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Background to the Presentation 
 
 

• A summary of a case study on “Optimizing a depletable 
mine design, Rio Blanco lateritic nickel deposit” 
presented in detail in Rudawsky (1986). 
 

• Made small format and textual changes in data tables, 
and omitted some data which does not affect results. 
 
 

 



Objectives of the Presentation 

Demonstrate one way of determining the 
combination of annual ore extraction rate (ROM) 
and level (ore grade); and 

 
Demonstrate how to set negotiation parameters 

and their quantitative limits especially in a case 
where, under normal Government policy 
framework, the project would not be viable.  



Presentation Outline 

1. Polygon method of reserve estimation 
 

2. Accounting costs at various ROMs and Ore grades 
 

3. Prices and computation of annual and life-time profits at 
various ROMs and ore grades 
 

4. Cash flows, NPV and IRR  
 
5. Sensitivity analysis, negotiation parameters and limits  

 



Polygon method of reserve 
estimation 

 
• Exploration -  a test pits program numbering 229 pits.  

 
• minimal cut-off grade sought, 0.95%Ni, and 47 pits 

successful.  
 

• Figure 31 shows how the polygon is formed around pit 56, 
given adjacent pits 86, 127, 51, 187, 72, 113.  
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Table 27 (text in 
red included from 
outside original 
table) 

Pit Polygon Area Average Volume-Factor Metal Assay Volume-Assay  
No. (square meters) Thickness (meters) (cubic meters) (%Ni) Product 
[1] [2] [3] [4] = 2*3 [5] [6] = 4*5 

145 33,005 12.5 412,563 1.26 519,829 
121 85,008 9.0 765,072 1.26 963,991 
50 94,185 15.0 1,412,775 1.23 1,737,713 
51 71,806 1.0 71,806 1.30 93,348 

142 91,609 7.0 641,263 1.13 724,627 
134 65,527 5.5 360,399 1.01 364,002 
53 88,872 15.0 1,333,080 1.10 1,466,388 

133 47,625 4.5 214,313 1.18 252,889 
164 15,668 6.0 94,008 1.35 126,911 
115 58,243 8.5 495,066 1.38 683,190 
56 88,872 9.0 799,848 1.22 975,815 
55 68,586 19.0 1,303,134 0.95 1,237,977 
58 42,021 19.0 798,399 1.48 1,181,631 
28 3,542 7.0 24,794 1.41 34,960 

144 72,289 16.0 1,156,624 1.35 1,561,442 
48 40,894 6.0 245,364 1.21 296,890 
60 27,853 14.0 389,942 1.66 647,304 
32 16,100 2.0 32,200 1.26 40,572 

139 39,767 7.0 278,369 1.26 350,745 
27 27,048 11.0 297,528 1.05 312,404 
6 17,710 14.0 247,940 1.14 282,652 

21 12,397 11.0 136,367 1.49 203,187 

Exploratory results for the 47 successful pits 



Pit Polygon Area Average Volume-Factor Metal Assay Volume-Assay  

No. (square meters) Thickness (meters) (cubic meters) (%Ni) Product 

[1] [2] [3] [4] [5] [6] 

