Cobalt Extraction Technologies December 2019 Report Contents

TECHNOLOGY & COSTS

Technoeconomics - Energy & Chemicals (TECH)

TECH 201954 Cobalt Extraction Technologies

Table of Contents
A Report by Nexant, Inc.
Published Date: December 2019

www.nexantsubscriptions.com

Contents
1 EXECULIVE SUMIMAIY ... uiiiiieiie e e e e ettt e e e ettt e e e e e e et e e e e e e s e s st eeaeeesesnsbaaeeeeeeesesnsbeneeeeeeesnannneens 1
1.1 T a0 T U111 o] o IR R 1
1.2 (@ 01010 | =T 3 (o] OO P PU PR PPRPRP PRI 1
1.3 Mining Methods and BenefiCIation ............cuuviiiiiiiiiiiii e 3
1.4 Commercial TECNNOIOGIES ... ...ciiiiiiiie ittt sbeeee e 4
1.4.1 Sedimentary Copper-Cobalt Deposit Process Technology........ccccooucvviieeereeiiinnnnee. 5
1.4.2  Laterite Process TECNNOIOGY ......ccouriiiiiiiiiiiiiiie ettt 5
1.4.3  Final Product PoliShING StEPS .....ccoiiiiiiiiiiice et a e e 6
15 EMerging TECHNOIOGIES. ......coiiiiiiiii it 6
1.5.1 Ore Processing TEChNOIOGIES ........ueviiiiiiieiiiiie ettt 6
1.5.2  Battery RECYCING ..eeeeiieeiiiiiiiiie ettt e e e e e e e e 7
1.6 o Tod TSI o T ] '] [ SRS 8
2 T 0T [T 1o ISP RERPR 12
2.1 Lo LU 1) {2 PRSPPI 12
2. 1.1 ValUE CRAINS ...t 12
b N o 11 (o] Y ST RPR 17
2.1.3  BUSINESS DEVEIOPMENTS ...ttt e e e e e e e e e e 17
2.2 Technology and LICENSING. ........utiiiiiiiieiiiei ettt 21
2.2.1  Commercial TECHNOIOGIES.......uvuiiiiieeiiicieeie e a e 21
2.2.2 Developments in TEChNOIOQY ......cciiiiiiiiiiiiiiiiie e 22
2.3 L Tt ox 81 =7 o o] 22
2.3.1  CoDAIt MINEIAIS ...cciiiiiiiiiiee e 22
2.3.2 Sediment Hosted/Strata-bound DEPOSILS........c.ueviiiiiiiieiiiiiie e 23
2.3.3  LAEBIIEES ettt 24
2.3.4 Hydrothermal and VolcanogeniC DEPOSItS .........uvveiiiriiiiiiiiiie e 24
2.3.5  MagmatiC SUIIAES ....vveiiiie et e e s rar e e e e e e 24
2.3.6  Precipitated OXidiZEd DEPOSILS .....cceeiiiiuuiiiiiiiie et a e ee e e e e e 25
2.4 Cobalt RESOUICE GEOGIAPRNY ....ciiiiiiii ittt e e 25
2.4.1 Cobalt-Bearing Mineral ProdUCtioN .............ccouiiiiiiiiiiiiiiea i 26
O Nexanr TECHNOLOGY & COSTS 1

TECH 2019S4 Cobalt Extraction Technologies
100101.200.2019.012



Cobalt Extraction Technologies December 2019 Report Contents

2.4.2  CODAIt PrOCESSING ..ottt 27

3 Mining Methods and BENEFICIAtION ...........oociiiiiiiiic e e e e 30
3.1 MINING METNOAS ...ttt e e et e e e e e e s nbe e eaeas 30

700 I @ o 1Y o I =t 1Y/ 1T 11 o SR SPPPPRRPR 30

3.1.2  Hard Rock Underground MiNING.........coeoiuurieaiiiiieeiiieee e 31

3.1.3 Representative MiNING REGIONS .......uuiiiiiiiiiiiiiiiie e 33

3.2 Beneficiation ProCeSS DESCIIPLION. .....cciiiiiiiiiiiie ettt 34
3.2.1  Crushing and SCIrEENING.........uuuiiiiieeeieiieiie et e e e s seeee e e e e e ss st rreaeeesanssreeeaeaeeaanns 34

