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COPPER FLOTATION PROFIT AND
CONTROL SYSTEM ACCURACY

R. Tenno and S-L. Jimsa-Jounela

Laboratory of Process Control and Automation,
Helsinki University of Technology, Kemistintie 1, SF-02150 Espoo, Finland

Abstract. The copper flotation profit can be estimated online utilising the assay of the on-
stream analysers. Upper and lower limits of the profit can be calculated and the range be-
tween limits used for evaluation of the return on investment, the investment that has to be
done in implementation project of new controls or analyser. The range depends on target val-
ues for concentrate and tailings and on the accuracy of controls and analyser. The separate
pay-back values from improvement of the controls is estimated and improvement of the ana-
lyser measurements accuracy. The economic effect from improvement is analysed from the

data collected from two flotation plants.

KeyWords. Mineral processing, analyser accuracy, profit evaluation.

1. INTRODUCTION

Considerable economic profit achieved in flotation proc-
esses control has been reported (Edwards, 19994; Miel-
tunen, 1982: 1989). However, every control improve-
ment is not cost-effective. The economic effect depends
on many factors. Most of them can be evaluated simply,
others like the economic effect of improvement of accu-
racy of controls an analyser is complicated to evaluate.
The accuracy is crucial in the flotation processes control
because they are poorly observable and controllable. The
return on investment of new controls or analyser depends
strongly on accuracy.

It is usual technique (Friedmann, 1995) to presume that
the profit can be increased 1-2% in the result of imple-
mentation of new controls or analyser. The two percent
level is chosen in (Cooper, 1980) as a “typical value” for
cooper flotation processes. Starting from that value a
complete economic analyses is reported and the play-
backs of two X-ray analysers is evaluated. The final re-
sults obtained there are in direct dependence on the ini-
tial percent values.

It is shown in this paper that the initial percent values can
be estimated from cooper flotation process, directly.
These values are depend on process state in overall and

are very different for different processes. Using the pro-
posed method the economic effect of control improve-
ment can be evaluated adequate to real processes.

The purpose of the paper is to evaluate the return on in-
vestment that one probably has in implementation of new
controls in a copper flotation process and partially in
implementation of a more accurate X-ray analyser like
“Courier” or “Amdel” analysers.

In the case of implementation one can stabilise the flota-
tion process more close to the setpoint with high profit.
The profit can be increase using new target values for
concentrate and tailings and/or using more accurate
controls.

The upper and lower limits of the profit can be calculated
for exact and real controls, the lower limit in dependence
on control system accuracy. The difference between lim-
its can be considered as the maximum return on invest-
ment or pay-back that one can achieve in exact control.

In real control case it is not possible to stabilise the proc-
ess completely. Some part of the maximum pay-back can
be obtained. The lower pay-back is stipulated by many
factors. An inaccuracy of X-ray analysers is one of them.



A control system accuracy can be decomposed into the
regulator and analyser accuracy. The control system ac-
curacy is equal to analyser accuracy in the case of exact
control. Upper and lower limits of the profit can be cal-
culated in this control case and used for evaluation of the
losses that one probably has in the case of implementa-
tion a real analyser. The return on investment is lower on
the value of these losses in the case of real analyser.

In these more or less idealistic assumptions a clear-cut
result can be shown. An economical performance of the
copper flotation processes cannot be improved without
improvement of the control and measurement system
accuracy.

It is shown also that the copper flotation profit can be
estimated online by assay analysis in ore-feed, concen-
trate and tailings. That is a new application of the X-ray
analysers in evaluation of the performance of cooper
flotation processes by economics.

Finally, a simple control algorithm is proposed for stabi-
lisation of cooper flotation processes on the basis of mass
balance relationship.

2. MAIN RESULTS

The copper flotation profit depends on control system
accuracy as a complex function. It can be determined as
a numerical function by statistical and economic analysis
of some real processes. The following typical situation
was withdrawn in these analysis from the flotation proc-
esses in two factories.

1. Profit of control improvement. The copper flotation
profits calculated per 1 ton of ore-feed for Concentrators

A and B are shown® in Table 1 as well as the maximum
profits that can be achieved in limit by implementation of
exact controls. It is assumed that the exact controls are
able to stabilise any deviation of the process from set-
point. A real control system is able to stabilise the proc-
ess incompletely and because of that has some loss in
profit. Usually, 30-50% of the variation can be reduced
in industrial applications. The same percentage of ideal
pay-back is realistic to save in implementation of real
controls. The ideal and real pay-backs calculated from
difference of exact and real controls are shown in Table
1. They are calculated in the assumption that both grades
for concentrate and tailings can be stabilised at target
values for any variation of ore-feed.

The cooper flotation profit is about 3-times higher for
Concentrator A. The profit depends on specialisation of
factories. The copper is the main product in Factory A
and a co-product in Factory B. It also depends on mine
(ore-feed), flotation circuit and on automation. The Con-
centrators A and B are very different by these factors and

- . . “e
The profit level is confidential, fictitious values are reported, losses
and pay-backs are real.

especial by automation level. An automatic control sys-
tem is used on Concentrator A and manual control on
Concentrator B. The profit level is higher on Concentra-
tor A, but the return on investment i1s lower there (sec
Table 1). The profit in maximum can be increased 1.2%
(real: 0.4-0.6%) on Concentrator A and 10% (real: 3-5%)
on Concentrator B. The increase of profit depends on
state of the flotation processes. The state of the processes
A and B recorded in 10 days period is shown in Figs 1, 2.

Table 1. Copper flotation profit in two factories. Pay-back
from implementation of exact controls.