61 98,210 14.0 1,374,940 1.37 1,883,668 

25 25,277 9.0 227,493 1.31 298,016 

24 26,404 18.0 475,272 1.22 579,832 

152 60,053 1.0 60,053 1.55 93,082 

126 101,108 10.0 1,011,080 1.24 1,253,739 

119 83,720 13.0 1,088,360 1.71 1,861,096 

136 64,078 27.0 1,730,106 1.20 2,076,127 

33 42,665 12.0 511,980 1.30 665,574 

34 31,556 7.0 220,892 1.29 284,951 

66 76,475 4.0 305,900 1.04 318,136 

52 37,996 8.0 303,968 1.33 404,277 

104 33,005 5.5 181,528 1.10 199,680 

151 25,760 5.0 128,800 1.06 136,528 

220 84,847 8.0 678,776 1.06 719,503 

188 81,949 4.0 327,796 1.15 376,965 

44 84,526 3.0 253,575 1.09 276,397 

157 71,806 4.0 287,224 1.25 359,030 

210 63,434 4.5 285,453 1.40 399,634 

211 95,634 3.0 286,902 1.19 341,413 

169 95,956 6.0 575,736 1.31 754,214 

214 74,060 2.0 148,120 1.27 188,112 

185 79,856 7.0 558,992 1.24 693,150 

184 78,246 2.5 195,615 1.14 223,001 

170 81,788 2.5 204,470 1.20 245,364 

156 47,978 1.0 47,978 1.02 48,938 

Total 2,755,013   22,981,863   28,738,894 

Table 27 continued 



• Average ore grade (for deposit)   = [(Total volume-assay prod) / total 
volumetric reserves]% = 1.25%  

 
Table 28 

 
Level Cut-off 

Grade 
(%Ni) 

No. of 
polygons 

Average 
Ore grade 
(%Ni) 

Total 
Volumetri
c reserves 
(cub.m) 

Conversio
n factors 
(cu.m.    
Tons) 
(density in 
t/cub.m) 

Total 
Reserve 
tonnages 
(ore) 

I 0.95 47 1.25 22,981,863 1.675 38,494,620 

II 1.05 43 1.28 20,964,452 1.681 35,241,244 

III 1.15 34 1.32 17,006,347 1.688 28,706,714 



• Assume ore recovery rates in mining and recovery rates in 
concentration are as given in Table 29. 

 
 Table 29 

 

Level Total reserves 
(t) 

Ore recovery 
rate in mining 
(%) 

Recoverable 
ore (t) 

Recovery rate 
in 
concentration 
(%) (= plant 
recovery) 

I 38,494,620 93 35,799,997 87 

II 35,241,244 90 31,717,119 90 

III 28,706,714 85 24,400,707 92 



• Table 30 shows the various alternative annual mining rates and the 
expected life-expectancy of the mine under each level 

 
Table 30 

Level  I II III 
Recoverable 
Reserves  

35,799,997 31,717,119 24,400,707 

Annual mining rate q 
(million t) 

Life-Time (yrs) Life-Time (yrs) Life-Time (yrs) 

3.0 11.9 10.6 8.1 
3.5 10.2 9.1 7.0 
4.0 9.0 7.9 6.1 
4.5 8.0 7.0 5.4 
5.0 7.2 6.3 4.9 
5.5 6.5 5.8 4.4 
6.0 6.0 5.3 4.1 
6.5 5.5 4.9 3.8 
7.0 5.1 4.5 3.5 
7.5 4.8 4.2 3.3 



• Assume concentrate level (output) of 20%Ni.  
 

• For each level we compute Concentration Ratio 
- the amount of ore feed (in tons) required to 
produce one ton of concentrate output - given 
by: 

 
ionconcentratinrateeryoreofgradeAverage

econcentratincontentmetalAverageCR
covRe*

=

( ) econcentrattoretNiNiCRI ./.39.1887.0*%25.1%20 ==

( ) econcentrattoretNiNiCRII ./.36.1790.0*%28.1%20 ==

( ) econcentrattoretNiNiCRIII ./.47.1692.0*%32.1%20 ==



Accounting Costs 
• Total operating costs (TOC) = Total Costs of Mining (TCM) + 

Concentration Costs (CC) 
• TCM vary with q and level, while CC tend to be the same for 

all levels (we shall assume it anyway), and is assumed to be 
US$55/ton of concentrate. 

• TCM at each level is assumed to be a cubic function of q (a 
normal assumption for cost functions in economics) as shown 
in equations below in which TCM is in US$’000 and q is in 
million tons: 

 
32 1588710,1234,5 qqqTCM I +−+=

32 1865507,1030,6 qqqTCM II +−+=

32 2258393,1980,6 qqqTCM III +−+=



• The following three panels of Table 31 (Rudawsky, 
1986, pp.139-140) (corresponding to the three 
levels) show: 

 total mining cost (subst. q into cost equation),  
 average cost of mining,  
 feed cost per ton of concentrate,  
 average total cost per ton of concentrate for the 

various annual mining rates (ROMs). 
 

