
MI 7- T-P�-002 C. 3

L R ~ A A ~

~ ~ ~ ~ ~ ~

~ ~ ~



A PIONEER DEEP OCEAN

MINING VENTURE

J.D. Nyhart
M.S. Triantafyllou

and

J. Averback, A Bliek, B. Sklar,
M. Gillia, D. Kirkpatrick, J. Muggerridge,

R. Nakagawa, J. Newman, A. Will

MIT Sea Grant College Program
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

NATIONAL SEA GRANT DEPOS!TORY
PELL LIBRARY BUILD1NG

URI, NARRAGANSOT BAY CAMPUS
NARRAGANSETT, RI 02882

Report No.: MITSG 83-14

Index No.: NA 79-AA-D-0010

R/Mo-2

February 1984



ACKNONLEDGMENTS

Support for this project was provided through the MIT
Sea Grant College Program, Grant NA 79-AA-D-00101, by
the Marine Minerals Division of the National Oceanic
and Atmospheric Administration, U.S. Department of
Commerce and the U.S. Department of State.

The U.S. government is authorized to produce and dis-
tribute reprints for governmental purposes notwith-
standing any copyright notation that may appear hereon.

Related Re orts

A Cost Model of Deep Ocean Mining and Associated
Regulatory Issues. J.D. Nyhart, et. al. MITSG 78-4.
240 pp. $10.00.

Toward Deep Ocean Mining in the Nineties. J.D. Nyhart,
M.S. Triantafyllou, et al. MITSG 82-1. 31 pp. $4.00.

Copies of these reports are available through

Sea Grant Information Center
MIT Sea Grant Program
MIT E38-302

Massachusetts Institute of Technology
77 Massachusetts Avenue

Cambridge, Massachusetts 02139



TABLE OF CONTENTS

~Pa e

EXECUTIVE SUMMARY

I. Summary of Events Leading to Commercial

roduction .............. ~ ............,...,..... ~ ~ ...1P

A. Preproduction Phase

B. Contract and Construction

~ ~ ~

 Investment Phase!......... . ... .............3

C. Commercial Operations

1. Continuing Preparations: Research

& Development and Continuing

Exploration .4

2 Mining.........................................4
3. Marine Transport, Ore Discharge Terminal,

On-Shore Transportation and Marine

Support Operations ~ 4 5

4. Processing.....................................6
5. Waste Di.sposal.......... . . ..................6

I I w ' Timing e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e ~ ~ t ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ 7
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 8III. Summary of Cost Estimates by Sectors

IV. Summary of Financial Analysis..-.... ~ e o ~ ~ ~ ~ a ~ ~ ~ ~ ~ ~ ~ ~ ~ 9

I . THE STUDY

A. Changes From the 1978 MIT Study.............,..10
B. Uncertainty Surrounding Deep Ocean

Mining Costs and Timing....... ~ .....,.........11
C. Layout of Study. 12

A. Preproduction Phase 13
1.Description of Assumed Events .. ~... ~ ~..........13

a! Precommercial Mining Prospecting
and Exploration .......................,..14

i11 ~

II. DESCRIPTION OF EVENTS ASSUMED IN A HYPOTHETICAL PIONEER
VENTURE AND SUMMARY OF THE MODEL'S COST ASSUMPTIONS



i! Background Work ..................,,,,....,14

ii! Prospecting ................. ~ .... ~ ........14
1iii! Exploration ...............................l5

iv! Timing of Prospecting and Exploration

tage s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1 7S

b! Precommercial-Mining Research and Develop-

ments� ..... ~ ............. ~ ... ~ .................18

i! Timing................................... ~ ~ 19

ii! Impact of U.S. Federal Law on Timing.......22

222. Cost Estimates

BE Contract and Construction  Investment! Phase

l. Description of Assumed Events... ~ .... ~ . 25

2. Investment Phase Outlays...... ~ .................-

CD Commercial Production Phase � Continuing

Preparation  Sector 10!

1. Description of Assumed Events.......... ~ ~ .......

2. Cost Estimates .......... ~ ............. ~ .... ~ . ~ ...31

D. Mining  Sector 2!

~ -321. Description of Assumed Events

2. Cost Estimates..... 37

E. Marine Transport  Sector 3!

1. Description of Assumed Events ... ~ ... ~ . ~ ..... ~ ....40

2 Cost Estimates ...................................41

F. Ore Discharge Terminal  Sector 4!

1. Description of Assumed Events ....................44

2. Cost Estimates .46

G. Marine Support  Sector 8!

1. Description of Assumed Events ..49

2 Cost Estimates ...................................50

H. On-Shore Transportation  Sector 5!

............50l. Port to Process Plant Slurry Pipeline

a! Description of Assumed Events .................50

b! Cost Estimates ..............,......,.........51

2. Waste Slurry Pipeline ..... ~ l ~ 1 ~ ~ ~ ~ ~ ~ ~ 52

a! Description of Assumed Events,............... ~ 52

b! Cost Estimates 52

..53a! Description of Assumed Events

54b! Cost Estimates

Lv.

3. Roads and Railways ......,....... ~ ........,...,.. ~ .53



I. Processing  Sector 6!

1. Description of Assumed Events I ~ ~ ~ ~ ~ ~ ~ ~ ~ r ~ ~ ~ ~ ~ ~ ~ ~ 54

2. Cost Estimates

a! Capital Costs

57

~ a ~ ~ t ~ ~ ~ ~ ~ 57

b! Annual Operating Costs .....................-..58

c! Summary and a Caveat ..........58

J. Waste Disposal  Sector 7!
1. Description of Assumed Events  See also

H. On-Shore Transportation!.......... 59

2. Cost Est>mates.....................................60

K. General and Administrative Costs  Sector 9! ............60

evenues ......,........,,....,.............. ........67R

l. Estimation of Metals Prices .....68

2. Production Yield..................... 69

D. Delays in Expenditures, Investments and Operations.....69
E. Annual Net Cash Flow Estimation.......... 71

l. Gross Revenues . ........ . ......................71
2 e Up Fron t Costs ~ ~ ~ 1 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 72

3. Continuing PKE and R&D..... ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 7 2

4. Annual Capital Investment. ~......... 73

5. Annual Operating Costs.... ~ ................... ~ ....73
6. Calculation of Annual U.S. Tax Payments............74

a! Adjustments to Gross Income.....................74
i! Depreciation..... ~ ~ ~ ~ ~ ~ ~ ~ ~ 74

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 76ii! Interest........

.76axed! Depletion..............

iv! Tax Loss Deduction...........................78
~ ~ ~ a ~ 79v! Other Tax Deductions.............

b! U.S. Tax  before investment and foreign
~ ~ ~ ~ e ~ ~ ~ ~ ~ 8 1tax cred]ts!.........

c! Investment Tax Credit- ~ ~ -- ~ ~ -- ~ ~ . ~ .. ~ ~ ... ~ ..--..81
--..82D! Net Income ~ ~ ~ ~ ~ ~-

V ~

III. FINANCIAL ANALYSIS

A. Assumptions Concerning Inflation and Escalation........63
B. Assumptions Concerning Debt and Equity Financing.......65
C. Assumptions Concerning Metal Prices and Gross



IV. ECONOMIC RETURN ANALYSIS

A. Financial Measures Used in This Analysis

B. Economic Analysis of a Base, an Upside and a
...86Downside Set of Assumptions

1. Summary of a Base Set of Assumptions ...86

892. Dealing with Uncertainty....

3. Some Key Variables...........................,.....90
..90a! Metals Prices............ --

b! LOS Treaty Provisions and Status...............91
..91c! Technological Status...

4. Economic Return Projections for the Base,

Upside and Downside Set of Assumptions...........95
a! The Upside Set of Assumptions............... ~ ~ ~ 95

.96b! The Downside Set of Assumptions
~ ~ ~ ~ ~ ~ ~ ~C. Sensitivity Analysis........

~ 991. Metals Prices......... ~ ...........

Regime................,...1082. The International Legal

3. Technological Factors.. ~ .................

4. PIO3 ect Costs ~ ~ ~ ~ ~ ~ ~ ~ «« ~ ~ ~ ~ ~ «««« ~ ~ ~ ~ ~ « ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ « ~ 1 1114

.. ~ 1215. Depletion Allowance

6 ~ Corporate Structure and Related Accounting
Practices.............................-... ~ ...... .12l

7. Financial Structure...............................122

Appendix 2. MINING

l. Outline of Capital Cost Estimation - -- - - -132

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1332. Capital Cost Estimates.................

2.1 Equipment and Supplies Handling ... ~ 135

2.1.1 Crane s!.................---.- ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ --135

2.1.2 Launching of the Collector..

2.1.3 Floating, Flexible Umbilical

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ « ~ ~ ~ «1 3 5

s ~ ~ ~ ~ ~ ~ ~ « ~ ~ ~ ~ ~ ~ ~ 135

vi«

Appendix I. NOTE ON RELATION BETWEEN MODEL'S COST
ESTIMATES AND FINANCIAL ANALYSIS.. ..... .... 129



Pipe Suspension Tower and Platform........2.1.4 ~ ~ r 135

Pipe Rack..2.1.5 ~ ~ ~ ~ ~ ~ a 135

2.1.6 Deck Mounted Drums for Power Cable........ ~ ~ . 135

2.2 '35

2.2.1 ... 135umps ~ ~ ~ ~ ~ . ~ ~ , ~ ~ ~ ~ , ~ ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~P

Pump Housing2.2.2 ~ ~ ~ ~ ~ ~ ~ e ~ ~ ~ ~ ~ 136

2.2.3 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 136Pump Motors........

Power Cable and Connectors2.2 4 ~ 136

Instrumentation...........................2.2.5 ...136

Topside Controls........... ~ ..............2.2.6 ...136

Valves  Dump and Diffusion!,.........,...,2.2.7 ...136

Dredge Pipeline2.3 .. 136

Px.pe Sections ~ ~ e e e . ~ ~ ~ ~ ~ . ~, ~ ~.... ~ I ~ . ~.... ...136

. ~ 136Couplings4 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~2.3.2

D eadweights...,...........................2.3.3 .. -137

Cable Attachments. ~ ~ ........,......,......2.3.4

Articulated Lower Hosea' ......,,...........2.3.5

all Jointse ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~ ~82.3.6

Valves  Dump and Relief!,.................2.3.7

Fairing.$%0 ~ ~ ~ ~ ~2.3.8 ~ ~ t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ o 137

~ . ~ 1372.4

re Handling02.5

Pipestring-Miner Connection.....,.........2.5.1

Separator  Water-Nodule Separator!........2.5.2

Conveyors  for Transfer of Nodules2.5.3

~ 138'to Holds! ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ r ~ ~ ~ ~ ~

Slurry Self-Unloading System and Related2.5.4

lplngk ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Q ~ ~ ~ ~ 4P -138

Mzneship.... ~ ~ ~ ~ ~ ~ ~ ~ +a ~ ~ ~ ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ @1382.6

~ .138Hull Structure....2.6.1

Hull Engineering.. ~ ~ ~ ~ ~ ~ ~ ~ 4 ' 1392.6.2

Outf l t ~ ~ ~ ~ ' ~ ~ ~ ~ r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~ e ~ ~ al 392.6. 3

and Main Power Plant......140

and Dynamic Positioning
Primary Propulsion2.6.4

Special Navigation2.6.5

quipmentr ~ ~ ss ~ st ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~E ~ 140

Nodule Pumping System.

Collector Unit s!.......

~ ..137

~ 4 137

137

~ ~ ~ 13 7

...138

~ . -138

- . -138



2.6.6 Special Hotel Requirements ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e ~ ~ ~ ~ ~ e j 4 Q

2.6e7 Special Towing Equipment..... ....-------. --140

2.6e8 Helicopter Platform.. 140

3. Operating Costs Estimates.................. ~ r ~ ~ ~ ~ ~ ~ r 140

3.1 Maintenance Cost. ~ ...... ~ .14Q

e 2 Crew COSte ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e ~ ~ r e e ~ ~ ~ ~ ~ ~ ~ ~ e ~ ~ ~ ~ ~ ~ r r r ] 413

3.3 Fuel Cost............... r ~ ~ ~ ~ ~ ~ ~ e ~ ~ ~ ~ ~ ~ e ~ r r j 4 j

3.4 Insurance Cost.................e..--...- ~ e-..------141

3.5 Layup Charges............... ~ ~ ~ ~ ~ ~ ~ ~ r 1 4 1

4. Alternative Case................. ~ ~ ....... 144

eferences. ~ ............................ee.-.... ~ ..... .146R

Appendix 3. MARINE TRANSPORT

l. Outline of Capital Cost Estimations...... ~ ~ ......... 148

3. Capital Costs ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 150

3.1 Ship Hull.. ~ ...................ee....ee....-.--.---150

3 r 1 r 1 Hul 1 Structure e ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e ~ ~ ~ ~ ~ ~ ~ r 1 50

3.1.2 Outfitting...................................152

3.1.3 Hull Engineering.............................152

3.1.4 Propulsion Machinery......................--.152

3.2 Slurry Loading System............ ~ ................

3.2.1 Deck Piping and Manifold System.

.152

e152

3.2.2 Dewatering Pumps and Piping for Each Hold.. .152

3.3 Fuel, Water, and Supplies Storage and Transfer
Equipment......................... ~ ~ ~ .... ~ ,... e155

3.3.1 Miner Fuel Dedicated Storage Tanks....,.....r155

3.3.2 Miner Fuel Pumps and Piping........ ~ ~ ~ ~ ~ ~ ~ --.155
3.3.3 Miner Fresh Water Dedicated Storage Tanks....155

3.3.4 Miner Fresh Water Pumps and Piping...........>>5

3. 3.5 Deck Crane................. ~........... ~ - -. -.155

3.4 Special Equipment for At-Sea Coupling with
he Miner. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ e ~ ~ ~ ~ ~ ~ el 55

3. 5 At-Sea Disposal Equipment ~ ~ ~ ~ r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ el 5 5

Number of Ships........................................r1492.



Annual Operating Costs..

4.1 Crew Salarxesi ~ ~ ~ ~ ~ ~ ~ ~ I ~ 1 ~ ~ ~ ~ i ~ ~ ~ ~ ~ ~ ~ e ~ ~ ~ ~ ~ ~

4.2 Maintenance.................................

4 ~ 3 Insurance...................................

4.4 Fuel Cost.............. ~ .......

.5 Port Charges................................4

4.6 Lay-up Charges..............................

Alternatives to the

Re ferences....

Appendix 4. ORE DISCHARGE PORT, MARINE SUPPORT AND ON-SHORE

TRANSPORTATION

Part I. ORE DISCHARGE PORT............

Introduction. ~ .. ~ ..........

Methodology of Cost Calculation...

Cost Estimations..........

Sub-subsector Breakdown and Capital

3.1 Terminal Land.

3.2 Terminal Site Development... ~ ..................

3.3 Terminal Buildings..........

3.4 Pier s! and Pier Equipment

3.5 Dredging

3.6 Fuel Pipeline........

3.7 Slurry Discharge Units and Piping..............,..

3.8 Nodule Storage Basins

3.9 Water Recycling Tankage and Return Water Piping...

Operating Costs....

4.1 Maintenance and Repairs......................,,...

4.2 Labor.,

4.3 Utxlj tj.es.......................

4.4 Insurance.

4 ~ 5 Taxes...�.................................. ~ ~ . ~ ...

4.6 Lease Fee s!..

4.7 Miscellaneous Items.................. ~ ............

Summary.

References...............

5.

2.

3.

4.

Base Case

Costs ~ 4 I 0 0 i 0 ~ ~ ~

155

156

157

157

157

158

158

158

160

161

162

162

162

162

162

163

163

164

164

164

165

165

165

166

166

166

168

168

168

169

169

169

169

171



1. Research Vessel  Fixed Cost! .............. ~ ... ~ ........ ~ 173

~ ~ ~ ~ ~ ~ ~ ~ 173

3. Support Vessel Marine Terminal...... ............,,.....173

3.1 Sub-subsector Breakdown and Capital Costs......... 174

3.1.1 Terminal Land.. ~ a ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1 74

3.1.2 Site Development.............................174

3.1.3 Terminal Buildings.................--.-....- 174

sso ~ ~ ~ ~ ~ ~ 175

.1.5 Dredgina.................................--..1753

3,1,6 Fuel Pipeline......................---- ~ ~ ~ ...175

3.2 Operating Costs. ~ ~ ~ ~ o ~ e o ~ ~ e ~ ~ ~ o o t s ~ ~ ~ i ] 75

~ 2 ~ 1 Labor ~ ~ ~ ~ ~ ~ y ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ a e e e ~ a ~ ~ ~ ~ e ~ ~ ~ ~ i j 763

3.2.2 Utilities.................................-- .176

3.2.3 Lease Fees............ ~ ~ ~ ~ ~ ~ ~ ~ 176

3 ~ 3 Summary e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ s ~ ~ ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1 7 6

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ s] 77

5. Marine Support Cost Summary.............................ljj

References................. ~ F 178

Appendix 4.

Part III. ON-SHORE TRANSPORTATION SLURRY PIPELINES

1. Nodule Slurry Pipeline..-.......-- ~ ~ ................... ~ 180

1.3

1.3.1 Slurry Pipeline.... ~ ~ a ~ ~ ~ ~ a ~ ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~183

1.3.2 Transportation, Required Land............... -184
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ tl 85

References'� .....................-..-- ~ ...-...- ~ - ~ ~ ~ ~ ~ 186

Appendix 4.

Part II. MARINE SUPPORT, SECTOR 8

2. Supply Vessel  Treated as a Fixed Item!

3.1.4 Pier s! and Pier Equipment.....

4. Crew Trainzng.....................

1.1 System Determination and Design........
1.2 Cost Estimation Methodology........,...

1.2.1 Slurry Pipeline and Equipment...,

1.2.2 Slurry Pipeline Transportation La
Capital and Operating Cost for Slurry P

Between Process Plant and Marine Termi

2. Waste Slurry Pipeline.........

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 180

~ ~ ~ ~ ~ ~ ~ t o ~ ~ ~ 182

~ ~ ~ ~ i ~ ~ ~ ~ ~ ~ e] 82

nd r ~ ~ ~ ~ ~ ~ ~ ~ + 1 8 2

ipeline

nal~ ~ ~ ~ ~ ~ ~ ~ e183



Appendix 5. PROCESSING

1. Methodology of Capital Cost Estimation........ -187

.191

Material Storage, Handling, and Preparation....2.1 -191

2.1.1 Rail Car Station......................... ~ 191

2.1.2 Coal Stacking, Storage, and Reclamation..

2.1.3 Limestone Stacking, Storage, and
~ 193

Rec lama t ion......... ~ 193

2.1.4 Nodules Receiving and Storage.. ~ ......... ~ 193

2.1.5 Nodules Reclamation and Transfer......... ~ 193

2.1.6 Nodules Grinding and Drying.............. ~ 194

2.1.7 Lime Storage and Slaking.... 194

2.1.8 Offgas and Fugitive Control Equipment.... ~ l94

Nodules Reduction and Metal Extraction......2.2 194

2.2.1 Dried Nodules Feeding and Reduction..........194

2.2.2 Reduced Nodules Cooling....... 194

2.2.3 Offgas Treatment.............................195

2.2.4 Reduced Nodules Slurry Aeration........ 195

2.2.5 Nodules Slurry Leach.........................195

Metals Separation..............................2.3 ~ ~ e 195

2.3.1 Metals Extraction...................-...---- -196

2.3.2 Ammonia Scrubbing.. ~ ~ .- ~ ~ ~ - ~ ------- ~ ~ ~ -- ~ --- F 196

2.3.3 Nz.ckel Stripping.... ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ --- ~ ~ ~ ~ 196

2.3,4 Copper Stripping....-...----- - ----- ~ ~ ~ 196
2.3.5 Cobalt Stripping and Solution Recovery.......196
Reagent/Recovery and Purification...........2 ~ 4 ~ ~ e ~ j 96

2.4.1 Leached Slurry Washing............ 196
2.4 ~ 2 Washed Tailings Stripping.......... 196
2. 4. 3 Ammonia Recovery-Lime Boil .. ~..... ~ . ~ ~ ] 97

2.4.4 Process Vent Scrubbing-Ammonia and Carbon

D 1oxxde....-..-. .--. - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 197

2.4.5 Washing Solution Reconstitution and

Recyclee ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1t ~ tl ~ 197

2.4.6 Waste Slurry Storage, Treatment, and

198Transfer.............................. ~ .....

xi ~

2. Capital Cost Estimates...... ~ ..... ~ .................



2.5 Metals Recovery and Purification................... 198

2.5.1 Copper Electrowinning........................ 198

2.5.2 Nickel Electrowinning........................ 198

2 ' 5.3 Mixed Sulfides Precipitation and

Separation ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e e e e e ~ l98

2.5.4 Selective Leaching and Solution

Puri f ication... ... 199

2.5.5 Nickel Reduction and Sintering, Solution

Repurification.. - -199

2.5.6 Cobalt Reduction and Sintering...,,..., ...., 199

2.6 Plant Services......... ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ city 200

2.6 ' 1 Water Supply, Purification, and
Distribution ~ ~ ~ e 200

2. 6. 2 Cooling Water System: Towers, Circulation
and Treatment...........,.. ~ - 200

2.6.3 Process Steam System......,....,, ~ ........., 200

2.6.4 Process Gas System.......... ~ ~ ~ ~ ~ -200

2.6.5 Offgas Treatment.............................20p
2.6.6 Plant Power Generation and Distribution......201
2.6.7 Storage: Process Materials, Supplies,

Fuels, and Products...... -.-- ~ ~ ~ ~ .---201

3. Annual Operating Costs................... -- ~ -- ~ ~ --- ~ ~ -203

3.1 Materials and Supplies Costs.................... ~ ~ .2p3

3.2 Utilities and Fuel Costs........... ~ ------------.--203

3 ~ 3 Labor Costs.................. ~ ~ ~ ~ ~ - ~ - ~ - ~ ~ ~ -- ~ ~ ~ ~ ~ ~ ~ 204
3.4 Capital Related Charges........ ~ ..... ~ ~ -- ~ -- ~ -- ~ ~ --205
3.5 Annual Operating Costs Summary...........-....-.. ~ .205

4 Summary.. ~ ........... ~ ...... ~ ,...,....... ~ .............. 2p6

References.... ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e 2P7

eferences.......--...-.----- .----- ..... --- -- - 213R

Appendix 6. WASTE DISPOSAL...........--..--..- ~ ~ ........ ~ ~ .2P9



1. Price Forecast Values...................................214

2. LOS Treaty Provisions and Status.................. .... 215

2.1 Financial Arrangements.......... ~ ~ .................215

2.2 Technology Transfer................................ 218

2.3 Production Limits................... ~ .... ~ ~ ~ -. ~ ~ ~ -. 219

2.4 Minesite Limitations....................,.........

2.5 Uncertainties Remaining in the Legal Regime........22p
3. Technological Status.................................... 221

3.1 Efficiency Effects.................. ~ ..............221
~ ~ ~ ~ ~ '92 222

3.3 Cost Effects........ ~ ................... ~ ~ ... ~ ~ --..223

4
ICapital Costs...........................................223

5. Operating Costs....................... ~ ................-223

Appendix 8. SUMMARY OF INPUT VARIABLES AND OUTPUT..........229

l. Print Out of Model Analysis Based on Cost Estimates
Provided in Chapter II and as Used in Chapter IV.......23p

~ ~ ~ ~ ~ ~ ~ 25p

3. Additional Major User Selected Variables................ 254

Appendix 7. ECONOMIC RETURN ANALYSIS

3.2 Project Delays...

6. Depletion Allowance......

2. Output Database for Chapter IV.

220

.228



LIST OF TABIES AND FIGURES

TABLES

Executive Summary.

Table ES-l. Summary of Capital and Annual Operating
Costs by Sector.... ...............8

Chapter II.

Chapter III. Financial Analysis
Table III-1. Net Cash Flow Estimation Strategy..............83

Chapter IV.

Table IV-I.
N'+n+ ng» ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 87

Table IV-2.

93

..96

..97

Xiv»

Table II-l.

Table II-2.

Table II-3.

Table II-4.

Table II-5.

Table II-6.

Table II-7.

Table II-8.

Table II-9.

Table II-10.

Table II-ll.

Table IV-3.

Table IV-4.

Table IV-5.

Table IV-6.

Table IV-7.

Table IV-8.

Description of Events Assumed in a Hypothetical
Pioneer Venture and Summary of the Model's
Cost Assumptions

Preparatory Costs............. ~ ................23

Investment Period Expenditures.. .............29

Capital Cost Summary...........................39

Principal Characteristics Transport Ship.......43

Ore Discharge Terminal Cost Summary............48

Cost Summary  Base Case!............... .......51

Slurry Pipeline Cost Summary...................52

Waste Slurry Pipeline Cost Summary... ~ .... ~ ~ .. ~ 53

Capital Cost Summary for Processing Sector.....57

Annual Operating Cost Summary..................58

Waste Disposal Costs Base Case.............. ~ .,61

Economic Return Analysis

Central Value Cost Estimates For Deep Ocean

Summary of Additional Variables For Base
Set of Assumptions' ~� » ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ »» » 88

Upside Case Variables..............

Downside Case Variables........................94

Base Set APV Evaluation....,,......

Upside Case APV Evaluation.....................96
Downside Case Project APV Evaluation.........

Parameters Varied In Sensitivity Analysis. ~ ..



Tables  Cont'd!

Table IV-9.

Table IV-10.
.102

Table IV-11. IRR's For Individual Metal Revenue
V arlation...................... .. ..........102

Table IV-12. APV's For Real Revenue Growth  $MN!...........106

Table IV-13.

Table IV-14. LOS Treaty Sensitivity Analysis, APV's........109

Table IV-15.

cally-
' ~ ~ ~ ~ ~ ~ a 116

Table IV-16 .

Table IV-17.
~ ~ ~ ~ ~ ~ ~ ~ 117

Table IV-18.
~ ~ t ~ ~ ~ ~ ~ 1 20

Table IV-19. Effect of Different Interest Rates ....123

Appendix l.

Table 1-1.

Appendix 3. Narine Transport

XV ~

Appendix 2.

Table 2-1.

Table 2-2.

Table 2-3.

Table 2-4.

Table 2-5.

Table 3-1.

Table 3-2.

Table 3-3.

Table 3-4.

APV Evaluation For Revenue Estimation
V arlatlorls ~ ~ ~ ~ r ~ ~ ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ aa ~ a99

APV's For Individual Metal Revenue
Variation  $MM! ........

Adjusted Present Values, 1980 Average
Price as Base  $MM! ... .............109

APV's Resulting From Technologically-
Induced Efficiency Effects  $MM!.............112

Adjusted Present Values For Technologi
Induced Delays.................,,....

Project Cost Sensitivity Analysis-APV'
  $MM! e ~ ~ ~ ~ ~ ~ e ~ e a ~ ~ s ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e ~ ~ ~ ~ ~

Depletion Allowance Sensitivity Analys
APV s   $MM! ~ s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Note On Relation Between Model's Cost Estimates
And Financial Analysis

Allocation of Preparatory Costs To Capital
and Expense Accounts.. ~ ..... ~ ~ r ~ ~ ~ ~ ~ 1130

Nining

Base Case Mineship, Dimensions and Cost........139
Total Capital Costs Per Mineship...............142
Operating Cost Summary.........................l43
Capital Cost Summary Alternative Case..........145
Operating Cost Summary Alternative Case........145

Transport Ship Dimensions  Base Case! ......... 153
Marine Transport Capital Cost Summary..........154
Annual Operating Cost Summary........- ~ ~ - ~ --- ~ -.156
Summary of Results................. ~ ..... ~ . ~ --- 159



Appendix 4.

Table 4I-l. Annual Maintenance and Repair Costs......... . 167

Table 4I-2. Ore Discharge Terminal Capital and Operating
~ 170

Table 4II-l. Support VeSsel Marine Terminal Operating
~ 177

Table 4II-2. Marine Support Cost Summary  Base Case!......- 177

Table 4III-L. Slurry Pipe Characteristics: Base Case.......181

Table 4III-2. Pipe Laying Costs: Equipment, Labor
and Materials................ ~ ~ ...-......... 183

Table 4III-3. Slurry Pipeline Cost Summary 184

Table 4III-4. Waste Slurry Pipeline Cost Summary............]86

Appendix 5. Processing

~ 205

FIGURES

Chapter 2 ~

Figure II-1:

Figure II-2: A,B,C,D: Timing of "Contract and Construct"
and "Commercial Operations" Phases.........,...27

Chapter 4. Economic Return Analysis
Figure IV-l.

..85

Figure IV-2.
..98

TabLe 5-1.

Table 5-2.

Table 5-3.

Table 5-4.

Table 5-5.

Table 5-6.

Ore Discharge Port, Marine Support and On-Shore
Transportation Slurry Pipelines

Os ts ~ ~ ~ ~ ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ eC

osts I ~ ~ 4 0 0 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ I ~ ~ ~ 0 ~ ~ ~ ~ ~ 0 ~C

Capital Cost Summary.......-- ...... ..... -202

Materials and Supplies Cost Summary............ 204

Utilities and Fuels Cost Summary ... -. . -204

Labor Cost Summary............................

Capital Related Costs Summary. . . . . ... .205

Annual Operating Cost Summary..................206

Description of Events Assumed In a Hypothetical
Pioneer Venture and Summary of the Model's
Cost Assumptions

A,B,C,D: Timing of "Up Front" Phase for a
Pioneer Project................................16

APV-Discount Rate Graph for a Base Set of
Assumptions ~ ~ ~ ~ ~ ~ ~ ~ .. ~ o e . ~ ~ ~ ~ ~ ~ ~

Al terna tive Scenarios-Best, Upside, Downside
Worst, and Base Cases..................-...



Figures  Cont'd!

Figure IV-3. Twenty-Five Percent Gross Revenue Variation....101
Figure IV-4. Twenty-Five Percent Nickel Price Variation.....103
Figure IV-5. Twenty-Five Percent Copper Price Variation.....104
Fig~re IV-6. Twenty-Five Percent Cobalt Price Variation.....105
Figure IV-7. Real Growth in Metals Prices.........,....,....107
Figure IV-8. Effect of Current LOS Treaty...................110
Figure IV-9. Effects of Technologically-Induced Efficiency

F actors o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e e ~ ~ i ~ .113

Appendix 2. Mining
~ a ~ ~ < ~ ~ ~ ~ o 1 34Figure 2-1. Mining Sector............

Appendix 3. Marine Transport,
Figure 3-1. Marine Transport, Sector 3.....................1~1

Appendix 5. Processing
Basis for Typical Factors Used to Estimate

Cost Levels ~ s ~ ~ ~ ~ ~ 4 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ 190
Figure 5-1.

Processing Sector..................,,...,...... 192Figure 5-2.

Figure IV-10. Absolute Cost Variation.......................118
Figure IV-ll. Real Cost Growth..............................119



EXECUTIVE SUMMARy

I. SUMMARY OF EVENTS LEADING TO COMMERCIAL PRODUCTION

The M.I.T. - NOAA Deep Ocean Mining Model is a flexi-

ble tool meant primarily as a basis for comparing the economic

outcomes of a deep ocean mining venture under differing sets

of assumptions as to costs, timing, regulatory policies, etc'

The user can very easily choose the assumptions desired for

a particular analytic purpose and introduce them in the com-

puter program. This flexibility is appropriate to the high

degree of uncertainty attending the future industry. Although

more becomes known, or at least increasingly certain, each

year about the technology, its costs and capabilities, the

regulatory structure and, perhaps, the international legal

environment, uncertainty over an industry which is still in

its developmental stage remains high.

In the midst of such uncertainty, modelers must identify

the assumptions upon which they base their work. In this study,

three kinds of assumptions are made explicit and introduced

into the model. First, a basic narrative of likely events is

provided. It has been worked out in collaboration with the

NOAA Division of Marine Minerals and the consultants to that

office, identified in Chapter I B of this report. Second,

capital and operating costs have been estimated, drawing on

different sources, identified in the text and appendices,

including the NOAA consultants. In some cases, alternative

costs or ranges have been provided in addition to the esti-

mates of the project team and the consultants. Finally, assump-

tions necessary to the financial analysis made in the model are

described.

Presented in the following paragraphs is a brief narra-

tive summarizing a set of likely operating events of a hypo-

thetical pioneer deep ocean manganese nodule mining project.
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The events of concern are mainly those leading to

full commercial production for the project. The operating

entity is assumed to be a consortium of companies, working
together initially in a contractual arrangement with the

pre-production operations carried on by one company or by

an organization formed for that purpose. The consortium is
based in the United States, with processing facilities loca-

ted in this study, for illustrative purposes, on the West

Coast of the United States. The manganese nodules are recover-

ed from a Pacific Ocean minesite located within a belt of

ocean bottom south of the Hawaiian Islands, north of the

Equator, between the Clarion and Clipperton fracture manes

and extending almost to Mexico from 180 degrees west longi-

tude. This area contains manganese nodules with comparatively

high concentrations of nickel, copper and cobalt. These three
metals are the primary marketable products of this project.

A project of this nature requires a vast amount of
technical "know-how" and capital expenditure. The satis-

faction of these requirements can be undertaken in three

operational phases. The first phase involves the pre-production
or "up-front" work; the second, the contract. and construction
operations, or investment phase, necessary for recovery of the
target metals in marketable quantities;and the third phase,
the commercial operations over a 20-25 year period.

A. Pre-Production Phase

The pre-production, or "up-front" phase, of the opera-

tion involves both the research and development  RaD! work

aimed at assembling the technologies necessary to mine, trans-
port, and process the manganese nodules, and the prospecting
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and exploration  PRE! work necessary for defining the quanti-

ty, quality, and location of the manganese nodules resource.

The results of this work supply the information necessary to

make a decision on whether or not commercial production is

both technically and financially feasible.

B. Contract and Construction  Investment Phase!

The contract and construction phase of the operation

begins when the decision is made to invest in the facilities

and equipment required for a full-scale project. During this

phase< the contracts are let and the construction of the major

units of capital equipment is undertaken. At this point the

consortium commits the capital required for building the

necessary equipment and facilities, as defined and developed

by the pre-production R&D activities, and there is no turning

back.

C. Commercial 0 erations

The commercial operations phase of the projects begins

when construction of the capital equipment for the mining,

transportation, and processing activities is completed, and

the start-up period ends, estimated between one and two years.

During the start-up period the technology is further debugged

and the system brought up to its full design production rate.

The project operates at this design capacity through the re- '

mainder of its life  approximately 20-25 years! unless unfore-

seen slow-downs or shut-downs are encountered.

There are at least eight basic interdependent operations

involved in the commercial operations phase of a deep ocean

mining project. They are. l! continuing RaD and exploration

activities; 2! the mining operation and its supporting activi-

ties; 3! the transportation of ore from the minesite to the

port terminal; 4! the operation of the ore discharge terminal;
5! the crew and supply vessel operation; 6! on-shore trans-

portation to and from both the processing plant and the ore
discharge terminal; 7! the nodule processing activities; and



4.

8! the waste disposal operations. The activities, facilities

and equipment required for successfully conducting these

commercial operations of an ongoing ocean mining project are

outlined in more detail in Section II - C. They are summarized

here. l. Continuin Pre arations: Research and Develo ment
and Continuin Kx loration

The R&D effort will continue in mining, transport,

and processing as initial design flaws or gaps are rooted

out and efficiency is improved. The data required for this

redesign effort is generated, for the first time, from the

actual commercial operation itself. Likely improvements are

looked for in the mining system and navigation sub-systems,

in the nodule slurry transport system, in metals recovery

efficiency, and the debugging of long- and short-term pro-

blems which develop in processing during and after start-up.

During the mining operation, the continuing exploration

effort provides the miner with a complete and accurate topo-

graphic and assay map of the site. Also, a mining plan is

developed, keeping at least one year ahead of the mineship

operation. Finally, low-level service from the assay lab is

required on a continuing basis.