3.2.2  GFINAING ettt 35

3.2.3  Concentration and SEPAration ............ccouuurieiiiirieeiiii e 36

3.3 DY/ oo [T TSP P PSP PTRPPP 43

4 Commercial Process TECHNOIOGIES. .......uuiiiiiiiiie ittt e 44
4.1 INEFOTUCTION ...kt e ke e ekt e e e e e e e st e e e e e e e nnes 44
4.1.1 Primary Separation and Leaching...........coocuuriiiiiiieiiiiiie e 44

4.1.2 ReducCtion @Nd RECOVEIY ......cccuiiiiiiei e ettt e e et etee e e e e s e st e e e e e e s e snnraaeaeaeaeans 45

4.2 Copper-Cobalt Sedimentary ProCESSING ........uutiiiiiiieiiiieie ettt 46
4.2.1 Solvent Extraction/Electrowinning (SX/EW) PrOoCESS........ccccvcvvririeeeeiiiiiiieneeeeeans 46

4.2.2 Downstream Cobalt RECOVEIY OPLIONS .......eeiiiiiiiiiiiiiiiiie e 50

4.3 Nickel-Cobalt Laterite PrOCESSING ... ..cuiiiiiiieeiiiiie ettt 59
4.3.1 Leaching/Extraction and Separation ..........cccceeeeeeiiiiiiiieiiee e e e sirrrer e e 59

4.3.2  Reduction @nd RECOVEIY .......oiiiiiiiieiiiiie ettt 68

4.4 Final Product POlISNING STEPS ....vvviiiiiee ittt e e e e e st reeee s 79

5 Emerging ProCess TECNNOIOGIES. ........uuiiiiiiiii it 86
5.1 a1 o 18 ol 1 (o] o TP TP PP PP PUPPTPPPPPP 86

5.2 LEACNING PrOCESSES ....ciiiitiiee ittt ettt e et e e e e st e e e e nnbe e e e nees 87
5.2.1 InCor Starved Acid Leaching (SALT) ...ccuuviiiiee ettt e e e e 87

5.2.2  Atmospheric Leaching (AL)/Agitated Tank Leaching..........cccocvveeiiiiiiiiniiinenninn. 88

5.2.3  NEOMEE PIOCESS ......utiiiiiiiiit ettt ettt 91

5.2.4 Direct Nickel (DNi) Nitrate Leaching ProCESS ...........uueiiieiiiiiiiiiiiieeeee e 94

5.2.5 Bacterial LEaChing........cooouiiiiiiiiiiiiiiie e 98

5.2.6  MINOr TECANOIOGIES ....cciiieiiiitiieiii et e e e 100

5.3 RETINING PIOCESSES ...t 103
5.3.1 Clean TeQ Clean-iX Continuous IX Technologi€S..........ccccccvrririieeiiiiiiiiiieeeeees 103

5.3.2 Innovation Metals Corp RaPIdSX ........ooiiiiiiiiiiiie it 104

5.3.3  MINOI TECANOIOGIES ....ceiiiiiiiiie ittt 104

5.4 Cobalt and Battery RECYCHNG .....ccoiiiiiiiiiiiee et e e 105
Lo T @ 1 V=T V=SSO PPRRR 105

5.4.2 Limitations of Battery Refurbishment .............cccooiiiiii e 106

5.4.3  Process ChallENQES ......cocuuiiiiiiiiiiiiii ettt 106

5.4.4 EXxisting Processes and OPErations ............cuouiiuereiiiieee e saiieeeseiiee e e e 107

5.4.5 Developing Processes and OPerationS..........couuiuueieieieaaiiiiiiiiieeee e eeiiieeeeeae e 112

6 PrOCESS ECONOIMICS ...ttt s 119

O Nexanr TECHNOLOGY & COSTS 2

TECH 2019S4 Cobalt Extraction Technologies
100101.200.2019.012



Cobalt Extraction Technologies December 2019 Report Contents

6.1 (0101 1] 0 [o [ S 7= 1) PP OOPUPPRPR 119

6.1.1  INVESIMENT BASIS ...uvtteiiieeeeeiiiiiiii et e e e s ettt e et e e e e e e s st e e e e e e s e snnnneeeeeeeeeann 119

