdlee zinc ingots may have different grades: H@gylade (HG)
99.95% and Special High Grade (SHG) 99.99% of @mernational Zinc Association 2015)

The pyrometallurgical procesmnploys heimperialsmelting (IS) processwhich reduces
zinc and lead into metal with carbon in a specially designe@derrirhe IS process is energy
intensive and thus became very expensive following the rise of energy prices. [Bddayaces
only operag¢ in China, India, Japamand Polandinternational Zinc Association 2015)

According tothe International Zinc Ass@tion (2015) today over 90% of zinc is
producedhrough thehydrometaurgical processwhile 10% of zinc refining is done
pyrometallurgically Norgate and Rankin (2002) put this share lower atB86ause the focus of
this study is the U.S. zinc indugtmwe assume thdhe hydrometallurgical process usel to
produce zinc metal

Tablel7 presents theurchaseenergy inpud to the hydrometallurgical production of
zinc metal based on the data reportedNbygate and Rankin (2002phdMoats et al. (2010 The
datareported by James et §2000) is based on a survey of operating zinc smelters and refineries
throughout the worldAs presented ifable17, 37 mmBtu is required to produdeton of zinc
metalfrom Zn concentrate with the hydrometallurgicedgess Thesevalues also includthe
energy needed for leaching8natural gas) and energy use in the electrobtsis(92%
electricity). This latter value includekl mmBtu/ton of zincconsumedn the electrolytic cells
(Moats et al. 2010pnd3 mmBtuton of zinc consunteduringroastingandleaching andin the
acid plant(NorgateandRankin 2002) According toNorgate and Rankin (2002dditional
material is required during the hydrometallurgical procassund3,000gallonsof water per
1 ton of anc metal produced, 0.090 ton of oxygen per one ton of zinc, and 0.016 ton of lime per
ton of zinc metal.

Table 17. Purchased @ergy and material inputs required in
hydrometallurgical production of zinc metal

Stage of Process mmBtu/ton Zn Fuel Type Fud Share
Leaching 11 Natural gas 8%
Electrolysis 13.6 Electricity 92%
Total 14.7

Material Inputs Material Intensity
Water (gal/ton Zn) 2948
Oxygen(ton/ton Zn) 0.09
Lime (ton/ton Zn) 0.02
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4.2.2 French Processto ProduceZnO

Zinc oxide that can be used as a catalyst is either obtained by a direct process (the
American process); or by an indirect process (the French progessydingtoK o g od z4 ej cz ak
Radzimska and JesionowgRi014) in the direct process, the zinc ore is reduced first by heating
it with coal such as anthracite, thendyydizing zinc vapor in the same reactor. All this process
occurs in a single production cycle in arfacewhich hastwo layers:(1) zinc ore with coal on
top and(2) a coal bed on the bottom. On the other hdraindirect (French) processcurs in a
furnace where thmetallic zinc is melted and vaporized at 910Z60 is produced as a result of
thezinc vaporreactionwith oxygen from the airAccording toBrown et al. (1996)the Fench
processurns0.7 ton of coal per toaf zincoxideto convert coal and air inteeducing gas
needed in thgaporizer.Thezinc oxideparticlesexiting a series of fuaces flow through a
cooling ductto a bag filter station. The ZnO particles are mainly of spheroidal sAEapmeoxide
from the French process has a higher degree of purity than that produced from the American
procesgK 0 § o d z iRadgimskasaikd Jesionoki014) Because the French process is more
prevalent and its product more pure, we assume ZnO catalysts are produced using this
technology.Table18 summarize the energy input of the French process used in the production
of zinc oxide. This informatiois presented in detail Brown et al. (1996)

Table 18 Energy consumptionin the French
process used in the production of zinc oxide

mmBtu/tons ZnO % Fuel Type

Fuel Type
Electricity 0.1 1%
Fuel oil 22.8 99%
Total 22.9

Note: 0.7 ton of coalgr ton of zinc oxide taonvert coal
and air into reducing gg8rown et al. 1996).

Table19 presents the material balance that indicates the amounta#r@i@ed as a nen
combustion emission. It is important to note that slag is also produced iretighprocess from
buming coal.This slag could emit methane, but we have insufficient data to estimate these
emissions. We assumed that all the carbon contained in the coal used in the French process is
emitted as C@

Table 19. Non-combustion emissiasfrom coal burning

Total CO, Total CO,
0,
Type ofCoal yowt Total Carbon Emitted Emitted

Carbon in Coal
(ton Clton ZnO) (tonfton ZnO)  (g/ton ZnO)

Bituminouscoal 0.61 0.43 1.57 1,425,000
(assumed)
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4.3 ADOPTION OF ZINC OXIDE DATA IN GREET 2

GREET 2 contains ainc tab thatpresentshe data summarized in SectiédnThe data on
this tab is organized in sectionsmining andbeneficiationof zincore (mmBtu/tonZn), the
hydrometallurgical procegsnmBtu/tonZn), and the French process (mmBtion ZnO).