2.

The at-sea mining operation involves the use of one or

more specially designed mining vessels which employ hydraulic

lifting techniques  submerged pumps! for recovering the mangan-

ese nodules from the ocean floor in about 18,000 feet of water

at a rate of 3,000,000 dry tons �,500,000 as mined tons! per

year. The mineship is similar to a drillship, with a central

moon pool, a gimballed and heave-compensated pipe suspension

system, and pipe handling equipment. Provisions are made for
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the stowage of mined nodules which are periodically off-

loaded at sea to a transport vessel. The mineship is dyna-

mically positioned, using bow and stern thrusters, to enable

it to follow a predetermined mining path. In addition to the

mineship, there may also be a need for one or more smaller

vessels to support the mineship at the minesite.

3. Marine Transport, Ore Discharge Terminal, On-Shore
Trans ortation, and Marine Su port 0 erations

The transportation operation requires equipment and

facilities necessary for transporting nodules from the

mineship s! to the processing plant;crew and supplies from

a port facility to the mineship;waste from the process plant

to a disposal site; and supplies to and products from the

processing plant. The transportation of nodules to the pro-

cessing plant, assumed to be on the West Coast of the United

States, requires a fleet of ore transport vessels, a dedi-

cated port facility in a developed port on the U.S. West

Coast near the processing plant, and a slurry pipeline sys-

tem for transporting the nodules from the port facility to

the process plant. Both the transport ships described above,

and a high-speed supply vessel based at a second port facility

located nearer the minesite  possibly in Hawaii! provide the

mineship with fresh crew and supplies. This alternate port

facility serves as a logistics based for the mineship s!

and its supporting vessels, and for the research vessel s!.

A slurry pipeline system removes wastes from the plant to

a land waste disposal site. If the wastes are to be disposed

by ocean dumping, the nodule slurry pipeline is used to

deliver wastes to the port facility. If an ocean outfall is

used, a separate pipeline will run from the plant to another

discharge point. Also provisions for roads and/or rail lines
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to transport personnel, supplies, and products to and from

the various facilities mentioned above must be made where

necessary.

4.

The recovered nodules are processed using a reduction/

ammoniacal leach technique resulting in the recovery of nickel,

copper and cobalt as marketable products. This recovery tech-

nique is modeled for illustrative purposes and does not nec-

essarily reflect the exact system that any particular consort,�

ium might employ.

The processing plant is located on the West Coast of

the United States to allow easy access to the anticipated mine-

site. The plant is sited in an area which can provide the

electrical power, manpower, air and rail transportation, public

roadway network and other such requirements necessary for a

nodule processing facility. In addition, the process plant is

built as close to the ore discharge port facility as economi-

cally and politically feasible.

This analysis assumes that the tailings waste are

disposed of by using lined slurry ponds at a site removed

from the processing plant. In reality, however, the waste

disposal site configuration is highly dependent on the

local topography, geology, and climate. The size and siting

of this disposal site can vary with different waste handling

options, such as decant ponds, decant pipelines and differ-

ent degrees of waste pretreatment. The use of ocean dumping

or an ocean outfall are other alternatives which might be

considered.



7.

In this description of a hypothetical pioneer deep

ocean mining venture, it is assumed that Phase 1 began in

1970, year 0 of the project timelines  figure 1 and 2!, which

summarize the overall timing of a ventures' By

1981, the U.S. based consortia were understood to be

at the point roughly corresponding to year ll in the time-

lines. The time prior to year 10 is past historv. The pre-

mining P6E, bench test RED, pilot miner construction and test-

ing are completed, or nearly so, and the project evaluation

preceding a major "go" decision is underway. At the outset of

year 12, acquisition of equipment begins for at-sea endurance

testing of a reasonably large-scale mining system. Approxi-

mately one-and-a-half years later, the testing begins. Six

months into this testing, the at-sea mining operation has

proved sufficiently successful to allow further investment in

a demonstration-size processing plant to begin, requiring about

a year for construction after state and local permits are

obtained. During the demonstration plant construction period,

the miner is still at-sea finishing the endurance testing and

developing the 100,000 ton nodule stockpile required for the

demonstration plant test run. At the end of the demonstration

plant construction period  year 15!, the plant begins operations.

A year of operating the demonstration plant should be sufficient

to provide enough product and enough data to make the final

"go/no-go" decision for commercial production. However, the

demonstration plant will run for an additional year after the

"go" decision to accumulate more data.

If the final "go/no-go" decision is favorable, the project

enters the Investment and Construction phase in year 16. The

design, contract and/or procure, build, and test periods for the
at-sea components of the project requires five-and-one-half years

as explained in Section II-B. After about one year of design
work, orders are placed for major equipment. Plant construction
itself cannot begin until state and local permits have been

obtained, about year 19.
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The Commercial Production period begins halfway into year

21 with start-up lasting one-and-a-half years for both mining

and processing. Thus, at the beginning of year 23, full produc-

tion begins and runs for about 20-25 more years.

III. SUMMARY OF COST ESTIMATES BY SECTORS

The model of the project contains a cost estimation section

and a financial analysis section/ The former divides the capital

and operating cost estimates into ten sectors as indicated in

Table ES-1.

TABLE ES-1

SUMMARY OF CAPITAL AND ANNUAL OPERATING COSTS BY SECTORS

Annual

Capital Operating
Costs Costs

 In Millions $!

Capitalized1: Preparatory Prospespecting
and Exploration and
Research and Development

TOTAL

Expensed

142.0

Sector

30.00
172.0

Capital Annual Operating
Costs Costs

 In Millions $!

217.03TOTAL 1,121.02

Slurry pipeline: capital cost
land

Water slurry pipeline: cap. cost
land

Roads and railroads
36.65

3. First and second year: 0.602. Capital cost: 12.03
Land 3.25 3.90All subsequent years

except last

Sector

Sector

Sector

Sector

Sector

Sector
Sector

Sector

Sector

2: Mining
3: Transport
4: Ore Discharge Terminal
5: Onshore Transportation
6: Processing
7: Waste Disposal
8: Marine Support
9: General and Administrative
10: Continuing Preparations

306.24

200.88

22.87

36.65

449.10
15 282

1.80

88.20

.0

10.89

.40

22.40

.96

2.00

65.58

22.20

3.19

7.68

99.60

3.90

4.88

4.00

6.00
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IV. SUMMARY OF FINANCIAL ANALYSIS

The second major section of the model is the financial

analysis section. In this section, the estimated costs and

revenues of the venture are integrated with various taxation and

regulatory assumptions to calculate the financial return of the

project. The model projects the annual net cash flow of the

venture using the previously estimated costs in combination with

assumed ore assay, recovery, and lifting rates, and assumptions

regarding the economic environment.

These cash flows are then used in the determination of

three measures of profitability -- adjusted net present value,

internal rate of return, and simple payback. Alternate "upside"

and "downside" analyses are also made, as are several sensitivity

analyses.

The real-term, non-inflated internal rate of return for

the baseline set of assumptions, with U.S. taxation and assuming

50% debt funding, is 9.21%. Comparable figures for upside

and downside sets of assumptions are 21.96% and -6% respectively.
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CHAPTER I. THE STUDY

A. Chan es From the 1978 MIT Stud

This study is a sequel to and revision of an earlier

work by a team at M.I.T. providing an initial estimate of

costs of a hypothetical deep ocean mining venture . Since
1

1975-76, when most of the data were gathered for the original

cost estimations, much more has been learned about the tech-

nical, political, and legal prospects for deep ocean mining.

This study reflects data that have become available from

industry sources, from the results of U.S. government research

contracts, from consideration of U.S. legislation on deep

ocean mining, and from negotiations at the I,aw of the Sea

Conference.

The new study is distinguished in several additional
2

ways from that published in 1978 . The consideration given

the projected engineering requirements of the mining, trans-

portation, processing, and waste disposal sectors is at a
3

deeper level of detail than previously . In particular, the

sizing analyses underlying the cost estimates in Chapter II

of the mining and transportation sectors provides additional
4

confirmation of the assumptions made in the model . The

analysis of possible economic return accruing to a pioneer
venture has been expanded by adding examination of alternate

sets of assumptions developed by changing several of the

critical variables and by extended sensitivity analyses of

those variables in Chapter IV. And several technical improve-

ments in the computational aspects of the model have been

made to provide new flexibility in its use and a greater

degree of accuracy in calculating the cash flow as developed
in Chapter III. The latter includes changes based on a tax
accountant's review of the tax calculations

5



B. Uncertaint Surroundin Dee Ocean Ninin Costs and

Although much has been learned and many facts and per-

spectives have come into the public domain in the last few

years, it remains as true as it was in l978 that there is no

actual commercial experience in deep ocean mining from which

cost estimates and projections can be made. Much uncertainty

still surrounds this new evolving technology. These cost

estimates reflect that: uncertainty. They have been evolved

to a greater level of detail throughout and, as indicated

above, have much more industrial sector input than before.

Yet the fact of the matter is that no one knows with con-

fidence what a deep ocean mining project will cost.

This study is, therefore, vulnerable. lt is the project

team's belief that in many cases there are feasible alternatives

to the facts whicn premise this study. Ideally all facts would
have been spelled out, laid parallel to the estimates used

here, and analysed in detail. Constraints of time and budget

prevented such an examination. Instead, an adaptation of

the base-case, best-case, worst-case technique used in

investment analysis is made, as are sensitivity analyses of

several significant cost assumptions.

A second major source of uncertainty is the timing

of events for the deep ocean mining industry. It is likely

that deep ocean mining will take place. The pace at which

development proceeds, however, depends upon managers' esti-

mates of trends in future metal prices;the speed with which

technological problems in developing systems for commercial

mining schedules can be overcome;and the staisfactory resolu-

tion of international law issues and political questions over

exploitation and ownership of the seabed, most notably in the

Third United Nations Conference on Law of the Sea.

The M.I.T. � NOAA model allows subsequent users great

flexibility in changing the assumptions of cost and timing

at its core. This structure facilitates answering both "what

if" questions and changes in the baseline assumptions used

as new data and experience become available.
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C. La out of the Stud

Chapter II sets out the assumptions as described

above, and the associated cost estimates on a sector-by-

sector basis, using the basic ten � sector division into

which the whole project is divided. Little detail is pro-

vided and cost estimations are summed only at the subsector

level. For most sectors, further detail is provided in

appendices. Here, typically, costs are identified at the sub-

subsector level, or the component units are named so that

readers may have an idea of what went into the cost considera-

tions. In three cases where the project team felt that exper-

ience with the technology to date was particularly sketchy

or for which numerous solutions have been proposed in the

literature, the appendices indicate the nature of sizing

analyses that were done. From these, size and power require-

ments were identified prior to elaborating cost estimates.

Chapter III provides a description of the finan-

cial analysis model. This description includes the specific

assumptions given individual parameters and no corresponding

appendix is needed

Chapter IV provides the economic analysis of the

projected return on the hypothetical investment as described

in Chapter II, as well as analyses of alternative sets of

assumptions. There is also an extensive sensitivity analysis

made of the impact on return of several critical changes in

individual assumptions in the models This chapter is based on

work done in completion of a Masters thesis at the Sloan
6

School in May, 1981.
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II. DESCRIPTION OF EVENTS ASSUMED IN A HYPOTHETICAL

PIONEER VENTURE AND SUMMARY OF THE MODEL'S COST

ASSUMPTIONS

A Pre roduction Phase

le Descri tion of Assumed Events

Each consortium participant considering ocean

mining as a feasible project probably has a "long range

planning" capability in a company officer, a committee of

the Board of Directors, or a consultant to the Chairman

of the Board and/or the Chief Executive Officer. This

capability decides how, if at all, the project. will pro-

ceed and allocates funds for the prospecting and explora-

tion  P&E! and research and development  R&D! efforts. Both

the R&D and P&E efforts are divided into successive steps,

each of which is funded based on the results of the previ-

ous steps. These intermittent. "go/no-go" decisions  referred
to as "GOl," "G02," etc.! encountered at the end of one step

prior to the funding and commencement of the next can be

considered as "off-ramps." If the project evaluation at the

end of each stage proves the project worthy of further

investigation, the planners allocate funding, probably at

an increased level, for the next stages of work. If the pro-

ject does not appear favorable, the planners could. decide
to take the "off-ramp," thus resulting in shelving  a delay!

or termination of the project. The P&E and. R&D work conducted

during the "upfront" phase of the project establishes a bank
of knowledge upon which the consortium bases the ultimate de-

cision whether to invest, and hence go into commercial pro-

duction. This ultimate decision is referred to in this text

as the final "go/no-go" decision. For this analysis, the pro-

ject is assumed to pass the tests of technical success and



economic viability at each decision point.

a! Pre-Commercial � Minin Pros ectin and Ex loration

Prospecting and exploration activities are carried out

in two phases. During the first, or pre-commercial � mining

phase, the miner delineates a minesite based on ore abundance,

ore grade, soil characteristics, and topography. The second

phase, called continuing P&E, comes immediately prior to and

during commercial recovery operations. In it the miner con-

ducts a second round of bottom mapping, similar to but more

intensive than that of the first phase. This second, continu-

ing P&E is discussed further in Section II � C.

Pre-commercial-mining P&E is made up of the follow-

ing three stages:

i! Back round cwork. This work includes the litera-

ture search to identify equipment, techniques, and general

geological regions of high potential which are worth investi-
gating further. Testing and perfecting equipment and techni-

ques to be used during the P&E phase also takes place. Back-

ground work requires about a year.

identify potential minesites of commercial quality. First,
a rough grid search of a large area is made. As an illustra-
tion, one firm's experience suggests that an area of approxi-

mately 400,000 square nautical miles be sampled, using free-
fall grabs and still photographs. Next, a medium grid search

is made, narrowing the sections for future surveying. Here,

the above experience suggests an area of approximately l26,000

square nautical miles be sampled using free - fall grabs and
still photographs, and possibily a dredge to collect bulk

samples on promising sections. Finally, a fine grid search is
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made to determine the area to be investigated during the

exploration stages. An area of approximately 27,000 square

nautical miles is sampled with free-fall grabs, still

photos, a dredge allowing bulk samples to be used for

chemical analysis, and spade or box cores. These activi-

ties can be completed in as few as two years.

to delineate the ore deposits, determine concentration and

abundance of nodules, obtain soil mechanics data, and map

the potential minesite selected through the prospecting pro-

cess. The minesite is searched with photographs and seismic

surveys and sampled extensively. As an illustration, an area

of approximately 8,000 square nautical miles is surveyed

using the same techniques as before. Bathymetric seismic

measurements are also made.

The selected minesite must be topographically mapped,

using side-scan sonar and television, to determine the

miner's initial path. At this stage, the entire area may not

be covered. The degree of coverage depends on how much con-

tinuing exploration is anticipated during the commercial

production phase. Vessel speed is estimated at 2.8 kilometers

per hour when mapping and 8 kilometers per hour when not map-
ping, with a time-weighted. average speed of 3.8 kilometers per
hour. Sampling is continued for additional ore concentration

information.

During exploration, a mining operation plan is estab-

lished. The mining plan must be sufficiently developed so

that mining operations start when exploration is completed.

Costs during this P&E period include vessel charter rates,

research team salaries, and navigation, sampling, and survey-
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ing equipment.

It is estimated that these activities require

approximately seven years if carried out without delay.

iv! Timin of Pros ectin and Ex loration Sta es.

In this study, the chronology of the events described above,

including creation of the U.S.-based consortia starts about

1970, With One year'S baCkgrOund WOrk. The pre-COmmerCial-min-

ing events shown in Figures >I-l>, II-lC, and II-1D depict

the subsequent P&E  as we].1 as R&D! activities, with year

ll representing the situation at the time of writing, i.e.,

1981. The consortia are approaching the end of their pre-

commercial-mining phases, with critical R&D at-sea endurance

and demonstration work remaining before a final go/no-go

decision is taken. I

Their experience as "living history" is demonstrated

by comparison of Figures II-1K and II-1D. Figure II-lC was

developed during early 1980, and took the perspective of a

mining project manager at the outset, e.g., year 1, assuming

also that interim U.S. legislation had then been enacted.
2

Figure II-lD shows the more realistic situation exist-

ing after U.S. legislation was actually passed in

mid � ].980, adjusted to show pre-commercial-mining

being carried out to the period just prior to application for

the permit required by new U.S. legislation, i.e., by year 15.

Figure II-1D also reflects delays in R&D and the impact of

industry evaluations of the economic, political, and interna-

tional legal climate.  See below.! The net effect is that the

continuum of P&E activity is likely to stretch over 15 rather

than 10 years as projected in Figure II-1C though at a

diminished level of annual activity. Still later, substantial

uncertainties as to the economic return and the international

legal status of deep ocean mining have been reflected, in the

United States, in further delay in carrying out the hypo-

thetical timetable described here.
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b! Pre-Commercial-Minin Research and Develo ment.

The research and development work is carried out

in two phases. The first, pre-commercia3.-mining R&D, develops

the major equipment, In the second, continuing RaD, activity

runs concurrently with commercial production.  Continuing

RRD is discussed further in Chapter II - C.!

Pre- commercial-mining RSD is further sub-divided into

two stages. In the initial stage, the current technical status

of ocean mining and the potential for future financial returns

are ascertained through literature and patent searches; inter-

views; estimation of future metals prices and returns; and,

small-scale bench tests of potential processing, transport,

and mining systems. Using this information, an initial market-

ing strategy and business plan are developed. The marketing

strategy defines which combination of metals and their res-

pective recovery rates will be sought by the consortium. These

in turn influence the choice of mining and processing tech-

nologies. Thus, in determining a marketing strategy, trade-

offs between metal market and technical considerations must

be made. The business plan delineates a detailed program,

schedule, and budget for the next, or major, RsD effort and

sets forth a tentative plan for commercialization activities,

including capital funding. The business plan is dynamic and

evolves as more knowledge is gained through R6D activities.

The bulk of the RaD funds is spent in this major

RSD effort. The final ccntract plans for the components and

systems are completed. The systems are taken through tests

of increasing size. Simultaneously, more and better market

and investment return analyses are made.

In processing RID, both a pilot plant and a demon-

stration plant must be designed, built, and operated. The

pilot plant is about a 1/10,000 scale operation whose key

objectives include: the demonstration of the process of

an integrated. plant; the acquisition of preliminary design



3. 9.

data for key operations; the determination of materials

consumption, product yields, and product purities; and
process revisions/optimization studies as required. In
addition, the pilot plant provides information for cost

estimates for both demonstration and commercial plants.

The demonstration plant is about a 1/20 scale, "green

field operation.." From the demonstration plant comes the
final design data for the commercial processing plant. It.

may also be beneficial to determine the commercial plant
siting requirements at this step, since the closer the

demonstration plant is sited to the commercial plant,

the better.

Transport R6D deals with the unique problems created
in handling and transporting large quantities of nodules,
either from vessel-to-vessel or from vessel-to-shore. This

effort requires the design of sophisticated slurry trans-

port and ship control systems'

The mining RSD effort deals with the problems of

collecting and lifting the nodules, and navigation while
carrying out these activities. This requires at,-sea
testing of systems and components.

Research and development expenditures progress in

stages, as described previously, and here are a substantial part
of the overall capital requirements of the project. The
greatest portion of funding is required for the capital
intensive pilot and demonstration processing plant tests

and the mining system demonstration-scale test.

i! T~imin . The beginning of the initial pre-min-
ing RaD step is signified by the first "go" decision  GO1!
as shown in Figure 1. This "go" decision allocates funds for
the preliminary R&D work. As in the case of PRE, this work
has started during 1970, the initial year of the project.

This initial effort is conducted at low levels over a
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seven-year period  see Figures 11-3. A and 1 B!. Following
this period, and assuming some technical success, a second
"go" decision is made in year 7. One consideration evalua-
ted before this "go" decision may be the need to secure

additional financial participants in the venture. This

"go" decision signals the beginning of major RED acti-
vities for the project.

The first activities are the design, development

and initial testing of the pilot mining system at sea and
the pilot processing plant on land. These take up to five
or five-and-a-half years. At the time of writing, mid-1981,
the consortia are near the end of this pilot period, and

have already completed most of their pilot work.
A third "go " decision point is reached before

at-sea endurance testing begins and is projected for the
beginning of year 12. It marks the beginning of
the most expensive R&D work. The project evaluation period
preceding it is rather long, because of higher expected
costs of the endurance tests and demonstration scale pro-

cessing plant  which follow!, economic uncertainties, and
uncertainties surrounding the Law of the Sea negotiations.
The actual year of this decision point depends heavily on
such factors.

Once a "go" decision is taken, timing is governed
in part by the interaction of the mining and processing
systems development activities. The degree of success of
the at-sea endurance testing program determines whether the
commitment is made to allocate the large expenditures re-
quired to construct a demonstration scale processing plant.
In addition, the actual construction of the demonstration
plant is contingent upon the ability to secure state and
local building permits' Thus, project scheduling becomes
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dependent upon success with both the mining system and

the permitting process.

The demonstration plant permitting activities are

assumed to require two years' However, the length of this

permitting period can vary significantly among different

state and local jurisdictional areas. The building permits

must be in-hand when construction begins and thus, the

demonstration plant permitting period precedes the decision

to begin construction. The timing of the demonstration plant

permitting period is illustrated in Figure Ej:-lR.

For this analysis, it is assumed that. by the sixth

monthof at-sea endurance testing the required demonstration

plant permits are in-hand and sufficient technics.l success

with the mining system allows construction of the demonstra-

tion scale processing plant tO begin. At this point,a fourth

"go" decision, to build the demonstration plant, is shown,

reflecting the possibility that consortia management are

using short planning horizons in light of the uncertainties.

A tightly scheduled one-year construction period is shown

on the assumption that not all demonstration plant sub-

systems must be in place for testing to begin. During the
demonstration plant construction period, at-sea endurance

testing and consequent nodule stockpiling activities con-

tinue with the aim of further debugging the mining equip-

ment, while collecting enough nodules �00,000 tons! for the

demonstration plant runs. With completion of the demonstration

plant at the beginning of year 15, operation commences. This

run is assumed to last for two years.

Halfway through this period, at the beginning of year
16, the decision on whether or not to invest in a commercial-
size project is made, based on all information gathered,
with special emphasis on the results of the demonstra-
tion plant runs and mining system tests. This decision
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is referred to as the final "go/no-go"

 see project timeline, Figure XX-lA!.

of demonstration plant operation after

is used to provide additional data for

decision

The extra year

the final "go"

the design and

operation of the full-scale plant.
ii! Im act of U.S. Federal Law on Timin . Xt

is assumed that the mining consortium is United States

based and therefore subject to the U.S. Deep Seabed

Hard Minerals Resource Act  P.L. 96-283!, which regulates

deep seabed mining. The Act requires a U.S. deep ocean
miner to obtain a Deep Sea Mining  DSM! License before

exploration and a Deep Sea Mining Permit before commercial
recovery. Existing, i.e., pioneer, consortia are exempt
from the prohibition against exploration before receiving
a license, so long as they make timely application. The
DSM license and permit processing periods will require
one-and-a-half and two years, respectively.  Both periods
will run concurrently with RaD and PKE activities.! The
license will thus be issued in mid-year l3, and halfway
through year 15, application will be made for a DSM permit.
The consortium should therefore have a DSM permit in-hand
one year after the "go/no-go" decision.

2. Cost Estimates

Preparatory costs associated with the pre-production
phase are categorized into five sectors in the model. The
following table presents the sectors and the central values
assumed in the model's base case.
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TABLE II-1

PREPARATORY COSTS
 In Millions of U.S. $!

Sector 1 Pre-Commercial-Mining P&E

Prospecting

Exploration

5.00

25.00

Sector 2 Pre-Commercial-Mining R&D

Mining Sector Related 60.00

Transport Sector Related

Processing Sector Related

F 00

70 F 00

Sector 3 Project Evaluation 0.00

Sector 4 Licenses, Permits,

Payments to International

Authority

Sector 5 General & Administrative

0.00

Management

Sponsored Research

4.00

F 00

TOTAL 172. 00

For the base set of assumptions, the $ 172 million in

preparatory costs are allocated in the following manner:

l. Of the combined R&D  $136m! and G&A  $6m! costs

of $142 million, 15% are expended between GOl and G02, 30%

between G02 and G03, and 55% between G03 and GO/NO-GO.

2. The prospecting costs  $5m! are spread evenly

over the years of the years of the prospecting period.

3. The exploration costs  $25m! are spread evenly

over the years of the exploration period.

Within each of these three periods, costs are spread evenly

over the appropriate years.
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Pre-production phase costs may be expensed, capital-

ized, or both, depending on their nature, when they occur,

the state of the project's revenue stream, and the desires

of the consortium members. Most frequently, corporations

will choose to expense these preparatory costs if allowed

under tax laws.

In the initial set of assumptions, RsD, project.

feasibility, permitting, and up-front general and adminis-

trative expenditures are all expenses.

prospecting and exploration expenditures are expensed

if the deposit is considered as U.ST based. If they are con-

sidered as foreign based, they may be capitalized. Although

U.S. law is not entirely clear on this point, the assumption

is made initially that the deposit is foreign based and

therefore the PRE costs are capitalized.



B. Contract and Construction  Investment! Phase

1. Descri tion of Assumed Events

During the second stage of R&D, prior to the "go"

decision for commitment to a fully commercial project,

the type, size, and quantity of equipment required for

the project is identified and design specifications de-

veloped. This work includes the preparation of contract plans

and specifications for the mining, transportation, and

processing equipment and systems' Xn addition, during the

period just prior to the final "go/no-go" decision,

outside sources of design assistance for the various sys-

tems and sub-systems are identified.

Before the actual construction of any land-based

facilities can begin, state and local permits for the

construction of these facilities must be obtained. From

recent studies sponsored by NOAA, the time required to secure

these permits could be between four and seven years. Some

of the initial, low cost work required to prepare the per-

mits can be conducted during the R&D period, prior to the

final "go/no-go" decision. Some permitting activities as well

as work which is dependent on data resulting from runs of the

demonstration plant, however, will have to be conducted after

the final "go/no-go" decision and before ground is broken for

the processing plant and other land-based facilities. For the

purpose of this analysis an average permitting time of

five-and-a-half-years is assumed. The first two - and-a-half

years of this period occur during the R&D period with the

remaining three years coming after the final "go/no-go" decision

 See Figure II-2!. As with the demonstration plant permit-

ting period, the length of this permitting period can also

vary significantly among different state and local jurisdic-

tional areas.

The contract and construction phase of a deep ocean
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mining project, also known as the investment phase, is

composed of at least four discrete activities. These acti-

vities include the final state and local permitting activi-

ties, the final or detailed design work using outside tech-

nical expertise, the contract and procurement activities,

and the actual construction. In addition, there may also

be a testing program initiated upon completion of the

building activities.

the final "go" decision, the various systems

design efforts begin. This work concentrates on confirming

and correcting contract specifications, developing sub-

systems to permit their separate acquisitions, refining

cost estimates, and providing professional technical sup-

port. Consortium R&D personnel with a complete understand-

ing of the various RaD efforts supervise and. integrate

these design efforts.

The contract and procurement activities begin

either immediately upon the completion of the final

detailed design work, or prior to its completion for long

lead-time items such as the ships, dredge pipe, and

collector. These long lead-time items can be contracted

via the letter-of-intent, preliminary contract, final

contract and contract settlement route, thus striving

for near optimum design and fabrication quality while

maintaining financial fairness.

With the completion, or at least partial completion,

of the contract and procurement activities, the building

begins. It is during this period of building that the most

significant expenditure for the major capital cost. systems

is made.

The timing of these allocations may vary from sector to

sector. Figure II-2 gives an indication of the length of

the contract and construction phase of the project for a

pioneer venture. In addition, Figure 2 shows a breakdown
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of the contract and construction phase into time periods

for both the marine systems  mineships and transport

vessels! and for the land-based facilities  processing

plant, pipelines, port facilities, and waste site!.

Figure II-2 shows that the mining system and transport

vessel's contract. and construction phase is assumed to

require approximately five-and-one-half-years. The first

years of this phase are dedicated to the final design and

permitting efforts, with the exception of the contract and

procurement of the long Lead-time components of the marine

system  ships, dredge pipe, collector! which start one-

and-a-half-years into this phase, during year 17 .

This final design effort continues through year 18,

with extensions into year 19 for the dredge pipeline
and collector systems. The contract and procurement acti-
vities, with the exception of those mentioned above, begin

in year 17 and proceeds through the end of year 19. Much

of the actual building begins two-and-one-half-years into

this phase and continues throuqh the end of year 20-

A six-month testing period begins at the outset of year 21

of the project timeline. This testing period allows for

correcting deficiencies in the various systems, commissioning
the vessels, and breaking in the equipment and personnel

prior to the start-up operations.
The contract and. construction phase for the commercial

processing plant begins a year after the "go/no-go" decision
and finishes four-and-a-half-years later in synchronization

with the marine systems contract and construction phase. The

detailed design effort and the contract and procurement

activities start immediately with the onset. of the processing

plant contract and construction phase. These activities are
scheduled at varying intensities through the first three to
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three-and-half-years of this phase. The actual construction

begins two years into this phase and is completed two-and-

one-half-years later at the end of the contract and construc-

tion phase. It should also be noted that the land transpor-

tation items  slurry pipelines, rail spurs, roads!, the

port facility, and the waste disposal site can be considered

to follow a contract and construction phase scheduled similar

to that described above for the processing plant.  See

Figure II-2.!

2. Investment Phase Outla s

Investment period expenditures are summarized in

Table II � 2. The contract and construction phase includes

the major capital expenditures for all those sectors of the

project involving capital equipment, i.e., Minina  Sector 2!,
Marine Transport  Sector 3!, Ore Discharge Terminal  Sector 4!,
Onshore Transportation  Sector 5!, Processing  Sector 6!,

Waste Disposal  Sector 7!, Marine Support  Sector 8!, and

Continuing Preparations  Sector 10!. The nature, volume and

timing of these investments comprise the subject matter of
Sectors 2 through 8, discussed in Sections II D - J. Con-

tinuing preparations are discussed immediately below, while
general administrative expenses are reported in section II K.

C. Commercial Production Phase -- Continuing Preparation

 Sector 10!

1. Description of Assumed Events

During the mining operation, a complete and accurate

topographic mapping must be accomplished using side;scan sonar,
television, etc. In addition, a sea floor transponder network
must be deployed at a pace about one year ahead of the mine-
ship. This transponder network will allow the mineship to
position itself properly while mining. The objectives of
this work, termed "Minesite Planning," are to:
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-- Complete the topographic mapping of the year' s

mining area;

-- Complete development of the mining plan at a

pace one to two years ahead of the miner; and

-- Prospect for future minesites ~

This operation is active throughout the life of

the minesite, although not necessarily in the form of az

at-sea prospecting vessel. The activity will require 150

days per year of the research vessel. However, there will

be some activity either on land or at sea all the time,

and thus require a full year's use of the research team.

The continuing R6D effort is a minor, but necessary,

operation whose function is to aid in improving the mining,

transport, and processing technologies. Little more can

be said for this operation, except that its cost will be

comparatively low, with an allotted operating budget

of about 1% of projected full � production sales of metals.

2. Cost Estimates

The model assumes $ 4 M. per year of continuing

PKE costs and $ 2 M per year of continuing R&D Costs

thus total $ 36 M for the investment period. According

to present tax law, it appears that these expenditures

are developmental, and may therefore be expensed.

During the production phase, continuing preparations are

also allowed as developmental.
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D. Minin  Sector 2!

1. Descri tion of Assumed Events

The aim of the at-sea mining operation is to

recover 3,000,000 dry short tons per year of manganese

nodules from the ocean floor at depths of up to 18,000

feet. To accomplish this, at least one, and probably two,

specially constructed mining vessels will be required to
collect the 4,500,000 tons of wet nodules. Use of two

vessels also prevents a total shutdown should one vessel

be disabled. The number of mineships employed is based

on both engineering and financial criteria. The engineering
criteria are a function of the maximum speed and nodule

collection rates practical for a mining operation. The

financial criteria concern the trade-off between the

lower mineship and transport vessel costs of a one � miner

system and the back - up capabilities of a multiple mine-
ship operation. If engineering analyses show that a single
miner operation is feasible, a financial analysis must
then evaluate the relative cost of the catastrophic loss

of a one-miner mineship operation versus a multiple miner

operation.

The major capital items associated with the mining
system are the mining vessels. For this statement of pro-
jected events, it is assumed that the mineships are U.S.
built vessels, whose design configuration is a combination
of an ore carrier and a conventional drill ship. The vessel

must stow large quantities of nodules, in addition to
supporting significant amounts of mining machinery and
crew facilities. There must also be space for stowing
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spare parts, fuel oil and food. Special features, similar
to those found on various drill ships, include a sizeable

�1' by 74'! moonpool, through which the mining pipestring
will be suspended, a large �50'! motion-compensated
derrick with associated drawworks for supporting the pipe-

string, racks for pipe storage, and dynamic positioning
equipment for keeping the vessel on course while mining.

The ocean mining operation itself removes the

manganese nodules from the ocean floor and lifts these
nodules to the surface. The operations will use a towed

bottom collector unit equipped with steering capability

and a hydraulic lifting system, respectively. The collector
unit is responsible for gathering the nodules, sorting out.
the ones that are too large for the selected pipe diameter,

and feeding the acceptable ones to the life system for
transportation to the surface. The system proposed to con-
vey the nodules to the surface is a fluid  hydraulic! lift
system that mixes nodules in a slurry with sea water and
pumps the mixture to the surface through a vertical pipe-
string  dredge pipe!. There are basically two designs that
may be considered for the first generation lift system: con-
ventional slurry pumps and an airlift system. The slurry
pump system uses submerged, multi-stage centrifugal pumps
to lift the mixture to the surface, while the airlift sys-

tern injects air into the slurry, so that a three-phase
~ixture of air, nodules, and water is lifted to the sur-

face.

A breakdown of equipment necessary for the mining
operation is presented in Appendix 2. The plan
provides for one or two cranes aboard the miner to handle
the fuel and nodules umbilical. The floating fuel and

nodules umbilical facilitates at-sea transfer operations.

A motion-compensated pipe suspension tower with adjacent
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pipe rack and skidway are necessary with deck � mounted
reels for handling the power cable adjacent to the pipe

suspension tower. A small, very seaworthy launch should

be available for picking up air-drop bundles as well as

handling lines, clean-up gear, and man-overboard duties.

The nodule pumping system subsector takes into

consideration the following items: pumps or air compressors

for supplying the lift power to raise the nodules;power

cable and related connectors for the submerged pump system

to provide power to the pumping unit and to the collector

unit. If the airlift system is employed, the power cable is

still needed, but can be much smaller due to the lower sub-

surface power requirements. Provisions must also be made

for dump and diffusion valves, in situ instrumentation, and

topside controls for the lift systems.

The dredge pipeline system requires individual pipe

sections of the lift  dredge! pipestring whose length can

be selected based on the ship and pipe suspension tower con-

figuration. Larger lengths result in savings in coupling
units and deployment time. The airlift system requires com-

pressed air piping. Additional pieces of equipment for this
system include pipe coupling units, deadweights for tension-
ing the pipestring, and pipeline fairing, if warranted, to

reduce the dynamic effects on the pipestring.
Due to the endless number of possible collector

unit designs, no one unit will be described. Instead,

this scenario treats the collector unit as a single cost

item.

The items included in the pumping system, the dredge

pipeline system, and the collector unit itself have some
back-up units stored on the miner. The weight capacity
and storage space requirements for these items are taken
into account when designing the mineship.
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The ore-handling equipment requires equipment for
interfacing the mineship and the pipestring; a separate
unit for dewatering the nodules slurry when it reaches
the surface; a slurry system or conveyors for moving
the nodules to the stowage holds on the mineship; and
a slurry self-unloading system for transferring the nodu-
les from the mineship holds to the transport vessels.