6.1.2  PrICING BASIS....cciiiiiiiiiiiiee e e s ittt ettt e e e e e s e e e e e e s s e e e e e e a e aaeeaeaean 119

6.1.3  Cost Of ProduCtion BaSIS ..........ueeiiiiiiiiiiiiiiiiie et eee e e e e ee e e e e 121

6.2 Cost Of Production ESHMALES ......ouvviiiiiiiiee it bee e e 122

B.2. 1 OVEBIVIBW ..iieiieeiiittte et e ettt e e oottt et e e e e e e a b bbbttt e e e e s e aaa bbb e e e e e e e e s e nnnbbeeeeaaeaeaans 122

6.3 Sedimentary Copper-Cobalt Ore ProCESSING .......uuviiiiiiiiaiiiieee et 127

6.3.1 Acid Leach, Copper Solvent Extraction, and Electrowinning (SX/EW)................ 127

6.3.2  SUMMArY Of RESUITS ....coiiiiiiiiiiii e 132

6.4 Laterite Ore PrOCESSING. .. iiiieei ittt e e e s e et e e e s e s e e e e e e s s st e e e e e e s e sasaeaeeeaeeeseannnens 133

6.4.1 Pressure Acid Leaching (PAL) ......cocuiiiiiiiiieiiiie et 133

6.4.2 Neomet Chloride LEaCNING . .....c.uuiiiiiiiie ettt 137

6.4.3  Direct NiCKel DNi PIrOCESS ......uuiiiiiiiiiiiiiiiiiit ettt 142

6.4.4  SUMMArY Of RESUILS ....oiiiiiiiiiiiiiie e 147

6.5 Downstream RaffiNation ..........ocuuiiiiiiiie e 148

6.5.1 Offsite Cobalt REfINING ...c..vviiiiiie e 148

6.5.2  SUMMAIY OFf RESUILS ....ciiiiiiiiieii et e e e e e 152

7 IMBIKET ANAIYSIS ...ttt ettt et e e skt e e et e e s et e e e b e e nnee 153

7.1 [ o1 o T TP PPPPR 153

7.2 GIODAI SUPPIY ..ttt 153

7.3 (€11o] o= I 1T 1 4 =T Lo PSP 155

8 SHALEGIC OVEIVIEW ...viiiieee ittt e e et e e e e e e s e e e e e e s s s st eeeeeeesassaebeeeeeeeaeaantsteeseeeeeesnnnenreeeeens 157

8.1 ComMMETCIAl OQULIOOK ...ttt e e e a e e e e 157

8.1.1 Mine-Gate Metal Production ECONOMICS.......cccviiiuriiiiiieeeisiiiiiiireeeeesesinieeneeaee e 157

8.1.2  MINEIAl SCACITY ... .eeieeiiieee ettt e e e e e e e e e st eeaaeeeaan 157

8.1.3  Technical CONSIAEIAtIONS .........ueiiiiee it e e e e e e e e e e e 158

8.1.4  SECUILY CONCEIMS ..uutiiiieeeee ittt et e e e e e ettt et e e e s e st e e e e e e s e s st e e e aeessasasrnneeaaeaeans 159

8.1.5  POlICY CRANGES ...coiiiiiiie it 161

8.2 TeChNOIOGY OULIOOK ...t 162

8.2.1 Sedimentary CU-C0O Ore PrOCESSING ... .uuuuiiiiiaaiiiiiiiiiieae e e e aiiiieee e e e e e e iiieeeeaae e 162

8.2.2  Laterite PrOCESSING. .. uetiiiiiiieeiitiie ettt ettt ettt e e e s e e 163

8.2.3 Battery Recycling for Cobalt RECOVEIY ........ccooiiiiiiiiiiiiee e 164

9 (1 01T T= LY SRRSO 166
Appendices

A Definitions of Capital Cost Terms Used in Process ECONOMICS........cccovviiiiiiiiieeeesiiiiiieeee e 171

B Definitions of Operating Cost Terms Used in Process ECONOMICS .........cccuuveeiieeeniiiiiiiiieee e 176

C TECH Program Title IndeX (2009-2019) .......uiiiiiiiiiiiiieeie e aee e e e e e 179

O Nexanr TECHNOLOGY & COSTS 3

TECH 2019S4 Cobalt Extraction Technologies
100101.200.2019.012



Cobalt Extraction Technologies December 2019 Report Contents

Figures
Figure 1 Outline of Cobalt Value Chain ..........oooiiiiiii e 1
Figure 2 Cobalt Mine Production by Country, 2018..........ccuieeiiiiiiiiiiieee e e e e e snrareeeee s 2
Figure 3 Cobalt Estimated Reserves by Country, 2018 .........coccuuiiiiiiiieiiiiee e 2
Figure 4 Global Production of Refined Cobalt by Country.........ccccuvviiiie e 3
Figure 5 Routes to Cobalt Metal from Laterite Ore Examined by Cost of Production Models .............. 8
Figure 6 Routes to Cobalt Metal from Sedimentary Ore Examined by Cost of Production