The energy consumption, air emissions, and water consumption for each of these steps
are combined tgalculatetotal impacts okinc oxideused as a catalysto achieve this end, data
from mining and the hydrometallurgical processes must be dedvier gperton-of-ZnO basis

with the stoichiometricatio &) =F——.

We useEquation2 (which uses fossil fuel as an example resolfalculate the total
fossil fuelenergyconsumeder ton ofzinc oxidefrom mine to catalyst asllows

O¢ | 0@ a ‘00 o ‘00 ™ —— 00 (2

Where& & o is the fossil fuel use in mining and beneficiatipocess& & is

the fossil fuel use in thieydrometallurgical procesand& & is the fossil fuel use in the
French proces#ll thecalculations are based on the Wekctricity mix.

5. NICKEL METAL

5.1 INFORMATION AND STAT ISTICS

Nickel metal is know for its superior malleability, good ductility, high resistance to
corrosion and moderate strength. It is crucial to modern matertdiasimportant applications
in the iron and steel industry for making stainless steel and as an alloy due tatytsoabil
improve strength, toughnessd corrosion resistance. Other major uses of nickel are in
electroplating and rechargeable batteries (Kerfoot 2012).

As of 2014, there was only one nickel mine operating in thieed States producing
3.6 metric tongdMt) of nickel in 2014, which only provided 2.4% of U.S. primary nickel
consumption. The majority of nickel consumedhe United States was therefore imported. The
imported volume in 2014 consisted of 158 Mt of primary nickel, which is produced froed nick
ores, and 39.5 Mt of secondary nickel, which is produced from recycled nickel scraps. During
the period of 201013, Canada, Russia, Australia, and Norway were the major import sources
for the United States, supplying 36%, 14%, 11%, and 10% of tHertarted nickel,
respectively. Of the 148 Mt of primary nickel consumed in the United States in 2014, stainless
and steel alloy production accounted for 45%, nonferrous alloys and superalloys 43%,
electroplating 7%, and the rest went into other usagdsdimg batteries, catalysts, and specialty
chemicals (USGS 2015).
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In this study, we focus on the production of class | nickel, which has a nickel content of
99% or more, and is used for battery and catalyst applications in GREET. Ferronickel, which is
the predominant form of nickel consumed in alloy production, is not examined in this study.
Furthermore, since the vast majority of recovered nickel is recycled in its alloy state into making
stainless steel, steel and other alloys, secondary productiontigital of class | nickel (PE
International 2013). We therefore investigate primary class | nickel only.
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5.2 NICKEL PRODUCTION

The processes for producing metallic nickel from nickel ore are depickgdure 5
There are two types of nickel oresilfidic and oxidic &lso known asaterites), and the
production routes of nickel from the two differ, as showRigure 5 Since nickel often coexists
with other metals in ores, significant amounts of ferronickel are produced from oxidic ores
annually,whereas the production of nickel from sulfidic ores also recovers copper, cobalt, and
platinum group metals (PGMs) in descending quantities. In addition, because of the high sulfur
content in sulfidic ores, sulfuric acid is also a notablpmmuct fromthe pyrometallurgy of
sulfidic ores (Kerfoot 2012).

Of the 130,000 Mt of identified nickel resources, 60% is contained in oxidicvanés
the remaining 40% is in sulfidic ones (USGS 2015). Oxidic ores are typically exploited in
tropical regions, includg the Philippines, Indonesia, New Caledonia, Braritl Colombia,
whereas sulfidic ores are mostly mined in Russia, CamadiAustralia (USGS 2012).
Historically, sulfidic ores were the primary source of nickel, because oxidic ores are more
expensiveand entail more complex processing (Mudd 2010). In recent years, however, nickel
production from oxidic ores has overtaken that from the sulfidic, due to increasing global nickel
price and demand, more abundant oxidic ore reserves, decreasing sulfgtaeda® and
improvements in leaching technologies (Mudd and Jowitt 2014).

5.2.1 Mining and Ore Processing

The production of nickel starts with the mining of nickel ores. Sulfidic ores can be
exploited through both opgrit and underground mining, whitidic ores are exclusively
openpit mined (PE International 2013).