The mineship is subsectored into the hull structure
group, the hull engineering components, primary propulsion
and the main power plant machinery, special navigation and
dynamic positioning equipment, special hotel requirements,
a helicopter platform, and possibly special towing equip-
ment for towing the ore transport ship during the nodule
transfer operation. The main power plant is a diesel
electric plant which utilizes several diesel engines to
drive generators. The generator output, in turn, can be
switched to propel the mineship to the minesite, propel
and. position the mineship during the mining operation,
handle the stringing and recovery of the pipestring,energize
the pumps and ore transfer systems, and handle the large
hotel loads.

A special navigation system must be developed to
allow the miner to follow a predetermined mining path.
This system includes electronic navigation equipment for
position finding, bow and stern thrusters for position
keeping, and an electro-mechanical automatic control sys-
tem for interfacing the electronics and. the propulsion
and ship-control equipment.

The mineship schedule requires the vessel to be on
station 300 days per year. The assumption is that the mine-
ship is at the maintenance ship yard!base during the height
of the Northeastern Pacific extratropical cyclonic storm
season �5 August to l5 September! and departs for the
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minesite for its "year's work" on or about 16 September.

The ship's crew  captain, deck and engineering officers,

deck and engine crews, steward and steward's department!

sail the ship to the minesite and place it over the pre-

viously positioned seabed transponder array. The mining

hchnicians and crew then proceed to put the collector

overboard, pass the hose or flexible bridge to the derrick

by keel-haulinq its upper terminus, and string" pipe

until the dredge head is landed. Control of the ship

 except in navigational or weather emergencies! is then

passed to the mining control center and nodule dredging

commences according to the previously developed mining

plan.

Except for the maintenance and repair  M&R! of

the ship and mining equipment, mining proceeds around the

clock for the balance of the year  weather permitting!.

One fulltime ship and mining crew board the shuttle ship

about four days before "duty time," proceed to the mine-

site, transfer to the mining ship, work one month, reboard

the shuttle ship, and return to the logistics base for

R&R, resulting in five-and-one-half-months working at sea,

one half-month working in port  during overhaul!, one-

plus month in transit, and five months R&R and vacation

annually. This schedule  similar to oil platform overseas

practice! would justify 12-hour-on, 12-hours-off work days

and rewarding salaries as well as comfortable on-the-job

working and recreational surroundings.
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2. Cost Estimates

Two mining vessels are assumed in the present model,

each of which operates independently of the other and is

serviced by a separate fleet of transport vessels. The cost

estimation, therefore, finds the cost of one mineship and

then multiplies the overall cost by two.

Each mineship operates 300 days per year and mines

half the overall nodule tonnage, i.e., 1,500,000 dry tons

annually. The storage capacity of the mineship must be

sufficient to accommodate the decanted nodule tonnage mined

between two successive visits of an ore transport vessel,

plus a margin. Given the large cost associated with the

size of the mineship, the required capacity is determined

by the number of transport ships and the distance between

port and site  i.e. the mining sector follows the trans-

portation sector!.

As indicated earlier, the mining vessel is a modified

ore carrier designed to accommodate the mining equipment and

additional hotel space. Costing also follows closely data

derived from oil drilling rig experience. Data for ore

carriers are used to estimate the hull weight and outfit

weight, while the dimensions are changed to accommodate

the moonpool, derrick and associated equipment, the larger

propulsion and power system required to propel the vessel

and drive the pumps and positioning thrusters, and the

larger crew and personnel spaces. An estimated 100 people will

be required on board during operations.

For purposes of capital costs and operating costs

estimation, the mining sector described above is broken

down into six subsectors, each of which is further divided

into subsubsectors. The subsectors are described below. More

detailed descriptions of the subsubsectors appear in Appendix 2.
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Capital cost estimates are derived in two ways, or

some combination thereof. In many instances -- at the sub-

sector or subsubsector level -- empirical data from industry

sources have been used. In particular, data gathered for

NOAA's Office of Ocean Minerals and Energy by Professor

John Flipse have been relied on.  See Appendix 2.! In

other areas, particularly where there has been only limited
industry experience with the full scale technical compon-

ents of a subsector  e.g., in the dredge pipeline, collector

unit subsectors, and some subsubsectors of the mineship!, siz-

ing analyses were completed on component units, using para-
meter values stated in Appendix 2. In these cases, the

weight of the equipment, its power requirements  if any!,
the capital costs, and the annual operating costs were

calculated. The calculations are based on the sizing analyses,

using the industry empirical data as a parallel check and
frequently as inputs into the costing process.

A fluid  hydraulic lift! system is proposed to convey

the nodules to the surface, by pumping a mixture of nodules

and sea water through a vertical pipestring. The conventional
slurry pump system uses submerged, multi-stage centrifugal
pumps to lift the mixture to the surface.

In developing costs, the initial objective is to

determine the necessary pumping power, which is directly

related to the friction headloss in the pipestring and

the sinking velocity of the nodules suspended in water.

The total power required is composed of the frictional power
lost on the walls of the pipe, the differential potential
energy of the nodules, and the wake losses of the nodules
in the water Thus the main parameters are the flow rate of
the nodules, the diameter of the pipestring, and the spatial
concentration of the nodules in the slurry. The power cable

is costed based on the total length required to service the
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pumps, distributed over three stages along the pipe length,

and the collector. The auxiliary equipment in the pumping

system consists of control equipment.

For cost summary, see Table II � 3.

TABLE II -3

CAPITAL COST SUMMARY

Handling

$153.12TOTAI CAPITAL COST

OPERATING COST SUMMARY

IN MILLIONS OF 1980 U. S. $

32.79TOTAL OPERATING COST

$306.24 M

TOTAL OPERATING COST FOR TWO MINESHIPS $ 65.58 M

IN MILLIONS OF 1980 U. S. 8  PER MINKSHIP!

8.1 Equipment and Supplies
8.2 Nodule Pumping System
8.3 Dredge Pipe
8.4 Collector e ~ eeiiiei.

8.5 Ore Handling
8.6 Mxneship

l. Maintenance and Repairs
2. Crew Salaries and Costs
3. Fuel Costs

4. Insurance and Lay � up

TOTAL CAPITAL COST FOR TWO MINESHIPS

17.05
12.40

19.60

3 ' 50

10.20

90.37

15.37

9.94

4.68
2.80
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E. Marine Trans ort  Sector 3!

1. Descri tion of Assumed Events

The nodules will be carried from the mineship to

the dedicated port facility by a fleet of equal sized bulk

ore carriers. At least two of these transport ships are

provided in the system to minimize vulnerability to total

stoppage. Their size and number is governed by draft

restrictions in the dedicated port  and any other ports

of call!, the distance from the minesite to that port,

the nodule load to be serviced, and the delay time associated

with transferring the nodules and maneuvering the vessel both

at sea and in the port. Additionally, the number of mineships

required is reflected in the size and number of ore carriers

utilized, thus underlining the interdependence between mine-

ship and transport sizing and design procedures.

The ore transport vessels are designed to carry a

dewatered slurry of whole nodules. These vessels are fitted

with a manifold and piping system for receiving the slurried

nodules from the mineship and distributing it. to the respective

holds' The slurry holds in the ore carrier are hopper shaped,

with smooth sides, to expedite cargo removal. Slurry water in

the holds is decanted.

Fuel for the miner is stored in dedicated storage tanks,

with provisions for pumping these supplies from the transport

to the mineship through a flexible, floating umbilical, dis-

cussed previously in the mining section. Additionally, special
equipment must be developed to allow the mineship and transport

vessel to transfer nodules and fuels. This equipment might

include dynamic positioning equipment for the ore transport,

 Note: the mineship is assumed to be dynamically positioned

also!, some type of towing system where the mineship tows the

transport during transfer operations, or possibly a combination



41.

of the two. The design of this interactive system is

conducted during the R&D period.

When the ore transport vessel reaches the port

facility, the nodules are removed from holds by portable,

dockside slurry units. However, as an alternative to this

baseline system, the ore carriers can be fitted with their

own internal unloading system. Such a system is similar to

that employed by the mineship. Water jets located in each

hold of the vessel are directed into the stowed nodules,

thus slurrying the ore which then flows into a collection

sump under each hold. Slurry water is added to attain the

proper mix for pumping the nodules to a shoreside holding

pond ~

Xf ocean dumping is selected as a viable means for

the disposal of tailings from the process plant, slurry

discharge ships could be used. This option results in the

use of larger slurry transport ships in combination with

disposal barges for handling the excess wastes. The larger

transport size results from the extension of port time for

these vessels to load outbound tailings for disposal' The

waste slurry is pumped overboard by the ship's equipment

while the ship is underway, at full speed, in deep water,

and en route to the mining site. This alternative assumes

that the discharge of wastes at sea will be permissible.

2. Cost Estimates

The costing of the ships that will carry the nodules

from the mineship to the port is based on data from existing

ore carriers as outlined in Appendix 3. The results were

comparable to data collected by Mr. Ben Andrews, consultant

to NOAA, Office of Ocean Minerals and Energy  See Appendix

3!.
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Since the number and size of ships has a significant
influence on the transportation sector cost, the selection
is made by a simple algorithm taking into account the dis-
tance from port to site, the annual nodule tonnage, and the
port restriction. Other factors are the ship speed which may
be required to change for fuel efficiency, the annual opera-
ting days, the transport efficiency, and the time to load and
unload the nodules'

Additional equipment is required to handle the slurry
on board, i.e., load and unload the slurry, dewater, and
decant it. Also special equipment is needed for the at-sea
transfer of nodules and the refueling of the miner.

A special shallow ship design may be used when re-
quired, to reduce the total number of ships. This shallow
design allows a draft reduction up to 10% over a con-
ventional design.

The total capital cost for the transport ships is
based on direct cost estimations for U. S. construction.
This includes

Labor Cost

Material Cost

Overhead Cost

Profit

Slurry System Cost

The parameters in the capital cost estimations are the
cost per manhour, the price of steel, and the efficiency
of the shipyard. A direct. cost estimation has the advantage
of evaluating directly the influence of parameter changes
on the total capital cost. Sources of uncertainty are the
variations between cost price and market price for the
transport ships.
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The annual operating cost has been divided in the

following costs:

-- Crew Salaries

-- Maintenance Cost

Insurance Cost

Fuel Cost

-- Port Charges

and a draft restriction of 40 feet! four transport ships of

44,700 DWT are required. Characteristics are given in Table l.

TABX E I I � 4

PRINCIPAI CHARACTERISTICS TRANSPORT SHIP

55,000 Tons

44,700 Tons

LBP = 631 ft.

Beam = 97 ft.

Depth = 52 ft.

Draft = 38.3 ft.

Light. Ship 10,300 Tons

MCR 16,850 HP

15 knotsCb 0.82 V
s

The total capital cost for four transport ships of

44,700 DNT is 200.88 M.

The annual operating cost for the base case with a

180 Centistroke Diesel fuel at a price of $158 / tonne is

$ 22.08 M.

-- Lay � up Charges

Empirical data obtained from the industry were used to estimate
these costs. The salaries of the crew and the price of fuel

are the most important parameters, which can change the opera-

ting cost significantly.

For the base case  a yearly production of 4,500,000

net short tons, a distance to site of 1,750 nautical miles
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F. Ore Dischar e Terminal  Sector 4!

l. Descri tion of Assumed Events

An ore discharge terminal facility is developed in

a deepwater port on the West Coast of the United States.

This facility serves as the base for off � loading the ore

from the transport vessels and preparing it for piping to

the process plant. Additionally, at this facility the fuel

and water supplies for the miner are loaded onto the ore

carriers for the return trip.

This terminal will be located in a deepwater port

having a minimum water depth of about 40 feet in salt water

at low tide. This depth is the limiting factor in the ore

carrier design. The distance between the port and the pro-

cess plant should be as small as possible, with zero to 60

miles as the approximate suitable range. The closer the

processing plant can be situated to the port facility with-

out causing undue expense, the better. This distance is

assumed to be about 25 miles  mid-range! as a central value.

The ore discharge terminal requires 15 acres of land

 more if ocean dumping is used!. The assumption is that this

facility will be leased and thus all land preparation will

be complete including provisions for utilities, sewerage,

storm drainage, fencing, parking and other sites services.

The building structures at the port are minimal and

probably include a small office for administrative personnel,

several light,-duty maintenance buildings, and a pump house

for the port - to � plant nodule slurry pipeline.

A pier and adjacent dolphins are provided. for moor-

ing the ore ships. Probably only one dock facility is nec-

essary. However, if there is any significant overlap in port

time for the various transport vessels due to the number of

ore carriers and their respective schedules, an analysis
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must determine whether it is more practical, financially,

to build a new dock facility or to slow down the trans

port vessels, resulting in some increase in size and/or

number of required vessels. The pier must be strong enough

to support several movable cranes mounted on a rail system.

These cranes suspend the portable slurry discharge units to

unload the ore transport vessels. The berth for these vessels

has a water depth at least equal to the loaded draft of the

vessels, by dredging if necessary. Xf an access channel to

connect the berth with the main channel is required, more

dredging must be undertaken.

The portable slurry units and their related piping

are designed to unload the ore carriers in under 24 hours

to facilitate quick turn � around of the ore carrier. The

nodules are discharged into a nodule storage pond at the

port facility. This pond is large enough to handle at least

two shipsloads of nodules, and. allow surge capacity if the

port � to � plant pipeline should be out of service tempor-

arily. The slurry discharge units utilize a closed loop water

system which requires a contaminated salt water recycling

tank of very large capacity. This tank should provide

enough water for start-up, plus an hour's operation.

The terminal facility could have provisions for bunk-

ering the ore transport vessel. The gear includes one or

more pipelines from a remote source in the port on on � pre-

mise tankage. In both cases, however, additional piping and

pumps are required to load the transport vessel. An alternate

method of bunkering is a bunkering barge which ties up to the

transport vessel and fuels it from there. For this analysis,

the ore carriers, as well as the mineships, are powered by

diesel engines; thus, both vessels require diesel fuel.

Power for the port facility is provided from the grids
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of local power companies. The major power consumption

occurs when unloading the nodule carriers and pumping the

nodule slurry from the terminal to the processing plant.

 The nodule pipeline and its related equipment will be

discussed in Section H.!

If ocean dumping of process wastes is chosen as a

viable disposal technique, the terminal facility must be

expanded to receive this waste and load it onto the dis-

posal vessels. This operation requires the construction

of tailings ponds capable of storing all the waste produced

by the processing plant between the arrival of successive

transport vessels, plus some surge capacity to allow

flexibility in vessel schedules. In addition, more dock

space may be required for loading the disposal barges

used to handle the excess waste which cannot be handled

by the ore transport ships.

To achieve rapid loading of tailings onto the transport

ships and barges, a substantial pumping system is necessary.

Several thousand kilowatts of electric power are needed.

This power requirement could be several times larger than that

for the smaller slurry pumping station pipeline, which would

work around the clock rather than every few days-

requirements would result in the need for more transformers

and possibly the use of diesel engines or gas turbines to

produce power locally  at the terminal facility!, if the

power utility could not meet the increased demand.

2. Cost Estimates

The assumed ore discharge marine terminal is located

on the West Coast of the United States. It must be able to

ac~~ite the ore transport vessels of 4S,000 DWT for the

base case.
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The costing work includes the expected capital costs

of construction of the marine terminal, as well as the annual

operating costs.

The marine terminal sector is grouped for capital

costing in the following subsectors:

4.l Terminal Land  in the base case is treated as

leased land!

4.2 Terminal Site Development

4.3 Terminal Buildings

4.4 Pier and Pier Equipment

4.5 Dredging

4.6 Fuel Pipeline

4-7 Slurry Discharge Units and Related Piping

4.8 Nodule Storage Basin

4.9 Water Recycling Tankage and Return Water Piping

The capital costs for the marine terminal were based

on data relevant to the San Diego Port area. Therefore, it

was possible to make cost estimations on the subsector level

depending on the size of the transport ships.

The operating costs were listed in seven different

categories:

Maintenance and Repair

Labor

Utilities

Insurance

Taxes

Lease Fees

Miscellaneous

Labor cost and utilities were costed directly. The other

operating costs were calculated as a percentage of the res-

pective capital costs.

For cost summary, see Table II � 5.
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TABLE II � 5

ORE DISCHARGE TERMINAL COST SUMMARY

 In Millions of U. S. $!

ITEM
CAPITAL COST

4.1 Land

l. 65

0.75

$22.87 M

OPERATING COSTITEM

l. 23MSR

Labor

Utilities

Insurance

.95

.25

.23

.23Tax

.30I.eases

$3.19 M

4.2 Site Development

4.3 Buildings

4.4 Piers and Cranes

4.5 Dredging

4.6 Fuel Pipelines

4.7 Slurry Discharge and Piping

4.8 Nodule Storage Basins

4.9 Water Recycling Tankage

0.87

l.32

l0.96

1.48

0.11

5.73
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G. Marine Su ort  Sector 8!

l. Descri tion of Assumed Events

A fast ship is available  through purchase or charter!

to transport crew and service personnel between the mineship s!

and a logistics base ashore. This vessel also handles mail,

films, spare parts, food and supplies for the miner s!. The

supply vessel has adequate hotel accommodations for crew

replenishment. The number of crewmen handled per trip is a
function of the frequency of calls the vessel makes at the

mineship, the crew schedules, the number of mineships to be

serviced and the distance between the mineship and the logistics

base. This supply vessel is equipped with a small, medium-

lift helicopter and associated helopad for emergency transfer

of people and equipment, to the miner. If the vessel size is
adequate, it may also be equipped to handle a portable deep

ocean recovery system designed to be used for locating and

recovering lost collectors. This recovery system is stored

at the logistics base when not in use.

The logistics base ashore can be at an existing port

located as close to the minesite as possible  alternatives

include Hawaii and San Diego!. This support vessel terminal

serves as the home base for the mineship supply vessel and

possibly for the P&R research vessel and laboratories. The
port which houses this terminal need not be a deepwater port

as required for the ore ships, but should have enough channel
depth to accommodate the research and supply vessels. A 20-25
foor depth would probably be adequate.

The land requirements for the logistics base are not

excessive: enough acreage to support a P&E lab and storage

facility, a parts warehouse and supplies logistic office for
the mining operation, one or more piers for mooring the vessels,

fuel pumps, and piping for bunkering and replenishing the

vessels.

Financially, the most favorable arrangement is

probably to lease the terminal facility, which then requires
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little or no site preparation and has all utilities already

in place. The only major capital expenditures involve the

construction or renovation of a pier with a movable crane

for' servicing the vessels and the construction of the required

support buildings  labs and warehouses! as outlined above.

Dredging to provide clearance at the vessel berths and for

access to the main channel must also be considered.

2. Cost Estimates

The crew and supply vessel is a 170 ft. long vessel

running at 20 knots, between a port facility assumed in

Hawaii and the minesite. Twenty trips per year are assumed.

The vessel is equipped with thrusters. Such supply vessels

have not been constructed yet for long distances and require

an extension of the state of the art. A 10% over the capital

cost is allnwed for new design fees. A research and survey

vessel is also included, capable of staying at sea for long

periods of time with roll stabilizers and positioning thrusters.

The vessel is chartered on an annual basis.

The support vessel terminal is obtained through leasing

agreements. The annual cost is estimated for two acres of

port land including 10,000 sq. ft. of building space and

200 ft. of pier space. Mobile cranes will be provided.

For cost summary, see Table ZI-6.

H. On-Shore Trans ortation  Sector 5!

l. Port to Process Plant Slurr Pi line

a! Descri tion of Assumed Events

The manganese nodules are transported to the process

plant by a slurry pipeline system, with slurry water recycled

to the port facility. The system requires both slurry and

decant piping, slurry and decant pumps, a slurry water

storage tank s!, and right-of-way land for the pipelines.

Enough slurry water storage is provided at the port facility

for start-up procedures. The pipelines are buried only if

required by local ordinances.
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TABLE II � 6

COST SUMMARY  BASE CASE!

 In millions of 1980 U.S.$!

CAPETAL COST

Research Vessel  Chartered!

Supply Vessel 1.80

Marine Terminal  Leased!

TOTAL $ 1.80 M

OPERATING COST

Research Vessel 3.50

0.80Supply Vessel  including
helicopter}

Marine Terminal

Crew Training

0.38

0.20

TOTAL $ 4.88 M

b! Cost Estimates

of 25 miles and a height difference of 1,200 feet. As
explained in Appendix 4, part I, the design methodology for
such a slurry pipeline is not well established and the power
and cost calculations should be regarded as a f irst app-
roximation.

The following subdivision is made:

Slurry Pipeline & Equipment

Transportation Required Lana

A cost estimation is made for a slurry pipeline
capable of transporting 4, 500, 000 wet nodules over a 6 is tance
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The pipeline cost is derived from costs of existing
pipelines. The slurry pipeline land cost is evaluated by
summing the direct land cost and the surveying and prepara-

tion costs. A 50- foot right-of-way is assumed. The

operating costs are divided into energy, labor and maintenance

cost.

TABLE II � 7

SIURRY PIPELINE COST SUMMARY

 In millions of 1980 U.S. $ !

10.89

3 20

0. 40

Capital Cost

Operating Cost

Land Cost

2. Waste Slurr Pi eline

a! Descri tion of Assumed Events

The disposal of process wastes by slurry disposal

ponds requires the use of a waste slurry pipeline system.

This pipeline, very similar to the nodules slurry pipeline,

is a closed loop system with slurry water being recycled

to the process plant for reuse. The system requires both

slurry and decant piping, slurry and decant pumps, a slurry

water storage tank s!, and right-of-way land and land

preparation for the pipeline. The pipelines are steel units

with pumping and recycle water storage facilities located at

the process plant.

b! Cost Estimates

The waste slurry pipeline differs from the port to

process plant pipeline because in this case the particle

average size is 100 microns. The distance to the waste site

A summary of the capital and operating cost for the port

to process plant slurry pipeline is given in Table II-7.
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is assumed to be 60 miles. A height difference of 1,900 ft.

was taken into account.

The waste pipeline was also subdivided into two sub-

subsectors:

Slurry Pipeline and Equipment

Transportation-Required Land

The cost methodology is similar to that of the port-

to-process plant slurry pipeline.

A summary of the costs is given in Table II-8.

TABLE II-8

WASTE SLURRY PIPELINE COST SUMMARY

 In Millions of 1980 U.S. $!

CAPITAL COST OPERATING COST

Waste Pipeline 22.40

Land Cost 0.96

4.48

0.00

23.36 4.48

3. Roads and Railwa s

a! Descri tion of Assumed Events

The transportation of supplies, products and personnel

to and from the process plant and waste disposal site

necessitates construction of access roads and/or railways to

these facilities. The port facilities are assumed to be

sited in fully developed areas; therefore, no new, long access
roadways are anticipated.

The process plant requires both rail and road services

due to the large volume of supplies and products to be

handled. The process plant is located within five to 10 miles

of a major rail line; thus a rail spur of this length is

required. In addition, substantial access roads connecting

with a major thoroughfare and capable of handling frequent

heavy trucking are required. The waste disposal facility

also requires access roads capable of supporting heavy trucking.
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Both the access roads and the rail spur line require

the purchase of right-of-way land. The land must be surveyed

and prepared before pavement or tracking can be installed.

b! Cost Estimates

The actual cost will depend significantly on the

specific location chosen. For this purpose the following

costs were chosen as tentative preliminary estimates assuming

that no major road construction will be necessary.

The cost of roads, access roads, and right-of-way

land = 2 x 10 U.S. $ ~6

I. Processin  Sector 6!

l. Descri tion of Assumed Events

Copper, nickel, and cobalt are recovered from the

manganese nodules using a reduction/ammoniacal leaching

technique. This hydrometallurgical processing is done in

a plant designed to handle three million short tons of dry

nodules per year. Reduction/ammoniacal leach processing

has been chosen as an illustrative example and does not

necessarily represent the exact system that any consortium

might employ.

Equipment used in this process is grouped into

functional units called subsectors to facilitate capital

cost estimation. The Materials Stora e, Handlin , and

are delivered to the process stream in the appropriate form

at the proper rate. Coal, lime, and limestone, which enter

the plant by rail, are unloaded at a dumping station and then

conveyed to their appropriate storage facilities. Nodules,

which are pumped to the plant via slurry pipeline, are

distributed into settling ponds for storage. When needed,

these materials are reclaimed from their storage facilities,

prepared for use, and conveyed to their destinations. For the

nodules this preparation includes grinding in primary and

secondary cage mills, combining with drying in fluid-bed dryers.
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Entrained nodule fines are removed from dryer off-gases with

cyclones and electrostatic precipitators and then returned

to the process stream.

The Nodules Reduction and Metals Extraction subsector

first prepares the nodules for release of the valuable metals

 reduction! and then leaches out these metals with an

ammonia liquor  extraction!. The nodules are reduced in a

fluid bed roaster and cooled. in water sprays as preparation

for extraction. Off-gases from these operations are treated

in waste heat recovery boilers to remove the heat and in

cyclones and electrostatic precipitators to remove dust In

the extraction steps, the nodules are quenched to tanks of

recycled ammonia leach liquor, pumped in slurry form

to agitated aeration cells, and then passed to a thickener

circuit for separation. The covered thickeners separate the

liquid  containing dissolved metal values! and the solids

 tailings!.

The Metals Se aration subsector separates the valuable

metals from each other by selectively extracting each dissolved

metal out of an organic medium. A liquid ion exchange circuit

with eleven stages of mixer-settler units and necessary tankage

hardware is used to transfer the dissolved metals from the

leach liquor to the organic, then to scrub the organic of

its ammonia, and finally to strip the organic of each of

its metals  nickel, copper, and cobalt! independently.

The Rea ent Recover and Purification subsector washes

the valuable reagents and metals out of the by-products of

various operations and prepares those reagents for recycling

The tailings slurry, produced in Nodules Reduction and Metal

Extraction, is washed of its residual metals in a five stage

counter=current decantation unit. Barren tailings from this

washing are steam stripped of their ammonia reagents in a

stripping tower and then prepared for disposal. Ammonia sulfate,

produced in Metals Separation and elsewhere, is reacted with

slake lime in a lime boil vessel to produce ammonia which is
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returned to the process stream. Vent gases are stripped of

their ammonia in absorbers, condensers, and scrubbers. The

ammonia is then used to rejuvenate the circulating leach liquor.

The Metals Recover and Purification subsector

produces marketable metals and materials from the products

of the Metals Separation subsector. Nost of the nickel is

recovered using electrowinning techniques. The nickel

electrowinning section includes stripper and commercial cells;

facilities for starter sheet preparation, cathode bag handling,

organic removal, cobalt removal; and the necessary electrical

equipment such as rectifiers. Copper is also recovered using

an electrowinning technique. The copper electrowinning section

includes stripper and commercial cells, facilities for starter

sheet preparation and nickel removal, and necessary electrical

equipment. Cobalt is removed from the raffinate liquor by

precipitation with hydrogen sulfide and is then recovered, along

with nickel powder and copper/zinc sulfides, by selective

leaching and hydrogen reduction. This section includes sintering

and packaging machines along with numerous reactor and separation

vessels and necessary tankage'

The Plant Services subsector provides many of the support

operations needed to operate the process. Included in the

subsector facilities for the storage of materials, supplies,

and products; the production and distribution of steam; the

generation of producer gas for nodule reduction and combustion
gas for nodule drying; the production and distribution of

part of the power required to run the plant; the cooling,

treatment, and distribution of water for the various processes;

and the treatment and release of off-gases.

The processing plant is assumed to be located in

Southern California in an area which can supply all the

necessary infrastructure for the facility. This infrastructure

includes electric and water utilities; qualified manpower;

accessible road, rail, and air transportation networks; police

and fire protection; business services such as office supplies
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vendors as well as food and maintenance services; and housing,

hospitals, and recreation facilities for employees.

The processing plant site requires about 500 acres of

land. About 25 percent of this land is allocated to nodule

storage and decant ponds; coal, lime, and limestone storage

areas; and a plant run-off and emergency waste storage. area.

An additional 75 acres are occupied by the major processing

equipment, including the thickeners, and the remaining acreage

is used as plant boundaries and as yard spaces for facilities

such as the rail system.

2. Cost Estimates

a!

Capital cost estimates for the processing plant are

based on the description of the reduction/ammoniacal leach

process in Dames and Moore �977!. Table II-9 shows the

fixed capital investment estimates for each of the six

subsectors and the land.
3

A more detailed cost breakdown appears in Appendix

5. The total fixed capital investment for the processing1

plant is $449.1 million.

TABLE II- 9

CAPITAL COST SUMMARY FOR PROCESSING SECTOR*

 In Millions of 1980 U. S. $!

Fixed C ap i ta1 Inve stment

Plant Services

Land 1.0

449 ' 1TOTAL

For a plant processing 3 million short tons of dry nodules
per year using a reduction/ammoniacal leach technique.

Material Storage, Handling and Preparation

Nodules Reduction and Metal Extraction

Metals Separation

Reagent Recovery and Purification

Metals Recovery and Purification

76.8

51. 5

45.0

45.5

95.1

134.3
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b! Annual Operatin Costs

In addition to capital costs, the processing plant

also incurs annual costs. These annual operating costs are

based on a three-shift, 24-hour-day, 365-day-year operation.

Down times for maintenance and repairs will result in a full

production schedule equivalent to 330 days per year.

Table II-l0 summarized the annual operating costs. The

Materials and Su lies and Utilities and Fuel costs are estimated

on the basis of energy and materials balances developed in

Dames and Moore �977!. The Labor cost is based on the assumption

that the plant will employ 500 people including operating,

maintenance, supervision, general plant, and administrative

personnel. Capital Related charges which include machinery

replacement costs, janitorial and office supply costs, state

and local tax liabilities, and insurance premiums are estimated

as a percentage of the total fixed capital investment. The

total annual operating cost is about $99.6 million.

TAB LE I I-10

ANNUAL OPERATING COST SUMMARY

 In Thousands of l980 U. S. 9!

99,620

c! Summary and a Caveat

The fixed capital investment required for a plant that

processes nodules with reduction/ammoniacal leach technique

is $449.l million  l980!. The uncertainty of this estimate

is plus or minus 25 percent. The total annual operating cost

is about $99.6 million �980!.

Materials and Supplies Costs

Utilities and Fuel Costs

Labor Costs

Capital Related Charges

TOTAL

3,990

47,520

16,680

31 430
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The processing plant is an extremely complex unit. All

of its functional parts are very independent. As a consequence,

the costs presented for this sector cannot be easily manipulated

to derive the cost of a plant that is significantly different

than the one described above. The costs presented here are

valid only for a plant that processes 3 million short tons of

dry nodules per year by the reduction/ammoniacal leach method.

 Sector 7!

l. Descri tion of Assumed Events  See also H. On Shore
Transportation!

The slurried tailings are contained in impermeable slurry

tailings ponds. These tailings ponds are constructed at a waste

site located as close to the processing plant as economically

and environmentally possible. The distance from the plant to

the waste site is probably less than 100 miles.

Essentially, this tailings disposal method consists of

constructing earth embankments, behind which waste materials

are deposited in slurry form. The embankments can be either a

total enclosure, or a cross valley or side hill type: for this

analysis the total enclosure technique is assumed to be employed.

The tailings are transported to the disposal area in a slurry

pipeline and deposited into the empoundment through a series of

distribution pipes and spigots. The waste slurry settles in

the ponds to higher solids contents, and excess transport water

in decanted off and recycled to the plant for reuse. The design

of the tailings embankment will be such that it is stable under

both static and dynamic loading conditions and capable of

handling floods. It will also be designed so that seepage

through the pond bottom and embankments is controlled by using

impermeable synthetic liners and/or compacted impermeable

clay liners if this type of material is chosen.

For one-year's production of wastes from a three-metal

plant, a tailings pond of about 65 acres is required for

tailings which accumulate to a depth of about 40 feet. However,

this size can vary depending on the local evaporation rate at

the waste site and the density to which the slurry settles.
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Based on the above figures, the total waste disposal land usage

for a 2S-year project is about 1,700 acres.

To reduce initial capital expenditures, construction of

all the tailings ponds required to handle wastes will not be
undertaken at one time. Initially, ponds capable of handling

the first three years of operations are prepared. In the third

and subsequent years, additional ponds are added, on an annual
basis, so that a two-year capacity is at all times available.

A decant pond to handle evaporation of excess water -would be
constructed initially if required.

The first step in the construction of these ponds is the
stripping and stocking of topsoil for later use in revegetation.
The tailings embankments are constructed in stages, with materials
borrowed from inside and disposal area, if possible. Following

the embankment construction an impermeable bed is developed using

a synthetic liner on compacted clays. If the underlying soil
or rock of the waste site is relatively impermeable, this step

may not be required. Nonitor wells must be constructed around
the perimeter of the embankment to check for seepage. If
appreciable amounts of seepage are detected, specially constructed
wells or ditches around the perimeter of the embankments must

be utilized to collect this seepage and pump it back into the

tailings ponds. However, this is unlikely if the initial pond
design and construction are adequate and proper operating and
maintenance procedures used in its disposal area.

2. Cost Estimates

For the base case, the results are summarized in Table

II-ll, see Appendix 6 for further detail.

K. General and Administrative Costs  Sector 9!

The general and administrative  G&A! costs sector contains
expenditures for leasing the consortium's headquarters, regulating
compliance costs, and testing for the plant, mineship, and
transport system.

Sectoring structure for GKA is as follows:
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TABLE II-ll

'WASTE DISPOSAL COSTS BASE CASE

 In millions of 1980 US 9!

OPERTING COSTS

0.00

0.30

0.30

0,60TOTAL

3.30

0.30

0.30

3.90TOTAL

CAPITAL AND LAND COSTS

Land Cost �5 years!

Landfill and decant pond

Equipment and auxiliary

Surveying

Three Initial Ponds

TOTAL CAPITAL AND LAND COST

FIRST AND SECOND YEAR

0 ponds

Power, materials and supplies

Labor

TH IRD AND S UBS EQU ENT YEARS

1 pond

Power, materials and supplies

Labor

3 ' 25

1.50

0.50

0.13

9.90

15.28
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Ca ital Ex enditures  CAPCST!

Headquarters
Regulatory Compliance
Testing Costs

0 eratin Ex nditures  OPCST!

Headquarters
Regulatory Compliance

Leasing costs for the consortium headquarters are assumed
to total $22M during the investment period and $4M per year
during production. Investment period expenditures are capital-
ized wherever operating costs are expensed. Regulatory compliance
expenditures are presently assumed to be zero, although flex-
ibility is provided to substitute a positive amount. All
testing costs are one-time costs incurred in the last year
of the investment period. These costs are thus capitalized
and included in the CAPCST array for the G&A sector. There
are no related operating costs. Total expenditures for testing
the plant, mineship, and transport system are assumed to be
$66.2M.

Working capital is specified in the model as a set
percentage of full production operating costs. At present
this factor is equal to 3. 5% or approximately $75M ~



63.

III. FINANCIAL ANALYSIS

The financial analysis part of the model integrates

cost information developed in the preceding sectors with the

revenues expected over the anticipated life of the ocean

mining operation. Assumptions about project timing, investment

scheduling, debt financing, and annual tax liability are

incorporated in this part of the program. These assumptions

permit the model to project annual net cash flows. Subsection

describes the net cash flow estimation procedure. Using

the projected annual net cash flows over the project's life,

the model estimates the economic return of the ocean mining

operation using various standard financial measures. For this

study, three measures of profitability are calculated: net

present value using adjusted present value methods, internal

rate of return, and simple payback. The calculation and use

of these measures are discussed in Chapter IV.

Assumptions as to inflation, escalation, debt and

equity financing, metals prices, and project delays are

reviewed in sections A through D.

