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Abstract: Determining the hydrometallurgical cut-off grades specifies the destination of low grade materials and this is subjected to 
more benefits in mining. Copper production rate is considered as one of the fundamental issues in hydrometallurgical cut-off grades 
determination. Slags are remarked as one of the main sources of copper. It is not only regarded as a waste but also identified as 
another resource extracting base metals. Slags are characterized by copper high grade. Thus, slag copper recovery can be led to 
different cut-off grades and net present value (NPV). The current research scrutinizes the effect of slag recovery by both flotation and 
hydrometallurgical methods on the hydrometallurgical cut-off grades. For this purpose, the optimum cut-off grade algorithms of 
hydrometallurgical methods are developed by considering associated environmental parameters, incomes and also the costs. Then, 
their optimum amounts are calculated with NPV maximization as an objective function. The results indicate that considering slag 
copper recovery in the hydrometallurgical cut-off grade algorithms reduces the environmental costs caused by slag dumping and 
leads to more NPV by 9%. 
 
Key words: hydrometallurgy; cut-off grades; low grade materials; waste; floatation; slag; copper recovery; environmental 
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1 Introduction 
 

Since slags include specific mechanical properties, 
they are practiced as industrial materials in civil and road 
construction [1]. While copper slags are remarked as 
another important resource for extracting base metals [2], 
they are sometimes buried as waste materials. Slags are 
produced by different copper smelting processes [3]. The 
slags consist of electric (EF) and convertor furnaces (CF) 
with different chemical compositions in flash and 
reverbatory smelting processes [4]. The slags produced 
in direct blister methods include different mineralogy 
containing various oxide minerals as well as primary and 
secondary sulfides [5−6]. Hence, flotation [7], 
hydrometallurgical methods [8−11] and slags returning 
to the electric furnaces [12] are employed in Cu recovery 
from the slags due to their type of mineralogy. On the 
other hand, the slags cooling rate is very effective on 
their mineralogical and mechanical properties [13]. 
Copper recovery from slags not only reduces adverse 
environmental impacts of slag dumping [14] but also 
increases the benefits and production of copper. Thus, it 
is influential on the concentration and hydrometallurgical 
cut-off grades policy, so they must come into account in 
the calculation of optimum cut-off grades. 

LANE [15] was the first who commenced to 
determine optimum cut-off grades. Later, he could 
represent an algorithm of optimum cut-off grades to 
optimize the NPV [16]. After LANE, many others 
attempted to calculate optimum cut-off grades with NPV 
maximization as an objective function [17−19]. In all 
these studies, optimum cut-off grades are figured out due 
to concentration method and the optimum cut-off grades 
of hydrometallurgical methods have not been determined. 
In 1979, DAVEY [20] tried to specify the optimum 
cut-off grades of hydrometallurgical methods. Therefore, 
he considered three material destinations indicated by 
leaching and concentration cut-off grades. He considered 
a fixed grade as the leaching cut-off grade at which it 
was not expected any copper recovery less than it. On the 
other hand, the concentration cut-off grade was obtained 
considering a relation between copper recovery through 
leaching and head grade of low grade ore. Although it 
was the first time that the leaching cut-off grades were 
calculated, it included some specific defects. Assuming a 
fixed grade, it could not lead to maximum NPV. On the 
contrary, using a head grade-recovery relation needs 
more leaching experiments, in regard to complexity of 
hydrometallurgical methods. 

The utility functions of sending the materials to two 
destinations are applied by RENDU [21] to determine 
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leaching and concentration cut-off grades. The 
opportunity cost was included in this approach [22]. This 
expenditure is also summarized in delay and change 
costs [23]. The presented method can lead to maximum 
amount of the NPV, however, the optimum leaching and 
concentration cut-off grades cannot be obtained 
simultaneously. 

In 2013 and 2014, the effects of different processing 
methods on optimum cut-off grades are considered 
[24−25]. But they have not scrutinized the effect of 
copper recovery from process tailing on 
hydrometallurgical optimum cut-off grades. Moreover, 
the environmental consideration of these processing 
methods on optimum cut-off grades is not taken into 
account. 