Among the sulfidic nickel minerals, pentlandite is the only one of economic significance,
which has a nickel content of @2.0%. This metal content is too low for direct smelting or
hydrometallurgy of the ore. The mined nickel ores therefore undergo a beneficiation process,
during which the ore is crushed, screersett! then subjected to flotation or magnetic separation,
to obtain a concentrate containirigl5% nickel and copper for sulsgent primary extraction. It
is worth mentioning that the most abundant nickel mineral is actually nickeliferous pyrrhotite,
with a nickel content of 018..0%. Howeverbecause¢he contained nickel cannot be separated
by physical methods, and the pyromietiady of pyrrhotites gives off high S@missions, it is
common for nickel producers to reject pyrrhotites to the tailings to reduce energy consumption
and undesirable emissions (Kerfoot 2012).

Nickeliferous limonite and garnierite are the two major axidckel minerals extracted
(Kerfoot 2012). Oxidic ores typically have a moisture content of ~30%, which is reduced
through an ore preparation process involving drying or calcining (PE International 2013). Oxidic
nickel ores generally contain 0.80% niclel. Although the ore preparation process eliminates
most of the moisture, the improvement to ore grade through this process is minimal, because the
initial nickel concentration is low (0i8.0% to 1.14.3%) (Kerfoot 2012).
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Figure 5. Process flow diagranfor nickel production. The dashed box denotes the process not
examined in this analysis. Outputs in bold represent eproducts, while outputs in italics represent
wastes.

5.2.2 Primary Extraction

Prepared oxidic ores and nickel concentrate from theflmgation of sulfidic ores can
undergo either pyrometallurgical treatment to be converted into nickel matte or
hydrometallurgical treatment to be converted into a nickakaining solution. For the nickel
concentrate, the pyrometallurgy starts with rimastduring which the concentrate is heated to a
temperature of 60@00°C to drive off sulfur as sulfur dioxide and turn the contained iron sulfide
into iron oxide. The roasting process generates a significant amount of sulfur dioxide, which is
often collested from the offgas to produce sulfuric acid. The mixture coming out of the roasting
process is then sent to a smelter. In the smelter, silica flux is added to the mixture and aids slag
formation from iron oxide, gangue and silica. The slag floats om#ige phase, and is separated
and discarded. The pyrometallurgical treatment thereby produces a matte with a nickel
concentration of 3®0%. The smelting process can be carried out in reverberatory, elaatic
flash furnaces, depending on the desimeling conditions. Following the primary smelting,
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part of the remaining iron sulfides in the matte is removed in a converter to produce the final
smelting matte (Kerfoot 2012).

The smelting matte coming out of the converter, also known as the commattey is
high grade, typically containing less than 1% iron and 20% sulfur. It requires further processing
to recover nickel, copper, cobaind PGMs. Subsequent treatment of this converter matte can be
pyrometallurgical, hydrometallurgical, or electramdirgical. Direct electrometallurgy of nickel
matte is not common and is not discussed herein. During the pyrometallurgical treatment, the
matte is first poured into a mold at 1000°C, and then cooled to 200°C over a period of 4 days.
Becausenickel and opper segregate into discrete grains when the matte is cooled slowly, this
slow cooling process makes it viable to separate nickel and copper through common
beneficiation technologies, such as milling, magnetic separathflotation. The process for
separating nickel sulfide and copper sulfide is-sipecific. Generally speaking, the resulting
nickel sulfide concentrate is essentially free of precious metals, and is sent to a roasting plant for
further processing, whereas copper and PGMs are recaheoedh different refining processes.
The pyrometallurgical treatment is currently practiced in Russia, China, Botswana, South Africa
and one site in Canada (Kerfoot 2012).

Hydrometallurgical treatment involves leaching the concentrate or convertemithatte
ammonia or an acid to dissolve nickel and cobalt, while copper is precipitated out as leach
residues. Depending on the conditions under which the leaching occurs, hydrometallurgical
treatment can be categorized into ammonia pressure leaching, aémosid leaching, acid
pressure leaching, and chloride leaching processes. The common output of a leaching process is
a nickel sulfate or chloride solution that is copper free, as well as a leach residue that is enriched
in copper (Kerfoot 2012). The hyaimetallurgical treatment is deployed at nickel sulphide
refineries in Australia, Canada, Finland, Norway, Japad China (Mudd 2010).