A. Assum tions Concernin Inflation and Escalation

One basic assumption in the modeling of a project

which is subject to dynamic conditions over time is the

issue of inflationary versus real growth. Two treatments

of this problem are usually encountered. The modeler either

may account for inflation by building an inflation factor

into the model over time or may express all costs and revenues

in real  or constant! dollars as of a certain date and adjust

these figures for real growth only.  Real growth, as

opposed to inflationary growth, is that change in price/cost

which is due to the unique characteristic of a product or

input.!
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We have elected not to reflect inflation in the model

but to keep the costs and revenues in real terms ~ To do

this, 1980 has been used as a price base ~ Cost estimates based

on earlier real dollar costs have been adjusted using price

indices to reflect 1980 dollars before they become inputs

into the cost estimating process. Henceforth, throughout the

program, constant 1980 dollars are used. The NIT model does,

however, have the capability to ada in an inflation factor,

either across the board or in several different. areas so as

to permit varied inflation factors. It can also incorporate

periodic changes in real growth.

In order to be consistent, with the constant dollar

concept, the inflation component of interest is not included

in the development of the interest rate  see next subsection!.

Where any discount rate is referred to in this text, the

intent is to signify the non-inflated, or "real" discount rate.

It should be noted that in many concepts of discount rate used

by analysts, inflation is built in, although this is not. clear

in all instances. An incongruity in this model lies in the

fact that some tax benefits, such as carry-forwards or deprecia-

tion schedules, are received in future years and are thus

expressed in nominal  not real! dollars. These benefits should

thus be discounted at a nominal discount rate which would

contain an inflation component. However, the existing model

discounts all cash flows at a real rate of interest.

The real growth of costs and revenue can be factored

into the model at the user's direction. Average annual real

growth rates can be selected for capital equipment, commodity

 metals! values, and operating expenditures. Current real

growth of all three factors is presently assumed in the model

to be zero.
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B. Assumptions Concerning Debt and Equity Financing

Financing of the project can be by way of equity, i.e.,

the at-risk funds of the owners; by way of retained earnings;

by way of debt of a variety of forms; by way of long-term

leasing; or, by some combination of the above. Most

frequently, owners will seek to borrow a substantial amount

of the required funding, thereby gaining leverage on the use

of their own funds. Under certain circumstances, some owners

in comparable large volume projects have in recent years self-

financed, i.e., provided the total funding themselves. The main

example here is oil company fundings of production platforms.

The actual form of funding may depend upon both who the parent

is and the prospective cash flow of the project.

Nhatever the choice, the amount of debt funding is

additionally limited by the capacity of the cash flow to

service the debt, i.e., to pay for the interest and repayment

according to the terms of the loan. ln the model, it is

assumed initially that the owners will seek to use debt

financing up to the limit identified above, i.e. when it is

permitted by the cash flow. Normally, the maximum debt, allowed

is that which can be serviced using two-thirds of the debt-free

cash flow. This is equivalent to the requirement of a minimum

level of working capital which the operation must maintain,

defined as a percentage of the unleveraged non-debt-bearing

average annual after tax cash flow which in this study is set

at 33 percent. At the user's discretion no debt  i.e., all

equity! or any portion of debt up to that set. by the limit

identified above may be assumed. The form of debt financing

assumed in the base case is a term loan of ten years.

The interest rate of the loan  the cost of debt! is in

theory composed of three components: the real cost of capital,

the risk premium, and the inflation rate. The real cost of

capital in industrialized countries historically has been much

lower than nominal interest rates, i.e, around three to four
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percent. The risk premium, recognizing the lender's

evaluation of the risk attached to the project, may vary

according to the nature of the project, whether the project

is standing on its own or is guaranteed by the parent corpo-

rations and similar factors. A risk premium of from 2 to 4

percent is not uncommon. A third component, the inflation

factors, is intended to reflect the lender's perception

of what the inflation rate over the period of the loan is

likely to be. In order to avoid becoming fixed in predicting

the inflation component during a period of changing inflation

rates, some financial sources now make medium term loans

available with the interest rate pegged to go up and down

in relation to the prime rates which is in turn related to

the average rate of interest at which the lending banks may

borrow funds from the Federal Reserve banking system.

The model has been set to use constant dollar costs

rather than current dollar costs, and this principle has been

extended to the interest. Therefore, the interest rate used

in the model on the debt when it is present, comprises the

first two elements, ice., the real cost or capital and the

risk element. The inflation component is not reflected in

the interest rate charged.

One way of determining this is to take current interest

rates and subtract from them the current rate of inflation.

Another approximation reflects the practice of the federal

government which frequently charges an overall, so-called
social cost of capital that, similarly, is intended to exclude

the inflation rate. In 1980, different agencies of the

government used the figure of 10% for this calculation.

In the initial set of assumptions in the model, the debt bears

an interest rate of 5% comprising a working cost capital

estimated at 3% and a risk assumption of 2%.
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Analysts regarding a project frequently wish to be able to
evaluate the project both with and without the advantages provided
by the leveraging of the debt.  Similarly, they may wish to eval-
uate the project with and without taking into consideration advan-
tages or cost arising from taxation!. As explained below, the
model provides analyses based on its ability to calculate internal
rate of return with and without debt and with and without taxes.

 See Chapter IV, section A.!
The final relevant feature of a term loan is the manner in

which it is repaid' Customarily, term loans are repayable in one
of two different methods, as designated by the lender. One method
requires loan retirement in equal installments, with a declining
portion of the outstanding payments serving to cover the interest
charges of the loan.  This type of repayment plan is character-
istic of bank mortgages to individuals for purchase of real estate!.
Alternately, term loans can be repaid in level principal payments.
This, of course, results in higher interest payments in the early
years of loan retirement.

C. Assum tions Concernin Netal Prices and Gross Revenues

Gross revenues are defined as total cash receipts from

operations. Zn this study, the average annual gross revenue
for each of the three metals is calculated as the average annual
production yield multipled by the average annual price for the
mineral. Thus, the total annual gross revenues for the project
are equal to the sum of the gross revenues for each of the
three metals recovered during processing.
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Estimation of Metals Prices

Price projections for the components of the ores play a
crucial role in determination of gross revenues  and therefore
in the subsequent calculation of economic return! . Economists
typically estimate future price series based upon historical
trends through the use of regression techniques. These estimates
are adjusted to account for any possible market supply effects
of particular ventures.

In many instances, highly uncertain economic conditions
require a degree of healthy skepticism toward price projections.
Xn a draft analysis of metals prices  November 25, 1980!, Dr.
Larry Rogers of NOAA's Marine Minerals Division notes that:

For many commodities, price forecasting is fraught
with difficulties. Under the rapidly changing
conditions which characterize today's international
economic environment, the task of price predictions
becomes even more difficult. Because the future is
uncertain, as well as for other reasons related to
prediction models, price forecasts for the value
metals in manganese nodules may not be expected to
exhibit a high degree of accuracy.

However, for use in this study, price projections for
copper, cobalt, and nickel must be developed for approximately
the next forty years. A review of recent studies reveals
estimates ranging from -2.1% real price growth for cobalt
 Wright, 1976! to approximately 2.2% real growth for all metals
 Pittman, 1980! . Simple linear regression of historical data
for the past nineteen years yields similar results.

Therefore, for the purposes of this study, we have assumed
the following prices as "central values".
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Metal 1980 Price �979 Dollars! Real Price Growth

Cobalt

Copper
Nickel

5.63

1.25
3.75

0.0%

0.0%

0.0%

2. Production Yield

As previously noted, average annual gross revenue is

determined by the annual production yield and the average annual
metals prices. The base case full-scale production yield is

determined as follows:

Yield  million lbs.! = Level of Production x
Metal Metal Content x Recovery Efficienc

Cobalt 8.64 = 3MDST x 2,000 lbs./DST x 0.24% x 60%
Copper 74.10 = 3MDST x 2,000 lbs./DST x 1.30% x 95%
Nickel 85.50 = 3MDST x 2,000 lbs./DST x 1.50% x 95%

Production is assumed to be zero until start-up of commer-

D. Dela s in Ex enditures, Investments and 0 erations

The life of any major project is usually marked by delays

which can occur at any point throughout the project. To recog-

nize these delays, the model has a special phase as part of the

project's scheduled life span, a period of which represents the

sum of all anticipated project delays.

Delays can occur at various times and for various reasons.

For example, the initial decision to undertake prospecting and

exploration and/or research and development may be postponed if

the existing economic conditions suggest the project will not

bring a satisfactory return, i.e., that it is unlikely to

satisfy the investor's profitability criteria. Delay prior to

cial operations in year 22 when production scale is 50% for one

half year. Beginning in year 23, production is full scale �00%!.
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for mining equipment and.investment of the necessary capital

processing plant construction could

mic factors such as a drop in metal

also be prompted by econo-

prices or severe inflation

in construction materials and labor costs.

These same economic influences and/or those resulting,

for example, from prolonged labor contract disputes, can create

a delay during the investment period. The recent burgeoning

requirements of regulatory compliance and the unpredictable

occurrence of suits over environmental issues are increasingly

creating lengthy delays prior to initiation of operations.

Singularly or collectively, these delays may be among the cost-

liest aspects of the preproduction and contract and construction

the impact of delay is costly. The model has the capability to
measure the impact of five arbitrarily selected delay periods:

--Preresearch and Development Delay;

--Precontract and Construction Delay;

--Contract and Construction Delay;

--Precommercial Production Delay; and

--Commercial Production Operations Delay.

Key times in the life of the operation have been denoted through

the use of the three project phases and the various delays.

The beginning of both the prospecting and the research and

development periods follow the first potential delay period,

denoted as the pre-RSD delay. The preinvestment delay period

phases.

Other possible delays may result from interruption of

on-going operations. Whether because of union contract disputes,

environmental protagonists' confrontations, litigation, or other

sources, such delays may have serious impacts upon planned ocean

mining operations. Concerns over minesite harrassment, opera-

tional constraints imposed by potential future regulatory re-

gimes, and analogous matters associated with current Law of the

Sea negotiations could all eventually materialize as operational

delays during the first decade of at-sea operations.

Whatever the cause of the delays, one thing is certain:
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 which follows the premining RaD period! ends when investment

begins. During the contract and construction  investment!

phase, there is provision for a delay period of arbitrary

length. Following the investment period, there is a pre-

commercial production delay period which ends when production

commences. The final delay period built into the model is

one which can occur during commercial production.

E. Annual Net Cash Flow Estimation

Net cash flow is defined as the net. flow of dollars

into or out of a proposed project and is equal to the alge-

braic sum of all cash receipts, investment outlays, and pro-

ject expenditures. In the model, the cash components are the

annual gross revenues, the annual capital investment, total

annual costs, and the annual tax payments. These components

are discussed below.

1. Gross Revenues

Gross revenues are the cash receipts from the sale of

the minerals recovered by processing the nodules. They are

determined by the annual level of nodule production, the average

mineral composition of the recovered nodules, the recovery

efficiency of the metallurgical processing plant, and the
estimated market price of the recovered metallic minerals in
a marketable form. In the commercial production period, the

central value level of annual processed nodule production is

3 million dry short tons, or 4 million tons of wet nodules
taken from the ocean floor.  This value may be changed by

the operator, within limits, as might be the case if the
processing sector were to be changed to assume processing
of manganese in addition to nickel, copper, and cobalt.!
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Using average nodule composition and plant recovery
efficiencies as specified by the model operator, the model
calculates the annual production yields for nickel, copper,

cobalt, and other minerals. It is assumed that the annual yield
of each metal is sold through long-term contracts.

Using the long-run market price projections discussed in
Chapter III. C, l and the estimated production yields, the
annual revenues for each metal are calculated and then summed
up to give total annual gross revenues from primary metals
 nickel, copper, cobalt! .

Two main kinds of costs begin as the preproduction phase
of the project begins and continue in some form into the
commercial production phase. They are the expenditures for
Research and Development  RSD! and Prospecting and Exploration
 PRE! activities described in Chapter II, A and C. As indi-
cated there, these costs along with any feasibility or permit-
ting costs are aggregated into either the capitalized or
expensed preparatory costs accounts and thence to the Capital
 CAPCST! and Operating Cost  OPCST! arrays.

As discussed in section IIX. 6, the financial analysis
employed in the model provides that PKE and R&D costs expended
up to the time of the economic analysis are sunk, i.e., omitted
from the cash flows serving as the basis for the financial

analysis.

3. Continuin PaE and R&D

As indicated in section III. D, casts are incurred during
commercial recovery as a part of ongoing preparations. These
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costs may be either capitalized or expensed, depending on the

timing of the costs and predelictions of the user. These ex-

penditures are then brought into the capital and operating

cost arrays discussed below. in a manner similar to the

preproduction costs.

4. Annual Ca ital Investment

The annual capital investment is that portion of the total

required project capital investment which is expended during

any given year. In addition to those capitalized up-front and

and continuing preparation costs identified above, the capital

cost arrays for the different sectors  see sections II.C-K!

are summed and allocated according to the capital requirements

build-up schedule found in Table II-2. The portion of

these requirements represented by equity capital plus any debt

principal repayment during the amortization period comprises the

annual capital investment for any year. See Appendix 8

for these sums an initial set of assumptions.

5. Annual Operatin Costs

Annual operating costs include each year's operating

costs aggregated on the different sectors described in Chapter
II.B-K, plus marketing and general expenses not so aggregated.,

such as G6A expenses during the pre-production and contracting

and construction phases which are taken into the working capital

account. Marketing and general expenses are assumed to be of

annual gross revenues.

Operating expenses are aggregated under the OPCST arrays

and are given in annual units. Their sums, for an initial set
of assumptions, are found in the printout. in Appendix 8.

To provide working capital for operations, the annual

operating expenses are increased in the first year of production
by an operator-defined percentage. In the initial set of

assumptions, it is assumed that working capital of approximately
$75,000,000 is required. The operating expenses of the

final year of production are reduced by the same amount to
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reflect recovery of this working capital at the end of the

project's life.

As noted above, total costs may be specified either in

constant or current dollars. In all of our analyses contained

herein, they are set in constant dollars.

6. Calculation of Annual U.S. Tax Pa nts

The typical corporation will use any flexibility provided

in the XRS Code to maximize the present worth of the corporation.

Flexibility results from various means of expensing capital

investment expenditures, from investment tax credits, and from

the use of various income deductions such as interest payment

deductions, tax loss carry back/carry forward, and depletion

allowance. The Tax Code as of 1980 is used as the basis.

The starting point for the determination of the annual

tax payment is the gross profit, or gross margin, of the opera-

tion, defined as gross revenues less total operating costs.

From this sum, various deductions are subtracted to yield taxa-

ble income.

a! Ad'ustments to Gross Income

accounting procedure used to distribute the cost of a tangible

capital asset, less salvage value  if any!, over the estimated

useful life of that asset in a systematic and rational manner.

The Internal Revenue Service requires that in order to depre-

ciate an asset, it must have a useful life of more than one

year. The IRS also suggests use of one of three generally

accepted methods:

-- Straight line;
-- Declining balance; or,
� Sum-of-the-years' digits.

-- Strai ht-line De reciation. The straight,-line method is

simplest for computing depreciation. Under this method, the
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number of years of "estimated useful life" of the asset is

divided into 1  one! to obtain the depreciation rate. This

rate  expressed as a percentage! is then. multiplied by the

cost of the asset less its estimated salvage value to obtain

the annual amount of depreciation. This annual amount of

depreciation is applied against, income during each year of the

asset's useful life.

-- Declining-Balance Method. The declining-balance method

of depreciation accelerates the rate at which a taxpayer may

expense the asset, thus resulting in a higher deduction and

lower taxable income in the early years of operation. Currently,

the XRS allows a taxpayer, under some circumstances, to use a

rate up to twice that allowed under the straight-line method.

This rate may be applied annually to the unrecovered portion of

the asset's cost to determine the year's depreciation deduction.

However, the asset may not be depreciated below its reasonable

salvage value. Xf the asset has a useful life of at, least

three years or is real property acquired prior to July 24, 1969,
twice �00%! the straightline rate may be used. Ef the asset

is used, or is more recently acquired real property which is
new, again with a useful life of at least three years, the
maximum allowable rate is one and one half �50%! times the

straight-line rate. However, if the asset is used real property
 e.g., buildings!, acquired after July 24, 1969, the deprecia-
tion expense allowed cannot exceed the amount computed under

the straight-line method.

Under the declining-balance method, the taxpayer may

change to the straight-line method at any time during the
asset's depreciation period. This permits the taxpayer to

recover fully the fraction of the asset's depreciable cost

which remains outstanding under the declining-balance method.

The IRS does not require prior consent for this change.

-- Sum of the Years' Di its. The sum-of-years' digits

method is also an accelerated method which permits an earlier

recovery of an asset's adjusted cost  i.e., net of salvage
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value! and results in higher initial cash flows.

In accordance with the remaining life version of the sum-
I

of-the years digits method, a different fraction is applied to

the remaining unamortized  or adjusted! cost each year to com-

pute annual depreciation. The denominator of the fraction

changes each year to equal the sum of the remaining years'

digits. The numerator of the fraction also changes each year

to equal the number of remaining years of useful life of the

asset  inclusive of the present year!. This method may only

be used for assets which qualify for the declining balance

method at twice the straight-line rate. To change from this

method to any other requires prior written consent of the IRS.

In the model, all three methods of depreciation are

available to the operator. If specified, the declining balance

method will convert to the straight-line method when the latter

is more advantageous. The series of instructions to calculate

annual depreciation under any of the above methods is contained

in a subroutine of the main computer program.

ii! Interest. Interest is defined by the IRS as the

compensation allowed by law or fixed by parties for the use of

money and is an allowable business expense for purposes of

computing taxes. A3.l interest paid during the tax year is

fully deductible provided. it is on an indebtedness under which

the miner has a valid obligation to pay a fixed or determinable

sum of money.

There will be no interest deduction unless some level of

debt is specified in the project's capital structure. If debt

funding is used, the annual interest charge is computed as part

of the repayment schedule. Subtraction of this annual expense

from income before interest and tax gives income before tax

c edits and deductions.

of value of the mineral-in-place resultina from the 'mining

out' of an ore body. The U.S. Tax Code permits mineral pro-

ducers to write off this reduction in value of the mineral
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resource via the depletion allowance. Thus, depletion is to

the owner of a mineral deposit what depreciation is to the

owner of a capital asset. Guidelines for the utilization of

the allowance are published and updated annually in the

Internal Revenue Service Regulations.

The availability of the depletion allowance for deep ocean

mining is likely, but yet uncertain.

-- Economic Interest. The depletion allowance is available

to a taxpayer who has an economic interest in the mineral s! in-
place. An economic interest is considered to be:

"any interest which a taxpayer has in a mineral
 deposit! that is acquired by investment and, by
any form of legal relationship, secures for the
taxpayer income, to which he must look for the
return of this capital."

In spite of the large expenditures the ocean miner will make
for site exploration and development, for acquisition of the
necessary mining and processing equipment, and for annual
operations, it is presently unclear in the law whether the
miner will have a qualifying "economic interest" in the mineral
in-place. In the baseline model, it is assumed that appropri-
ate legislation assures the domestic ocean miner of an allow-
ance for depletion of the minesite. In this baseline study, a
14% 'metal mines' allowance was included. The value of the

transportation sector has not been included in the allowance
base on the grounds that current law would require a specific
request for its inclusion.

Allowance Determination. There are two methods for

determining the depletion allowance: cost and percentage. As
specified by IRS Regulation 1.613-2, the allowable deduction is
the higher of the two. Normally, percentage depletion will ex-
ceed cost depletion, the former having the attractive character-
istic of rising as income rises while the latter declines with
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increased ore reserve declarations and eventually is fully

recovered, thereby disappearing. In the model, it is assumed

that percentage depletion will always be more favorable and,

therefore, it is the only method used.

The applicable guidelines for computing percentage de-

pletion allowance are sufficiently stated within IRS Regulation

1.613-3 d!�! to encompass a unique ore such as manganese

nodules' These guidelines provide for situations where the

"gross income from mining" cannot be readily determined due to

the lack of a representative field price for the ore which is

due to the necessity for additional ore processing to produce

the first marketable product. By the proportionate profits

method, the miner is able to determine gross income from mining

as that percentage of gross sales from the first marketable

product which is equivalent to the proportion of the mining

costs divided by total costs up to the point of sale. This

determination is made by the following equation:

X Gross Sales = Gross Income from Mining

Multi-Mineral Ore. If the ore contains two or more

minerals subject to differing rates of depletion, the total de-

pletion deduction can be computed by using the percentage of

the gross income from each mineral. As with single mineral

deposits, the aggregate allowance, when computed in this manner,

is subject to a maximum limit of 50% of the net income, before

tax and without depletion, resulting from the sale of the

minerals.

iv! Tax Loss Deduction. If the ocean mining project

sustains a net operating loss during the tax year, that loss

may be applied as a deduction to previous and/or future years'

earnings under the loss carry back and carry forward provision.

If the loss for any tax year is incurred after 1975, the ocean

miner may elect to forego the carry back period. In the model,

provision is made to carry any year's operating loss forward

as a deduction in the seven succeeding years and the carry back
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option is foregone.

vj Other Tax Deducti'ons. Other deductions available

for consideration by the ocean miner include those normally

available to any domestic corporation. They are extensive and

annual guidelines are published by the IRS to assist in evalu-

ating their applicability. Those having the most relevance to

this study are:

deductions for state and local income tax and real
property tax payments;
deductions for annual business insurance premiums;
deductions for repairs, replacements and improvements;
and,
deductions for the revenue sharing trust fund tax.

-- State and local taxes are applicable to those parts of

an ocean mining operation located on shore and may try to tax

the at-sea operation. For the current generation of mining

activity, this would be the metallurgical processing plant,

described earlier. These taxes have been computed and included

in the fixed costs of the processing sector's operating costs,

which have subsequently been included in the project's total

costs.

Insurance premiums applicable to the different sectors

have been computed and subsequently included in the project's

total costs.

Repairs, re lacements and improvements also represent

potential deductible expenses.

Repairs maintain property in an ordinarily efficient

operating condition. To the extent repair expenses are routine,

they are allocated to the cost of goods sold and reported in

total costs as maintenance expenses.

Expenditures for machinery parts to maintain the machinery

in an efficient operating condition are deductible business

expenses. In the first generation ocean mining operations,

replacement of the lift system piping and bottom units at the

anticipated yearly rate requires that this expenditure be ex-

pensed. As with repairs, these expenses are considered routine
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and have been included in the mining sector's operating costs.

Improvements result from extensive overhaul or replace-

ment and have the effect of increasing the property value,

prolonging its life, or making it adaptable to a different
use. These expenditures are considered as capital investment

and must therefore be capitalized and recovered through annual

depreciation. In the model, it is assumed that the actual pro-

ductive lives of the various components and facilities include

the designated period of operations and that any minor overhaul
expenditures are included in the maintenance costs of the

respective sectors and expensed annually. As major fixed assets
usually have a service life equal to or greater than the asset

depreciation range defined by the IRS, this working assumption
is acceptable for project analysis.

Dee Seabed Revenue Sharing Trust Fund. Under the Deep

Seabed Hard Mineral Resources Act of 1980, payments to the

revenue sharing trust fund are presently set at 3.75% of the
"imputed value" of the resource. Imputed value is defined as
being 20% of the fair market value of the commercially recovera-
ble metals and minerals contained in the resource. The fair

market value of the resource is determined as of the date of

removal of the resource and is based upon the most basic form of

mineral or metal for which there is a readily ascertainable

market price. The tax is levied upon use or sale of the re-
source, but not before 12 months after its removal.

The Act also specifies that tax provisions contained with-
in the international Law of the Sea Treaty, if and when ratified,
will take precedence over the above mentioned taxation structure.
As the fate of the treaty is uncertain as of this writing, we

have assumed the taxation structure as in the 1980 Act.

The U.S. Treasury Department treats this tax as deductible
and not creditable. Thus, the revenue sharing tax is treated

analogously to a royalty or "ordinary cost of doing business."
Subtraction of the deductions listed in the above sections

from income before tax, credits, and deductions yields the pro-

ject's income before tax and credits  taxable income! .
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b! U.S. Tax  before investment and foreign tax credits!

In order to calculate the U.S. corporate income tax, the

marginal tax rate is applied to the income before tax and

credits. Surtax exemptions allowed under the Tax Revenue Act,

of 1978 are included in the calculation of tax liability. For
post 1979 tax years, the old corporate system of normal tax,
surtax, and surtax exemption have been replaced by a graduated
tax rate structure that provides for rate reductions to stimu-

late the economy.

The new rates are graduated over the first four $25,000
amounts of taxable income as follows:

Taxable Income Tax on Column l $ on Excess

17
20

30

40

46

0

4,250
9,250

16,750
25,750

0

25,000
50,000
75,000

100,000

A total reduction of $7,750 in corporate taxes for the

first $100,000 of corporate taxable income occurs in comparison
to 1978 taxes. The 2% reduction for taxable income exceeding
$100,000 is not included in the model. A flat tax rate is first

c! Investment Tax Credit

Under the applicable Tax Code, a credit against annual tax

liability is provided for qualified investment expenditures

made during the tax year. Investment expenditures qualify for
the credit if made to acquire new or used depreciable property
considered an integral part of manufacturing, production, or

extraction operations and having a useful life of at least three

years However, with used property, no more than $100,000 of

the cost may be considered in determining the credit for any

applied to each bracket of taxable income, and a specified per-
centage of the excess income in each bracket is also taxed.

After the federal corporate income tax is calculated, this

amount. is adjusted through the use of tax credits to yield
actual income.
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one year. The allowable credit is a percentage of total
qualified expenditures and is limited to 50% of the annual tax
liability. The investment tax credit is now set at 10% as
allowed by current U.S. tax law.

When a large investment is made over a period of two
years or more such as in construction of a new facility, the
annual progress payments may be treated as qualified investment
expenditures. However, expenditures for wharves, docks, land
and other property related to the production site are not
considered qualified Property in the nature of machinery is
the principal type for which these credits apply.

The model considers annual investment as a qualified pro-

gress payment and uses the applicable rate in computing the
credit. Doing so permits maximum use of the temporary 10%
credit. Subtracting the computed credit from tax before invest-
ment credit, gives the annual tax liability the ocean miner will

incur.

d! Net Income

Net income is the remainder of profits after the tax

liability is subtracted from the income before tax. This sum
represents the major source af cash inflow from the ocean mining
operation. The total net cash flow is equal to net income plus
non-cash expenses. The calculation of net cash flow is summa-

rized in Table III-l, following.
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TABLE III � 1

NET CASH FLOW ESTIMATION SUMMARY

Annual Gross Revenues

Annual 0 eration Ex enses

Operating Profit  Gross Margin!
De reciation Ex ense

Earnings Before Interest and Taxes
Interest

Earnings Before Tax, Credits, and Deductions
Depletion, Tax Loss Carry Forward, and Revenue Sharin Tax

Earnings Before Tax and Credits  Taxable Income!
Cor orate Income Taxes

Earnings After Tax Before Investment Tax Credit
+ Investment Tax Credit and Forei n Tax Credit

Net Income

+ Non-cash ex enses  depreciation, depletion, tax loss
carry forward!

Net Cash Flow
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IV. ECONOMIC RETURN ANALYSIS

This chapter examines the economics of a hypothetical

deep ocean mining project as described in Chapter II. The

economic return of a project in the future is obviously depend-

ent upon many factors, This chapter identifies some to which

the return is believed particularly sensitive.

A. Financial Measures Used in This Anal sis

Three measures of economic return are used in this

chapter: adjusted present value APV!, internal rate of return
 IRR!, and simple payback period. These measures of return

are computed using the project cash flows as described in
Chapter III.

The APV is calculated using a preselected discount

rate that is considered appropriate to the specific risk

inherent in the project. In a pioneer venture that is highly
influenced by uncertain international law and variable economic
circumstances, this "risk-adjusted" discount rate is especially

difficult to estimate accurately. To allow for varying estimates

of uncertainty, a range of asset discount rates around a
"central value" of 6%  real! was selected. The APV of the

project was calculated at each of these discount rates and is
presented below in both tabular and graphical form. A complete
table with all APV values is presented in Appendix 8 . Through-

out the analysis, a 50% debt:equity structure is assumed. In

addition, the standard U.S.graduated corporate income tax

scheme,.as of Spring 1981, is used to calculate tax payments and

debt-derived tax shields.

The IRR is defined as the discount rate at which the

APV of the project is equal to zero. A useful means of pre-

senting the return of a project is through the APV-

discount rate graph. These graphs portray the change in2

present value of a project as it is evaluated at varying dis-
count rates, including that rate at which the APV is equal to
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FIGURE IV-1: APV-DISCOUNT RATE GRAPH FOR A BASE
SET OP ASSUMPTIONS
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zero  see figure IV-1!, i.e., the project's internal rate
of return. At discount rates greater than the IRR an

investor would normally regard the project as not economically
profitable. Thus, a commonly accepted decision rule is reached

accept projects for which the expected discount rate is less

than the project.'s expected IRR. For comparison, all figures
in this analysis include the project's graph for a base set
of assumptions as a frame of reference.

The third measure of project return which has been pro-
vided is simple payback. The payback period provides an in-
dication of the length of time necessary for the project to
earn an amount equal to its investment. Industry frequently
views payback as an important measure when undertaking projects
during a period of capital constraint. Although the APV
method of project evaluation is generally accepted as being
more theoretically consistent than either IRR or simple payback,
there are difficulties in its use, primarily in the selection
of an appropriate discount rate. Because IRR does not rely upon
a project-specific discount rate, and because the APV-discount

rate graphs provide greater information regarding the project's
return, these methods of presentation are used more heavily
throughout this analysis. The project's payback period is
presented because of its widespread use in practice ~

B. Economic Anal sis of a Base, an Upside and a Downside
Set of Assum tions

l. Summar of a Base set of Assum tions

Chapter II presented central value cost estimates for

a deep ocean mining operation. These estimates, as used in
3the economic analysis, are summarized in table IV-l.
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TABLE IV-1

CENTRAL VALUE COST ESTIMATES

FOR DEEP OCEAN MINING

Costs  $M!

Coital O~eratinci

30. 00 142.00

Sector

l. Preparatory costs

Mining

Transportation

Marine Terminal

2 ~ 64.88

22 F 053.

4. 3. 23

5. Onshore Transportation

6. Processing

7. Waste Disposal

8 a Marine Support

9. General & Administrative

10. Continuing Preparations

TOTALS

As indicated in Chapter III, the legislation which the

model considers includes a revenue sharing tax as set by the

1979 Deep Seabed Hard Minerals Removal Tax Act. The payment

of this tax is not creditable; rather it must be considered a

deduction against gross income. The standard U.S. graduated

corporate tax structure is used to determine corporate income

tax. It is assumed that the consortium will have an "economic

interest" in the minesite. Thus, percentage depletion is allowed.

However, the minesite is considered a foreign deposit. There-

fore, the depletion allowance is 14% for all three metals

recovered from the nodules.

Other variables in the base set of assumptions may be

summarized as in table IV-2.

322.62

199.39

29.91

24.43

458.20

16.87

1 ~ 32

88.20

0.00

1,140.94

11.66

100.10

5.47

5.61

4 ~ 00

6.00

223.00
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TABLE IV-2

SUMNARY OF ADDITIONAL VARIABLES FOR BASE
SET OF ASSUMPTIONS

Schedule:
4

Costs:

Capital

Operating

$1,140.94 MM

223.00 MM

0.00%

--Base

3.0 MDST

1.29%

1.09%

0.25%

.73.4 MM lbs.

.60.0 MM lbs.

8.6 MM lbs.

Metals Prices:

Price base

-- Nickel

-- Copper

-- Cobalt

.$3.75/lb.

.81.25/lb.

.$5.63/1b.

0.0%

0.0%

0.0%

-- Nickel

-- Copper

-- Cobalt

Initial delay

Pre-production period

Pre-investment delay

Investment period

Pre-production delay.

-- Average annual real growth

Production  full scale!:

Ore recovery

Ore assay

-- Nickel

� Copper

-- Cobalt,

Metals recovery

-- Nickel

-- Copper

-- Cobalt

Annual real growth rate

0 years

. 16 years

0 years

6 years

25.6 years
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Corporate Factors:

Debt/equity

Interest rate

Structure

~ ~ ~ ~ ~ ~ ~ 1 al

6.5%, real

~ . . . . . Corporation

Regulatory Factors:

Foreign

14%

International Regime:

Revenue sharing . . ~ ~ . . . . . . none

2. Dealin with Uncertaint

As pointed out in the opening chapter of this study,
estimation of costs and return of future deep ocean mining

ventures is very susceptible to the uncertainties of the

economic, technical, and political/legal environments. Many

different cost estimates exist, and cost estimates are only one

source of uncertainty. The technology has yet to be sustained

at a commercially viable level of activity, garnering revenues

from metal sales at unknown future prices, in a legal environ-

ment which could incur associated additional costs, and which

in turn could induce investors to go ahead or to delay.

This study copes with uncertainties in several ways.

Most basic is the design of the model itself. The model permits

the easy substitution of alternate' values for most parameters

should future experience or research provide improved cost

data.  See appendix 7 for a summary of several major user-

selected variables!.

Depletion

-- Determination of deposit

-- Nickel percentage

-- Copper percentage

-- Cobalt percentage

Tax rate

Investment tax credit

Revenue sharing trust fund

14%

l4%

46%

10%

0.754 of gross return
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Two additional means of dealing with uncertainties are

treated in this section. The first uses an adaptation of
the base-case, best-case, worst-case technique frequently used
by investment analysts. In addition to the central values

for a base set of assumptions developed in Chapter II, this
section provides an up- and downside set of assumptions,
changing several variables at one time.  Given the overall

uncertainties referred to, these descriptions seem preferable
to "best" and "worst".! The alternative scenarios, described

in section IV B 4, aid in evaluating the magnitude of the
project's "downside" risks as well as various possible "boons"
to the project. The expected return to projects operating
under these conditions is presented below in Chapter IV B 5.

The second means is the use of sensitivity analysis

altering key variables one at a time to determine their

relative impact on economic return. These analyses are
presented in section IV C.

3. Some Ke Variables

First, the several variables which are varied. in these

analyses are examined. Although the entire deep ocean mining
operating environment is speculative, at least five categories

of factors can be identified which are most likely to affect

the return of the pioneer venture. The rationale for these

selected factors and ranges for analysis around the expected
values are summarized here and discussed in more detail in

Appendix 7.  For a still fuller discussion, see A-

referenced in footnote 3.!

a! Metals Prices

Accuracy of the price forecasts for the three processed

metals is vitally important to the expected return. Revenue from

these metals is the only inflow of cash to the venture. Further-

more, because of the project's grand scale  an estimated

142 M total tons of metal produced annually!, the impact of any

inaccuracy is greatly magnified. Hence, it is valuable to

examine the impact of a range of possibilities for metals

prices. The basis for selecting "upside" and "downside"
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Appendix 7.

b! LOS Treat provisions and Status

Five aspects of the LOS Treaty are believed by the
6

consortia to be of greatest impact to their mining prospects.

These are the issues of:

Financial arrangements
Technology transfer
Production limits
Minesite limitations
Uncertainties posed by the structure of the
authority.

The analysis uses the financial arrangements proposal
found in the Informal Composite Negotiating Text, Rev.

1, in the downside case. The upside scenario con-

siders only existing U.S. regulations. Uncertainties arising
from concern over the nature of the International Seabed

Authority may well be translated into delays in getting the
pioneer ventures underway. Indeed, LOS concerns have already
been partially credited with delays in the preproduction phase.
 See Chapter II A, Figures l-C and l -D and associated
discussion in text.! The downside scenario thus considers
permitting and environmentally related delays of two years at
the preigvestment and preproduotjon points.  Possible increased
environmental control expenditures are considered below in
section IV B 3 c.!

Issues relating to technology transfer, production limits,
and minesite limitations do not play a role in the alternative
scenarios for reasons discussed in Appendix 7

c! Technological Status

Technical uncertainties still exist. Some relate to present-
ly pending choices in new systems. An example is the location
of the processing plants and the minesites themselves. Location
will affect the distances transversed by the ore transports,
and consequent].y their number and size, as well as the size
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of the mineship's storage capacity. Such alternatives are

considered in the sensitivity analysis  Section IV C!

the Mining and Marine Transportation Appendices  appendices 2 !.