1Y/ To 1= SRS SOTUPPRSRR 8
Figure 7 Outline of Cobalt Value ChaiN ...........uuiiiiieceic et e 13
Figure 8 Cobalt Pigmentation Used in Ming-Dynasty Era Porcelain Underglaze.............ccccccoevieennee. 13
Figure 9 (OF0] o T 1 A = 1 ToT = = £ SRR 18
Figure 10  Cobalt Mine Production by Country, 2018............oiiiiiiiiiiiiieeee e 27
Figure 11  Cobalt Estimated Reserves by Country, 2018 .........cccveiiiiiieiiiiiie e 27
Figure 12  Global Production of Refined Cobalt by Country...........occuiiiiiiiiiiiie e 28
FIQUIE 13 OPEN Pt IVING ...ttt e et e e et e e ettt e e e e e e 31
Figure 14  Multiple Lift Open StOPe MiNING......cuvuriiiiee e s e e e e s e e e e s e snbraeeeaee e e e anneees 32
Figure 15  Longitudinal Open StOPE MINING .....ocuveiiiiiiiiieiiei ettt 32
Figure 16  Single Lift Open StOPe MINING ......cooiuiiiiiiiiiiie it 32
Figure 17  Cut and Fill StOP@ MINING .....eeeiiiiiiiiiiiiiie ettt e e e e s e e e e e e e s annneees 33
FIQure 18  GYratOry CrUSRET ......ueiiiiiieeie ettt nb e 35
T 8L S N = 1A O 1 ] 1= SRR 35
Figure 20  SPIral CONCENTIAIOIS ... .ciiiiiiiie ittt e et e bt e et e e e nb e e e 36
Figure 21  Simplified Flow Sheet of Gravity Concentration Train in Kamfundwa, D. R. Congo............. 38
Figure 22 Flotation Cell DIAgIam ... ....uuiiiii ettt e e e e e et e e e e e e s e s b e e e e aaeeaeannneees 39
Figure 23 Process Flow for New Concentrator in Kipushi, DR CONQO ........ueveiiiiiieiiiiiieeiiiee e 41
Figure 24  NICO Project Ore FIOtation SYSEM .....ccciieiiiiiiiiiiiiee et e e st e e e e e 42
Figure 25  Block Flow Diagrams for Simultaneous and Sequential Copper-Cobalt Extraction

from Sedimentary DEePOSItS — Pt A ......oooi oo 48
Figure 26  Block Flow Diagrams for Simultaneous and Sequential Copper-Cobalt Extraction

from Sedimentary DeposSitsS — Part B ........coooiiiiiiiiii e 49
Figure 27  Log Solubility (aM) versus pH for Metal HydroXides .............cccceeiiiiiiiiiiiiieiiiiiieeee e 51
Figure 28  Two-Stage Cobalt Purification and Precipitation Train in SX/EW Processes ............cccoc...... 53
Figure 29  Log Solubility (aM) versus pH for Metal Carbonates...........cccccceeviiiiiiiieiie e 54
Figure 30  Block Flow Diagram of Cobalt Hydroxide Precipitation with D2EHPA Zinc/Mn

CoNtamMINANT EXIACTION .......viiiiiiiie ettt 56
Figure 31  Block Flow Diagram of Chambishi Metals EW with IX Nickel Removal Loop...........ccc.c....... 58
Figure 32  Block Flow Diagram for Pressure Acid Leaching of Laterite Ore .........ccccccoovviiiiieiieennnninnee. 60
Figure 33  Block Flow Diagram of Ravensthorpe EPAL PrOCESS.......c.uviiiiiiiieiiiiiieeeiee e 62
Figure 34  Block Flow Diagram of Heap Leaching of Saprolites ..........ccccceeeviiiiiiiieiee e 64
Figure 35  Simplified Diagram of a Two-stage Acid Heap Leach..........ccccccooiiiiiiiiiiee 65
Figure 36 Block Flow Diagram of Caron Process Nickel-Cobalt Laterite Ore Block Flow .................... 67
Figure 37  Block Flow Diagram of Laterite Sulfide Precipitation............ccccccoiiiiiiiiiiieiiiieeeee e 69
Figure 38  Sample Block Flow for Mixed Hydroxide Precipitation of Laterites from PAL/HL ................. 71