As for prepared oxidic ores, major primary extraction processes include rotary kiln
electric furnace, the Caron prosgand highpressure acid leaching (Mudd 2010). During the
pyrometallurgical process, the prepared ore needs to be sulfidized before smelting (Kerfoot
2012). Smelting of oxidic ores predominately takes place in rotary kiln electric furnaces (Mudd
2010), wtere the calcined ore reacts with a reductant to form ferronickel. It should be noted that
the smelting of oxidic ores is more energtensive compared with that of their sulfidic
counterpars, because the oxidization of iron sulfide is exothermic, whrelatty offsets the
energy requirements of the roaster (Kerfoot 2012). Both the Caron process and pressure acid
leaching are hydrometallurgical technologies, which selectively extract nickel and cobalt at
elevated temperatures using ammonia and sulfurit; exspectively (Mudd 2010).

5.2.3 Nickel Refining
The final stage of producing highurity nickel, designated atass Inickel, is refining,
during which nickel is generally refined to a purity level >99%. Nickel oxide or nickel matte

from the pyromellurgical treatment can be purified via the electrorefining process or carbonyl
process, whereas nickel leach can be recovered by electrowinning or hydrogen reduction.
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5.3 CRADLE-TO-GATE LIFE -CYCLE INVENTORIES OF NICKEL

There have been a few LCA stud@snickel production. Mudd collected energy
consumption, water consumptiandCO, and SQ emissions from sustainability reports of
leading nickel producers including BHP Billiton, Eramet, Norilsk, Yalel Xstrata for the
period of 19992008 compiledthe data for each major facylibperated by these producessd
calculated the average environmental metrics of these facilities (Mudd 2010). Eckelman obtained
energy use and GHG emissions of all major nickel mining, smelting, and refining facilities
worldwide during 2005 from publicly available data, and reported theYiéée energy and GHG
intensities forl ton of major nickel products, including class | and class Il nickel (Eckelman
2010). Norgate and Jahanshahi investigated energy and GHG ingefwgitrarious technologies
to process nickel laterites, and identified opportunities for impact reduction (Norgate and
Jahanshahi 2011). In 2012, the international Nickel Institute (NI) initiated a LCI update for
nickel and ferronickel. The study was cam®d in 2013 by PE International, resulting in
detailed LCI information for each major stagectafss Inickel productionrepresenting global
industrial averages for the years of 202011. The LCI data were collected from surveyed
nickel producers worldide, which together represent 53% of thess Inickelproducing
countries, and 52% of the world production volume (PE International 2013). Another study was
conducted by Northegt al (2014) focusing primarily on the water footprint of the production
of copper, goldand nickel, while material and inventories asated with the production of
1 metric ton of nickel based in Australia for 202012 was also presented (Nortletyal 2014).

Classl nickelproducing companies that participated in the tNtlg are based in Canada,
Australia, Russia, Finland, Norway, Japan, Fraand the United Kingdom. Each participating
company reported their ore type, processing technology, and production volume. The production
volume for 2011 totaled 68712 metric tos, of which 86% was produced from sulfidic ores by
pyrometallurgy exclusively, and the rest from oxidic ores by either hydrometallurgy (12%) or
pyrometallurgy (2%). Production information by country, however, was not disclosed in the
report (PE Internatical 2013).

As shownin Figure 5 nickel production typically yields various-qooducts. In the NI
study, metal cgroducts, such as copper, cobalt, iron, gold, sied PGMs, were treated by
economic value allocation, using the average of the market vaer 19972011, whereas nen
metal coproduct (i.e., sulfuric acid) was treated by system expansion (PE International 2013).

Becausehe data from the 2013 NI studyemore recent anblavebetter geographical
coverage, material and energy flows peitagrto class Inickel production reported in the study
were chosen to be incorporated into this GREET upeate the exception of water. &ter
consumptiorwas obtained from the study conducted by Noritegl (2014) becauseavater
usage data is not aleble from the NI report. Since Northey al (2014)reported water
consumption for both pyrometallurgical and hydrometallurgical processes, in this analysis the
water consumption was calculated assuming a production mix of 88% pyrometallurgy and 12%
hydrometallurgy, to be consistent with the 2013 NI study.
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The cradleto-gate LCls forclass Inickel production are summarizedTiable 20(PE
International 2013)For comparison, select environmental metrics reported for class | nickel
production in the reof the studied together with those calculated from the most recent
sustainability reports of Norilsk, Valand BHP Billiton (Norilsk 2012Vale 2014 BHP Billiton
2014) based on economic value allocation as employed in the NBstudylisted inTable 2. It
should be noted that except for Vale, these companies do not differeetatertheir class |
andclass Il nickel products in their reports, and the results are representative of 1 ton of
contained nickel.