Other uncertainties are found in the mining, lifting,

slurry transfer, and processing systems. Generally speaking,

they could translate into decreased efficiencies, project

delays, and/or increased costs. Optimistic developments in

technology could result in increased efficiencies and. decreased

costs.  The base set of assumptions employs optimal developnent tive.!

The downside case is assumed to decrease input tonnage

by 10%, or 0.3 million dry short tons  MDST! . The upside case

increases input tonnage by 5% or 0.15 MDST. Associated

alterations are assumed in annual operating costs. Somewhat

similar decreases and increases in processing output are

assumed for each case.

Project delays may result from problems in the develop-

ment and implementation of the technological systems, most

likely in the preproduction and investment phases. A one-

year intrainvestment phase delay is introduced into the down-

side scenario.  Preproduction and preinvestment delays are

already included in the downside case to consider consequences

of international legal uncertainty.!

Capital costs estimates may suffer from two types of

inaccuracies -- absolute estimating errors and misestimation

of real growth. Cost estimates from eight studies of deep

seabed mining suggest a reasonably broad range.  See Appendix 7! .

Twenty-five percent higher and lower capital costs are intro-

duced into the downside and upside cases' Similar changes are

made in operating costs.

Finally, the cost effects of how deep seabed minesites

will be considered for depletion tax purposes is varied in

the alternative scenarios. In the base set of assumptions, a

foreign deposit percentage depletion allowance of 14% for all

minerals was assumed. The downside scenario postulates a

disallowance of an "economic interest" and thus no percentage
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depletion. The upside case considers the deposit as domestic,

which enables the project to claim percentage depletion of

22%, for nickel and cobalt and 15% for copper.

These sets of assumptions are summarized:

All assumptions for the upside case are identical to the
base set of assumptions except as rioted in table IV-3.

TABLE IV-3

UPSIDE CASE VARIABLES

Metals Prices

-- Nickel: $3.29/lb base price, +1.6T annual real growth
Copper: $1.31/lb base price, +1.3% annual real growth

-- Cobalt.: $9.56/lb base price, +0.7% annual real growth

LOS Financial Arran ements  same as Base!

Technological Factors

-- Production: 5% increased output tonnage

Delays: none

-- Absolute estimate: 25% less than base case

-- Growth estimate: 0

-- Absolute estimate: 25% less than base case

-- Growth estimate: 0

De letion Allowance

Domestic deposit

-- Percentage depletion: 22% Ni, 15% Cu, 22% Co
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b! Downside

Assumptions for the downside case are also identical to

the base case except as noted in Table IV-4.

TABLE I V-4

DOWNSIDE CASE VARIABLES

Metals Prices

� Nickel: $3.46 base price, 0% annual real growth

-- Copper: $1.25 base price, 0% annual real growth

-- Cobalt: $4.67 base price, +0.3% annual real growth

LOS Financial Arrangements

-- Application Fee: $.5 MM, year 11

-- Fixed charge: $1 MM annually during production, creditable

-- Royalties: 25 first period, 4%, second period

-- Profit sharing: 35%, 42.5%, 50% first period

40%, 50%, 70% second period

Re ulator Delays

Preinvestment: 2 years

Preproduction: 2 years

Technolo ical Factors

-- Production: 10% decreased output tonnage

Delays: 1 year intro-investment

-- Absolute estimate: 25% greater than base case

-- Growth estimate: 1% annual real growth

-- Absolute estimate: 25% greater than base case

-- Growth estimate: 1% annual real growth

De letion Allowance

-- No economic interest, no percentage depletion



95.

4. Economic Return Pro'ections for the Base, U side

and Downside Set of Assum tions

A project with the base set of assumptions described in
Chapter II and the financial assumptions described in Chapter
III yields an expected internal rate of return, in real, non-
inflated terms of 9.21%. This figure is easily in excess of

the "central value" discount rate of 6% referred to earlier.

Table IV-5 presents the value of the project when evaluated
over the selected range of discount rates.

TABLE IV-5

BASE SET APV EVALUATION

Discount Rate 16 9 8 7 6 5 4 3 2
APV $m! ~-11.8 4.6 31.0 72.3 135.9 232.5 378.3 597.6 926.9

Figure IV-l presents the base case project's APV-discount rate
graph. According to this simplified analysis, the project from
an investor's perspective would appear to be profitable. If
an investor's actual risk adjusted discount rate is less than

9.2l%, the project would, be accepted.

a! The U side Set of Assumptions

The upside case scenario assumes that current U.S. law
prevails and that the prices obtained by the venture are the
more favorable of those predicted  see Table IV-3!. In addition,
metals recovery is increased over the expected value by 5%
and all costs are 25% under predicted levels. The deposit is
ruled domestic and thus a higher depreciation percentage is

allowed.

Under these conditions, the mining project would expect
to receive a 21.96% rate of return. Obviously, the "upside"
of this project can be very profitable. Table IV-6 presents
the project's estimated present values under the best case

scenario.
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TABLE IV-6

UPSIDE CASE APV EVALUATION

Discount Rate 10 9 8 7 6 5 4 3 2
236. 7 328.0 454. 7 631. 4 878.9 1227. 5 1721. 2 2424. 8 3433.6APV  $~!

b! The Downside Set of Assum tions

The economic return of the downside case scenario suggests

the magnitude in contrast to the likelihood! of the downside

risk inherent. in the project, given that several detrimental

factors occur together.

to illustrate the fact that the uncertainties do present a very

serious downside risk to this venture. Table IV-7 emphasizes

the magnitude of this downside risk. Once again, the specific

numbers obtained are not as important as understanding the

seriousness of the possible project failure.

A graphical presentation of the upside downside and

base sets of assumptions is found in Figure IV-2.

TABLE IV-7

DOWNSIDE CASE PROJECT APV EVALUATION

Discount Rate: l0 9

APV  km! -333.7 -409.0 -503.7 -623.3 -775.2 -969.4 -1219.1 -1542.4 -1963.8

The internal rate of return in this case has plummeted to

-6%. It is interesting to note however, that. the direct cause

of this drop is the fact that only in the final year of the

project  when working capital and equipment salvage value are

recaptured! does the cash flow turn positive. In all years

the net income is negative. It is ' questionable whether any corporatio.

would continue to operate under such conditions. Thus, the use-

fulness of this case is not to indicate an expected return, but
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TABLE IV-8

PARAMETERS VARIED IN SENSITIVITY ANALYSIS

Metals Prices

+ 25% base price, all metals

25% base price, all metals

+ 25% base price, each metal

25% base price, each metal

+ 1%, +2% annual real growth

1980 average base price, 0% growth

1980 average base price, 1% growth

1980 average base price, 2% growth

-- Present treaty provisions

Technical Factors

10% output tonnage, � 5% costs

5% output tonnage, + 5% costs

10% recovery efficiency

10% recovery efficiency

1 year delay, preinvestment

2 year delay, preinvestment

2 year delay, intrainvestment

1 year delay, preproduction

2 year delay, preproduction

1 year delay at all three points

Capital Costs

-- Absolute estimate + 25% base, -25% base

1% annual real growth

-- Absolute estimate + 25% base, -25% base

1% annual real growth

Depletion Allowance

-- No percentage depletion

Domestic deposit percentage depletion
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.:GUTE IV-2: ALTERNATIVE SCENARIOS-BEST, UPSIDE, DOWNSIDE/

WORST, AND BASE CASES

Adjusted
Net Present
Value
 $3. x 106!

Downside
Case
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C. Sensitivit Anal sis

It is useful to understand the degrees of influence

exerted by individual environmental factors represented by

the variables discussed in the alternative sets of assumptions.

After examining environmental factors, additional factors con-

cerning corporate or financial structure and. tax accounting

practices are examined for their individual impacts on economic

return. The values given the variables in these analyses are

listed in table IV-8.

l. Metals Prices

A general measure of the influence of metals prices upon

profitability is obtained through variation of the level of

gross revenue. A twenty-five percent error in revenue estima-

tion is entirely plausible. This is evidenced by the range of

price forecasts described in Section II 6. Sensitivity analysis

of plus or minus 25% conducted on gross revenues reveals the

following APV range in Table IV-9.

TABLE IV-9

APV EVALUATION FOR RKVERDE ESTIMATION VARIATIONS

Discount Rates

 %! 10 9 8 7 6 5 4 3 2

66.2 105.9 163.3 246.3 366.0 539.0 789.6 1153.3 1684.7

-322. 2 -133.7 -143.4 -149. 1 -147.5-133.2 -97.7 28.0 96.5

+25% GR

-25% GR

APV $MM!

Meaningful sensitivity analysis begins by determining a

factor's likely variation. Theoretically, it would be ideal

if, for each factor, a variation exhibiting an equal pro-

bability of occurrence could be identified. If this were

possible, then all factors could be rank-ordered by "degree

of influence." However, the speculative nature of this ven-

ture prevents highly accurate estimation of the corresponding

probability distributions. Thus basically conservative esti-

mates of the variability of these parameters are considered.

The probability of occurrence is not attached to these estimates.
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The resultant IRR's were 13.91% and 2.74% for the in-

creased and decreased revenues, respectively. As expected, the

economic return is highly sensitive to the level of gross re-

venue. This is further illustrated by Figure IV-3, which dis-

plays these effects graphically.
The gross revenue analysis in itself is not

very informative. Disaggregating the gross revenue into the
individual metals' revenue streams provides additional under-

standing. Table IV-10 presents the results of a 25% variation
of each metal's revenue. Table IV-11 compares the internal rates

of return for the individual metals. Figures IV-4 to IV-6

present these data graphically. As can be seen, the revenue

obtained from nickel is particularly influential to the project's
rate of return. This result is to be expected, as nickel is

approximately 52% of product metal by weight at full production
capacity. Copper and. cobalt are 42% and 6% by weight, respec-
tively. Because of price differentials however, nickel con-
tributes over 65% of total revenue  in the base case! while

copper, cobalt, and secondary products contribute 18%, 11%,
and 5% respectively. It should be noted, however, that the
contribution-to-revenue ratio shifts significantly based upon

1980 metals prices �5%, 11%, 39%, 5% for nickel, copper,

cobalt, and secondary products, respectively!. Prevailing
opinion is that the exaggerated cobalt price will not be sus-
tained, but will soften somewhat.

The base set of assumptions assumes no real growth of metals

prices. However, most resources have exhibited positive real growth

over time, and it is therefore reasonable to assess the impact of

such growth. The effects of 1% and 2% annual real growth in
metals revenue is presented in Table IV-12 and Figure IV-7. A
1% annual real growth rate increases the IRR from 9.21%  base-
line! to 14.91%, while a 2% rate of growth further increases
the return to 19.81%. Real growth in metals prices is thus
extremely influential on economic return to the project. The
rank ordering of metals in terms of importance is identical to
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FIGURE IV-4: %PEATY-FIVE PERCE'.$T .'NICKEL PRl'CE VARIATIO'J
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that discussed in reference to the individual revenue streams.

The 1980 average prices for nickel, copper, and cobalt

were $3.33, fl.al, $25.00  U.S.!, respectively. Based upon

trend line estimates, these prices might actually be outliers

 this is particularly true for the inflated price of cobalt!;

however, because tomorrow's price is, in part, a function of

the current price, it is useful to examine the effects of

using 1980 averages as price bases. Table IV-13 presents

these results. The internal rates of return for 0%, 1%, and

2% real growth are 14.51%, 19.61%, and 24 26%, respectively.
This very favorable increase in return is largely due to the
~reatl increased 1981 cobalt price.

2. The International Le al Re ime

The current version of the LOS Treaty is a valuable re-

ference point when considering the impact of international law.
It is doubtful that a more severe treaty will be adopted, and

yet only months ago this version was considered likely to be
ratified. When investigating the subsequent economic impact

of the currently proposed financial arrangements on a deep

ocean mining venture, it is thus particularly appropriate to

view the return as a continuum of results ranging from no treaty

to the present treaty form. Table EV-14 and Figure XV-8 present
the APV's for the range of asset discount rates. The internal

rate of return for the venture in this situation is Sa19%, a tlro~ o"-

ajightly over 1 percentage point from the base set of assumptions
Total nominal payments to the Seabed Authority over the life of

the project equal approximately $437 million. Thus, although

the treaty is influential to the project return, many other un-

certainties in the business environment pose greater threats.

Only in the case of much more severe treaty conditions would

the venture suffer seriously from treaty enactment.



V PC

f~

P4

~ ~
P!

I

C 0 Wl

.'If

4 0

109.

C>

Pl
e-i

Ch

C!

I.!

3
!r

C
< U

3
C

C 4
W U

CC
Jl

K

~ 0

I

H



110.

1500

1400

1300

1200

1100

1000

900

Adjusted
'Aet Present
Value

Sl x 106!

700

600

SOO

400

300

200

loo

-200

FIGURE IV 8- ."":-<C. OZ "' ~>T':" r.OS Tm<An'



3. Technolo ical Factors

Technological problems can be categorized according

to three types of effects. efficiency effects, delays, and

cost effects.

Efficiency effects are examined through two hypothetical

circumstances. First, input efficiencies may cause altered

amounts of ore to be processed without conunensurately increased

respectively. Table XV-15 summarizes the full APV range for

these efficiency effects. In addition, Figure IV-9 expresses

these results graphically.

Delays in the mining project due to technological causes

are considered at three stages  see chapter II c !. The effects

of these delays on the project's economic return are as follows:

pre inves tment delay, I RR = 8. 99%

pre investment delay, IRR � 8.79%

intrainvestment delay, IRR = 8.99%

intrainvestment delay, IRR = 8.79%

preproduction delay, IRR = 7.29%

preproduction delay, IRR = 6.64%

delay at all three junctures, IRR = 7.04%

One-year

Two-year

One-year

Two-year

One-year

Two-year

One-year

operating costs. As outlined in Appendix 8, the two input

efficiency situations considered are: �! a 10% decreased output

tonnage and 5% decreased operating costs; and �! 5% increased

tonnage and 5% increased operating costs. The decreased input:

tonnage decreases IRR only about 1.7%. The increased input

tonnage results in only a slight increase in IRR of approxi-

mately ha!f a percent.

Output tonnage efficiency effects, which are not expected

to be accompanied by cost effects, are investigated through a

hypothetically altered recovery efficiency. A plus or minus 10%

output tonnage is assumed in this case. The internal rate of

return, as expected, is altered more significantly due to the

lack of countervailing cost effects. The IRR's now equal 11.31%

and 6.64% in the case of increased and decreased output tonnage,
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F IGURE IV-9: EFFECTS OF TECHNOLOGICALLY- INDUCED
EFF IC IENCY FACTORS
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Because of the pattern of capital build-up during the

investment period, there is little economic difference between

a preinvestment delay and an intrainvestment delay. The most

significant influence is exerted by a delay at the preproduction

point. The reason for this is that at the preproduction stage,

all capital expenditures have been made and no revenues have

begun to accrue. A two-year delay at this stage is most damaging

and decreases return even more significantly than three single-

year delays. Table IV-16 presents the results from the economic

evaluation of delays across a spectrum of selected discount rates.

4.

Technological problems may also result in capital and

operating cost overruns. The influence of these overruns is

the same as that caused by misestimation of absolute costs.

Thus, these factors are considered in this and the following

section.

Similarly to metals prices, estimated project costs are

varied from actual costs in two ways. First, in order to

examine the sensitivity of profitability to absolute cost

accuracy, both capital and operating costs are varied 25%.

Next, to test theeffect which this assumption exerts on projected

return, a 1% annual real growth rate was also factored into the

sensitivity analysis. The base, or central, values assume no

real growth in costs. The results of these cost analyses are

presented in Table IV-17. Figures IV-10 and IV-ll illustrate

these results graphically.

In general, operating costs affect return more dramatically

than do capital costs. As might be expected, an absolute

estimating error in capital costs affects return more signifi-

cantly than does annually compounded growth in capital costs.

Because operating costs are spread over a greater period, the

reverse tends to be true: compounded growth tends to affect

return more significantly than does a misestimation in absolute

accuracy. The internal rates of return for this analysis are

as follows:
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+ 25% Capital Costs, IRR = 7.29%

25% Capital Costs, IRR = 11.26%

1% Capital Cost Growth, IRR = 7.04%

+ 25% Operating Costs, IRR = 5.49%

25% Operating Costs, IRR = 12.21%

1% Operating Cost Growth, IRR = 3.89%

An illustration of the way project costs can vary according

to different assumptions as to transportation of ore, for

example, is provided by examining the projections for the draft

of the ore discharge terminal port and the distance from that

port to the minesite. In the base set of assumptions, it is

assumed that the distance between port and minesite is 1,750

miles and that the port draft is 40 feet. Four ore transport

ships of 44,700 DWT are used, at a projected capital cost of

$195.5 m and annual operating cost of $22.0 m.

If a port depth of 50 feet is assumed, much larger ships

of nearly 90 DWT may be assumed, with a capital cost of $139.2 m.

and operating cost of $15.4 m. In contrast, if the draft restric-

tion is lowered to 35 feet, and the distance between port and

mineship is increased to 2500 miles, six vessels of 41,400 DWT

are required with projected capital cost of $292.7 m. and annual

operating costs of $32.9 m.
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FIGURE IV-lo: ABSOLUTE COST VARZATION
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FIGURE IV-il: REAL COST GROWTH
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5. De letion Allowance

Variation of the depletion allowance affects return on the
project only slightly When no percentage depletion is allowed,
the internal rate of return is 8.74%  as compared to 9.21% in the
base set, with foreign deposit depletion allowance!. If the seabed
deposit is treated as a domestic deposit  and 22% depletion is allow-
ed for nickel and cobalt, 15% for copper!, the IRR increases 0.15%
to a value of 9.36%. This illustrates vividly the significance of
the more influential factors such as metals prices and operating
costs ~ In this instance, federal tax policy is not nearly as effective
as price constraints would be. The range of values at various dis-
count rates for the depletion sensitivity analysis is presented in
Table IV-18.

6. Corporate Structure and Related. Accountin Practices

The model's basic set of assumptions describe a project stand-
ing on its own for accounting purposes even though it is created and
owned by the members of the consortium. This assumption may distort
the reality of corporate project development practice in at least
two ways: in the accounting for tax purposes of preparatory expen-
ses and in the taking of tax writeoffs once commercial deep ocean

mining is underway

In the central values case, the IROR figure of 9.21% is based
upon a. discounted cash flow  DCF! calculation which discounts future
cash outlays and inflows back to the time of writing, 1981. In ac-
cordance with current best financial analysis practice, costs up to
this time are "sunk", that is, they are considered by the company
to be written off, and. have in fact been taken by the companies as
cost of doing business expense for tax purposes.

Some industry analysts suggest that in actuality, members of
consortium will continue to expense on their own books the prepro-
duction costs of the project up to the time of the final decision
to go into commercial production  in the model, the final go-no go
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decison in year 16 !. The project is then incorporated as a sepa-

rate entity, consortium members receiving stock representing con-

tributions which approximate the accrued sum of the preproduction

costs. These are then amortized over the life of the newly incor-

porated project, in accordance with currently approved tax practice.

From a financial analysis perspective, the approximate equivalent

of such accounting treatment would be to sink all costs up to the

point, of the final go � no go decision and to discount ',he value

of the future cash flow back to that point, e.g year 16 in the

NIT model. When this is done, holding all other things equal, an

IROR of ll. 01% results.

 Keeping all other assumptions the same, a DCF calculation

taking costs back to the origin of the project, year 1 on the

Figure 1 timeline  see section II ! and including all future

preparatory costs to come, would produce an IROR of 7 44 %, reflec-

ting a combination of both the inclusion of costs between year 1

and year 11 and the further future distancing of the bulk of the

P & E, R s D, and capital costs.!

Thus, by use of more sophisticated tax accounting assumptions,

changes in the economic return analysis can be readily affected.

7. Financial Structure

Changes in the financial structure of the project will

obviously provide different economic results for the investors.

Three are illustrated here.

The basic set of assumptions employs a real interest rate

of 5%. As discussed in section III.B, this rate is based on
an assumed real cost of capital of say 3%, and a risk premium
of 2%. Implicit in such a risk premium is the assumption that
the project has strong backing of, and perhaps even recourse to,
the consortium members as corporate parents. It might equally
be assumed that the project, really stands on its own in all
respects pertinent to creditworthiness, in which case a somewhat
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higher risk premium might reasonably be assumed. The IRR

figures resulting from different real interest rates, using all
the same other values for the basic set of assumptions are

shown in Table IV-19.

TABLE IV-19

Effect of Different Interest Rates

10Interest

Rate
IRR

378.29 597.56 926.87135.9 232.4931.91 72.34-11. 8 4. 69.215

 base
case!

907. 03

882. 91

860.52

365.48 581.65

350.15 562.46

335.76 544.54

127.53 222.15

117 63 209.86

108.27 198 ' 27

25.46 65.54

19.00 57.56

12.83 49.97

-15. 51 0. 07

-19.78 «5.18

9.01

8.74

8.49 23.90 -10.21

Second, the basic assumption in the analyses of this chapter

debt situation.

Finally, the volume and financing arrangements for working
capital illustrate once more how details of the financial structure
may affect the economic return analysis of the project. In the
basic set of assumptions, working capital of $75 m. is provided
as required at the outset of the project, and taken out at its
end. This figure may be low. Cash flow working capital require-
ments may vary from time to time depending on the other sources
contributing to cash flow. Working capital requirements may be
met in part by temporary borrowing as well as by permanent equity
or debt components of the financial structure. When the working
capital figure is increased to illustrative purposes more than
doubled to $175 m., the resulting IRR is 8.69%,, a change of
.52 points.

is that the pro j ect ' s debt/equity ratio is 1 1, half of the required
funding coming from borrowing. The proportion of debt could be

higher, so long as the cash flow is sufficient to service the
borrowing, or it could be lower. A 2:1 debt/equity ratio  i.e.

67' debt! results in a pretax IRR of 11.91% as contrasted with
11.41% for a 1:1 debt structure and 10.26% for an all-equity, no-



NOTES

l. The f irst version of the model was reported in Nyhart

et al. A Cost Model of Dee Ocean Minin and Associated

Re ulatory Issues, MIT Sea Grant Program MITSG 78-4, March

1978. For accounts of the use of the initial version in the

Law of the Sea negotiations, see R. Katz, "Financial Arrange-

ments for Seabed Mining Companies: An NIEO Case Study", 13

Journal of World Trade Law 218 �979!; H. Raiffa, The Art and

Science of Ne otiation, Ch. 18, Cambridge, Mass., Harvard

University Press,1982; "Computer Model Aids Law of the Sea

Mining Negotiations", INFOWORLD, Vol. 5, No. 20, April 1982;

J. Sebenius, Agreements and Disa reements: Ne otiation Anal sis

and the Law of the Sea, Cambridge, Mass., Harvard University

Press  forthcoming!.

2. See L. Antrim, and J. Sebenius, "Incentives for Ocean

Mining Under the Convention", Ch . 6 in B. Oxman, D. Caron,

and C. Buderi, eds., Law of the Sea: U.ST P a, San

Francisco, Institute for Contemporary Study 1983 for a

comparative analysis of the two versions and an evaluation of
the effects of design and cost changes made.

3. The M.I.T. project team over a year-and-a-half period

collaborated with three consultants under contract to the

office of Ocean Mining and Energy, National Oceanic and

Atmospheric Administration, U.ST Department of Commerce. They
were: Benjamin V. Andrews, Manalytics, Inc.; Francis Brown,
EIC; John E. Flipse, Texas A & M University. Each

submitted cost estimations to NOAA covering one or more of the

three major technical sectors -- ore transportation, processing,
and mining. The M.I.T. project, team drew extensively on
these studies and gratefully acknowledges their authors' aid

and assistance in preparation of our own studies. In cases

described in the appropriate sections of this study, these data



were used directly, as were data from other industrial sources

in the general literature. In other cases, these data have

been used as a parallel check on estimations derived from

sizing analyses done by the project team.

In addition, the consultants, NOAA's Office of Ocean

Minerals and Energy, and the project team collaborated over

many months to arrive at a consensus concerning a feasible
sequence of events as a pioneer venture moves from its present
state to commercial production. These events are presented

at various places throughout the study. They are presented

in a single cohesive form in J.D. Nyhart, M.S. Triantafyllou,
J. Averback and M. Gillia, Toward Deep Ocean Minin in the

Nineties, MIT Sea Grant Program, MITSG 82-1, April 1982.

The M.I.T. project team benefited from and enjoyed
working with the consultants as well as with members of the
NOAA office. Nonetheless, the team bears the responsibility

for estimates and statements here that are not otherwise noted.

4. For further details of the engineering aspects of the

mining and transportation sectors, see the several appendices,
and see M.S. Triantafyllou, A. Bliek, and R. Nakagama,

En ineerin As ects of Deep Ocean Mining,. MIT Sea Grant

Program  to be published!.

Loren Dworin, "The Taxation of Deep Seabed Mining".5.

Report to U. S. Treasury, Febr., 1979.

6. Will, Allan, infra note 3 for chapter IV.

1. See Walter Kollwentz, "Prospecting and Exploration of
a Manganese Nodule Occurrences", in Metallgesellschaft AC
Review of the Activities, Edition 18, pp. 18-19.



126.

2. Amor L. Lane and M. Karl Jugel, The Management of Deep

Seabed Mining", Mana in Natural Ocean Resources, II Ocean

Policy Studies 1,31, Center for Ocean Law and Development,

U. Va. Law School, 1979.

3. The subsectors shown in Table II-9 and in Appendix 5

differ from those shown in Appendix 8. The former follow

equipment groupings that facilitate cost estimation, while

the latter follow depreciation groupings that are appropriate

for tax calculations.

Chapter IV

l. S.C. Myers, "Interactions of Corporate Financing and

Investment Decisions -- Implications for Capital Budgeting",

Journal of Finance 29: 1-25, March 1974.

2. The graphs were also used in the MIT project's 1978 study,

~en ra, chapter I, note l.

3. The analyses in this section, with a few exceptions, were

completed during Spring 1981, by Allan Will, then a Master' s

candidate at MIT's Sloan School of Management. For further

details, see Allan Will, "Deep Ocean Mining: A Strategic

Business Analysis", May 1981, on file at Dewey Library, MIT.

The work was completed before several relatively minor

adjustments in cost estimates were made. These changes

produced a change in total capital costs from $1,140 million

to $1121. million, plus, in each case, pre-production costs

of $172 million. Annual operating costs changed from $ 223

to $ 217 million. The next effect of these adjustments

is to change the IRR from 9.21% to 9.76%. The first computer

printout in Appendix 8 contains the latter cost estimates. The

second printout contains the assumptions as they stood at the

time cost analyses reported in this chapter were made.
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4. Unless specifically noted, the analyses in this

section were based on the timing assumptions represented

in Figure 1-C, in chapter II. Differences between the

assumptions in Figure II-1-C and 1-D were discussed in chapter

II. The significance for financial analysis is that the cost of

precommercial mining prospecting and exploration, estimated at

$ 30 m.,would be spread over an additional six years to

year 16 rather than ending in year 10 as was assumed in the

analyses. When such a change is made, the "baseline" IROR

changes from 9.21% to 9.01't. The assumption that the $ 30 m.

total remains the same appears to be valid, particularly in

light of the reduction in levels of industry activity since
1980. The first computer printout in Appendix 8 reflects

Figure II 1-D, while the second reflects 1-C.

S. New York Times, "Law of the Sea Review Welcomed.," p Dl,

April 7, 1981.
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Appendix 1. NOTE ON RELATION BETWEEN MODEL'S COST ESTIMATES

AND FINANCIAL ANALYSIS

The model of the project contains a cost estimation section

and a financial analysis section. The cost estimation section

divides the capital and operating costs into the following ten

sectors:

2

3:

4.

5 ~

6:

Sector 7: Waste Disposal

Marine Support

General Administrative

8:Sector

Sector 9 ~

Sector 10: Continuing Preparation

Chapter 3 describes the manner in which the capital and operating

cost estimates associated with these sectors, as developed in

chapter 2 and. related appendices, are taken into the financial

analysis section. This appendix supplements that material,

particularly by providing additional detail concerning preparatory

costs.

Each of the ten sectors contains two programming arrays,

called CAPCST and OPCST, respectively. Costs are allocated to

these arrays depending upon their tax treatment. That is, costs

are assigned to the CAPCST array if they are capitalized and to

the OPCST array if they are expensed.

Capital costs for sectors 2-9 are always assigned to the

CAPCST array and operating costs are always assigned to the

OPCST array. Total capital cost for the project is calculated

by the model as the sum of the CAPCST arrays for sectors 2-9.

The sum of the OPCST arrays for sectors 2-9 comprises the total

annual operating cost for the project.

Sector

Sector

Sector

Sector

Sector

Sector

Preparatory Costs

Mining

Marine Transport

Ore Discharge Terminal

On Shore Transportation

Processing
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require further distinction of operating costs. Therefore,

costs. are allocated to the arrays, by subsector, as determined

by these distinctions -- "capitalizable" costs to CAPCST and

"expensable" costs to OPCST. The allocation mechanism is

as illustrated in Table 1-1.

TABLE 1-1

Subsector When

Capitalized
Allocated

To OR

When

Expensed
Allocated

To

Capitalized CAPCST l,l! Expensed

�,2!

�,3!

Feasibility �,4!

�,5!

�,4!

� ~ 5!

�,6!

�,7!

�,6!

Bonus is always
capitalized

Based on the user's input parameters, the model selects

which costs, or fractions of costs, are expensed and which are

capitalized. The model aggregates these costs and assigns the

capitalized preparatory costs to sector 1 of the CAPCST array

and. the expensed preparatory costs to sector 1 of the OPCST

array. The sum of the OPCST arrays for sectors 1 and 10 is handled

as miscellaneous expenses.

Expensing is usually preferred where allowed by law.

R a D, project feasibility, up front G a A and permitting are

all handled in that manner.

For sectors 1 and 10, anomalies in the tax laws

ALLOCATION OF PREPARATORY COSTS TO CAPITAL AND

EXPENSE ACCOUNTS

Pro spec ting

Exploration

R & D

Project

Permitting

Up Front

G 6 A

Bonus

OPCST �,1!

�,2!

�,3!
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According to present tax ].aw, contin@in@ preparations,

 i.e., ongoing P 6 E,sector 10! are considered developmental

and may therefore be expensed.
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Appendix 2. MINING

The mining sector includes the mineship, the pipe string,

the pumping system, the collector, and all support equipment

and spares. The vessel has the configuration of an ore carrier
with nodule storage capacity evaluated on the basis of the capa-

city and number of transport ships and the annual production
rate. A moonpool is installed together with a derrick, cranes,

a pipe rack capable of storing 18,000 ft. of 12". ID pipe with
fairing, and associated equipment. A slurry transport system

is installed to carry the nodules from the mineship to the trans-

port ship including water jets in each hold, booster pumps and

slurry pumps together with separate diesel engines.
The living quarters are designed to accommodate the crew

and an additional 40 people required for the mining operation.

A helicopter deck is installed.

The vessel is equipped with track-keeping thrusters capa-

ble of sustaining 45 mph wind, with waves described by sea state

5 fully developed seas and 1 knot current. The power system of
the vessel consists of diesel engines driving ac generators,

which supply the required power to either the main propellers

in cruising mode, or the pumps and thrusters in mining mode.

The dredge system employs in-line two-phase flow pumps

placed a.long the length of the pipe and driven by motors powered
through electric cables by the main power system. A 12" inner
diameter is assumed, while the thickness is tapered.

The collector is launched over the side of the ship and

is equipped with sonars and underwater cameras for efficient

steering.

A research vessel is included in the marine support sec-

tor to launch and retrieve acoustic transponders and. perform

oceanographic work  see Appendix 4!.

l. Outline of Ca ital Cost Estimation

The mining sector is further divided into subsectors and sub-

subsectors which correspond to the functional working units of

the whole mining operation. These subsectors, which are discussed
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in the next section, are:

2.1 Equipment and Supplies Handling

2.2 Nodule Pumping System

2.3 Dredge Pipeline

2.4 Collector Unit s!

2.5 Ore Handling

2.6 Nineship  Main Structure!

Each of these is further divided into sub-subsectors which are

described below  also see Figure 2-1! . The sub-subsectors are

divided into units for which costs can be derived. It is desir-

able to keep these units as large as possible, but sometimes

the equipment arrangement mandates that small units be used.

Thus, some of the cost items are individual pieces of equipment

and other are entire sub-subsectors or subsectors.

The mining sector includes components which have never

been implemented in full scale, nor tested for sufficient peri-

ods of time. Since this equipment is beyond the state of the

art, basic sizing has been used to determine the dimensions

and weight, and subsequently data from industry have been used

to extrapolate the costs. This refers primarily to the dredge

pipe and associated equipment, the pumps and motors, and the

equipment required for at-sea transfer of nodules.

Primary references from industry were data from Flipse

 Ref. 14!, as well as the offshore industry  Ref. 15!. Other refer-

ences are listed at the end of the appendix. Once the size

of each unit is known, its cost can be estimated from either

cost estimating literature, or common industry data, or regres-

sion of these data. In some cases, costs are derived from unit

material costs.

2. Capital Cost Estimates

This section describes each of the sub-subsectors briefs~ .

The diagrams in Figure 2-1 shows how the sub-subsectors fit

into the scheme of the whole mining operation. The total ca: i-

tal costs are given in the end of this section in Table 2-".
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2.3 E uipment and Supplies Handlin

l. Crane s!

Cranes are needed aboard the mining vessel for handling

the collector, loading pipes and equipment, and handling the

fuel, water, and nodule umbilicals, for the transport vessel.

Two cranes are installed.

2- Launchin of the Collector

Launched over the side with keel haul under the moonpool,

a crane will be required with a 25-ton capacity and a special

enclosure for working  Ref- 14!-

Floatin , Flexible Umbilicals

Floating, flexible umbilical hoses and pipes between the

miner and transport vessels are necessary for the transfer of
nodules, water, and fuel. Special equipment is provided for the

connection between the mineship and the transport vessel.

4- Pipe Sus ension Tower and Platform

A 150 ft ~ derrick is installed with a capacity of 2.5

10 lbs., together with gimball platform, heave compensator,6

pipe rack, and dome enclosure. Costing information is based
on Refs. 14 and 15.

5.

A pipe rack with skid-wag to the pipe suspension tower
is included in the pipe suspension data  para. 2.l,d! Refs 1 and 14!.

6 ~ Deck Nounted Drums for Power Cable

Deck mounted drums for the power cable for the lift-sys-

tem pumps, collector cable and instrumentation cables are in-
stalled. Ref. 14 has been used for costing.

2.2. Nodule Pum in S stem

Pumps used for the lift-system are specified according
to the power required to pump the nodules from the seabed to
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the surface. Through calculations based on two-phase flow data

 nodule-sea water!, the power required to overcome headloss in

the pipestring is found to be 9,500 HP. Assuming a pump effi-

ciency of 50%. only, since RPM will be kept very low to avoid

excessive abrasion, we find the required electric power to be

18,900 HP. Four pumps will be used, 2,500 HP each. Ref. 15 has

been used together with sizing procedure from Refs. 2, 5, 6,

7 and 11. The results are comparable with those of Flipse

 Ref. 14! .

2.

Cost included in 2.2.1.

3.

Cost included in 2.2,1.

4. Power Cable and Connectors

Power cable and connectors to provide power for the pumps

and connection between the miner and the collector are provided.

Refs. 2 and 14 have been used.

5. Instrumentation

Instrumentation for the pumping system is provided.

Refs. 2, 7 and 14 have been used.

6. To side Controls

A topside control room is required including a computer

controls facility, TV screen, stress monitors, etc. Ref. 14

has been used.

7. Valves  Dum and Oiffusion!

Cost included in 2.2.1.