Since environmental parameters are very essential 
in mine production and optimum cut-off grades, many 
studies have been done in this regard [26−27]. KING  
[28] considered reclamation costs in mine design and 
RODRIGUEZ and ROZGONYI [29] declared that mine 
design can make more benefit just in case that the 
environmental parameters of mines are remarked. They 
also classified wastes from acid generating and non-acid 
generating points of view. RASHIDINEJAD et al [30] 
presented the algorithm of optimum cut-off grades based 
on RODRIGUEZ and ROZGONYI’s finding in 2008. 
Although all these studies have taken into account the 
effects of environmental parameters on concentration 
cut-off grades, they have ignored the influence of 
environmental parameters on hydrometallurgical cut-off 
grades. Then, environmental parameters of processing 
methods are considered in hydrometallurgical cut-off 
grade algorithms to solve these shortages [31]. However, 
it has not considered the influence of copper recovery 
from process tailing on the optimum cut-off grades. 

The development of metallurgical science has been 
directed into extracting copper from slag that it is 
counted as one of the most important productions of 
smelting processes. High production capacity, high 
copper grade and their specific mineralogy of slag have 
made copper extraction both economically and 
environmentally significant [14]. The amount of final 
production is changed by extracting copper from its slags 
through hydrometallurgical and pyrometallurgical 
methods. Consequently, it changes the optimum cut-off 
grades of concentration and hydrometallurgical methods. 

In this work, the algorithm of hydrometallurgical 
and concentration cut-off grades determination is first 
developed and then the effect of copper recovery from its 
slags on the optimum cut-off grades is evaluated. 
Moreover, environmental consideration of processing 
methods is analyzed in the presented model. Eventually, 
the hydrometallurgical optimum cut-off grades and 
maximum amount of NPV are calculated by an 

innovative optimization method and an iterative 
algorithm. 
 
2 Methodology 
 
2.1 Subject description 

The determination of optimum hydrometallurgical 
cut-off grades aims at deciding the destination of low 
grade ores. In the previous algorithms, the determination 
of optimum cut-off grades can figure out the material 
destination to waste dumps or concentration plants. This 
is while, the new carried out algorithm determines the 
material destination to waste dumps, hydrometallurgical 
plants or flotation processes. Figure 1 describes the 
determination algorithm of material destination based on 
ore mineralogy and type of rocks. 

In Fig. 1, the ore type is the basis of material 
destination. Hence, ore blocks identified as oxide ones 
are extracted by hydrometallurgical methods such as 
leaching (Scenario 1). Blocks are classified as the 
primary or secondary sulfide ones, and their appropriate 
method is chosen by the algorithm presented in this work 
from technical, economical and environmental view 
points. 

This issue can be determined by second scenario of 
the flowchart. In the third scenario, there are blocks of 
ore in transition zones which can be sent to oxide and 
sulfide dumps through grade estimating. As observed in 
this flowchart, the amount of slag produced in smelter 
plants affects the ore destination as well as economical 
and environmental parameters. Obviously, the produced 
slag can be treated by hydrometallurgical and 
pyrometallurgical methods based on its mineralogy. 
 
2.2 Effective parameters 
2.2.1 Slag treatment 

Recovering copper from slags is remarked as one of 
the factors affecting the cut-off grades of 
hydrometallurgical methods. These slags are treated by 
hydrometallurgical and pyrometallurgical methods 
according to their mineralogy. It is essential to calculate 
the tonnage of slag produced in smelter plants. It is also 
necessary to specify the average grade of slags to 
complete modeling. In fact, the rate of copper production 
from the slag )( sl

iσ by two hydrometallurgical and 
pyrometallurgical methods can be determined by the 
following relation: 
 

⋅⋅+−⋅⋅⋅= sl
L

L
4SCSC

sl
C

C
4

sl ))()(( gaggga iii σσηησ  
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where i is the year indicator, sl

Cg and 
sl
Lg indicate the slag 

grades used in flotation and hydrometallurgical methods, 
respectively. σCi represents the annual materials sent to 
concentrat ion plant ,  σS is  the pyrometal lurgical 
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Fig. 1 Effects of copper slag treatment on material destination 
 
produced materials, ηC represents the concentration 
recovery and ηS  indicates the recovery of smelter and 
electrorefining (ER) processes. ηH is the recovery of heap 
leaching and ηX introduces the solvent extraction (SX) 
and electrowining (EW) processes recoveries. 