• Feed (mining) cost/t.concent. (ACM2) = 
Concentration ratio (CR) * Cost of mining a t.of ore 
(ACM1) 
 

• Average total cost of producing a ton of concentrate 
(ATC) =        Feed cost/t.concentrate + CC 
 
 

  
  

 
 
 



Table 31 

Level I 

Annual  Total cost Aver.Cost Feed cost Conc. Average 

Rate of mining of Mining   Cost Total Cost 

q TCM ACM1 ACM2 CC ATC 

[Mill.tons] $'000 [$/ton ore] [$/ton conc.] [$/ton conc.] [$/ton conc.] 

3.0 9,977 3.33 61.24 55.00 116.24 

3.5 10,784 3.11 57.16 55.00 112.14 

4.0 11,626 2.91 53.45 55.00 108.45 

4.5 12,514 2.78 51.14 55.00 106.14 

5.0 13,459 2.69 49.50 55.00 104.50 

5.5 14,473 2.63 48.39 55.00 103.39 

6.0 15,566 2.59 47.71 55.00 102.71 

6.5 16,750 2.58 47.39 55.00 102.39 

7.0 18,037 2.58 47.39 55.00 102.39 

7.5 19,437 2.59 47.66 55.00 102.66 



Table 31 cont. 

Level II 

Annual  Total cost Aver.Cost Feed cost Conc. Average 

Rate of mining of Mining   Cost Total Cost 

q TCM ACM1 ACM2 CC ATC 

[Mill.tons] $'000 [$/ton ore] [$/ton conc.] [$/ton conc.] [$/ton conc.] 

3.0 10,452 3.48 60.48 55.00 115.48 

3.5 11,280 3.22 55.95 55.00 110.95 

4.0 12,170 3.04 52.82 55.00 107.82 

4.5 13,136 2.92 50.67 55.00 105.67 

5.0 14,190 2.84 49.27 55.00 104.27 

5.5 15,347 2.79 48.44 55.00 103.44 

6.0 16,620 2.77 48.08 55.00 103.08 

6.5 18,023 2.77 48.13 55.00 103.13 

7.0 19,568 2.80 48.53 55.00 103.53 

7.5 21,270 2.84 49.23 55.00 104.23 



Table 31 cont. 

Level III 

Annual  Total cost Aver.Cost Feed cost Conc. Average 

Rate of mining of Mining   Cost Total Cost 

q TCM ACM1 ACM2 CC ATC 

[Mill.tons] $'000 [$/ton ore] [$/ton conc.] [$/ton conc.] [$/ton conc.] 

3.0 11,231 3.74 61.66 55.00 116.66 

3.5 12,088 3.45 56.88 55.00 111.88 

4.0 13,032 3.26 53.66 55.00 108.66 

4.5 14,079 3.13 51.53 55.00 106.53 

5.0 15,245 3.05 50.22 55.00 105.22 

5.5 16,547 3.01 49.55 55.00 104.55 

6.0 18,002 3.00 49.42 55.00 104.42 

6.5 19,626 3.02 49.73 55.00 104.73 

7.0 21,435 3.06 50.43 55.00 105.43 

7.5 23,446 3.13 51.49 55.00 106.49 



 
• (At this stage it is tempting to make the 

choice of optimal combination on the basis 
of least average total cost of producing the 
concentrate (either q = 6.5 at level I or q = 
7.0 at level I).  

 
• (However this only looks at the cost side 

only, ignoring revenue) 



Prices and profits 
• Table 32  (Rudawsky, 1986, p.140): 20% Nickel Concentrates 

Prices, f.o.b. 
 
 
 
 
 
 
 
 
 

• The following table then gives the for the various mining rates (ROMs) at 
the three levels of recovery: 

  output levels,  
 prices,  
 revenues,  
 costs and  
 profits. 