2. 3.

Pipe sections are individual sections of the pipestring,
each measuring 40 ft. in length, totalling 18,000 ft. For

hydraulic lift, the inner diameter is constant at l2 in., and
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is the basis for weight calculations. The thickness of the

pipe sections is varied to achieve a constant stress level.

Overall weight including an additional 25% for the weights of

joints and attachments = 2.0 x 10 lbs.  for a yield stress6

level of 120,000 psi!. The price can be found using data from

risers. A sizing as reported in Ref. 17 has been used and the

cost estimated from Refs. 14 and 15 with some information

drawn from Refs. 3, 5, 6, 11 and 16.

2.

Cost included in 2. 3.1.

3.

A bottom deadweight of 20 tons is used. Cost included

ln 2. 3,5 ~

4 Cable Attachments

Cost included in 2. 2. l.

5. Articulated Lower Hose

A bottom hose 1,200 ft. long by 12 in. internal diameter

is used to connect the pipe to the collector. The cost includes

buoyancy material, cables, and flanged joints.

6. Ball Joints

Ball joints or flexible pipe joint attachments are costed

together in 2.3.1.

7. Valves  Dum and Relief!

Cost included in 2.2.1.

8.

No buoyancy materials are used for the main pipestring,

but splitter plates are installed to avoid vortex shedding

 costed together in 2.3.1.!

2.4. Collector Unit s!

The collector is costed as a unit  Ref. 14!. A spare

is included on the mineship. It is equipped. with underwater
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camera and sonar, an accumulator where a five minute nodule

mass will be stored and from which the pipe will pump, so as

to avoid over- and under-loading of the pipe depending on the

abundance of nodules on the floor. The five minute interval

is selected to reflect the time required to change the propul-

sion speed or to maneuver the collector.  Ref. 13!.

2. 5.

1. Pi estrin -Miner Connection

Cost included in 2.3.1.

2. Se arator  Water-Nodule Se aration!

Cost, included in 2.5.4 ~

3. Conveyors  For Transfer of Nodules to Holds!

Cost included in 2.5.4.

4. Slurry Self-Unloadin S stem and Related Pi in

A slurry self-unloading system for each hold is required

aboard the miner. Initially, the slurry pumped through the pipe

string is stored in five holds and the excess water decanted

until a mixture of 90% in nodules by weight is achieved. When

the transport ship arrives, the ore is mixed with water, using

eight high pressure jets per hold until a uniform mixture of

60% by volume in nodules is achieved. Then the booster pumps

drive the slurry to the main collection tank from where the

main jumps drive it through a 10-inch pipe to the transport. ship

holds.

Each hold is equipped with valve actuated water jets.

Slurry and booster pumps are used driven by separate diesel

engines. The jets are used to slurrify the nodules and the

pumps to transport, the slurry. A description of the system

can be found in Ref. 18. The results are comparable with those

of Ref. 14.

2. 6.

1. Hull Structure

By using a modified version of the design procedure for
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the ore carriers outlined in the transportation section, the

dimensions and costs of the mining ship are obtained.

The modifications include:

� Increase in dimensions caused by the moonpool ~

--Addition of space needed for the slurry pumps.

� Addition of space and weight for personnel.

--Addition of weight from the derrick, moonpool, pipe,

pipe rack, and associated equipment.

--Addition of horsepower required to drive the main

pumping and the thrusters.

The dimensions of the miner have been based on data from ore

carriers  references from Appendix 3! using an augmented DWT

to account for the additional weights.

The following dimensions are obtained for the base case:

TABLE 2-1. BASE CASE MINESHIP, DIMENSIONS AND COST

Dimen s ions

732 Ft.

113 Ft.

44.5 Ft.

59 Ft.

0.85 Ft.

Steel Weight
Outfit Weight
Machinery Weight
Mining Equipment
DWT

Displacement  Moonpoo3. Open!

.84 Million $

.89

.86

.06

26

17
25

7

Labor Cost

Overhead
Material
Profit

2. Hull Engineering

Hull engineering costs are included in 2.6.1.

3. Outfit

Cost included in 2.6.1.

Length
Beam

Draft

Depth

14,700 Tons
1,600
1,200

12,000
56,000
K>~510
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4. Primar Pro ulsion and Main Power Plant

Total machinery weight = 1,200 tons and is costed in

2. 6.l.

S ecial Navi ation and D namic Positionin Z uipment

A number of 2,500 HP thrusters are used. For the basic

case, six thrusters are required  three in bow, three in stern! .

The thrusters are retractable, AC motor driven, controllable

pitch propellers including duct, motor, propeller, and casing.

6.. S ecial Hotel Re uirements

Special hotel requirements are accounted for at an

estimated $2.00 million.

7. S ecial Towin E ui ment

Special towing equipment is required if the mineship

must tow the transport ships during nodule transfer procedure.

Such special towing arrangements are provided for the current

base case.

8. Helico ter Platform

A helicopter platform is required to transfer of per-

sonnel and supplies'

Data from Ref. 14 have been used for 2.6.l through 2.6.8,

and the total results are comparable with those of the same

reference  Flipse!.

3. 0 eratin Costs Estimates

For a summary of operating costs, see Table 2-3. The

following operating costs are estimated:

3.1. Maintenance Cost

The maintenance cost is estimated as a percentage of the

respective capital cost  Ref. 14! .



PERCENT

50

3.2. Crew Cost

The number of crew is determined, as with the transport

ship, as a function of the ship size. The average salary is

evaluated at $71,000/man per year. Two full crews of 40 people

each are necessary for each mineship on a 30-days-on/30-days-

off schedule.

3.3. Fuel Cost

The fuel and lubrication cost can be calculated directly.

The power consumption is assumed to be as follows:  as per-

centage of installed power of specific equipment!

At-Sea Mining At-Sea Not Mining

41%
12.5%

10%

Main Propulsion
Thrusters

Mining Equipment

83%

25%

100%

The power consumption in port is assumed to be negli-

gibly small.

The fuel consumption is 165 / HP hr.gr

The lubrication oil consumption is 1 / HP hr.gr

The cost of diesel 180 centistoke is taken $158/ ton

and the cost of lubrication oil is taken as $950/ ton.

3.4. Insurance Cost

The insurance cost is estimated as 1.5% of total value

3.5.

The layup charges are assumed to be a fraction of the

different operating costs of the mineship.

2.1 Equipment and Supplies Handling

2.2 Nodule Pumping System

2.3 Dredge Pipeline  Spare Not Included!

2 ' 4 Collector Unit  Spare Not Included!

2.5 Ore Handling

2.6 Mineship

of equipment plus $1,500 per crew member.

50

50

5

2
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2.1. KQUIPMZNT AND SUPPLIES HANDLING
1. Crane s!
2. Miner's Launch
3. Floating, Flexible Umbilical
4, Pipe Suspension Tower and Platfor
5. Pipe Deck
6. Deck Mounted Drums for Power Cab

TOTAL

NODULE PUMPING SYSTEM

1. Pumps
2. Pump Housings
3. Pump Motors
4. Power Cable and Connectors

5. Instrumentation
6. Topside Controls
7. Valves  Dump and Diffusion!

TOTAL
DREDGE PIPELINE

1. Pipe Sections
2. Couplings
3. Deadweight
4. Cable Attachments
5. Articulated Lower Truss
6. Ball Joints
7. Valves  Dump and Relief!
8. Fairing

TOTAL

COLLECTOR UNIT S!
ORK HANDLING

1. Pipestring-Miner Connection
2. Separator
3. Grinding
4. Conveyors
5. Slurry Self-Unloading System and

Piping
TOTAL

MINESHIP  MAIN SECTION!
l. Hull Structure
2. Hull Engineering
3. Outfit

4. Primary Propulsion and Main Power
5. Special Navigation and Dynamic

Positioning Equipment
6. Special Hotel Requirements
7. Special Towing Equipment
8. Helicopter Platform

TOTAL

COST

le

17.05
2.2.

4.00

6.40

2.00

12.40

2.3.

19.60

3.502.4.

2.5.

Related

10.20

2 ' 6.

77.65

Plant

9.40

2.00

0.90

0.40

90.37

$153.12TOTAL FIXED CAPITAL INVESTMENT

$306.24CAPITAL COST FOR TWO MINESHIPSTOTAL

TABLE 2-2. TOTAL CAPITAL COSTS PER MINESHIP

 in millions of l980 U.S. $!
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TABLE 2-3 . OPERATING COST SUMMARY

 in millions of 1980 U.S. $!

Maintenance

Crew Cost

Fuel Cost

Insurance

$32.79TOTAL OPERATING COST

TOTAL OPEHATIiVG COST FOR TWO MINESHIPS $65.58

2.1.
2.2.

2 ' 3.

2.4.

2.5.

2.6.

Equipment and Supplies Handling
Nodule Pumping System
Dredge Pipeline
Collector Unit

Ore Handling
Mineship

0 ' 85

6.20

5.05
0 ' 95

0,51
1.81

$15.37

9.94

4.68

2.54

0.26
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75% Naintenance Cost

l0% Annual Crew Cost

25% Insurance Cost

Data from Ref. 14 were used and the results were comparable

with those of the same reference  Flipse!.

4. Alternative Case

The storage capacity of the mining vessel. depends upon

the number and size of transport ships. When the distance

from port to minesite changes to 2,500 nautical miles, four

transport ships of 62,000 DWT are needed  see Marine Transport

Appendix 3!. The required storage capacity for the mineship

is then increased to 75,000 DWT  margin: 20%! .

The capital and operating cost summaries for the alterna-

tive case are given in Tables 2-4 and 2-5.
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TABLE 2-4. CAPITAL COST SUMMARY ALTERNATIVE CASE

 in millions of 1980 U.S. $!

2.1. Equipment and Supplies Handling......17.05

.12.40

2.3. Dredge Pipeline .....19.60

2.4. Collector Unit 3. 50

Ore Handling.........................10.202.5 ~

2.6. Mineship.

$322.62

TABLE 2-5. OPERATING COST SUMMARY ALTERNATIVE CASE

 in millions of 1980 U.S. $!

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ 1 5 ~ 53Maintenance..........-

~ ~ ~ ~ ~ a ~ ~ ~ ~ 1 0 t 08Crew Cost.............

uel Cost........................ ~ ......... 4.77F

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 2 t 58Insurance

~ ~ ~ ~ o 0e27

33.23

TOTAL OPERATING COST FOR TWO MINESHIPS $66.46

2.2. Nodule Pumping System..

TOTAL FIXED CAPITAL INVESTMENT

 for one mineship!

TOTAL CAPITAL COST FOR TWO MINESHIPS

ay Uptt ~ ~ ~ ~ ~ t ~ ~ ~ tt ~ ~ ~ ~ ~ ~ ~ ~ ~ ~L

TOTAL OPERATING COST

 for one mineship!

.98.56

161.31
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Appendix 3. MARINE TRANSPORT

The ships that transport the nodules are similar to

ore carriers or bulk carriers given the specific gravity of

the nodules, which is close to two. A large number of such

ships have been constructed and an abundance of data exists.

For this reason, in the present study data from existing ships

are used in a generic form to allow the user to vary some

parameters and to update the costs easily- In parallel, data

from the industry have been used to verify all the costs

derived.

The capital and annual operating costs presented in this

appendix are for a transportation scheme that handles a total

of 4.5 million tons of wet nodules per year. As mentioned,

the transport vessels are similar to ore carriers due to the

specific gravity of the decanted slurry. Ore carriers are

deadweight limited vessels and, in accordance with the scen-

ario they are limited in size by the draft restriction of

the port. Further assumptions are as follows:

--The number of mineships used in the marine transpor-

tation program is fixed and equal to two.

--Each mineship is serviced by an equal number of trans-

port ships.

--Those transport ships are assumed to be equal in size.

--The transport ships are traveling between one mine-

ship and the port terminal. A roundtrip which in-

volves both mineships is not considered.

The marine transport sector includes all systems required to

carry the nodules from the mineship to the port. Special pre-

parations and facilities necessary to accommodate the trans-

port vessels at port are included in the ore discharge port

sector, Appendix 4.

l. Outline of Ca ital Cost Estimations

The transport ships are initially divided into subsec-

tors and sub-subsectors which correspond to the functional
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working units of the vessel. The subsectors, discussed in

section 3. Capital Costs, are:

3.1 Ship Hull

3 ' 2 Slurry Transfer Equipment

3.3 Fuel, Water, and Supplies Storage and Transfer

Equipment

3.4 Special Equipment Necessary for At-Sea Coupling

with Niner

3.5 At-Sea Disposal Equipment

The subsectors are divided into units for which costs

can be derived. It is desirable to keep these units as large

as possible, but sometimes the equipment arrangement mandates

that small units be used.

The ship price is for United States ship construction.

The price is estimated by direct calculation of the labor and

material costs, and will therefore be slightly different than

the actual market price. The ship size is estimated using

methods suggested by D.G.N. Watson  Ref. 1! .

The labor and material costs are estimated from G. Car-

reyette  Ref. 4! modified for U.S. construction. The method-

ology traces back to Benford  Ref. ll! - The cost of labor

is taken as $15 per manhour. The overhead costs are taken

as two-thirds of the labor costs.

A profit margin of 10% is used, which includes actual

profits, insurance costs, and owner expenses. Cost. estimation

data were used from Flipse  Ref. 9! and Andrews  Refs. 3 and

6! in addition to the references mentioned above. The overall

results are comparable with those of Refs. 3 and 6.

2. Number of Ships

The distance between port and mneships for the base case

is 1,750 miles. Two identical fleets of transport vessels

serve the two mineships separately. The number of ships satis-

fies the draft restriction at the port, and the vessels are

loaded at least 80% for their capacity but not more than 90%.

For the base case, 300 operating days are assumed, a port
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draft of 40 feet, and loading time of 24 hours. The port draft

is rather restrictive for the sites considered so the

sizing of vessels allows up to 10% changes for draft limited

operation. For the base case four transport ships are required

with a DWT of 44,700 tons. The nodule storage capacity of the

mining vessel  See Appendix 2, Mining! is selected as the min-

imal capacity capable of handling the given transport vessels

plus a 2S% margin. The mining calculations therefore follow

after the transportation calculations.

The average trip duration between mine site and port

equals the time required to travel both ways, plus the time

to load and unload the cargo, plus port delays. An estimated

20 hours are required for loading the transport ship so the

total delay time is estimated at 48 hours per round trip.

If N denotes the number of transport ships, DWT the

deadweight, U the ship speed in knots, D the distance between
s

s
site and. port in miles, and. Q the annual nodule tonnage in

net tons, then the number of ships is the smallest integer

equal to: 2 * D
+ 48

0.9 * DWT * 300 * 24 Hr/Day

3.

The cost estimation procedure is provided by subsectors

according to the division indicated in figure 3-1. For

capital cost summary, see Table 3-2.

3.1.

1. Hull Structure

The nodules have a specific gravity of two; thus an

ore carrier or bulk carrier configuration must be used. Dedi-

cated tanks to transport fuels and water to the mineship are

up to 10% of the DWT capacity. Additional pumps and piping
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FIGURE 3-1.

MARINE TRANSPORT, SECTOR 3

3.1. SHIP S! HULL  MAIN TRANSPORTS, GEARLESS!

3.1.1. Hull Sturcture  includes materials,

3.1.2. Outfitting  includes materials, labor,

overhead, and miscellaneous items!

3.1.3- Hull Engineering  includes materials,

labor, overhead, and miscellaneous items!

3.1.4. Propulsion Machinery  includes materials,

labor, overhead, and miscellaneous items!

3.2. SLURRY LOADS 6 DISCHARGE EQUIPMENT

3.2.1. Deck Piping and Manifold System  for

receiving nodule slurry from mineship!

3.2.2. Dewatering Pumps and Piping for Each Hold

3.2.3. Reslurrying Equipment

3 3 FUEL g WATER I AND SUPP LI ES STORAGE AND TRANSFER

EQUIPMENT

Water Umbilical from Mineship

3-4- SPECIAL EQUIPMENT NECESSARY FOR SEA COUPLING WITH

MINER  To be developed; includes navigation and

control equipment for transport-miner interface!

3.5. AT-SEA DISPOSAL EQUIPMENT

3.3.1,

3.3.2.

3.3.3-

3.3.4.

3.3.5-

labor, overhead, and miscellaneous items!

Miner Fuel Dedicated Storage Tank s!

Miner Fuel Pumps and Piping

Niner Fresh Water Dedicated Storage Tank s!

Miner Fresh Water Pumps and Piping

Deck Crane for Handling Slurry, Fuel, and
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are needed for slurry handling, dewatering and decanting, and
sea water handling.

The sizing procedure described by Watson  Ref. 1! is

used to obtain the principal dimensions of the vessel and the

2.

Cost estimation as outlined in Refs. 1 and 2 and described

in 3.1.1.

3. Hull En ineerin

Cost estimates as outlined in Refs. 1 and 2 and described

in 3.1.1.

4. Pro ulsion Machiner

The Series 60 are used to obtain estimates of the horse-

base case the engine's maximum con-

HP. Cost estimation follows Refs.

power required. For the

tinuous rating is 16,850

1 and 2. A direct drive diesel engine using diesel 180 centi-

stoke is assumed.

3.2. Slurry Loadin System

1. Deck Pi in and Manifold S stem

2. Dewaterin Pumps and Pi in for Zach Hold

The nodules are loaded on the transport, vessel in slurry

form without prior grinding. The nodules are first dewatered

from the bottom of the hold and subsequently decanted to about

90% solids. When in port the load is fluidized by using water

jets as described in Ref. 7 and subsequently pumped to the

port terminal.

A pumping capacity of 5,000 tons of slurry per hour

for 100,000 DWT ship is reported and linear decrease of this

various weights and manhours required, also satisfying the
considerations on the number of ships. A 10% chanqe is allowed

for restricted draft operation  Ref. 12!. Using material prices,

labor costs, and overheads applicable to U.S. construction,

the cost of the hull is obtained as outlined by Carreyette

 Ref. 2! and Benford  Ref. 11!. For base case see Table 3-1.
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TABLE 3-1.

TRANSPORT SHIP DIMENSIONS BASE CASE!

631 Ft.

97 Ft.

38.3 Ft.

0.82 Ft.Cb
Engine Horsepower HP

V
s

DWT

Lightship

Length  BP!

Beam

Draft

16850

15

55000

44700

10300

Knots

Tons

Tons

Tons
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TOTAL CAPITAL

COST

 $ million!

Materials

Labor

Overhead

3. 80

8.40

5.60

3.1 2. Outfitting

Materials

Labor

Overhead

4.42

4.94

3.29

Prof it

1.00

$50.22

$200.88

TABLE 3-2.

MARINE TRANSPORT CAPITAL COST SUMMARY

 per 44,700 DWT transportship!

3.1. Ship, Nodule Transport

3.1.1. Hull Structure

3.1.3, Hull Engineering  included

in 3.l.a.!

3.1.4. Propulsion Machinery

Materials

Labor

Overhead

3.2. Slurry Load System

3.3. Fuel, Water, and Supplies Storage

and Transfer Equipment

3.4. Special Equipment Necessary for

At-Sea Coupling with Miner

TOTAL FIXED CAPITAL INVESTMENT

TOTAL CAPITAL COST OF FOUR TRANSPORT

SHIPS

6.37

3.96

2.64

4.34

1.16

0 ' 30
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capacity is assumed for smaller vessels  Refs. 6 and 7! .

The cost of the slurry loading system is estimated as

a linear function of deadweight. The following equation was

obtained using existing data  Ref. 7!  Updated 1980 data

in U.S. dollars.!

Cost = 556,700 + 13.3 " DWT

3.3. Fuel, Water, and Supplies Stora e and Transfer E uip-

ment

1. Miner Fuel Dedicated Stora e Tanks

Miner Fuel Pumps and Piping

3. Niner Fresh Water Dedicated Stora e Tanks

4. Niner Fresh Water Pum s and Pi in

5. Deck Crane

These costs of 3.3.2, 3.3.4, and 3.3.5 are added to the

ship cost. Data from Andrews  Refs. 3 and 6! were used.

3.4. S ecial Z ui ment for At-Sea Cou lin with the Miner

A major part of the navigation and control equipment nec-

essary for at-sea coupling between the miner and the trans-

port ship is included in the mining sector. The at-sea trans-
fer of cargo requires further investigation and the costs are

tentative. Data from Andrews  Ref. 3!, Flipse  Ref. 9!, and

Halkyard  Ref. 10! were used.

3.5. At-Sea Dis osal E ui ment

This option is not considered in the base case.

4. Annual 0 eratin Costs

A summary of annual operating costs is given in Table 3-3.
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TABLE 3-3

ANNUAL OPERATING COST SUMMARY

2.24

0.13Port Charges

Lay-up Charges 0.13

0.00Miscellaneous

5.52TOTAL ANNUAL CHARGES

$22.08TRANSPORT SHIPS

4.1. Crew Salaries

The total number of crew is determined as a function

Number of crewDWT

28

29

30

31

32

Annual salary per crew member = 60,260 + 0.15 x DWT.

 Per 44,700 DWT Transportship!

 in millions of 1980 U.S. $!

Crew Cost

Maintenance Cost

Insurance

Fuel Cost

TOTAL OPERATING COST FOR FOUR

of the DWT of the transport ship;

30,000

40,000

55,000

70,000

85,000

1.94

0.50

0.58
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4.2. Maintenance

The maintenance cost of the transport ship with a slow

speed diesel is assumed to be a function of maximum continuous

engine rating and DWT  Ref. 3!. The maintenance cost of the

slurry system is assumed to be 10% of the capital cost of the

slurry system.

4.3. Insurance

The insurance cost is a function of the DNT and the

4.4. Fuel Cost

The fuel and lubrication cost for a slow speed diesel

engine can be calculated as:

1,000,000 x 1.2

sfc = Specific fuel  lubrication oil! consumption per

day  gr/HPh!

As specific fuel consumption estimates, the following

were selected  Ref. 4!:

fuel consumption main engine

lubrication oil consumption

fuel consumption auxiliaries

oil consumption auxiliaries

The power used by the auxiliaries is assumed to be 4% of the

capital cost of the ship  Ref. 3!.

Fuel price per day = sfc x MCR x cbc x

MCR = Maximum continuous engine rating

cbc = Price per metric ton

Specific

Specific

Specific

Specific

= 155 gr/HPh

= 0.93

165

1 tt
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maximum continuous rating of the main engine. The assumption

is made that in port the auxiliaries are operating continuously

and that. for loading at sea 40% of the main power and the

auxiliaries are operating.

4.5.

Port charges are calculated from linear regression of

available data.

Port charges first day = 1650 + 0.078 DWT$

Port charges second day = 133 + 0.0267 DWT$

4.6. La -up Charges

Lay-up charges are taken as a percentage of the normal

operating charges  Ref. 5!.

365 Operatin Da sLay-up charges =
365

x �.1 Labor + 0.75 Maintenance

+ 0.25 Insurance!

5. Alternatives to the Base Case

The distance between port and mineship may vary between

1,700 and 3,500 miles depending on the site selected. A dif-

ferent transportation scheme is to be selected for each case

following the same procedure as outlined for the base case.

Also the impact of the port restriction can be directly assessed.

The program written to evaluate the cost of the trans-

portation vessels can handle changes in the basic inputs of

distance between port and minesite, port draft, the number of

operating days per year, and port time.

It should be noted that the storage capacity of the

mineship must be selected on the basis of the transport ves-

sel deadweight, so that the impact of changes in the inputs

above on the mining. sector costs is substantial.

See Table 3-4.
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Part I. ORE DISCHARGE PORT

The ore discharge terminal provides for the discharg-

ing of manganese nodules from the ore carriers, temporary stor-

age for the nodules, and preparation of the nodules for slurry

pipelining to the processing plant.

l. Nethodolo of Cost Calculation

It seems likely that the mining consortium would want

to lease a marine terminal from the port authority for the

expected length of its operation or 60 years, whichever is

less. In time, after the mining consortium has started using

the facilities of the dedicated marine terminal, it may then

consider any helpful conversions or transformations of the

facilities to suit its own purpose efficiently. This is done

only with approval of the port authority.

2. Cost Estimations

The further subdivision of subsectors into their sub-

subsector components will be illustrated below, with capital
and operating costs for all components enumerated.

As explained above, the ore discharge marine terminal

serves as the base for off-loading the manganese nodules

from the transport vessels and preparing them for pumping to

the processing plant. In addition, at this facility the die-

sel fuel for the mineships is loaded into the ore carriers

for the return trip to the mineships.

For this analysis, the terminal is assumed to be located

in a developed deepwater port on the West Coast of the United

States. This port must have a minimum channel depth of 40

feet in salt water at low tide. The ore discharge terminal

must be capable of accommodating ore transport vessels up to

45,000 DWT capacity as defined in Marine Transport, Sector 3.

3. Sub-subsector Breakdown and Ca ital Costs

The required equipment and facilities for the ore dis-

charge port sector are grouped into the following subsectors:
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3.l Terminal Land

3.2 Terminal Site Development

3.3 Terminal Buildings

3.4 Pier s! and Pier Equipment

3.5 Dredging

3.6 Fuel Pipeline

3.7 Slurry Discharge Units and Related Piping

3.8 Nodule Storage Basin s!

3.9 Water Recycling Tankage and Return Water Piping

3.1. Terminal Land

The ore discharge marine terminal will require 15 acres

of land in a developed deepwater port. The land in most

developed deepwater ports with access to a commercial channel

is, in general, owned by the state, and therefore cannot be

purchased outright. Instead, the interested party must lease

the land from the port authority which manages the port faci-

lity. The leased land  and facilities! can be in varying

stages of development, from bare, totally undeveloped land,

to a facility with fully constructed pier s!, buildings, and
general terminal services'

For this analysis, it will be assumed that the consortia

involved in mining will elect to lease totally undeveloped

land. This choice allows the ore discharge marine terminal

to be tailored to meet, the specific requirements of a nodules

receiving and handling terminal. The land will be leased

at a rate of $.50 per square foot per year. Thus, annual

lease charges for the terminal land will be $300,000.  Ref. 1!

3 ' 2. Terminal Site Development

The site development sub-subsector will include pro-

visions for land preparation, site services and utilities,

and yard items. Land preparation will include surveying,

grading, and. leveling of the terminal land, as necessary.

The site services and utilities will include fresh water

service lines, electrical power, a sewerage system, telephone

service, and sotrm drainage facilities. Fencing, lighting,
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parking, and internal roads will comprise the yard items.

The total direct capital cost for this subsector is

$850,000. When indirect capital costs, contingency fees, and

contractor fees are added  calculated as 6% of the above! the

total capital expenditure for this sub-subsector is $872,000.

3.3. Terminal Buildin s

The capital cost for the buildings includes the build-

ings for offices, maintenance and repair, storage, and pumps

for the slurry pipeline.

The total direct capital cost for the buildings sub-

subsector will be $2,200,000. When indirect capital cost,

contingency fees, and contractor fees are added  calculated

as 10% of the abave!, the total capital expenditure for the

sub-subsector will be $2,320,000.

3.4. Pier s! and Pier E ui ment

For this analysis, it has been determined that the

pier must be able to handle vessels up to 45,000 DWT. The pier

has provisions for crane rails on the deck, which are able to

support the portable slurry discharge units. The necessary

cranes to handle this unit. also are installed.

The direct capital cost of the pier is $5,070,000 and

the cost of the cranes is $5,080,000. An 8% increase is added

to these costs for indirect capital costs, contingency fees, and

contractor fees.

3.5.

In order to accommodate the transport vessel at the pier,

the water depth next to the piers must be at least equal to the

draft of the vessel plus a safety margin. Zn order to achieve

this depth, dredging of the sea adjacent to the piers must be

undertaken.

The cost per cubic meter for the dredging and disposal

activities is $13. Thus, the total direct capital cost for this

operation is $1,370,000. With the addition of indirect capi-

tal costs, contingency fees, and contractor fees  8% of above!,



the total capital cost of this dredging sub-subsector becomes
$1,480,000.

3.6.

.The ore discharge marine terminal is the point at which
diesel fuel for both the transport vessels and the mineships
are loaded aboard the tranport vessel. Therefore, a fuel pipe-
line which connects with the local suppliers pipeline must
be constructed. The direct capital cost for such a pipeline is
$100,000. With the addition of indirect capital costs, contin-
gency fees, and contractor fees  calculated as 8% of above!,
the totaL capital cost for this sub-subsector will be $108,000.

3.7. Slurr Dischar e Units and Pi in

The nodules are discharged from the transport vessels

using portable slurry discharge units. These units are suspended
in the holds of the transport vessel by dock-side cranes, with
one discharge unit per hold. Using high pressure water, these

discharge units re-slurry the nodules and then pump them from
the vessel's hold, through a dock-side manifold system to the

ore terminal nodule storage pond s!. In addition to the pipe-

line for transferring the nodules to the storage pond. s!, there

is also a need for a pipeline between the recycle water storage
tank and the slurry discharge units.

This results in a direct capital cost of $5,l70,000.

When the indirect capital costs, contingency fees, and contrac-

tor fees  calculated as L2% of above! are added, the total cap-

ital cost for the sub-subsector will be $5,730,000.

3.8. Nodule Stora e Basins

Nodule storage basins capable of handling two ship loads

of nodules are required at the ore discharge marine terminal.

These basins are constructed using soil embankments. Since the

nodules are carried in a salt water medium, the bottom of the

basins axe lined with an impermeable synthetic liner, so as to

prevent salt water intrusion into the ground water. In addition

to the nodule storage basins, a reclaimer for recovering nodules
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from the basins and feeding them to the port-to-process plant

slurry pipeline is required.

The nodule storage basins and the reclaimer cost is

$1,470,000. With the addition of indirect capital costs, con-

tingency fees and contractor fees  calculated as 12% of above!,

the total capital cost for this sector is $1,650,000.

3.9. Water Rec clin Tankage and Return Water Pi ing

The slurry discharge units utilize a closed loop water

system, thus preventing contaminated water from entering the

local environment. Along with these tanks is a pipeline for

transferring the excess transport water form the nodule basins

to the water recycling tanks. The recycling tanks and the pipe-

line cost $670,000. When the indirect capital costs, the contin-

gency fees, and contractor fees are added, the total capital

expenditure for this sub-subsector is $750,000.

4.

The operating costs for the entire ore discharge marine

terminal subsector can be grouped into categories as listed

below: 4.1 Maintenance and Repair  MSR!
4.2 Labor

4.3 Utilities

4.4 Insurance

4.5 Taxes

4.6 Lease Fees

4.7 Miscellaneous

4.1. Maintenance and Re airs

The M&R costs for the ore discharge marine terminal sub-

sector includes both labor and material costs required for main-

taining the facilities in this subsector. This MGR cost is ob-

tained by summing the MRR costs for the individual sub-subsectors.

Each sub-subsector's MSR cost is, in turn, calculated on some

percent of the sub-subsector total capital cost. A listing of
M&R can be seen in table 4I-1. The total annual maintenance
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TABLE 4I-l.

Site Development

Buildings

Pier

Cranes

Dredging

Fuel Pipeline

Slurry Discharge Units

Nodule Storage Basin

Dirty Salt Water Tanks

 C 2%! $ 17,000

 C 2%! 26,000

 C 2%! 101,000

 C 8%! 406,000

 C 10%! 140,000

 C 1%! 1,000

 C 10%! 517,000

 C 1%!

 C 1%!

l5,000

7,000

$1,230,000

ANNUAL MAINTENANCE AND REPAIR COSTS

 Calculated as a percentage of the capital cost!
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and repair cost for the entire subsector is $1,230,000.

4.2. Labor

The labor force in this subsector is divided into two

groups, the permanent personnel and the temporary, or transient,

personnel. The permanent personnel include the administrative

staff, the operating team, and the MKR group. However, the

cost of the N&R groups is included in the M&R operating cost

cited above and need not be included in this operating cost

category. The temporary personnel are the longshoremen, who

must be hired on a shift basis for discharging the ore transport

vessel.

The annual permanent personnel payroll, including over-

head charges, will be $100,000 while the temporary personnel

payroll will amount to $850,000 per year. Thus, the total annual

labor costs for the ore discharge marine terminal subsector is

$950,000.

4.3. Utilities

The utilities required for ore discharge terminal include

electrical power and fresh water service. The terminal requires

a total of 3,800,000 kilowatt-hours of electricity per year.

General services requires 650,000 kilowatt-hours while the re-

maining 3,150,000 kilowatt-hours are consumed pumping fuel and

water onto the transport vessels and discharging the nodules

from the ore vessels. The power for the port-to-process plant

pipeline is delivered to the pump house, at this terminal, but

its cost is charged to the onshore transportation sector  Appen-

dix 4, Part II! . The total consumption of fresh water per year

by the facility is 50M gallons. Using a electrical power cost

of $.06 per kilowatt-hour and a fresh water rate of $.55 per

1,000 gallons, the total yearly power and water charges are

$228,000 and $23,000 respectively. Thus the yearly utilities

operating cost is $251,000.

4.4. Insurance

The insurance charges for the ore discharge marine terminal
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are estimated as a fraction of the total capital cost of the

subsector. For this analysis, these charges are assumed to be

1% of the total capital cost. Thus the total annual insurance
bill is $230,000.

4.5. Taxes

The state and local taxes on the ore discharge marine
terminal are estimated as a fraction of the total capital cost
of the subsector. For this analysis, these charges are assumed
to be 1% of the capital cost. This gives a total annual state
and local tax of $230,000.

4.6. Lease Fee s!

The lease fee s! for the ore discharge marine terminal

is the annual charge for leasing the land upon which the termi-
nal facility is constructed. This fee was discussed in section

3.1, where its cost was given as $300,000 per year.

4.7. Miscellaneous Items

For this analysis, there are no specific costs allocated

under this operating group. However, it has been added to account

for future, unforeseen cost items and for any additional opera-
ting costs associated with sensitivity analysis.

5.

There follows, in tabular form, a summary of all the
capital and operating charges applicable to the ore discharge
marine terminal. In addition, the depreciation life of each capi-
tal cost sub-subsector is listed. The total capital and opera-

ting costs for the ore discharge marine terminal are $22,900,000

and $3,190,000 respectively  see Table 4I-2!.
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TABLE 4I-2.

ORE DISCHARGE TERMINAL CAPITAL AND OPERATING COSTS

 in millions of U.S. $!

ITEM

$22.87TOTAL

ITEM

MRR

Labor

Utilities

Insurance

Tax

0.30Leases

$ 3.19TOTAL

Terminal Land

Site Development

Buildings

Piers

Dredging

Fuel Pipeline

Slurry Discharge Units and Piping

Nodule Storage Basins

Water Recycling Tankage

0.00

0.&7

1.32

10.36

1.48

0.11

5.73

1.65

0.75

1.23

0.95

0.25

0.23

0.23
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Appendix 4.

Part II. MARINE SUPPORT, SECTOR 8

1. Research Vessel  Fixed Cost!

2. Supply Vessel  Treated as a Fixed Item!

3. Support Vessel Marine Terminal

3.1 Sub-subsector Breakdown and Capital Costs

3.1.1. Terminal Land

3.1.2. Site Development

3.1.3. Terminal Buildings

3.1.4. Pier s! and Pier Equipment

3.1.5. Dredging

3.1.6. Fuel Pipeline

3.2 Operating Costs

3.2.1. Labor

3.2.2. Utilities

3.2.3. Lease Fees

3.3 Summary

4. Crew Training

5. Marine Support Cost Summary

Table 4II-1. Support Vessel Marine Terminal Operating Costs

Table 4II-2. Marine Support Cost Summary  Base Case!

References
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Part II. MARINE SUPPORT, SECTOR 8

1. Research Vessel  fixed cost!

A bottom survey and research vessel is required, capable

of prolonged operations in deep water. It should be fitted with

anti-rolling mechanisms and thrusters for dynamic positioning.

The cost of the base ship is estimated at 4.5 million U.S. $ for

a 200 ft. vessel  Refs. 1 and 4! capable of operating in the
Pacific  Ref. 4! .