C
4a  and 

L
4a  are respectively the amounts of slags treated by 

flotation and hydrometallurgical methods. 
In Eq. (1): 
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where gc is the concentration cut-off grades, G represents 
the maximum grade, qi is the annual tonnage of materials, 
ς is the grade category indicator, gup and gdown are the 
upper and lower limits of the grade category in the grade 
distribution table, respectively, and )(C ga  indicates the 
average grade of material sent to concentration plants. 
2.2.2 Environmental parameters 

Both hydrometallurgical and pyrometallurgical 
methods can make different environmental pollution [32]. 
It is economically essential to identify environmental 
parameters of different processing methods because they 
can affect the profitability of processes. If the cut-off 
grade policy is to achieve economic purposes, it is 
necessary to consider the environmental aspects of 
processing methods in optimum cut-off grade algorithms. 
Figure 2 illustrates the environmental parameters of 
hydrometallurgical and pyrometallurgical methods. 

The parameters introduced in Fig. 2 are considered 
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Fig. 2 Schematic diagram of copper production and processes (Amount of leached material remained on heap (a1/ %); amount of SX 
and EW tailing (a2/%); amount of concentration tailing (a3/%); amount of smelter and ER tailing (a4/%)) 
 
in the algorithm of optimum cut-off grades. 
Consequently, the environmental costs of processing 
methods are calculated in different steps of processes. 
The costs analysis and cut-off grades algorithms reveal 
that there is an interactive relationship between the 
environmental parameters and cut-off grade policy. It 
means a balance and any change on them affects another. 
2.2.3 Controlling capacities 

The limitation of mine and plants capacities leads to 
opportunity costs and this is contemplated as an 
important cost in the calculation of hydrometallurgical 
optimum cut-off grades. On the other hand, the 
production life is restricted by mine and plants capacities. 
Such limitations usually embrace some other 
sub-limitation affecting the production life. These 
limitations and sub-limitations are defined in Table 1. 
 
Table 1 Limiting capacities and sub-limitation 
Limiting capacity Indicator Sub category 

Mining Cm Drilling, blasting, loading 
equipment’s capacities, etc 

Concentration 
plant Cc 

Crushing, milling, flotation, 
filtering, etc 

Smelter, ER and 
marketing Cs 

Dryer, flash furnace, convertor 
furnace and ER cells capacities, 

casting wheel, etc 

Heap Ch 

Crushing, agglomeration, acid 
irrigation rate, safe pad loading, 
aeration rate, heap heating, ionic 
liquid solution (ILS), raffinate 

irrigation rate, etc 

SX and EW Cs 
Mixer settler capacities, 

extracting materials, EW cells 
capacities, etc 

 
2.2.4 Price, costs and recoveries 

The most essential factors affecting the 
hydrometallurgical optimum cut-off grades are copper 
price and incomes which are noted in the algorithm of 
optimum cut-off grades determination. Operating costs 
are also effective in determining ore destination. Cost 

related to the solvents is considered as the main 
operating cost of hydrometallurgical methods. Thus, this 
cost is remarked as another parameter influencing the 
hydrometallurgical optimum cut-off grades. The costs of 
electrical energy and fuel are counted as parameters 
affecting the economy of pyrometallurgical processes. 
On the other hand, optimum cut-off grades are the 
function of processing recoveries. Two types of recovery 
are defined in pyrometallurgical processes. One recovery 
is related to flotation method and the other to smelting 
method. Only one recovery is described due to the nature 
of hydrometallurgical methods particularly heap leaching 
one and it is related to heap. Holistically, in SX process 
and EW, the amount of the lost copper is negligible and it 
is operated in a closed cycle. As a matter of fact, 
processing recovery is not defined for such plants. 
 
2.3 Objective function 

The objective function of the hydrometallurgical 
optimum cut-off grades determination is to maximize the 
NPV. Time value of money (TVM) and annual cash 
flows are subjected to specify the NPV. From another 
point of view, the calculation of the material sent to 
hydrometallurgical and concentration processes affects 
the determination of annual cash flows and it is also 
necessary to specify optimum cut-off grades. Figure 3 
indicates the calculation method of optimum cut-off 
grades by determining the amount of material sent to 
processing plants. 