Table 20. Cradle-to-gate LCI for 1 ton of class Inickel produced

Purchased Energ Mining Beneficiation Primary Refining Total
(mmBtu/ton) andOre Extraction
Preparation

Resid. oil T T T T T
Diesel 4.0 3.0 4.0 4.8 16
Natural gas 8.5 3.9 3.2 29 44
Coal 0.68 1.2 2.9 5.2 10
Electricity 3.8 2.7 5.1 4.7 16

Energy inputs presented Trable 21exhibit large variation across different regions and
processing technologies. Direct comparison of these values, however, is not recommended for
two reasons. First, as mentioned earlier, a wideetyaof technologies are available for the
primary extraction and refining of nickel. These technologies result in substantially different
energy consumption. Dramatically different ore grades across regions further drive up the
divergence, up to a factof 20 for1 ton of contained nickel in the products (Eckelman 2010).
Becauséhe facilities investigated by each study may have different combinations of primary
extraction and refining technologies, the processes encompassed by the system boundaries are
inconsistent and the resultant LClIs vary. Second, as nofiezbie 21 the methodologies to treat
coproducts adopted by these studies differ. In addition, only some nickel smelters coavert SO
emissions to sulfuric acid. In the 2013 NI study, the repardgatoduced sulfuric acid was
modeled by system expansifre., the material and energy requirements pertaining to sulfuric
acid production as reported in GaBi 6 database were subtracted from the LCI for nickel
production[PE International 2043 In Ecke | m a(20@0¥study, the production of sulfuric acid
was also credited by system expansion. However, the rest of the slidches speciy whether
sulfuric acid was produced at the facilities, and if so, whether any credits were given to it. This
led tofurther divergence of the LCA studies.

In fact, some studies ifiable 21report significantly different energy consumption values
for nickel produced in the same region using the identical processing technology. bdhey
(2014)and Norgate and Jamshahi(2011)both examined nickel production from 1.3% oxidic
ore by highpressure acid leaching (HPAL) in Australia. HPAL is characterized by large acid
consumption, high pressyi@nd hightemperature autoclaving, and therefore high energy
consumptionorgate and Jahanshahi 2011). However, for the same nickel production pathway,
Norgate and JahanshdqBD11)reported a lifecycle energy consumption of 234 mmBtu/ton,
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while Northeyet al (2014)reported a total purchased energy of 590 mmBtu/ton. It ean b
concluded that the LCA for nickel production is associated with large uncertainty and therefore
should receive more attention from worldwide nickel producers and LCA researchers and
practitioners.

Table 21. Comparison of lifecycle data for 1 ton of catained nickel

Source
Characteristics Norgate and
Eckelman Jahanshahi  Northeyet al. BHP

(2010) (2011) (2014) Norilsk Vale Billiton This Study

Region World Australia Australia Russia Brazil and Australia  World
Canada
Ore type Both Oxidic Both Sulfidic Both Both Both
Product type Class | Class | Class | Class | and Class | Class | and Class |
(Ni metal) (Ni briquettes) Class If Class IP
Year 2005 N/A 2011 2012 2011 2014 2014 20102011
Process Both Hydro Pyro Hydro Pyro Both Both Both
(HPAL) (HPAL)
Treatment of Massand Massand No allocation Economic Economic Economic Economic
coproducts system system andsystem
expansion expansion for expansion
for HoSQs  steam

Purchased Energy(mmBtu/ton)
Resid. oil ) T ) T ) ) T T
Diesel ) T 6.8 55 18 24 17 16
Natural gas T T 15 570 210 13 14 44
Coal i T 3.0 T 6.6 8.8 7.3 10
Electricity T i 23 17 75 16 23 16
Total purchased 230 23#F 48 590 305 62 61 87
energy
Water T i 16,000 73,000 74,000 38,000 19,000 23,000
consumption
(gallton)
On-Site Emissions (g/ton)
SOx T T i T 3,200000 T T 1,100000
PM T | T T 33,000 20,000 i 13,000
NOXx T T T T 15,000 T T 14,000

@ Norilsk is a leading producer ofass | nickel.
b BHP Billiton is a leading producer of ferronickel.