The vessel is chartered at an annual cost of LLR, of its

capital cost, i.e., $0.50*10 . The operating cost includes in

addition fuel, supplies, equipment, and salaries estimated at

$3.0*10 annually  Ref. 4!. Cost for crew training is provided
for at $0.2*l0

2. Su 1 Vessel treated as a fixed item

A relatively large vessel is required to carry personnel,

technicians, and management aboard the mineship and the research

vessel. The logistic support is located in Hawaii, 1,000 miles

from the minesite. Ref. 5 suggests, from experience in the North

Sea, a vessel of 170 ft. with a crew of eight and a speed of

20 knots requiring 2,000 HP at an estimated cost of 1.8 million

U.S. $  costed as in Ref. 6! and an annual operating cost of

8*10 annually  Refs. 1 and 4! .
5

The vessel is equipped with thrusters for the at-sea

transfer of small equipment and personnel. It is capable of

carrying up to 40 people and 20 tons of supply 50 times annually.

It is fitted with a helicopter deck, while a helicopter will be

leased.

3. Support Vessel Marine Terminal

As explained earlier, the support vessel marine terminal

serves as the home base for both the mineship support vessel and

for the P&E research vessel. This facility also accommodates

the mineship logistics support office and warehouse and the P&E

laboratories.

The terminal is located in an existing port facility which
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provides easy access to the minesite; thus either a Hawaiian

or a southern California port might be chosen. Depth in the

port channel should be about 25 feet in salt water at low tide.

The depth is sufficient to accommodate the P&E vessel and the

mineship support vessel. Xn addition, this port facility should

be in an area which provides pleasant living conditions for

mineship and P&E personnel.

Procurement of the support vessel marine terminal involves

a leasing arrangement, wherein few or no additional capital ex-

penditures on the part of the consort.ium are necessary. The

feasibility of this type of leasing arrangement is due to the

conventional configuration of this terminal, which requires

standard, readily available terminal facilities and equipment.

3 ' 1. Sub-Subsector Breakdown and Ca ital Costs

As outlined above, all facilities and equipment for the

support vessel marine terminal are leased, thus precluding the

need for any capital expenditures for this subsector. A break-

down of these facilities and equipment into sub-subsectors is

as follows:

3.1.1. Terminal Land

3.1.2. Site Development

3.1.3. Terminal Buildings

3.1.4. Pier s! and Pier Equipment

3.1.5. Dredging

3.1.6. Fuel Pipeline

1, & 2. Terminal Land and Site Develo ment

The support vessel marine terminal requires 2 acres of

land, fully developed with all utilities and yard items intact,

as described for the ore discharge marine terminal. The land,

all site development, and site services are leased at a rate

of $0.50 per square foot, per year. This gives a yearly lease

fee of $44,000 for the developed land.

3. Terminal Buildin s

The support vessel marine terminal requires about 10,000
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square feet of building space. Two thousand square feet of this

area will be dedicated to offices, 8,000 square feet to the

mineship logistics support warehouse and shops.

The office space costs $24 per square foot per year while

the mineship logistics support warehouse and shops and the MKR

shop s! cost $6 per square foot per year. The cost of leasing

the PKE laboratories is not priced here, but rather is included

as part of the P&E expenditures. The total building lease fees

attributable to this subsector are thus given as $96,000 per
year.  Refs. 1 and 7!

4. Pier s! and Pier E ui ment

Berthing of the P&E research vessel and the mineship

supply vessel requires 200 feet of pier space to be leased by

the consortium. This pier has provisions for mobile cranes for

handling supplies and equipment and for servicing the two vessels.

The leasing cost for the pier facilities is $10 per foot per

year, thus resulting in a total yearly cost of $24,000.

5. Dredging and Fuel Pipeline

The terminal facility leased is assumed to have a berth

deep .enough to accommodate the P&E and supply vessels; thus no

additional initial dredging is required. Periodic dredging for

depth maintenance is assumed to be undertaken by the owner of

the facility with the cost of this activity being reflected in
the lease fees.

A pipeline for fueling the PSE and supply vessels is

required. This pipeline is also considered as part of the leas-

ing package and therefore is reflected in the overall lease

fees.

3.2. Operatin Costs

The operating costs for the entire marine support ter-

minal subsector can be grouped into the categories listed below:
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1 . Labor

2 . Utilities

3 . Lease Fees

From the above list it can be noted that there are no

provisions for maintenance and repair  M6R!, insurance, or tax

expenditures for the support vessel marine terminal. The ab-

sence of these costs is because they are incurred by the lessor

and not the lessee. However, as is common business practice,

these costs are reflected in the annual lease charges paid by

the lessee.

l. Labor

The labor force for the support vessel marine terminal

includes the administrative and operating personnel responsi-

ble for the mineship logistics support operation and the running

of the terminal facility. A staff of 6 people with a combined

annual cost of $210,000, including overhead charges, is required.

It should also be noted that personnel for the P6E laboratories

are not accounted for in these costs, but are instead recognized

in the P&E sector costs.

2 ~ Utilities

The utilities required for the support vessel marine ter-

minal include electrical power and fresh water. Thus the yearly

utilities operating cost for the support vessel marine terminal

are $10,000.

3. Lease Fees

The annual lease fees for the support vessel marine termi-

nal include those for the land, buildings, and berthing facili-

ties, as enumerated above. The sum of these annual charges is

estimated. to be $164,000, and constitutes the total annual lease

payments for the entire support vessel marine terminal.

3. 3. Summar~

This section lists, in tabular form, a summary of all
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operating charges applicable to the support vessel marine terminal.

No capital costs are shown since none are allocated for this

subsector. The total operating cost for the entire support ves-

sel marine terminal is $384,000 per year.

TABLE 4II-l.

SUPPORT VESSEL MARINE TERMINAL OERATING COSTS

$384,000

Note: No capital cost incurred for this subsector.

A yearly allowance for crew training is provided. The

cost of this training is $200,000 per year.

5. Marine Support Cost Summary

For a cost summary of marine support  sector 8!, see

Table 4II-2.

TABLE 4II-2.

MARINE SUPPORT COST SUN&WRY   BASE CASE!

 in millions of l980 U.S. $!

CAPITAL COST

Research Vessel  Chartered!

1.80Supply Vessel

Marine Terminal  Leased!

$1.80TOTAL

OPERATING COST

Research Vessel

Supply Vessel  including helicopter !

Marine Terminal

Crew Training

TOTAL

GROUP

Labor

Utilities

Leases

$210,000

10,000

164,000

3.50

0.80

0.38

0.20

$4.88
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Part III. ON-SHORE TRANSPORTATION SLURRY PIPELINES

This appendix provides capital and operating cost esti-

mations and related analysis for the transport by slurry pipe-

line of 4,500,000 short tons of wet nodules a year between the

marine discharge facility and the processing plant, and between

the processing plant and the waste disposal site.

1. Nodule Slurr Pi eline

The nodules will be recovered by a nodule storage basin

at the port and slurrified. A decant pipeline will recycle the

excess slurry water from the process plant to the marine termi-

nal.

The distance and height difference between the marine

discharge facility and the process plant are important design

parameters. For a central value analysis a distance of 25 miles
and a height difference of 1200 ft. will be considered.

1.1.,S stem Determination and Desi n

The analysis of a slurry pipeline for the transportation

of manganese nodule to the process plant is a very complex task

and therefore the results of the following calculations will

only provide a rough approximation.
The transportation of solid elements with a diameter

more than 2 cm. is well beyond the present state of the art.

In fact, a large fluid velocity will be required, resulting

in excessive power requirements and erosion of the pipes  Refs.

2 and. 4! .

Using data from existing coal slurry pipelines, however,

it is established that no problems exist even for pipes of hun-

dreds of miles for solids with 8 mesh particle size.

As a result, nodule grinding is required at port, to

reduce the size of the particles. It is expected that the trans-

portation of the nodules in the vertical pipe, the storage and

the transportation in the vessels, etc. will cause a significant

degree of attrition, so that the power spent at port will be only



part of the total power required to grind the nodules.

It is assumed that the maximum particle size is 8 mesh

after grinding, and the concentration of solids by weight is 40%
 equivalent to 28% by volume! . The required fluid velocity is
5.6 ft./sec.  Ref. l! resulting in a pipe of 18-inch inner dia-

meter., The return pipe has a diameter of 14 inches.

The abrasion of a pipe in a flow below 10 ft./sec. is

small  Ref. 2! . The thickness is calculated on the basis of

structural strength and corrosion. A liner is' installed as cor-

rosion inhibitor.

TABLE 4 III-1.

SLURRY PIPE CHARACTERISTICS: BASE CASE

Length

Height Difference

Nodule Concentration

Fluid Velocity

Pipe Diameter

Pump Power

Power Concentration

Grinding Power

Power Consumption

25 miles

1,200

40% by weight

5.6 ft./sec.

18 inches

5,950 HP

3.3 ~ 10 KWH/yr.

1,000 horsepower

0.55 * 10 KWH/yr.

The pressure loss is evaluated following  Ref. 2! for

heterogeneous mixtures moved by saltation. For the values above,
the required horsepower is 110 HP/mile. In addition, to account

for the difference in elevation, it is estimated that a power

of l.l8 HP/ft. is required. For a 25-mile pipeline length and
1,200 ft. elevation, 4,200 HP is required.

Assuming 70% efficiency for the positive displacement

pumps the required pump power is 5,950 HP, resulting in elec-
tric consumption of 3.3 " 10 KWH/yr.7

For characteristics of the pipeline, see Table 4III � l.
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1.2. Cost Estimation Nethodolo

The cost calculations for the slurry piepline between

port terminal and the process plant are divided into the fol-

lowing two subsectors:

1. Slurry Pipe and Equipment

2. Transportation Required Land

1. Slurr Pipeline and Equipment

The system is divided into capital and operating cost.

The capital costs are the pipeline, the pumps and support equip-

ment, the storage for water needed for start-up, and miscella-

neous items.

The pipeline cost is determined from the cost of the

pipeline  with the selected diameter! per mile. This figure

includes the cost, of pipe, labor, equipment, machinery, and parts.

The capital cost, of the pumps is determined based on the pump

power required. The capital cost of the water storage is cal-

culated directly from the needed capacity. The miscellaneous

cost is taken as a percentage of the total capital cost.

The operating costs are divided into energy, labor, and

maintenance costs. The labor cost is assumed to be a linear

function of the length of the pipeline and maintenance is con-

sidered to be 6% of the system capital cost.

2. Slurr Pi eline Trans ortation Land

The amount of land necessary for rights-of-way, if con-

veyor, rail, or slurry pipeline methods are used, is calculated

assuming a 50-foot right-of-way. A 50-foot cost for the required

rights-of-way are the sum of the direct land costs plus the land

survey and preparation costs. The direct land cost is equal to

6.06 acres/mile multiplied by the length of the particular right-

of-way and the cost of the land per acre. The preparation and

land survey cost are given as a function  i.e., in $/mile! of

the particular right-of-way.
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1.3. Capital and 0 eratin Cost for Slurr Pipeline Between

Costs are given in 1980 U.S. dollars.

The dimensioning and power requirements are calculated

by the procedure given in section 1 1. The costs are given in
function of the pipe diameter  see Table 4III-2! . This is used
for slurry pipeline and the decant pipeline.

TABLE 4III-2.

PI PE LAY ING COSTS EQUIPMENT I LABOR AND MATERIALS

Black Steel Pipe, Welded Joints

$/LrT $/MILEDIAMETER

 Inches!

10

12

14

16

18

20

24

30

36

42

The capital cost for the pumps and equipment is in a

conventional pumping installation around 22% of the pipe cost

 Ref. 3! . In this analysis the water reservoir for start-up
procedure was not taken into account. The miscellaneous costs

are assumed to be 24% of the pipe cost  Ref. 3!. The total

capital cost for the slurry pipeline  including the return pipe-

line! from the marine terminal to the process plant �5 miles,

Process Plant and Marine Terminal

11.21

14.59

17.23

20.10

24.90

28.30

31.60

35.00

41.90

53.71

69.14

87.90

59,189

77,035

90,974

106,128

131,472

149,424

166,848

184,800

221,232

283,589

365,053

464,112
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1,200 ft. height difference! is therefore calculated to be

$10.89 M.

The yearly operating costs are divided into:

Energy: Calculated at $0.06/KWH

Labor : Assuming a chief engineer and four staff engi-

neers along with seven to eight technicians to

operate the pipeline, a salary cost of $400,000

is obtained. Also, three to four men per 25

miles of pipeline are needed as field technicians

and operators at a cost of $50,000.

Maintenance: Assumed to be 10% of the total capital cost.

The yearly operating cost for the pipeline �5 miles length!

is $3.2 M.

2! tion, Re uired Land

The transportation land cost is calculated as the sum-

mation of:

Cost. per acre of right-of-way land,

Cost per mile of land preparation, and

Cost per mile of surveying

see Table 4III-3.

TABLE 4!! I-3. SI URRY PIPELINE COST SUMMARY

 in millions of 1980 U.S. $!

$10.89

3.20

0.40

Capital Cost

Operating Cost

Land Cost

A fifty-foot right-of-way land strip is assumed. This corre-

sponds to six acres per mile. The cost of land along the waste

disposal pipeline is assumed to be $1,000/acre. The cost per

mile of surveying is assumed to be $200/mile. and the cost

per mile of land preparation, $10,000/mile. The total capital

cost for the transportation land is $400,000 '

For on-shore transportation slurry pipeline cost summary,
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A pipeline is used to transport, in slurry form, the

wastes between the processing plant and the waste disposal case.

For the base case a distance of 60 miles is assumed. A decant

pipeline recirculates the decant water from the waste site to

the processing plant.

The maximum particle size is assumed to be 100 mesh,

requiring a water velocity of 5.6 ft./sec. The pipe diameter is

l6 inches assuming a 50% concentration by weight.

The same procedure as in the case of the port-plant pipe-

line is used. An elevation of 1,900 ft. is assumed and a return

pipeline is included.

The power required is 80 HP/mile and 1.2 HP/ft. of eleva-

tion resulting in 7,100 HP. The pump power assuming a 75% effi-

ciency is 9,500 HP, divided between two pump stations, one at

the plant and one midway between the plant and the waste dispo-

sal area.

The capital cost of the pipe, including a return pipe

and the pumps, is estimated at $22.4 M.

The cost of the land is evaluated with the same assump-

tions as before, arriving at a cost of $0.96 M.

For cost summary, see Table 4III-4.

TABLE 4 I I I-4 . WASTE SLURRY PIPELINE COST SUMMARY

 in millions of 1980 U.S. $!

Capital Cost

Operating Cost

Land Cost

22. 40

4.48

0.96

The yearly operating costs include the energy cost, labor

cost, and maintenance costs as described in the previous sections.

The total annual cost is $4.48 M.
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APPENDIX 5. PROCESSING

There are several metallurgical processing techniques that
can be used to extract and refine the copper, nickel, and cobalt

in deep sea nodules. These techniques include reduction/arnrnoniacal

leaching, cuprian/ammorria leaching, high temperature sulfuric acid

leaching, reduction/hydrochloric acid leaching, and smelting. For

illustrative purposes, costs have been estimated for a plant using
the reduction/ammoniacal leach process described in Dames and Moore

�977!.

This sector includes all the operations in the processing

plant, from receiving the nodules and other raw materials to ship-

ping the metal products and preparing the tailings for disposal.

The pipeline transporting the nodules from the shore facility to

the plant, and the tailings pipeline and disposal area are not in-

cluded in the cost estimate of this sector.

The capital and annual operating costs presented in this

appendix are in March 1980 U.S. dollars and are for a plant that

processes 3 million short tons of dry nodules -- 4.S million tons

wet -- per year. An important caveat must be made with regard to

using these cost estimates. The processing plant is an extremely

complex unit and as a consequence, the costs given in this study

should not be manipulated to derive the cost of a plant that is

significantly different in size or type than the one described below.

1. Methodology of Capital Cost Estimation

No processing plant such as the one assumed in this study

has ever been built before, but each of the component technologies

have been proven in other plants. Since most every piece of equip-

rnent in this operation exists in various other chemical and metal-

urgical plants, costs can be estimated for each piece or grouping

of equipment. Capital costs of the reduction/ammoniacal leach

plant are estimated by the scaling and aggregation of appropriate

equipment costs found in engineering and cost estimation literature.

The general methodology for capital cost estimation of the process-

ing sector is as follows:

1! The processing plant is divided into subsectors and sub-

sub-sectors which correspond to the functional working
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units of the plant. The subsectors are:

1 . Materials, Storage, Handling, and Preparation

2. Nodules Reduction and Metal Extraction

3 - Metals Separation

4 - Reagent Recovery and Purification

5. Metals Recovery and Purificatio~

6 . Plant Services

Each of these is further divided into sub-subsectors which are

described in the next section.

2! The sub-subsectors are divided into units for which costs

can be derived. The equipment composition of these units is deter-

mined by the availability and accuracy of cost data. Thus, some of

the cost units are individual pieces of equipment and others are

large groupings of equipment.

3! The size or capacity of each cost unit is derived from the

material balances in the Dames and Moore report. Sizing and speci-

fication criteria  e.q., throughput, storage capacity, diameter,

power, construction materials, etc.! are chosen according to how

the unit is described in the cost literature and may be revised as

better information becomes available.

4! Once the sizing and specification criteria of a unit are

known, that unit's cost can be estimated from cost estimating or

process engineering literature. All costs are updated to 1980 dol-

lars using the Marshal and Swifts index  M&S!. This index equaled

640 in 1980.

5! Costs for units that correspond to individual pieces of

equipment usually come in one of two forms: purchased equipment

costs, or installed equipment costs. Purchased equipment cost esti-

mates are multiplied by 1.4 to account for installation charges, so

that they are put on an equivalent basis with installed equipment

costs.

6! Some cost units contain many pieces of equipment along

with all of the auxiliaries required to keep them functional. Sec-

tionalized costs are usually obtained for these units. In addition

to equipment costs and installation charges, sectionalized costs
include charges for auxiliaries such as instrumentation, piping,
electrical connections, buildings, yard improvements, and services.
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These types of auxiliaries charges are allocated to individ-

ual pieces of equipment by multiplying the installed equipment costs

 or factor derived equivalents! of these units by 1.9. This puts

individual equipment costs on an equivalent basis as sectionalized
costs.

7! Sectionalized costs  or their factor derived equivalents!

are aggregated to the sub-subsector level. In other words, each sub-

subsector is given a cost that includes charges for all its equip-
ment, installation, and accompanying auxiliaries. This is known as

the sub-subsector physical plant cost.

8! The total physical plant cost is calculated by adding all

of the sub-subsector physical plant costs together. This sum is

multiplied by 1.5 to cover indirect costs such as engineering and

construction costs, contractors' fees, and a contingency cost  i.e.,

indirect costs are 50% of the total physical cost!. The product is

known as the fixed capital investment for the processing sector.

The factors 1.4, 1.9, and 1.5 are derived from experience in

estimating typical chemical process plant costs. Zach has been de-

veloped such that its underlying components and assumptions are

appropriate for the plant layout assumed in this study.

Figure 5-1 shows the typical components of these factors for

a hypothetical cost unit that has a purchased equipment cost of

$1000. The charge for installation of this piece of equipment is

$385. The installed equipment cost is therefore $1385. Using the

factor approach, the installed equipment cost is estimated to be

$1400  i.e. 1000 x 1.4!.

This type of equipment also has auxiliaries charges alloca-

ted to it. These charges are; $132 for instrumentation, $215 for

piping, $178 for electrical connections, $354 for buildings, $98

for yard improvements, and $274 for services. Auxiliaries charges

brings the unit's contribution to the sub-subsector physical plant

cost to $2636. The factor approach estimates this contribution to

be $2660  i.e. 1400 x 1.9!.

Indirect costs such as $400 for engineering and supervision,

$446 for construction expenses, $92 for contractors' fees, and $378

for contingency fees bring the unit's contribution to the fixed cap-

ital investment of the processing sector to $3952. The factored
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estimate of this contribution is $3990  i.e. 2660 x 1.5!.

These factors are averages used for estimation purposes only.

The factors are not necessarily appropriate for a specific piece of

equipment but are valid averages for all the equipment in the plant.

The validity of this estimating procedure rests on the abil-

ity to draw analogies to well documented costs for similar types of

construction. Uncertainties of plus or minus 25% are inherent in

this estimation methodology.

2. Ca ital Cost Estimates

Costs presented in this section are estimates of the sub-sub-

sector physical plant costs and indirect costs for all equipment with-

in the battery limit of the plant. No costs are incurred for any

development outside of the plant, because the necessary infrastruc-

ture is assumed to be already in place. This infrastructure includes

electric and water utilities; qualified manpower; accessible road,

rail, and air transportation networks; police and fire protection;

business services such as office and building supplies, vendors as

well as food and maintenance services; and housing, hospitals, and

recreation facilities for employees.

This section describes each of the sub-subsectors and explains

the purpose of each in the overall process. The flowchart in Figure

5-2 shows how the sub-subsectors fit into the processing sequence of

the plant.  The sector numbering in fig 5-2 reflects the processing

sector's place in the overall model, that is sector 6.',

Physical plant costs, for a plant with processing capacity of

3 million short tons of dry nodules per year, are given for each of

the sub-subsectors. The indirect costs are factored in last, and

the fixed capital investment of the processing sector is given in

Table 5-1.

2.1 Material Storage,''H'aadli'rrg, 'a'nd Pre'paration

2 ' l.l Rail Car Station

Most of the large volume raw materials except the nodules are

transported to the plant by rail. The rail car station has the capa-

city to receive 775,000, 9300, and 26,400 tons per year of coal,

lime, and limestone respectively. This facility includes a dumping

station with feeders, conveyors, hoppers, and a station building.
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The physical plant cost  PPC! is estimated to be $1.4 million.

2.1.2 Coal Stackin , Stora e, and Reclamation

Coal is used in this plant for boiler fuel and reduction gas
production. The coal enters the plant through the rail car station,
and is stacked in piles until reclaimed for use in the process. This
system handles 775,000 tons of coal per year and provides storage

capacity for 4 months supply of coal. Required equipment includes
conveyors from the rail car station to the storage area, a stacker-

reclaimer at the storage pile, conveyors to the coal preparation equip-
ment at the boilers and coal gasifiers, trippers, trip conveyors, and
dust control facilities. PPC = $5.2 millions

2.1.3 Limestone Stacking, Storage, and Reclamation

Limestone is used in the plant for desulferizing combustion and

reduction gases. Except that the equipment is much smaller, the same

general sort of transfer and reclamation system as described in 2.1.2

is used to handle 26,400 tons of limestone per year, and provide 60

days of storage capacity. Required facilities include transfer and

tripper conveyors and accessories, reclamation and feeding equipment,

a dust control system, and a storage building. PPC = $1.8 zillion.

2.1.4 Nodules Receiving and Stora e

The nodules come to the plant through a slurry pipeline and are

distributed and held in storage ponds until they are needed. This sys-

tem handles 4,125,000 tons of nodules per year and has a storage capa-

city of 120 days. Transport slurry water is drained from the storage

ponds, pumped to a decant pond, and held there until returned to the

port for use in reslurrying fresh nodules for transport to the plant.

The decant pond has a holding capacity for one week's water drainage.

PPC = $19.0 million.

2.1.5 Nodules Reclamation and Transfer

The nodules are reclaimed from the storage ponds with cutter

head dredges and are transferred to the grinding and drying equipment

on a conveyor. PPC = $4.6 million.



2.1.6 Nodules Grindin and Dr in

The nodules are ground and dried at relatively low temperature
before being fed to subsequent reduction operations. The grinding and
drying circuit includes mill and dryer feed bins, feeders and convey-
ors, primary and secondary cage mills, fluid bed dryers fitted with
primary cyclones, and secondary mill classification blowers. PPC =
$7.1 million.

2.1.7 Lime Stora e and Slakin

Slaked lime is used to free ammonia from the ammonium sulfate
that is produced in the liquid ion exchange circuit and the cobalt
recovery system. The ammonia can then be reused throughout the plant.
The transfer and storage is similar to the one used for limestone,
except that it is smaller and includes a slaker. Equipment in this
system handles 9300 tons of limestone per year and has a storage capa-
city for 60 days supply. PPC = $1.1 million.

2.1.8 Off as and Fu itive Control Equi ment

The offgas from the secondary mill and fluid bed dryers must be
treated to return nodules fines to the process, remove dusts, and con-
trol fugitive emission. These operations are performed with secondary
cyclones, electrostatic precipitators, gas blowers, and. dried nodules
collection, storage, and transfer equipment. PPC = $11.0 million.

2.2 Nodules Reduction and Metal Extraction

2.2.1 Dried Nodules Feeding and Reduction

The manganese oxide in the dried nodules is reduced with high
temperature producer gas. This reduction disrupts the nodules' struc-
ture which makes the metals easier to extract in subsequent opera-
tions. 2 ' 8 million tons of nodules per year are reduced in fluid bed
roasters with producer gas from the coal gasification plant. Equip-
ment required for this operation includes a two-stage fluid bed re-
duction roaster with the necessary hoppers, conveyors, feeders, and.
primary and secondary cyclones. PPC = $6.7 million.

2.2.2 Reduced Nodules Coolin

In preparation for subsequent leaching operations, the reduced



nodules are cooled by direct contact with water sprays in a fluid bed
cooler. Required equipment includes the fluid bed cooler with neces-
sary solids transfer equipment, primary and secondary cyclones, and
cooled reductant gas circulation blowers. PPC = $6.8 million.

2.2.3 Offgas Treatment

Bag filters, cyclones, electrostatic percipitators, gas blow-
ers, and a waste heat boiler are used to remove dust and heat from
the effluent gases that come from the roasters � ' 2.1! and the cool-
ers �.2 ' 2!. The dust is returned to the process stream, and the heat
is employed in the production of low pressure steam used. elsewhere in
the plant. PPC = $6.0 million.

2.2.4 Reduced Nodules Slurr Aeration

The still warm nodules particles are quenched in recycled leach
liquor, and the resulting slurry is then aerated to partially dissolve
the value metals and precipitate out the iron as an oxide. 5600 gal-
lons of liquor per minute are circulated through this system which in-
cludes an agitated quench tank, covered agitated aerators, and slurry
transfer pumps. PPC = $l.8 million.

2.2.5 Nodules Slurry Leach

Final dissolution of the value metals into the leach liquor and
separation of this pregnant liquor from nodule residues takes place
in a counter-current thickner circuit. The thickeners are covered to
prevent loss of ammonia vapor. Necessary equipment, includes the thick-

ener assemblies, overflow and underflow pumps, a heat exchanger, a
pregnant liquor surge tank, and transfer pumps. PPC = $13.0 million.

2.3 Metals Se aration

The metals dissolved in the pregnant liquor, obtained from the
separation thickeners, must be separated from each other. This is

done by extracting out each metal independently  i.e., selective
extraction!. The liquor is not a good medium for this separation
method, so the dissolved metals are transferred to a liquid ion ex-
change  LIX! resin, before the metals are selectively extracted. The
transference and selective extraction is performed by the five sub-
subsectors of the Metals Separation subsector:
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2.3.1 Metals Extraction transfers most of the copper and nickel,

and some of the ammonia and cobalt, from the liquor to the organic Lj;X

medium.

2.3.2 Ammonia Scrubbing removes the ammonia from the organic.

The ammonia is then recycled.

2.3.3 Nickel Stri ing removes nickel from the organic. The

nickel is then sent via electrolyte to be recovered and purified in

the nickel electrowinning section.

2.3.4 Co per Stripping removes copper from the organic. The cop-

per is then sent via electrolyte to be recovered and purified in the

copper electrowinning section.

2.3.5 Cobalt Stri ing and Solution Recover prepares the organic
exchange medium for reuse by removing small amounts of an impure cobalt
mixture. This mixture is then sent to a series of equipment designed

to purify the cobalt, and recover other metals, through a more sensi-
tive selective extraction process.

These five operations are done in an 11-stage LIX circuit that
handles 1350 gallons of pregnant liquor and 2700 gallons of organic per
minute. Necessary equipment includes mixer settler units, filters,
surge tanks, transfer pumps, solvent and ammonia recovery hardware,
heat exchangers, and cobalt removal reactors. PPC = $30.0 million.

2.4 Rea ent/Recover and Purification

2.4.1 Leached Slurr Washin

The tailings slurry, produced in Nodules Slurry Leaching-Sepa-
ration �.2.5! is washed in a five stage counter-current decantation
circuit to ensure that all valuable dissolved metals are recovered.
The washing process yields metal containing liquors and barren tail-
ings, which are sent to the leaching sections �.2.5! and Washed Tail-
ings Stripping �.4.2! respectively. 1360 gallons of slurry per min-
ute is washed in this circuit which includes covered thickeners with
underflow and overflow pumps. PPC = $21.9 million.

2.4.2 Washed Tailin s Stri in

Barren tailings, from the Slurry Washing circuit �.4.1!, con-
tain ammonia and ammonium carbonate which must be recovered. These
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ammonia reagents are stripped from the tailings and passed to Process
Vent Scrubbing �.4.4! for recycling treatment. The ammonia-free

tailings are sent to Waste Treatment �.4.6! to be prepared for dis-
posal. Equipment in this stripping operation, which handles l360 gal-
lons of tailings per minute, includes an agitated tailings surge tank,
stripping tower, energy recovery exchanger, stripped tailings coolers,
and transfer pumps. PPC = $1.5 million

2.4.3 Ammonia Recover -Lime Boil

The ammonium sulfate, produced by Ammonia Scrubbing �.3.2! and

Cobalt Reduction �.5.6!, is reacted with slaked lime to produce arnmon-

ia and gypsum. The ammonia is sent to storage for reuse and the gyp-
sum waste product is sent to Waste Treatment. �.4.6!, Equipment in

this recovery operation, which processes about 35 gallons of ammonium

sulfate solutions per minute, includes a storage tank with agitator,

lime boil vessel, slurry cooler, heat exchanger, and transfer pumps.
PPC = $0.9 million.

2.4.4 Process Vent Scrubbin -Ammonia and Carbon Dioxide

Ammonia and carbon dioxide are recovered from the vent gases of

various pieces of equipment throughout the plant and from the ammonia

reagents produced by Washed Tailings Stripping �.4.2!. 500 standard

cubic feet  scf! per minute of carbon dioxide from the plant boilers

and 33,000 scf per minute of various vent gases are treated in the

scrubbing equipment which includes an ammonia absorber/condenser, a

carbon dioxide absorber, an ammonia absorber, a vent scrubber, trans-

fer and recirculation pump, heat exchangers, and blowers. PPC = $3.8

million.

2.4.5 Washing Solution Reconstitution and Rec cle

The leach liquor cycle starts at Slurry Washing �.4.l! and

progresses through Slurry Leaching �.2.5!, Metals Extraction �.3.l!

and Sulfides Precipitation �.5.3!. The barren Liquor is then reju-

venated with carbon dioxide and ammonia from the Vent Scrubbing sec-

tion �.4.4! and run back through the cycle. This reconstitution

and recycle operation handles 2720 gallons of liquor per minute in

equipment which includes a raffinate storage tank, agitators, and
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pumps. PPC = $0.3 million.

2.4.6 Waste Slurr Storage, Treatment, and Transfer

The processing plant produces l900 gallons per minute of waste

slurries and smaller amounts of miscellaneous solid and liquid process

waste and. plant run off. These wastes are treated in an agitated

Slurry tank with the neCeSSary transfer pumpS. There iS alSO an emer-

gency dump surge pond equipped with a single dredge head slurry re-

claimer in case permanent disposal is delayed for some reason. PPC =

$l. 9 million.

2.5 Metals Recovery and Purification

2.5.l Co per Electrowinning

Copper in the loaded electrolyte received from Copper Stripping

�.3.4! is reduced and deposited onto copper cathodes, known as starter

sheets, in commercial electrowinning cells. The cathodes, laden with

freshly deposited copper, are then washed and prepared for sale, while

the electrolyte is returned to Copper Stripping for reloading.

Along with commercial and stripper cells, the electrowinning

plant includes necessary tankage, pumps, and rectifiers as well as

facilities for additives preparation, starter sheet preparation, nick-

el remover, and cathode handling. Also, the tankhouse is equipped

with sumps to contain spills and collect slimes for disposal. PPC =

$22.5 million.

2.5.2 Nickel Electrowinning

The nickel electrowinning plant is similar to the copper one,

except that it produces nickel instead of copper and it includes facil-
ities for cathode bag handling, electrolyte purification, and cobalt

removal. PPC = $32.7 million.

2.5.3 Mixed Sulfides Preci itation and Separation

Ammonium hydrosulfide is used to precipitate cobalt, zinc, and

the remaining copper and nickel from the LIX raffinate produced in
Metals Separation �.3.l!. The metal-sulfide precipitates are separa-
ted from the raffinate and the clarified solution is sent to be reju-

ventated in Wash Solution Reconstitution �.4.5!. The sulfide



199.

precipitates, together with copper and nickel from the electrowin-

ning circuits and cobalt from Cobalt Stripping �.3.5! are sent to

be refined in Solution Purification �.5.4!. 1350 gallons of

raffinate per minute are processed in this manner with equipment

which includes tankage, an ammonium sulfide reactor, a cobalt

sulfide precipitator, a clarifier with a filter, heat exchangers,

agitators, and pumps. PPC = $2.9 million.

2.5.4 Selective Leaching and Solution Purification

The sulfide mixture, produced in Sulfides Precipitation and

Separation �.5.3!, is pressure leached and filtered to separate

the sulfides. The cobalt and nickel sulfides are sent to Nickel

Reduction �.5.5! for further refining, while 2400 tons of copper-

zinc sulfide per year are sold to smelters for further processing.

Required equipment includes a flash vessel, a selective leach

reactor with agitator, filters, tanks, heat exchangers, and pumps.

PPC = $1.3 million.

2.5.5 Nickel Reduction and Sinterin , Solution Re urification

The nickel sulfide is separated from the cobalt sulfide by

autoclaving and selective reduction of the nickel sulfate with

hydrogen. 700 tons of nickel powder per year are produced, sintered,
and packaged in equipment which includes a flash vessel, a nickel
reduction reactor with agitator,. tanks, agitators, heat exchangers,

filters, and pumps. PPC = $1.1 million.

2.5.6 Cobalt Reduction and Sintering

Cobalt sulfate solution, the product of �.5.3!, �.5.4!,

and �.5.5! is purified  i.e., contaminant nickel is removed! by

pH controlled selective precipitation of nickel salts in a nickel
and cobalt rich ammonia solution. Once the solution is adequately

purified, the solution is autoclaved and the cobalt sulfate is
reduced with hydrogen. The cobalt powder is then sintered and

packaged. 4300 tons of cobalt powder per year are produced in
equipment which includes an evaporator/crystallizer, centriguge,
oxidation reactor, crystallizer, reduction reactor, sintering and

packaging machines, tanks, agitators, heat exchangers, filters, and
pumps. PPC = $2.9 million.
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2.6 Plant Services

2.6.1 Water Suppl , Purification, and Distribution

Water is needed throughout the plant for various direct
process purposes, as well as for cooling tower and boiler require-
ments. 3250 gallons per minute of process water and 50 gallons
per minute of potable water are provided using a pumping station,
gravity filtration unit, hot. line process softener, potable water
treatment unit, and necessary pumps and tankage. PPC = $5.9 million.

2.6.2 Coolin Water S stem: Towers, Circulation, and Treatment

The temperature of cooling water increases as it is circula-
ted throughout the plant. Heat is removed by evaporation during
passage through forced draft cooling towers. Tower blowdown is
used to quench gasifier ash. This system includes towers, basins,
fans, and circulation pumps. PPC = $3.7 million.