As observed in Fig. 3, the determination of 
optimum cut-off grades is a function of ore tonnage sent 
to plants and the curve of grade−tonnages distribution. 
Hence, the ore tonnage sent to heap (σHi) is calculated by 
Eq. (6) in the continuous and discounted grade 
distribution forms: 
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Fig. 3 Effect of mined material tonnage on cut-off grades 
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where gh introduces hydrometallurgical cut-off grades. 

As mentioned earlier, the amount of ore sent to 
concentration plants in two forms is calculated by     
Eq. (3). 

Calculating the amount of final production by 
hydrometallurgical method (σXi) is regarded as other 
important parameters in specifying the annual cash flow 
that is determined as continuous and discounted forms 
through Eqs. (7) and (8). Moreover, the amount of 
produced copper by pyrometallurgical method is 
calculated by Eq. (4). 
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where Ha  represents the average grade of material sent 
to hydrometallurgical plants. In Eqs. (3), (4), (6) and (7),  

sSxXcChH  , , , CCCC iiii ≤≤≤≤ σσσσ  

Equation (9) is able to specify the amount of the 
annual cash flows considering copper recovery from 
slags and environmental parameters. 
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where P is the commodity price and s represents the 
smelting production costs. f 

c is the fixed cost of 
pyrometallurgical processes and f 

h indicates the fixed 
cost of hydrometallurgical processes. xi can be 
categorized to the annual operating costs of SX (xSXi) and 
EW (xEWi) plants. Ci, hi and ei are the operating costs of 
concentration and hydrometallurgical processes and mine, 
respectively. Also, σEi indicates the total mined material 
and γi(w, s) introduces the waste material which can be 
sent to stockpiles or waste dumps. ∂ is the discount rate. 

In Eq. (9), there is the opportunity cost. Since there 
is limitation in mine and plants capacities, the 
opportunity cost is inevitable. In the presented model, 
there are five limits.  The opportunity cost is shown as 
∂·Ni in Eq. (9) and it has a direct connection with the 
NPV during mine life. As the NPV is reduced in mine 
life, this cost is also decreased. Furthermore, the amount 
of NPV is calculated in continuous and discounted forms 
of grade distribution by substituting the annual cash 
flows in Eq. (10): 
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where to is the time of project beginning, and Tlife is the 
project life. 
 
3 Results and discussion 
 
3.1 Limiting and balancing cut-off grades 

The optimum cut-off grades are calculated through 
considering various restrictions and solving Lagrangian 
equation sets. In fact, the optimum cut-off grades of 
hydrometallurgical methods are specified by relations 
presented in supplementary file as ESM-1. 

In ESM-1 relations, ,h
Eg ,h

Hg ,h
Xg h

Cg  and 
h
Sg  are 

respectively the optimum cut-off grades of 
hydrometallurgical methods considering the mine, heap 
loading, SX and EW, concentration, smelter and refinery 
capacity limitation. The optimum cut-off grades of 
concentration methods are also determined by relations 
indicated in supplementary file as ESM-2. 

In ESM-2 relations, ,c
Eg ,c

Hg ,c
Xg c

Cg  and 
c
Sg  are 

respectively the optimum cut-off grades of concentration 
methods considering the five defined restrictions. 

The ESM-1 and ESM-2 calculated grades are called 
limiting cut-off grades. In the case that the capacity of 
two operations simultaneously limits the production 
capacity, 10 dual balancing cut-off grades are calculated 
due to 5 limiting capacities. On the other hand, three 
capacities might simultaneously limit the capacity of 
final production. In this case, 10 balancing cut-off grades 
are specified called triple balancing cut-off grades. The 
limitations defined in Lagrange equations are expressed 
by following ratios to calculate dual balancing cut-off 
grades: 
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Furthermore, the triple balancing cut-off grades are 

calculated by limits in Lagrange equation as follows:  
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An iterative algorithm is needed to calculate the 
maximum amount of NPV because there is an unknown 
NPV in Eq. (9). This algorithm should be able not only 
to find out the maximum amount of NPV, but also to 
calculate the maximum amounts of the unknown ones 
(the optimum cut-off grades of processing methods). As 
the mathematical calculations of optimum cut-off grades 

and performing the iterative algorithm are complicated 
enough, it is developed by mathematic software and 
MATLAB programming. The innovative optimization 
algorithm is presented in Fig. 4. 