¢ Life-cycle energy. Includes sulf feedstock energy.
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It should be pointed out that the LClIs reported herein based on the 2013 NI study do not
provide detailed inventories of material inputs for nickel production in the absence of reliable
data. The use of explosives for nickel ore ngnamd the consumption of flocculants in the ore
beneficiation process can be sources of subst&iti@ emissions (Eckelman 2010). As for the
subsequent primary extraction processes, considerable oxygen input to facilitate the oxidization
of iron and sulfuin the roasting furnaces is typical for the pyrometallurgy of sulfidic ore,
whereas the hydrometallurgy of oxidic ore requires significant amounts of sulfuric acid for
leaching (Northewt al 2014). The use of these materials would incur additionat@mviental
burdens and should be investigated once reliable matiesiatata associated with the nickel
production becomes available.

Emissions reported in the NI 2013 study and the sustainability reports-aite on
emissions, which include emissionerr onsite fuel combustion, and process emissions
(i.e.noncombustion emissionspecausésREET accounts for combustion emissions already, to
avoid doublecounting the process emissions pertaining to nickel production were estimated by
subtracting combusin emissions calculated using GREET emission factors, from the reported
onsite emissions this study When estimating the process emissions, we focig\biand SQ
in particularbecausé¢hey are typical of nickel production (Kerfoot 2012). The regboesite
emissions in NI 2013, calculated combustion emissions, and estimated process emissions are
listed inTable 22

Table 22. Nickel production process emissions (grams/ton)

- Mining Beneficiation and Ore Primary Extradbn Refining

Emission .
Preparation
Type
Report Comb. Proc. Report Comb. Proc. Report Comb. Proc. Report Comb. Proc.

PM1o 480 77 400 1,200 240 950 4900 370 4,600 6,000 610 5,300
PM2s 240 63 170 590 220 380 2500 320 2,200 3,000 520 2,500
SO« 1,400 590 780 1,300 800 480 52,000 1,800 50,000 1,000,000 3,400 1,000,00C

Note: Combustion emissions and process emissions do not add up to reported emissions due to rounding

As shownin Table 20 the production of nickel is electricity intensi\Becausehe
environmental impacts associated with electricity consumptigrbpi@nd largedetermined by
the net consumption amount and the electricity mix, it is imperative to derive an electricity mix
that best reflects that of the electricity actuattpsumed during nickel productiofor nickel,
the mining and refining processes do not necessarily take place in the same sottrigglso
important to assign different electricity mixes to mining and metal production. Two production
weighted electdity mixes are therefore computed based on production shares of ore and metallic
metal. The ore production countries are assumed to be where mining and ore preparation occur,
so the electricity mix calculated from mine production shares was applied eéaweeprocesses.
The metallic nickel production countries are assumed to be where primary extraction and
refining occur, so the electricity mix calculated from nickel production shares was applied to
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them.Becausehe production shares by country were megorted in the 2013 NI study, the
shares were calculated from global production statistics of nickel ordasslinickel obtained
from the USGS (USGS 2012jhe2012 national grid mix and transmission and distribution
(T&D) loss data for countries inlaed in nickel production were obtained from the International
Energy Agency (IEA) websitdEA 2015) The two electricity mixes are shownTiable 23and

adopted in GREET.

Energy consumption for nickel production currently in GREET and these from this
update are summarized Trable 24 The existing nickel LCIl in GREET was based on the LCA
study conducted by the Nickel Institute in 2000, representingdGffobal nickel production in
1998 (Ecobalangdnc.2000). The Nickel Institute warned against dirsmtnparison of the
results from the 2000 and 2013 studies, due to changes in production, data inconsistency, and
differences in LCA methodology (PE international 2013). Nonetheless, it can be observed that
the energy consumption pertaining to mining anaelfieiation and ore preparation increased
substantially, potentially due to declining ore grade. The differences in the energy inputs for
primary extraction and refining may arise from changes in production mix, treatment of
coproducts in LCA (mass allogan and no credits to sulfuric acid in 2000 vs. economic value
allocation and credits to sulfuric acid in 2013), processes included in production stages (refining
includes matte processing and refining in 2000 vs. refining includes matte refining o@l3n 2

and technology advancement.