2.6.3 Process Steam System

Various heating and stripping operations, coal gasification,
and power cogeneration all require steam. 500,000 lbs of steam per
hour  at 1000 psi! is provided for these functions by a steam plant
consisting of dual 60 percent capacity pulverized coal fired boilers,
coal handling and ash removal equipment, a condensate and feedwater
treatment system, hot electrostatic precipitator, air heater and
a building. PPC = $33.2 million.

2.6.4 Process Gas System

Producer gas for nodule reduction and combustion gas for
nodule drying are produced in dual two-stage entrained flow gasi-
fiers in which coal is mixed with preheated air and high temperature
steam. These gasifiers, which produce 8.7 million scf of low BTU
gas per hour, require coal storage and handling equipment, but not
sulfur removal and recovery facilities. Sulfur emissions are con-
trolled by Offgas Treatment �.6.5! PPC = $30.1 million.

2.6.5 Offgas Treatment

Offgases from the boiler, nodules drying and reduction
facilities, and process vents are treated in desulferization,
sludge removal, and gas reheat equipment. There is also a stack
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capable of handling 705,000 scf of gas per minute. PPC = $5.6

million.

2.6.6 Plant Power Generation and Distribution

The processing plant uses 48,600 KW of electricity; 23,500

is purchased from a utility, and 21,500 KW is produced using steam
from the boiler and a back pressure turbine generator set. Other

required electrical equipment includes transformers and a switching,

control, and distribution system. PPC = $6.7 million.

2.6.7 Storage: Process Materials, Supplies, Fuels, and Products

An inventory of raw materials is kept on hand so that the

process is not susceptible to supply disruptions and can be kept
running throughout the year. A 5000-square-foot building is needed
for storage of solids used in the process Also storage must be
provided for 3 days of hydrogen gas; 30 days of gaseous hydrogen
sulfide, ammonia, and chlorine, as well as liquid LIX organic and
sulfuric acid; and 120 days of fuel. All supplies are brought to

the plant. periodically by road or rail except hydrogen, which is
purchased "over the fence" from a small plant nearby. PPC = $4.3
million.

Table 5-1 is a summary of all the sub-subsector physical

plant costs . The total physical cost is $298.7 million and the1

total fixed capital investment is $449.1 million. This latter
figure includes $1000 land cost �00 acres at $2/acre!.
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Physical
Plant Cost  PPC!

2.1

Total:

2.2

Total:

2.3

30.0

2.4

2.5
22.5

32.7

2.9

1.3

1.1

2.9

63 ' 4.6
Total.

2.6
5.9

.1

.2 3.7

.1

.2

.3

.4

.5

.6

.7

.8

.1

.2

.3

.4

.5

.1

.2

.3

.4 5

.6

.1

.2

.3

.4

~ 5

Table 5-1 Ca ital Cost Summar

 In Millions of 1980 U.S.$!

MATERIAL STORAGE g HANDL I NG g AND PREPARAT I ON

Rail Car Station
Coal Stacking, Storage, and Reclamation
Limestone Storage, Stacking, and Reclamation
Nodules Receiving and Storage
Nodules Reclamation and Transfer
Nodules Grinding and Drying
Lime Storage and Slaking
Offgas and Fugitive Control Equipment

NODULES REDUCTION AND METAL EXTRACTION

Dried Nodules Feeding and Reduction
Reduced Nodules Cooling
Offgas Treatment
Reduced Nodules Slurry Aeration
Nodules Slurry Leaching � Separation

METALS SEPARAT10N

Liquid. Ion Exchange Plant

REAGENT RECOVERY AND PURIFICATION

Leached Slurry Washing
Washed Tailings Stripping
Ammonia Recovery � Lime Boil
Process Vent Scrubbing � NH and CO
Wash Solution Reconstitution and Recycle
Waste Slurry Storage, Treatment, and Transfer

Total:

METALS RECOVERY AND PURIFICATION

Copper Electrowinning
Nickel Electrowinning
Mixed Sulfides Precipitation and Separation
Selective Leaching and Solution Purification
Nickel Reduction and Sintering, Solution

Repurification
Cobalt Reduction and Sintering

PLANT SERVICES

Water Supply, Purification and Distribution
Cooling Water System; Towers, Circulation

and Treatment

1.4

5.2

1.8

19.0
4 ' 6

7.1

1.1

11.0

~5. 2

6.7
6.8

6.0

1.8

13.0

34.3

21.9

1.5

0.9

3.8

0.3

1.9

30.3
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Physical
Plant Cost

PLANT SERVICES  continued!

.3

.4

.5

.6

.7
Total:

Total Ph sical Plant Cost  TPPC! 298.7

149.4Indirect Costs  9 50% TPPC!

1.0Land

Total Fixed Capital Investment 449.1

3. Annual Operating Costs

In addition to capital costs, the plant will incur annual costs
such as direct production and overhead costs, fixed charges, and admin-
istrative, distribution, and marketing expenses. Together, these
annual costs are known as the Annual Operating Cost. This section
estimates the annual processing cost as the sum of: 1! Materials and
Supplies Costs, 2! Utilities and Fuels Costs, 3! Labor Costs, ar.d 4!
Capital Related Charges.

3.1 Materials and Supplies Costs

The costs of materials and supplies were estimated using yearly
consumption rates and current prices. Yearly consumption rates are
derived from the materials balances in the Dames and Moore report.
Charges for each of the materials and supplies is given below.

These costs are summarized in Table 5-2.

3.2 Utilities and Fuel Costs

As with materials and supplies, yearly co~sumption of utilities

and fuels was derived from Dames and Moore. The yearly costs of these

items are shown on the next page. The charge to power is the cost

of the electricity that the plant needs but. does not generate for

itself.

Process Steam System
Process Gas System
Offgas Treatment
Plant Power Generation and Distribution
Storage; Process Materials, etc.

33.2

30.1
5.6

6.7

4.3
89.5
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TABLE 5-2

MATERIM S AND SUPPLIES

Cost Summary

 In Thousands U.S. $!

Materials and Supplies
Annual Cost

26.4M TPY 9 $20/T

9.3M TPY IB $32.5/T

4.0M TPY I $190/T

4.9M TPY 8 $200/T

96MN SCFY = 32.6 MNN
BTU/yr 9 $10/MN BTU

100 TPY g $145/T

670M GPY =5.1M TYP 9 $70/T

1350 TPY 8 $62/T

200 TPY 9 $506/T

230 TPY 9 $67/T

40 TPY 0 $400/T

15N GPY LIX 8 $23/gal

60M GPY Kerosene 8 $1/gal
2000 1b/yr I $2/lb

16 TPY 9 $500/T

180 TPY 9 $500/T

TOTAL MATERIALS & SUPPLIES

CaCO3
CACO

528

302

760

980
NH3
H2S

H2 326

C12
H SO

Na S0

H3303
NaCl

15

357

84

101

LIX Reagents 75N GPY:
345

60

Flocculants

EW Additive

H20 Treatment
90

3, 990

TABLE 5-3

UTILITIES AND FUELS COST SUMMARY

Annual Cost
 In Thousands of

U.S. $!
Utilities and Fuels
Coal 775 M TYP 9 $45/T  $2/MM BTU!
POL  Petroleum Products! 500M GPY 8 $1/gal
H20 1580MN GPY 9 $0.55/N gal
Power 188NN kWh 9 $0.06/kwh

TOTAL UTILITIES AND FUEL

34,875

500

870

11,280

47,520

3.3 Labor- Costs

The nodules plant is estimated to employ about 500 people.
The breakdown of this figure into general occupations and the accom-
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panying salaries is given below.

TABLE 5-4

LM3OR COST SUMMARY

 In Thousands of U.S. $!

Labor Annual Cost

50 Management & Tech/Prof. Staff

50 Clerical & Administrative

8 $40M

$20M

5,000

750

11,500

5,180Fringes  9 45% TDS!

TOTAL LABOR COSTS 16,680

3.4 Ca ital Related Charges

Some types of costs, such as overhead and fixed charges, are

best estimated as a percentage of the Fixed Capital Investment  FCI!.
These charges are shown below. Maintenance Materials refers to the
replacement of wornout machinery. Operating Supplies refers to
general tools, janitorial supplies, etc. The other categories are
self explanatory. Patent and royalty fees incurred by the proces-
sing plant are assumed to be insignificant. If this assumption is
inaccurate, these fees would be estimated as a capital related charge.

TABLE 5-5

CAPITAL RELATED COSTS SUMMARY

 In Thousands of 1980 U.S. $!
Annual Cost

P 1% FCIOperating Supplies

State/Local Taxes 1% FCl

1% FCIInsurance

TOTAL CAPITAL RELATED CHARGES

3.5 Annual Operatin Costs Summary

Table 5-6 summarizes the major categories of annual processing

50 Operating & Maintenance Supervision 9 $30M

50 Senior Operators & Maintenance Pers. 8 $25M

250 Operators & Maintenance $20M

50 Plant & Operations Support 9 $15M
Total Direct Salaries  TDS!

Capital Related Costs  on 449.0 Fixed Capital Investment!
Maintenance Materials 4% FCI

2,000

1,000

1,500

1,250

17,960

4,490

4,490

4,490

31,430
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costs. The total annual processing cost is nearly $99.5 million.

TABLE 5-6

ANNUAL OPERATING COST SUMMARY

 In Thousands of 1980, U.S. $!

3,990

47,520

16,680

31,430

Materials and Supplies Costs

Utilities and Fuel Costs

Labor Costs

Capital Related Charges
99,620

4 . ~Summa r
The fixed capital investment for a nodules plant. that. pro-

cesses 3 million short tons of dry nodules per day by the reduction/
ammoniacal leach methods is $449.1 million �980!. An uncertainty
of plus or minus 25 percent is associated with this estimate. The
Total annual processing cost for such a plant is $99.6 million.
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Appendix 6. Waste Disposal

This appendix provides capital and cost estimation and

related analysis of a typical waste treatment and disposal

system for a plant that processes three million short tons

of dry nodules per year.

For central value analysis, a wet disposal method with

minimal treatment is selected. No additional treatment of the

waste before disposal is used. Wet disposal of nodules process

waste is based on the use of a slurry pipeline to transport wet

waste from the process plant to tailing ponds at the waste

disposal site. These tailing ponds are lined. The excess

transport water is decanted at the slurry ponds and overflows

to a decant pond where some of the water is allowed to evaporate.

The balance is returned through a smaller pipeline to the

process plant to be reused.

The following assumptions were used for cost estimation:

The disposal site consists of a series of disposal

ponds, each of sufficient size to hold one year' s

waste production

The maximum pond depth is 40 feet  Ref. 2!

The excavation volume is two-thirds of the

waste volume.

The total disposal area is assumed to be 1.2 times

the pond area. This is to account for the berms

and retaining dikes, roadways, and administrative

areas.

The ponds have a square horizontal cross-section

with sloping sides of about 30 degrees.

The return of decant water involves the use of a decant pipeline

to the plant, where the water is reused as transport water for

the waste slurry  see Appendix 4, Part III, On-Shore Transporta-

tion Slurry Pipelines!.
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In performing this transport water analysis it has been

assumed that the slurry will settle to a final density of

 about!. 60 percent solid by volume  Ref. 3!. The amount of

liner is determined by summing the bottom area of the pond

and the areas of the four sides. The bottom is assumed to be

square and the slides trapezoidal.
The land and capital costs at the waste site are

composed of the costs of land, evaluated by using a fixed

cost of land per acre; the cost of surveying the land; the

cost of land development for landfill: the cost of a decant

pond; the cost of the first three ponds, constructed in the
first year; and auxiliary capital costs'

The cost of a pond is comprised of the cost of clearing
the land, excavating, installing the liners and compacting the
site. Auxiliary capital costs refer to the cost of slurry

distribution system, site services, equipme~t, administrative
facilities and reclamation of the area at the end of its life.

Operating costs include the cost of a pond per year

 after the second year!, labor, maintenance, and power costs.

Excavation costs for pond construction are calculated
on the basis of the waste volume, while clearing, grubbing and
compacting costs are based on the area required annually.

The direct landcost and the cost of surveying are

respectively set equal to $ 2,000 and $80 per acre. The capital
cost of the liner is estimated at $2 per square yard. The

auxiliary costs are computed as the sum of the cost of office,

water, and power generators.

The operating costs are divided into the liner
installation cost, the yearly site preparation cost, and the
auxiliary operating costs' The site preparation costs are
yearly costs of site excavation �.2 $/yd!, clearing and
grubbing �65 $/acre!, and rolling �76 9/acre per pass,

3 passes are used!.

For the base case a nodule production of 3 million dry
6 3

tons of nodules are used, resulting in 90 x 10 ft. of wastes
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 including remaining water! annually. The land required

per year of operation, based on the assumption above, is

65 acres.

The land cost for 25 years of operation is $3.25 xl0 6

The cost for landfill and the decant pond is $1.5 x 10 . The6

cost for equipment such as trucks, bulldozers, and auxiliary

equipment is set at $0 ' 5 x 10 . The cost for surveying is6

�5 years! $ 0.13 x 10 . The cost per pond includes the6

liner cost at $0.54 x 10 , liner installation $6,500, excavating
6

at $2.54 x 10 , and clearing grubbing, and rolling at
6

$0.2 x 10 . The total cost is estimated at $ 3.3 x 10
6 6

per pond.

Initially  first year! 3 ponds will be constructed.

Starting from the third year one additional pond. will be

prepared so that at all times two ponds are available. The

operating cost includes power, personnel, and other cost

estimated at $0.3 x 10
6

For cost summary, see Table 6-1.
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TABLE 6-1

WASTE DISPOSAL COSTS BASE CASE

15.28

OPERATING CO'STS

3.90
TOTAL

 In millions of 1980 US $!

CAPITAI AND LAND COSTS

Land Cost �5 years!

Landfill and decant pond
Equipment and auxiliary

Surveying

Three initial ponds

TOTAL CAPITAL AND LAND COST

FIRST AND SECOND YEAR

0 ponds
Power, materials and supplies
Labor

THIRD AND SUBSEQUENT YEARS

1 pond.

Power, materials and supplies
Labo.r

3. 25

1.50

0.50

0.13

9.90

0.00

0.30

0.30

0.60

3.30

0.30

0.30
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Appendix 7. ECONONIC RETURN ANALYSIS

This appendix provides additional discussion of

several of the various changes made in selected parameters

to arrive at the "upside" and "downside" sets of assumptions

presented in Chapter IV. The material is from Will, Note 3, Ch. 4! .

l. Price Forecast Values

Price forecasts are developed upon a base price

and a real growth rate. Table 7-1 summarizes the ranges of a

series of recently available estimates for these two price

components. The table ignores the real decline in cobalt and

nickel price projected by Wright for the years 1990-1995,

as this affects only 2.25 out of 25.25 years of full-scale

mining. In addition, simple extrapolations  see Pittman, 1980!

which were made on individual metals and composite nodule

prices were not considered because they do not account for

market adjustments to the increased supply. For example,

it has been estimated that if 16 million dry short tons

of nodules are recovered by U.S corporations
by the year 2000, net U.S. imports of the component. metals

would be significantly reduced. One estimate suggests that net

imports of cobalt would be reduced from 97'4 to zero, nickel

imports would be reduced from 77% to 42%, and copper imports

would be reduced from 19't to 15%. The ocean-based supply,

in combination with the different production costs of nodule

metals  as compared with land-derived metals! would cause

unique effects not accounted for in simple extrapolation

techniques. These market supply effects are expected. to be

significant for both the nickel and the cobalt markets. Thus,

any simple price extrapolations would be erroneous for these

metals. The increased supply of copper is not expected to

disrupt the market. significantly. However, the extrapolated



215.

values for this metal were well within the range of the
three studies cited and thus need not be included in

Table 7-1.

Best- and worst-case scenarios for metal prices
are also noted in Table 7-1. It is important to note that
the methodology used in determining the best- and worst-case
scenarios assumes that the metals prices revert to a trend line,
despite temporary fluctuations over time. The cases selected
represent the best and worst e timates, not best and worst
possibilities. If the prices did not revert to this  mean!
trend, then a temporary fluctuation could seriously affect
future prices. The best and worst projections have been
selected for the up- and downside cases presented in

Chapter IV.

2. LOS Treat Provisions and Status

Although many variations of key provisions have
been considered during the LOS negotiations, the new Law
of the Sea treaty appears to reflect the consensus of most
of the participating nations except the UPS. and a few other
states. Thus, the present treaty provides a useful standard
from which a range of alternatives can be inferred. That is,
the mining provisions within the treaty  if and when the
treaty is ratified by the U.S.! can be expected to fall
within the range of possibilities between present U.S. law
and the current version of the treaty. Particularly relevant

por
ortions of the treaty are outlined in the following sections.

2.1 Financial Arran ements

Current financial arrangements contain an up-front
application fee of $ 0.5M in order to secure a mining permit.
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This permit must be obtained prior to commercial operations.
A $1.0 M fixed charge  creditable against royalty payments!
is levied during each year of commercial operation. Finally,
the miner may select either of two forms of additional
payments. The first alternative is to pay only production
charges  royalties! equal to 5% of the gross revenues from
processed metals during the first ten years of production and
12% of gross revenues during each of the remaining years of
production. The second alternative is to pay a combination
of royalties and profit sharing. Under this alternative, the
miner pays royalties equal to 2% of gross revenues each year
until the mining development costs are covered by the
operation's cash surplus  this period is referred to as the
"first period"!. After this point  referred to as the
"second period"!, the mining venture pays a royalty of 4%
each year in which the operation realizes a return on
investment  ROI! greater than fifteen percent. For the
purposes of these financial arrangements, the LOS Treaty
defines ROI as being the ratio of the corporation's net
proceeds  not adjusted for price! in a given year to its
development costs in that year. If the operation does not
realize a 15% ROI in a given year, the royalty is reduced
to 2% for that year. The profit sharing payments are also
calculated as determined by the time period. In the first
period, 35% of attributable net proceeds from mining operations
 as distinct from transport, processing, etc.! are paid on
that portion of net proceeds representing between a zero
and 10'4 ROI. Forty-two and one-half percent of attributable
net proceeds are paid to the LOS Authority on that portion
representing between 10% and 20% ROI and 50% of net proceeds
are paid on any portion representing greater than a 20% ROI.
During the second period, the percentages of profits are
increased to 40%, 50%, and 70% for the low, medium, and high
ROI's respectively.
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For the purposes of the analysis in Chapter IV the

downside case is assumed to include the treaty regulations in

the above form. The upside case scenario considers only

the regulations provided in the 1980 Deep Seabed Hard
Mineral Resources Act.

2.2 Technolo Transfer

The technology transfer provisions in the current

treaty require that the technology being used by all mining

corporations be made available to the Authority's mining

operation, the enterprise, as well as to entities representing

developing countries. When the rights to transfer the

technology are owned by the mining corporation, the transfer

is made possible through licensing or other arrangements

 this would obviously result in a cash inflow to the corpora-

tion!. If these rights to the technology are not owned by

the mining corporation, the miner must assist the enterprise

in gaining access to the technology or cease using that

technology. Thus, the technology transfer provisions do

not themselves cost the corporation anything in terms of

cash expenditure. Rather, the cost is indirect and is a

result of the forfeiture of proprietary rights to mining

technology. This indirect cost is not quantifiable and is

thus not considered further in this analysis. Competitors

 in the form of developing country corporations! would be

afforded easier entry to the industry through this transfers

However, without these corporations having a significant

degree of market power  through market share!, supply and

price effects would be negligible if evident. at all. One

might also hypothesize, however, that this provision might

encourage the development of mining technology which is most

thorough, as opposed to being most efficient. That is, the
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the corporation might be inclined to design mining equipment
to gather as many nodules as possible, rather than only
those which are most efficient to mine. This emphasis
would also allow the fully-integrated corporation to take
greater advantage of proprietary competitive advantages
developed in other sectors of the operation.

2,3 Production Limits

Throughout the treaty negotiations, it has frequently
appeared that some developing countries were "more interested
in protecting nations that might be hurt by the competition
from seabed minerals" than in obtaining large royalty payments.
Canada was the country most concerned with this point. It
was toward this end that an "interim period" was established.
During this interim period  which lasts twenty-five years
beginning with the first year of commercial operation!
aggregate seabed mineral production limits are specified.
The current treaty provides for a ceiling on the annual
production of nickel from seabed nodules. The ceiling,
equal to 60% of the annual growth in nickel consumption,
is designed to protect land-based producers of all seabed
minerals  manganese, copper, cobalt, and nickel! including
Canada, Zambia, Zaire, and Chile. This provision obviously
does not affect. any individual operation, rather it limits
the number and scope of aggregate permits granted by the
authority. It is possible that advantageous price effects
from only partially increased supply will accrue to the
venture. In addition, the individual mining operation is
limited to producing only that level of minerals specified
in the operation's permit. Supplementary production authori-
zation must be applied far in order to outstrip originally
specified production levels. An absolute production limit of
46,500 tons of nickel per year is imposed on each permit  or
"plan of work"!. The production limitation is not expected to
limit operations significantly.



2.4 Minesite Limitations

In order to deter overconcentration in a particular

area by any single entity and to deter the formation of mono-

polistic interests, the LOS treaty specifies minesite

limitations. These provisions limit concentration by any

one entity to less than 30% of a circular area of 400,000

square kilometers measured from the center of any particular

site. In addition, no single entity may receive permits

totalling 2% or more of the total seabed area not reserved

or otherwise withdrawn from consideration by the authority.

Again, this provision does not affect the return from the

pioneer venture in question. Such limitations do, however,

constrain a corporation's aggregate profits from multiple

minesites.

2.S Uncertainties Remainin in the Le al Re ime

Two major types of uncertainties are of great concern

to the ocean mining consortia. These are the possibilities of

authority-imposed delays and of strict environmental regula-

tions.

The present treaty attempts to provide guidelines for

the authority which will result in streamlined permitting and

regulatory procedures. However, the untested nature of this

international entity and its dependence upon international

cooperation make the consortia understandably skeptical

towards delay-proof operation. This concern becomes especially

poignant in view of the regulatory lags present in many

entirely U.S.-regulated industries Thus, it is useful to

consider the effects of preinvestment and preproduction

delays.

In addition, the uncertain nature of the environmental

restrictions cause a degree of anxiety. Strict environmental

regulations could result in project delays and increased

capital and operating costs. The magnitude of the possible
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delays and increased costs is obviously impossible to
estimate. Thus, the downside scenario considers permitting
and environmentally-related delays of two years at the
preinvestment and preproduction junctures. Increased environ-
mental control expenditures are considered in the "Capital Cost"
and "Operating Costs" sections below.

3 ~ Technolo ical Status

Technological uncertainties still exist. Some relate
to choices in technological systems yet to be made. For example,
the locations of the processing plant and of the minesite
itself, affect the distances transversed by the ore transports,
and thus their number and size, as well as the size of the
mineships storage capacity. This alternative is considered
in app ndix 3, Marine Transport.

Other problems are found in the mining, lifting, slurry
transfer, and processing systems. Such problems could translate

dinto project delays, decreased efficiencies, and/or increase
costs. Optimistic developments in these technologies could
result in increased efficiencies and decreased costs .   The

base case assumes optimal development time!.

3.1 Efficienc Effects

Efficiency effects caused by alterations of the
operation's technological capabilities can take two broad
forms: input tonnage effects and output tonnage effects.
Input tonnage can be affected by altered efficiencies in
the mine, lift, and slurry transport systems. The downside
case scenario is assumed to decrease input tonnage by 10%
or 0.3 million dry short tons  MDST!. The upside case
scenario is assumed. to increase input tonnage by 5'4, or 0.15
MDST. In addition, altered input tonnage would obviously
be accompanied by altered operating costs. Because the
project is assumed to be operating at optimal capacity, costs
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do not vary directly with output. Thus it is assumed that a
5% increase in output is accompanied by a 5% increase in
operating costs whereas a 10% decrease in output is accompanied
by only a 5% decrease in costs. Further cost effects are
considered under cost effects sections, 4 and 5.

Output tonnage can be affected by altered processing
efficiencies, input. tonnage, and ore grade. A 10t decrease
in any of these factors will result in the same net effect--
a 10% decrease in output tonnage. An increase in any of
these factors will also have the same net effect -- a commen-

surate increase in output tonnage. Efficiency effects are

considered in the downside case scenario by assuming a 10%
decrease in output tonnage. This effect could be a result of
input and/or output effects. A 5% increased output tonnage is
included in the upside case scenario to account. for the possibility
of increased input and/or output efficiencies.

Problems in the development and implementation of deep
ocean mining technology may result in project delays. These
delays are most likely to occur during the preproduction and
investment phases  which include a testing period! or shortly
thereafter. A one-year intrainvestment period delay is
considered in the downside case scenario to simulate a techno-
logically-related delay. Two year preproduction and preinvestment
delays are already included in the worst case scenario to
consider the consequences of international legal uncertainty
 see Chapter IV B 3 b!. It is assumed that these delays
might result from both regulatory and technological causes.
In actuality, the delays may overlap or occur concurrently.
For the purposes of this analysis, these .delays are considered
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sequentially to illustrate the downside case scenario and

the individual delay effects separately.

3.3 Cost Effects

The technological status and capability of a mining

venture can also result in cost effects. Technological

problems or inefficiencies frequently translate into

increased operating or capital costs. These costs are

considered in the following sections.

4.

Capital cost estimates may suffer from two types of

inaccuracies. These are absolute estimating errors and

misestimation of real growth. Absolute estimating errors may

result from inaccurate operating assumptions, unexpected

technological problems, altered technological choices, un-

expected environmental restrictions, as well as various

other possible causes. Development cost estimates obtained

in eight studies of deep sea mining are summarized in Table

7-2. As evidenced by Table 7-2 and by the various possible

eventualities previously discussed, the absolute value of

the capital costs may vary considerably. In order to consider
the effects of misestimation, the downside case scenario

assumes 25% higher capital costs and the upside case scenario
assumes 25% decreased capital costs.

The base set of assumptions assumes no real growth in

capital costs. As an alternative to this scenario, a l%

annual real growth rate for capital costs is considered in the

downside case scenario.

5. 0 eratin Costs

Similarly, actual operating costs may also differ from

estimates in either absolute amount or in the real growth rate.

In order to consider these effects, operating costs are treated

similarly to capital costs. The downside case assumes 25%

increased operating costs which exhibit, a l% real growth rate.

The upside case assumes 25% decreased operating costs.
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Sources
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Shaw �977!; K.D. Shaw, Ocean Mining Costs and Revenue, Report
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Dames and Moore and EIC Corporation, Description of
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Dames & Moore-
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 United States Department of Commerce, National
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table 2.3, pp. 2-8.

Nyhart �978!: J.D. Nyhart et al., A Cost ModeL of Deep Ocean Minin
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States Department of Commerce, National Oceanic and
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Minin � Critical Remarks on Technoloeies and Cost

Diederich �979}:

Estimates: Su~arv  Research Institute ror Inter-
national Techno-Economic Co � operation, Technical
University, Aachen and Battelle-Institute e. V.,
Frankfurt, 1979}, table 1.1, p. 10.

TABLE 7-2

SUMMARY OF RECENT Y PUBLISHED ESTIMATES FOR

DEVELOPMENT COSTS OF ONE INTEGRATED SEABED MINING PROJECT

 Cont'd.!



TABLE 7-2

SUMMARY OF RECENTLY PUB! ISHED ESTIMATES FOR

DEVELOPMENT COSTS OF ONE INTEGRATED SEABED MINING PROJECT
 Cont'd.!

Arthur D. Little
�979!:

Arthur D. Little, Inc., Technolooical and Economic
Asssessment of >laneanese Nodule Hinine and Process-
ing, revised ed.  Camoridge, ~liassea 1979!, prepared
for the United States Department of the Interior,
Office of Minerals Policy and Research Analysis,
table 1, p. 5 and table 12, p. 43., OKRA 14-01-0001-
21140.

Lenoble �980!:
J.-P. Lenoble, Polvmetallic Nodules Resources and
Reserves in North Pacific from the Data Collected

80, 3righton, February 1980, table 5.

Source: Excerpted from UN Document potential Pinancial lmolicationa
for States Parties to the Future Convention on the Law of the
Sea, A/CONF. 62/L.65 February, 1981.
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6. Depletion Allowance

At. present, the treatment of depletion by the U.S.

Internal Revenue Service is uncertain. It appears that most

likely the minesites will be considered as foreign mineral

deposits' In addition, the permitting procedure will probably

confer an "economic interest" to the minerals  for tax purposes!.

Thus, the base set of assumptions assumes a foreign deposit

percentage depletion allowance of 14% for all minerals. The

downside case scenario would result in a disallowed "economic

interest", and thus no percentage depletion. The upside case

would consider the deposit as domestic and enable the venture

to claim percentage depletion of 22% for nickel and cobalt

and 15% for copper.
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Appendix 8. SUMMARY OF INPUT VARIABLES AND OUTPUT

This appendix comprises three parts:

1. The M.I.T. model's computer program printout giving

a summary of the capital and operating costs as calculated in
the text and appendices, a summary of other significant inputs,
a summary of the resulting financial analysis and a cash flow
statement for each life of the hypothetical project. Some

annotation is provided. The printout is provided both for
the set of assumptions discussed in the text and appendices
and for the slightly different costs of an earlier set of
assumptions upon which the analysis in chapter IV is based.
 See chapter IV, note 3 .!

2. The full output table forming the data base for

the analysis in chapter ZV.

3. An identification of the major input variables, in
addition to those appearing in the printout, the values of
which can be changed by the user.
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IDENTIFICATION OF SELECTED INPUT VARIABLES

FOUND IN PROGRAM PRINTOUT

SYNBOL DEFINITION

Annual Rate of Ore Recovery

investment Period

ARO

KINVST

Operating Period

Exploration Period

KOPS

KPE

R & D Period

Variable used to set mode of tax calculation

KRD

LD

0 neutral foregin tax
1 pre-tax calculation  no tax!
2 excess foreign tax credit
3 economic income calculation

LD

Variable used to determine service life of mining and
and transport equipment

LDADR

LDADR = 0 KOP governs
= 1 20% shorter ADR

Variable used  together with NORTZ! to determine tax
treatment of P & E costs

I DEK

LDEX = 0 ore treated as foreign deposit
f 0 ore treated as domestic deposit

Variable used to determine qualified property far
investment tax credit purposes

LDITC

LDFTC

LDORGI

LDITC = 0 processing equipment only
1 processing and mining equipment
2 processing, mining, and transport equipment

NOTE: This variable does not conflict with INOITC but
rather works in conjunction with it.

Variable used to determine tax treatment of revenue
sharing payments to authority

LDFTC = 0 no foreign tax credit allowed
1 foreign tax credit for authority payments

Variable used. to set mode of investment in processing
activity

IDORGl = 1 corporate viewpoint
2 investor as partner
3 investor as stockholder
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DEFINITIONSYMBOL

Variable used to set organizational form of mining
and transport activity

LDORG2 = l mining and transport activity
conducted by processing entity
2 transport activity conducted by foreign
corporation
3 mining and transport activity conducted
by foreign corporation

Amortization of P 6 E indicator

LDORG2

MORTZ

Prices
nickel

copper
cobalt

manganese

recovery efficiency

aMV J! Metal

J = l

2

3 4
RE  J! Metal

J = l nickel
2 copper

= 3 cobalt

4 manganese

Startup cost efficiency factorSCEF  J!

K = year of startup phase

Social discount rateSDR

Startup recovery efficiency

K = year of startup phase

SREF  K!

Term loan interest rateXIR

MORTZ = 0 expense as much as law allows dependent
on whether ore deposit is in the U.S.  i.e.
domestic!
l capitalize all P a E
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3. ADDITIONAL MAJOR USER SELECTED VARIABLES

SYMBOL DEFINITION

BLDR Lower Limit of Discount Rate Range

A first year payment to the authority  financial
arrangements!

BONUS

CAPCST I,J! Capital Cost Array

I = sector

J = subsector

CAPFC K!

CCSF I,J!

Capital Allocation Factor
K = year of investment period

Capital Cost Sensitivity Factor

I = sector

J = subsector

Used to increase or decrease capital cost on a
subsector basis

COMP I! Nodule Composition

I = 1 � nickel

I = 2 � copper
I = 3 � cobalt

I = 4 � manganese

Debt/Equity Ratio  maximum!

Discount Rate Increment

Debt Service Cash-Flow Factor

Exploration Cost Allocation Factor

K = year of exploration period

DERMAX

DRI

DSCFF

EVARY  K!

Note: This factor is used to allocate both
capitalized and expensed exploration costs

ICFK

IDLY  I! Delay Period Lengths

Pre � R & D Delay
Pre-Investment Delay
Intra-Investment Delay
Pre-Operation Delay
Intra-Operation Delay

First year in which cash flow is not set equal to
zero. This factor is used to sink costs and income
in years prior to ICFK.
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SYMBOL DEFINITION

INOITC I,J! Investment Tax Credit Eligibility Factor

I = sector

J = subsector

This indicator matches element for element with

the CAPCST I,J! array and indicates if the subsector

capital cost is qualified for an investment tax credit.

If INOITC I,J! = l then subsector does not qualify.

Depreciation Eligibility FactorINONDP  Is J!

I = sector

J = subsector

Works just like INOITC, except determines depreciation

eligibility.

Financial ArrangementsIRSP

Package Indicator

IRSP = l -- Richardson profit sharing
2 -- ICNT profit sharing
3 -- Imputed value
4 -- General revenue sharing
5 -- General revenue sharing + some modifications
6 P. ~ &gt

7 -- No financial arrangements

Subsector Depreciation PeriodKDP I,J!

I = sector

J = subsector

Maximum Depreciation Period

Loan Amortization Period

KDPMAX

KLN

Initial Operating Period  Pre-Delay!

First year in which permitting costs  i.e. CAPCST

�,5! & OPCST  l,5! are allocated.

KOPl

KPERMl

Last year in which permitting costs are allocated

Prospecting period

Startup period

KPERM2

KPP

KSU

Pre-Investment delay; investment period

Subsector method of depreciation

KVI

METH lpJ!

I = sector

J = subsector

METH = 1 sum of years digits
2 declining balance/straight line

= 3 straight line
= 4 declining balance

Additional Major User Selected Variables cont'd... j'Page 2
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DEFINITIONSYMBOL

Depletion allowance method selectorMPPD

MPPD = l depletion based on value of landed ore
 VLO!

P 1 depletion based on percentage allowed
for part,icular ore

Operating cost sensitivity factorOCSF  I,J!

I = sector

J = subsector

Works like CCSF only for operating costs

Operating cost arrayOPCST I,J!

I = sector

J = subsector

PCSF  I,J! Preparatory cost sensitivity factor

I = sector

J = subsector

Works like CCSF and OCSF only for preparatory cost

 i.e., PRZCST I,J!!

Permitting cost allocation factorPERVAR  K!

K = year of permitting period

Works for permitting cost in same manner that

EVARY K! works for exploration costs.

Preparatory period costsPRECST   I, J!

I = sector

J = subsector

Prospecting cost allocation factor

K year of prospecting period

Works for prospecting costs in same manner that EVARY K!

works for exploration costs.

Market value sensitivity factor

PVARY  K!

QMVSF  Ki J!

year of project
l nickel

2 copper
3 cobalt

4 manganese

K
J =

This variable allows you to sensitize any

metal price in any year, K, of the project life.

Additional Major User Selected Variables cont'd.../Page 3
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Additional Major User Selected Variables cont'd.../Page 4

RDVARY  K!

STXRT

TLDR

VLO

Inflation rateXIF K,I!

KCONE1

KCONE2

CONR1

CONR2

MKFAC

RaD allocation factor

K = year of RKD period

State tax rate

Upper limit of rate range discount

Value of landed ore

K = year of project
I = 1 investments

2 revenues

= 3 operating costs
= 4 discount rate

I=1 through I=4 are items to be inflated.

First year of continuing exploration expense

allocation

Last year of continuing exploration expense

allocation

First year of continuing R6D expense allocation

Last year of continuing RSD expense allocation

Marketing factor

 fraction of revenues allotted for marketing expenses!