O Nexanr TECHNOLOGY & COSTS 4

TECH 2019S4 Cobalt Extraction Technologies
100101.200.2019.012



Cobalt Extraction Technologies December 2019 Report Contents

Figure 39  Cyanex 272 EXIraCtion CUIVE.........ccuuuriiieee e e ittt e e e e s e st e e e e e e s st ae e e e e e e s e st saeeeaeeeaeanneees 73
Figure 40  Block Flow Diagram of Murrin Murrin Indirect Solvent Extraction Process............ccccceeenee. 74
Figure 41  Block Flow Diagram of BUlONg DSX PrOCESS .......uuuiiieiiiiiiiiiiiiieeeissiieeeeeeeeessssieneeeeeeeanannenes 75
Figure 42 Block Flow Diagram of ASX Process Applied to Caron Process Leachate or MHP

[T Tod = (RSOOSR 78
Figure 43  Sample Schematic Diagram of Direct Reduction of Cobalt in Conjunction with

N 102 AV = TR OSSPSR 80
Figure 44  Sample Block Flow Diagram of Purification Processes in a Cobalt Electrowinning

PIOCESS ...t 82
Figure 45 Sample Cross Section of Divided Cobalt Electrowinning Cell...........cccccviiiiiiiiiiciiiieeeee 83
Figure 46  Sample Cross Section of Undivided Cobalt Electrowinning Cell..........cccccccooviiiiiieeeeeeiecnne, 84
Figure 47  Sample Block Flow for Direct Crystallization of Cobalt Sulfate from Aqueous

S To] 1111 o] o H OO PP PP PP PP PRPPPPPRP 85
Figure 48  Block Flow Diagram for INCor SALT TeChNOIOGY ........uvveiiiiiieiiiiiieiiiiie et 88
Figure 49  Block Flow Diagram of Laterite Processing Using the Atmospheric Leach Process

in the Original Configuration of the Weda Bay ProjecCt.........c.ccccvvvievieeeeiiiiiiiieiee e 90
Figure 50  Block Flow Diagram for Neomet Chloride ProCess ..........cccoveiiiiiieiiiiiieiiiiee e 92
Figure 51  DNi Process for Laterite REfiNING ........eeiiiiiiiiiiiiiic e 95
Figure 52 DNi Process Nitrate Regeneration Block Flow (DMI ProCess).........ccuueviieeiiiiiiiiieiieeeieniiee 97
Figure 53  Bioleaching MechaniSms in SUIfIdE OFES .........cuuiiiiiiiiiiiii et 98
Figure 54  Degradation of Lithium-ion BatErIES ........cciiiiviiiiieee e e e e e 106
FIQUIE 55 LisCYCIE PrOCESS. ...ttt ekttt et e e e b e e e e e e 114
Figure 56  Routes to Cobalt Metal from Laterite Ore Examined by Cost of Production Models .......... 125
Figure 57  Routes to Cobalt Metal from Sedimentary Ore Examined by Cost of Production

IMIOEIS ...ttt e e e 125
Figure 58 LME Cobalt Metal Spot Prices, 2010-PreSENt.........ccuvieiiiiiiiiiiiie et 153
Figure 59  World Cobalt Production, 2008-2018 (ES1) ......uuuiiiieeeiiiiiiiiieie e e e e e esitiree e e e e e s sreeee e e e e 154
Figure 60  Cobalt Demand BY ENA USE ........ccoiiiiiiiiiiiiiiiii ettt 156

O Nexanr TECHNOLOGY & COSTS 5

TECH 2019S4 Cobalt Extraction Technologies
100101.200.2019.012



Cobalt Extraction Technologies December 2019 Report Contents

Tables
Table 1 Purity Specification for Chemical and Metal Grades of Cobalt ..o 4
Table 2 Developing Commercial Lithium-lon Battery Recycling Technologies.........ccccccoevvvviinreeennnns 7
Table 3 Cost of Production Model on Copper-cobalt Ore ProCeSSING ........ccooivrrieiiiiiieiiiiieeeaieee e 9
Table 4 Summary of Results of Laterite Process Cost of Production Models.............cccccvevveeeiinnnnee. 10
Table 5 Summary of Results for Cost of Production Models of Downstream Raffination