As observed in the algorithm, it is required to 
assume an initial cut-off grade. The best amount of this 
initial assumption is the optimum, limiting, dual or triple 
balancing cut-off grades resulting to the maximum NPV. 
After calculating the limiting and balancing cut-off 
grades by multivariable optimization method, the amount 
of the initial assumption can be determined by 
mathematical operation. The geometrical depiction of 
optimum, balancing and limiting grades can contribute to 
a better realization of this optimization algorithm. As it is 
geometrically depicted in Fig. 5, the limiting cut-off 
grades are the maximum surface of annual cash flows. 
Dual balancing cut-off grades are geometrically 
considered as the maximum of two cash flow surfaces 
intersecting curves. Triple balancing cut-off grades locate 
on three cash flow surfaces intersection point. Eventually, 
the first assumption of optimum cut-off grades is 
geometrically found in the surface maximum, passing 
through the minimum of all cash flow surfaces. 
 
3.2 Case study 

Miduk deposit is a porphyry copper mine divided 
into 3 zones including oxide, Supergene and Hypogene. 
The primary and secondary ore body is estimated as  
170 Mt copper ores by average grade of 0.44% with  
144 Mt minable reserves. The grade distribution of 
Miduk deposit is as shown in Table 2. 

The chemical composition of much of this deposit is 
summarized in Table 3. 

Table 3 illustrates the Miduk reserve predominantly 
composed of supergene copper minerals. Therefore, the 
deposit can be processed by pyrometallurgical and 
hydrometallurgical methods. 

The concentrate produced by Miduk concentration 
plant is sent to Khatoon Abad smelting plant. This plant 
already works with reverbatory furnace that improves its 
process to flash method. The chemical composition and 
mineralogical analyses of a sample from these slags are 
presented in SM-3. 

The experiments preformed in this regard indicate 
the success of flotation process in processing EF slags. 
Such success requires providing slow cooling rate by 
slag ditch or ladle. Remarkably, the fast cooled slags of 
CF are treated by hydrometallurgical methods. 
According to the above items and the possibility of 
recovering copper from the Miduk slags, the 
hydrometallurgical optimum cut-off grades can be 
calculated. The amounts of both economical and 
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Fig. 4 Innovative algorithm to calculate maximum NPV and optimum hydrometallurgical cut-off grades 
 

 
Fig. 5 Illustrative figure of optimum, limiting (LG), dual (DBG) 
and triple (TBG) balancing cut-off grades of Miduk mine 

Table 2 Grade-tonnage distribution of Miduk copper mine  
Grade/% Pushback 1/t Pushback 2/t 

0−0.2 15815500 8344500 

0.2−0.4 29905604 20859396 

0.4−0.6 19452000 22048000 

0.6−0.8 6146000 13805000 

0.8−1 2002120 4162180 

>1 213000 1247000 
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Table 3 Chemical composition of a sample of Miduk copper 
mine 

Mineral Cu CuO CuO/Cu Fe Cu2S 

Composition/% 0.68 0.1 34 3.42 0.55 

Mineral CuS CuFeS2 FeS2 FeOOH Fe3O4 

Composition/% 0.04 0.03 4.06 1.68 0.32 

 
environmental parameters are displayed in Table 4, to 
calculate the optimum cut-off grades of Miduk copper 
mine. 

The optimum cut-off grades of concentration and 

hydrometallurgical methods are calculated by the 
innovated algorithm as shown in Table 5. Moreover, the 
maximum amount of cash flows and NPV considering 
the copper recovery from the slags are illustrated in these 
tables. 

In other case, it is assumed that the copper of slags 
is not recovered. Thus, concentration and 
hydrometallurgical optimum cut-off grades are presented 
as Table 6. 