 

Annual output  
(in m. tons of concentrates) 

Price (f.o.b) 
 ($/ton of concentrates) 

Up to 200,000 140.00 

200,000 – 249,999 137.75 

250,000 – 299,999 135.40 

300,000 – 349,999 132.85 

350,000 – 399,999 130.05 

400,000 – 449,999 126.70 

450,000 – 499,999 123.20 





• (At this stage it is also tempting to choose the q and level 
with the highest yearly profits (q=7.0, level I) or the 
highest life-time profits (q=5.5, level I)).  
 

• However, we need to take into account time-value of 
money, depreciation, depletion allowances, tax  
 

• Important observation: these results show that: 
 annual profits are maximized at higher rates of recovery 

(q)  
 while life-time profits are maximized at a lower rate of 

extraction 



Cash Flows and Present Value 
Computations 

• Capital investment 
 Replaceable equipment , replaced at end of 5 years. 

Replacement is at historic cost. 
 life-time long investment 
 
• Depreciation allowance – straight line method 
• Percentage depletion allowance at 15% 
• Royalty of 12.5% of gross sales income 
• 50% corporate tax rate applied on accounting profits 
• There is some salvage value 
• Minimum rate of return (discount rate) of 20%  
 
• Table 34 shows capital investments and salvage values 

for the various extraction rates (ROMs): 



  Annual Rate q (million t 
of ore) 

Expected life-time (yrs) Capital investment 
requirements (US$’000) 

% salvage Salvage value 

3.0. Life-time 
5 yrs 
 

3,750 
9,983 
13,733 

20% 
20% 

750 
1,997 
2,747 

3.5 Life-time 
5 yrs 
 

3,850 
10,783 
14,633 

23% 
20% 

886 
2,157 
3,043 

4.0 Life-time 
5 yrs 
 

4,394 
12,992 
17,386 

25% 
20% 

1,099 
2,598 
3,697 

4.5 Life-time 
5 yrs 
 

4,515 
13,481 
17,996 

28% 
20% 

1,264 
2,696 
3,960 

5.0 Life-time 
5 yrs 
 

4,532 
14,074 
18,606 

31% 
20% 

1,405 
2,815 
4,220 

5.5 Life-time 
5 yrs 
 

4,893 
16,247 
21,140 

34% 
20% 

1,664 
3,249 
4,913 

6.0 Life-time 
5 yrs 
 

5,129 
17,413 
22,542 

39% 
20% 

2,000 
3,483 
5,483 

6.5 Life-time 
5 yrs 
 

5,530 
17,756 
23,286 

44% 
20% 

2,433 
3,511 
5,944 

7.0 Life-time 
5 yrs 
 

24,037 27% 6,490 
 

7.5 Life-time 
5 yrs 
 

25,216 30% 7,565 



•Depreciation allowances are 
summarized in Table 35 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



• At this stage all data necessary for cash flow 
development are available. 
 

• For level I at the mining rate (ROM) of 3 
million tons Table 36 gives the cash flow, the 
NPV and the IRR. 
 

• There are 30 different such cash flow tables 
since there are three levels, each level with 10 
alternative ROMs. 





  
 
 
 
 
 

• Table 45 gives a summary of the NPVs and the 
IRR for all the levels and all the ROMs: 





 
 

• All the thirty combinations of q and levels 
are not viable at the required minimum 
return of 20%. 

 
• Now, what is the way forward – are we 

going to give up on the project just like 
that? 



Sensitivity analysis 
• Management realized that if they were to have royalty 

rate reduced from 12.5% to 10% several combinations 
would yield positive NPVs and IRRs>20% (do the 
exercise). 
 

• (Other parameters that may be changed in sensitivity 
analysis include: 
 CIT 
 Depreciation method (from straight-line to accelerated) 
 Incentives, such as tax holidays, etc.) 

 
• These then become subjects for negotiation with 

government so that the project may become viable. 
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    THANK YOU!! 
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