Table 23. Electricity mixes for nickel production

Mining Primary

Electricity ew andOre Extract
Fuel Russia Canada Australia . Brazil Japan Norway Finland '
Caledonia Prep. and

Source . .
Mix  Refining

Mix

Coal 15.8% 10.0%  68.8% 13.8% 2.6% 27.6% 0.1% 16.0% 25.9% 21.7%
oil 26% 1.1% 1.6% 724% 35% 13.4% 0.0% 04% 11.7% 2.4%
Gas 49.1% 10.6%  19.9% 0.0% 85% 33.7% 18% 9.6% 21.0% 25.6%

Nuclear  16.6% 15.0% 0.0% 0.0% 29% 123% 0.0% 327% 7.8% 11.7%
Hydro 15.6% 600% 5.7% 13.8% 752% 83% 96.7% 23.9% 30.8% 35.3%
Biomass 0.0% 1.4% 0.9% 0.0% 6.4% 2.8% 02% 154% 1.5% 1.8%
Others 0.3% 1.9% 3.1% 0.0% 1.0% 1.9% 1.2% 20% 1.4% 1.4%

T&D loss 10% 5% 5% 7% 16% 5% 8% 3% 8.1% 7.3%
Ore prod. 25% 21% 25% 14% 14% 0% 0% 0% T T
share

Ni Prod. 35% 20% 17% 0% 3% 6% 13% 7% T T
share
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Table 24. Nickel production purchased energy comparison (mmBtu/ton)

Source Mining  Beneficiation and anary Refining Total Purchased
; Extraction Energy
Ore Preparation
GREET2014 2.7 2.0 110 23 137.7
Update 17 11 15 44 87

6. SOLAR-AND SEMICONDUCTOR -GRADE SILICON

6.1 INTRODUCTION

After oxygen, silicon is the second most a
comprising around 28% of h e  omeight $ili@a is a group 1V elemenitiv an atomic
number of 14 and an atomic weight of 28.09 g/mole. Its density is 2.33 kg/liter. Silicon is
normally fairly unreactivehutit does react with alkalies and halogens. It fehalides,
hydrides, and oxides and a variety of forms of silicdetymers of silicon, known as silicones,
also form one example of this the siloxane polymers with (SD)x backbones. Silicon and its
compounds have many usegluding silicates in glass, ceramics, porcelain, clays, cements, and
concrete. Silicon islso used in silica gels, silicone rubbandfumed silica, and aanalloying
element in metal alloys. Further, due to its electrical and semiconductor properties, silicon is also
used extensively in the metallic state for electronic devices and salgs.arr

Applications of silicon as a metal are primarily twofdlidis employed(1) as an alloying
agent in aluminum and steel alloys, g8§lin the form of thin metal wafers for solid state
devices such as integrated circuits and photovoltaic cellsiogpiphs of the latter include key
components of computer and electronic prodweksch are extensively used in cars and trucks.
Further, hotovoltaicarraysare increasing their penetration into the power sécttuding
utility and rooftop commerciaand residential applicationsletallurgical grade silicon (m§i)
has a purity ranging from 98.5% to 99.%53tingbluth et al. 2012)vhich is adequate for alloying
applications. On the other hand, for electronic applications, the purity-&imsghot at &
adequate and must be upgraded to impurity tolerances no greater than 0.01 ppmw (parts per
million by weight) for solar grade (SoG) silicon and 0.0001 ppmw for electronic grade (EG)
silicon (Jungbluth et al. 2012)

The extraordinarily high purity levelseeded for electronic and solar application of Si
clearly add additional processing steps for their production. Following the productionSif mg
the material is purified in two separate processes depending on appli¢Btipraduction of
SoGpolysilicon or(2) production of EGoolysilicon. After these stegomethe crystallization
processesvhich produce either multicrystalline (mc) silicon or single crystalline (sc) silicon.
Both multicrystalline and single crystalline silicon are used for photaieadipplications;
electronic applications require single crystalline Si. For clarity purposes, we use the following
notationfix-y-Sio for the Si products discussed hereutere x denotes silicon purity grade (SoG
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or EG) and y stands for silicon crystaitin(mc or sc). The EG purity Si used in solar
applications is denoted SoG+.

Due to the emergence of photovoltaics as a power source of significant magnitude, a
number of author8Jungbluth et al. 2012; Frischknecht et al. 2015; de \&ddolten and Alseea
2005; Alsema et al. 2006; de W4gtholten et al. 2006)ave conducted life cycle assessments of
these systems, especiadlijicon-based solar cells. The work of Alsema and de V8ittholten
(de Wild-Scholten and Alsema 2005; Alsema et al. 2006; de-&6lblten et al. 2006% most
noteworthy becausearly onit provided comparatively detailed material and energy flows for
silicon solar cell and array production, all done in collaboration with the photovoltaic industry.
The work of both Frischknecht dt &015)and Jungbluth et a{2012)provides the most recent
detailed descriptions of the production of solar and electronic grades of silicon wafers. Those
reports(Jungbluth et al. 2012; Frischknecht et al. 2Cdl5p cover the life cycles of photovailt
arrays and assemblies. For the interested reddkiguchi (2011), Powell et al. (2012), and
Fuet al. (2015)rovide information on global flow, economic, and cost analysis for crystalline
silicon and polysilicon materials.