PO S S . 11
Table 6 Compositions of Superalloys that Use Significant Quantities of Cobalt, Mass % Basis ........... 15
Table 7 Major Cobalt CatalySES .....ccciiiiiiiiiie e e e e e e e s e e e e e e e s e s e reeaeeeans 15
Table 8 Details Some of the Properties of Cobalt-Based Mineral Cathodes Used In Li-lon

B F V1T €1 1S SRS OPPUPPRRRR 16
Table 9 Major Modern Cobalt Refining TEChNOIOGIES .......cocuvviiiiiiiiieiiie e 21
Table 10  Cobalt-bearing Minerals and Potential Cobalt CoNtents ... 23
Table 11  Cobalt World Mine Production and Reserves, 2018 ...........cccuuuiiiieeeiiiiiiiienee e sesiieenneeee e 26
Table 12  Global Production of Refined Cobalt by Country, 2011-2018 .........ccooiiiviiiieeeeeiiiiiieeee e 28
Table 13 Top 15 Producers of Refined Cobalt, 2018 ..........c..oiiiiiiiiiiiic e 29
Table 14 Ore Flotation Agents Used in Cu-Co Ores Found in the Katanga Region of DR Congo............. 43
Table 15 Purity Specification for Chemical and Metal Grades of Cobalt ..., 45
Table 16 lon Exchange Resin Systems and Their Use in Cobalt Solutions...........ccccceeevviiiiiiiineeeeennns 57
Table 17  Sample Cobalt Electrowinning Operational Specification for Copper-cobalt

SeAdIMENTAIY PrOCESSING. ... teiieiiitie ettt e e et e e ettt e e e st e e e e snbeeeeennbeeeeannes 81

Table 18  Cobalt Electrolyte Solutions for Production of Standard Grade and High Grade
Cobalt Metal Compared To Feed Composition in Cobalt Precipitation in Copper-

Cobalt Sedimentary PrOCESSING .......uuuuiiiieeii it e e e e e e e e e e 82
Table 19  Current Commercial Lithium-ion Battery Recycling Operations with Speculative

CAPACILY, 2009 .. ettt e e e e e e 108
Table 20 Developing Commercial Lithium-lon Battery Recycling Technologies..........c.ccoccvvvvveeeennn. 112
Table 21 302019 Prices Used in Cost of Production TableS...........cevviiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeee 120
Table 22  Standard Ore Grades Used in Nexant's Economic Models .........ccccceeviviiiiiiiine i 123
Table 23 Modeled COStS Of PrOQUCTION ........ooiiiiiiiiiiiii ettt e e e e e 127

Table 24  Cost of Production Estimate for: Cobalt Hydroxide (30.0%) and Copper Cathode,
Anhydrous Metal Basis

Process: Sedimentary Cu-Co SX/EW, DR Congo Mine Gate..........ccceevvuieeeiiiieneniiieee 130
Table 25  Cost of Production Estimate for: Cobalt Hydroxide (99.3 %) and Copper Cathode

Process: Sedimentary Cu-Co SX/EW, DR Congo Mine Gate.........ccccevviveeeriiiieeeiiieeeene 131
Table 26 Cost of Production Model on Copper-cobalt Ore ProCeSSiNg ......ccceeeeueiiivereeeeeeenniiiiiieeeenn 132

Table 27  Cost of Production Estimate for: Limonite Mixed Ni-Co Hydroxide Precipitate,
62.5 % Ni-Co Anhydrous
Process: Pressure Acid Leaching, South East Asia Mine Gate ..........cccccceveeeviiiiiiiineeeeennns 134

Table 28  Cost of Production Estimate for: Nickel Cathode and Cobalt Hydroxide (30.0 %)
Process: PAL with Nickel SX/EW and Cobalt Precipitation, South East Asia Mine
LT 135

Table 29  Cost of Production Estimate for: Nickel Cathode and Cobalt Cathode (99.3 %),
Process: Pressure Acid Leaching with Solvent Extraction/Electrowinning, South
EASE ASIA MINE GALE ....ciitiiiie ittt ettt e et e et e e s e bt e e e e bt e e e anbeeeeennes 136

O Nexanr TECHNOLOGY & COSTS 6
TECH 2019S4 Cobalt Extraction Technologies
100101.200.2019.012