Comparing Tables 5 and 6 proves that recovering 
the copper from slags lead to decreasing the optimum 
cut-off grades of concentration and hydrometallurgical 

 
Table 4 Costs, limiting capacities and process recoveries of Miduk mine 

Component Value  Component Value  Component Value 

P/(103 US$·t−1) 6.5  h
slg /% 1  t2/(US$·t−1) 0.45 

∂/% 8  f h/(103 US$·a−1) 828  t3/(US$·t−1) 0.65 

e/(US$·t−1) 2.3  f c/(103 US$·a−1) 4412  t4/(US$·t−1) 0.90 

s/(103 US$·t−1) 1.3  ηH/% 62  t5/(US$·t−1) 1.05 

c/(US$·t−1) 4.4  ηX/% 92  t6/(US$·t−1) 0.65 

xSX/(US$·t−1) 139  ηS/% 85  t7/(US$·t−1) 0.75 

xEW/(US$·t−1) 91  ηC/% 80  t8/(US$·t−1) 0.45 

Cx/(103 t·a−1) 7  a1/% 96  hB,C/(US$·t−1) 0.15 

Cc/(103 t·a−1) 18000  a2/% 4  hs/(US$·t−1) 0.75 

 
Table 5 Optimum concentration and hydrometallurgical cut-off grades policy of Miduk mine with copper slag treatment 

Year Pushback Total material/t σEi/Tm σSi/Tp σXi/Tp gh/% gc/% Cash flow/US$ 

1 1 144000000 22687090 59147 2303 0.163 0.225 203258672 

2 1 121312910 22371220 58699 2074 0.159 0.218 200508829 

3 1 98941691 22044194 58224 1898 0.152 0.210 197884507 

4 1 76897497 6431721 17073 529 0.145 0.204 57829511 

4 2 70465776 15362220 40778 1263 0.145 0.204 138126280 

5 2 55103556 21278069 57559 1701 0.140 0.199 194410752 

6 2 33825488 20991844 57054 1522 0.132 0.191 191624736 

7 2 12833644 12833644 56595 1376 0.124 0.183 191342842 

 
Table 6 Optimum concentration and hydrometallurgical cut-off grades policy of Miduk mine without copper slag treatment 

Year Pushback Total material/t σEi/Tm σSi/Tp σXi/Tp gh/% gc/% Cash flow/US$ 

1 1 144000000 22953774 59088 2697 0.172 0.237 166869811 

2 1 121046226 22905177 59447 2518 0.164 0.229 166519838 

3 1 98141049 22552232 58958 2271 0.159 0.222 163640842 

4 1 75588817 5123041 13718 474 0.151 0.212 37676732 

4 2 70465776 16670899 44639 1543 0.151 0.212 122603933 

5 2 53794877 22186051 58434 2233 0.144 0.203 161363045 

6 2 31608826 21437361 57305 1573 0.138 0.195 154402179 

7 2 10171465 21167606 56877 1450 0.130 0.188 155014043 
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methods. It is also observed that more annual cash flows 
are obtained considering the slag treatment. 

Figure 6 compares the environmental costs and 
NPV of these two conditions with each other. 

As observed in Fig. 6, the unit environmental costs 
get less in which copper is recovered from slags. It is 
also demonstrated that copper slag treatment of Miduk 
mine leads to more NPV by 19%. 
 

 
Fig. 6 Variations of NPV and environmental cost unit during 
operation life 
 
4 Conclusions 
 

Although hydrometallurgical methods are being 
developed in copper industry, their effects on optimum 
cut-off grades are usually ignored. The current research 
assesses the effect of copper recovery from slags using 
flotation and hydrometallurgical methods on the 
hydrometallurgical and concentration optimum cut-off 
grades. The results of this research demonstrate the 
below items: 

1) Copper recovery from slag not only increases the 
NPV in mines but also reduces the unit environmental 
costs of copper production. This reduction of 
environmental costs is because many expenses related to 
dump, disposal or neutralizing slags by its processing are 
removed. 

2) The optimum cut-off grades are decreased 
through processing copper from slags and this problem 
changes the low grade ore destination. 

3) The optimization algorithm indicates that the 
optimum cut-off grades follow decreasing policy during 
mine life regarding copper recovery from slag. This 
policy is also observed in the unit environmental costs of 
processing methods. 
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