The questiosat handare(1) what environmental burdeaseassociated with the
production of metallurgical, solar, and electronic grades of sileat(2) what argheir
contributiors to the life cycles of two important products, namely vehicles and solar power
generators. Tanswer these questions, four kég-cycle metrics have been computed for the
production of metallurgical grade silicon and electronic and solar grades of silicon wafers. The
sections that follow quantify thesiée-cycle metrics for six unit processesasiated with the
production of mgSi, EGSI, and SoGSi wafers. They arél) production of mefSi;

(2) productionof high-purity SoGpolysilicort (3) production ohigh-purity EG-polysilicon;

(4) ingot casting of So@nc-Si; (5) crystallization and ingot eing for SoGsc Si, and EGscS;;
and finally(6) wafer cutting of So@nc-Si, SoGscSi, and EGscSi. To provide an estimate of
changes irthematerial and energy intensity silicon wafers production over the past decade,
we also comparthese intensiés based on recent and older d&iaally, another important
objective is to provide updatdife-cycle production data IGREET 2(2015 for mg-Si and SoG
and EG grades of silicon wafers.
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6.2 METHOD

The system boundary of the process chain for tbhdyztion of silicon wafers in general
is shown inFigure 6 It is comprised of the six unit processes mentioned above. Detailed fuel
values for each unit process are listedatle 5 along with the reference from which they were
taken. Oullife-cycle claracterizations of these processes rely heavily on fuel and power data
from Jungbluth et al2012)and Frischkneckt et 22015) although some of that datame
from earlier work by de Wilscholten and Alsem@005)for the unit process:2he purificdion
of mg-Si to high purity So&Si. Most of the fuel data listed herein for S&wafers and mi
were taken fronfrrischkneckt et a(2015) Jungbluth et al(2012)data were used ihable 5
for EG-Si wafers. Notehatthe different energy requiremeartb produce a unit output from unit
processes 5 and $hown inTable %, are dependent on both silicon grade and crystallinity.

Subsequently, these unit process data were combined to computiefoycle metrics
given inTable B. These metrics aresad here to represent the environmental performance of the
various process chains and sthains required to produsdicon wafers. Depending on the
process chain being considered, these metrics could eitigatdte-gate valuesany process
chain not &arting from earth, e.gprocess 2 or process chain 2,4,6 in Figyrer@radleto-gate
values &ny process chain starting at earth, &,@, 4, 6 shown ifrigure6). Process chain
results based on unit process data giveFainle 25are presented ihable 26

Thelife-cycle metrics employed here to characterize the environmental performance of
silicon wafer production are two energy and two GHG emission values. Théh) aieect
energy (Edrct)which is the sum of all purchased energy expressedamanon unit (M}
(2) cumulative energy demand (CEmM)hich is Edrct plus upstream energy production burdens
(3) directGHG emission (eghg), which denots emissions from all direct operations in the
silicon wafer process chaiand finally(4) GHGs including d-ghg emission plus upstream
energy production emissions.

The fuel and power flows covered in this study are the energy inputs needed to drive the
unit processes covered here. Also included are all of the upstream energies needed to provide
these fiels. All upstream energy and emissions lamger heatingsalues for each fuel or power
were taken fronGREET 12014 (Argonne 2014p With one exceptiorthe energies required to
produce ancillary materials (e, #1Cl) that flow into the various unit progses are not included.

The exception is graphitevhich is used for and consumed as furnace electrodes in unit process
1. The fuels for the production of graphite are included in a footndtelile 25
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Figure 6. System boundary for the production ofphotovoltaic and electronic grades of silicon
wafers

6.3 UNIT PROCESSES

Figure 6,box 1 clearly shows that the life cycle of the highly refined Si wafers, whether
semiconductor or solar grades, start at earth with the production-8f frgm sand. The
feedstocks required to produce 18gare silica sand and carhaevhich feed the following
carbothermic reaction:

Si0z + 2 CMHSi + 2 CO

The reaction is conducted in an electric furnace, where the outputs of the process are
metallic Si, condensed silicarhe, and recovered heat. The sources of carbon are a mix of
charcoal, wood chips, coal, and coke, the proportions of which vary with the region of
production. For example, Si production in Europe (especially Norway) uses mostly coke and
coal (Jungbluth eal. 2012)but very little charcoal. On the other hand, woodchips and charcoal
are the primary source of carbon for Si produciioAustralia and Brazi{Jungbluth et al. 2012)
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