Cobalt Extraction Technologies December 2019 Report Contents

Table 30  Cost of Production Estimate for: Limonite Mixed Ni-Co Hydroxide Precipitate,

62.5 % Ni-Co Anhydrous

Process: Neomet Chloride Leaching, Southeast Asia Mine Gate.........ccccccveeeveviiviiereeeennnns 139
Table 31  Cost of Production Estimate for: Nickel Cathode and Cobalt Hydroxide (30.0 %)

Process: Neomet Chloride Leaching with Nickel SX/EW and Cobalt Precipitation,

SoUtheast ASIA MINE GALE........coiiiiiiiiiie et e e e e e e e e 140
Table 32 Cost of Production Estimate for: Nickel Cathode and Cobalt Hydroxide (99.3 %)

Process: Neomet Chloride Leaching with Solvent Extraction/Electrowinning,

SoUtheast ASIA MINE GALE........coiiiiiiiiiiee et e e e e e e s eeae e e e e anneees 141
Table 33  Cost of Production Estimate for: Limonite Mixed Ni-Co Hydroxide Precipitate,

62.5 % Ni-Co Anhydrous

Process: Direct Nickel DNi Nitrate Leaching, Southeast Asia Mine Gate...............ccceeenee. 144
Table 34  Cost of Production Estimate for: Nickel Cathode and Cobalt Hydroxide (30.0 %)

Process: Direct Nickel DNi Nitrate Leaching with Nickel SX/EW and Cobalt

Precipitation, Southeast ASia MiNE Gate............cccuriiiiiiei i srrrr e e 145
Table 35  Cost of Production Estimate for: Nickel Cathode and Cobalt Hydroxide (99.3 %)

Process: Direct Nickel DNi Nitrate Leaching with Solvent Extraction/Electrowinning,

SoUtheast ASIA MINE GALE........coiiiiiiiiiii et e e e e e e e e 146
Table 36 Summary of Results of Laterite Process Cost of Production Models..........cccccccoevviivinnnnnnn. 147
Table 37  Cost of Production Estimate for: Cobalt Cathode (99.3 %)

Process: Cobalt Hydroxide Releach and Electrowinning, China Coast............ccccvvvveeeennn. 150

Table 38  Cost of Production Estimate for: Cobalt Cathode (99.3 %) and Nickel Cathode,
Anhydrous Metal Basis

Process: Sulfate Releach and Electrowinning, China Coast.............occuuiiiiieeiiiiiiiiiiieeeeee 151
Table 39  Summary of Results for Cost of Production Models of Downstream Raffination
PO S S S .o 152
O Nexanr TECHNOLOGY & COSTS 7

TECH 2019S4 Cobalt Extraction Technologies
100101.200.2019.012



Cobalt Extraction Technologies December 2019 Report Contents

Nexant Inc.

TECHNOLOGY & COSTS

Technoeconomics - Energy & Chemicals
(TECH)

The Nexant Subscriptions’ Technoeconomics - Energy & Chemicals (TECH)
program is recognized globally as the industry standard source for information
relevant to the chemical process and refining industries. Technoeconomics -
Energy & Chemicals (TECH) reports are available as a subscription program or
on a single report basis.

Contact Details:

Americas:
Marcos Nogueira Cesar, Vice President, Global Products, E&CA: Nexant Subscriptions
Phone: + 1-914-609-0324, e-mail: mcesar@nexant.com

Erica Hill, Client Services Coordinator, E&CA-Products
Phone: + 1-914-609-0386, e-mail: ehill@nexant.com

EMEA:
Anna Ibbotson, Director, Nexant Subscriptions
Phone: +44-207-950-1528, aibbotson@nexant.com

Asia:
Chommanad Thammanayakatip, Managing Consultant, Energy & Chemicals Advisory
Phone: +66-2793-4606, email: chommanadt@nexant.com

Nexant, Inc. (www.nexant.com) is a leading management consultancy to the global energy, chemical, and related industries. For over 38
years, Nexant has helped clients increase business value through assistance in all aspects of business strategy, including business
intelligence, project feasibility and implementation, operational improvement, portfolio planning, and growth through M&A activities.
Nexant has its main offices in San Francisco (California), White Plains (New York), and London (UK), and satellite offices worldwide.

Copyright © by Nexant Inc. 2018. All Rights Reserved.

O Nexanr TECHNOLOGY & COSTS 8
TECH 2019S4 Cobalt Extraction Technologies
100101.200.2019.012