Real Ideal
stabilisation | stabilisation
Concentrator: A
Profit, USD/ton(feed) 7.505 7.591
Pay-back: ideal 2.304
real, mUSD/year 0.77-1.15
Concentrator: B
Profit 2.210 2.428
Pay-back: ideal 8.541
real 2.85-4.27

2. Profit in incomplete stabilisation. The profit is lower if
the control system is implemented only for one of the
processes: for concentrate or tailings. The following can
be concluded from decomposition of the pay-back be-
tween these two processes (see Table 2).

The tailings control is a more cost-effective than con-
centrate control on Concentrator A. The best results can
be obtained by control of both these processes. The con-
trol of tailings and concentrate processes are equally es-
sential on Concentrator B and also control of both these
processes, but more essential than on Concentrator A.

3. Cost_of inaccuracy. The maximum profit cannot be
achieved in practice because of inaccuracy of controls.
The losses in profit can be decomposed into the losses
for regulator and analyser. The losses of two X-ray ana-
lysers are shown in Table 3 in dependence on measure-
ments accuracy for “Courier” and “Amdel” analysers.
The losses of profit is about 2-times lower for “Courier”
analyser than for “Amdel”.

4. Cost-effective measurements. Accuracy of measure-
ment depends on range of analyser. It is higher in con-
centrate and lower in tailings analysis. One can more
benefit from that situation on the Concentrator A as the
concentrate measurements there are more cost-effective
than tailings measurements (Table 4).

5. Profitable target. In some application the flotation
process efficiency can be increased special, after renova-
tion of the process. Sometimes it is possible to run the
process at a new higher target level for concentrate and
lower level for tailings without affecting on flows. More




cooper can be recovered and profit obtained (Table 5),
that is because of renovation of the process, may be with

new analyser. It is usual practice that a new higher con-

Table 2. Pay-back of exact controls for concentrate and tailings separately.

plementation of a new more accurate analyser.

centrate level will be set up as target in the case of im-

Processes under Processes under Target, | Standard Profit | Pay-back
ideal stabilisation | real stabilisation % Cu deviation | USD/t mUSD
Concentrator: A
Tailings Concentrate 25.5 0.776 7.550 1.200
Concentrate Tailings 0.074 0.019 7.526 0.564
Both Neither 7.591 2.315
Neither Both 7.505 0
Concentrator: B
Tailings Concentrate 21.7 247 2.408 7.756
Concentrate Tailings 0.114 0.022 2.379 6.614
Both Neither 2.428 8.541
Neither Both 2.210 0
Table 3. Cost of inaccuracy of X-ray analysers.
Ideal "Courier"” Double Half "Amdel"
measure- accuracy "Courier" "Courier" accuracy
ments accuracy accuracy
Stand deviation:
Ore-feed 0 0.032 0.016 0.064 0.074
Concentrate 0 0.95 0.475 1.90 0.95
Tailings 0 0.011 0.006 0.022 0.044
Concentrator: A
Profit, USD 7.591 1513 7.56% T.391 7.373
Losses, mUSD 0 2.085 0.591 3191 5.838
Concentrator: B
Profit 2.428 2.349 2.404 2.234 2.261
Losses 0 3.089 0.950 1.599 6.567
Pay-back: ideal 8.541 5.452 71591 0.942 1.974
real, mUSD | 2.85-4.27 | 1.82-2.73 | 2.53-3.80 | 0.31-0.47 0.66-0.99

Table 5. Pay-back of flotation at a higher for concentrate

Table 4. Cost of inaccuracy for concentrate and tailings,
and lower for tailings level (for Concentrator B).

separately (for “Courier” analyser).

Processes Processes Profit | Losses New Increase | Profit | Pay-back | Pay-back
under ideal under real USD/t | mUSD target %Cu USD/t mUSD of exact
analysis analysis control
Concentrator: A Concen.

Concentrate Tailings 7.542 1.302 217 0 2.210 0 +8.541

Tailings Concentrate | 7.558 0.879 22.2 0.5 2411 7.870

Neither Both 7513 2.095 2.1 1.0 2.608 15.622

Both Neither 7:591 0 237 2.0 2.985 30.592
Concentrator: B Tailings :

Concentrate Tailings 2.398 1.162 0.114 0 2.210 0 +8.541

Tailings Concentrate | 2.380 1.868 0.109 0.005 2.240 s

Neither Both 2.349 3.089 0.104 0.010 2.267 2210 |

Both Neither 2.428 0 0.094 0.020 2540 552 |}




6. Control law. The difference between idcal and real
pay-backs can be kept minimal if an automatic control
system is used for stabilisation of the concentrate and
tailings processes close to target levels. The minimum
variation control can be expressed (see Section 5) as the
following control law:

u= blbtl + ViVg - Bm (l}

2
b+ v+ B,

where u - control: ratio u = Qr/Qc between
Qs - tailings and Q - concentrate mass-flows, ton/day,

by, by - difference between measured processes:
bo= Ec - Eo - between ore-feed and tailings grades,
b, = Eo - &1 - between concentrate and tailings grades,

Vo, V; - difference between target values:
Vo = O¢ - Op - between ore-feed and tailings grades,
v, = Og - O - between concentrate and tailings grades,

B, - variation of errors in tailings measurements,
B, - sum of the variations of errors in concentrate and
tailings measurements.

7. Total cost. The final pay-back is lower than calculated
by this method. The cost of equipment, installation and
operating expenses must be included in calculation of the
capital investment.

8. Online observable profit. The profit can be estimated
online using any X-ray analyser. It is important for op-
erator to know the economic performance of process in
real time. The copper flotation profit can be estimated in
every 10 minutes and in average per hour or per sift. It is
not simple to observe the flotation process economics
directly from measurements. Compare the profit (Figs 3,
4) and measured processes (Figs 1, 2). The profit is af-
fected most strongly with ore grade in Factory A and
with concentrate grade in Factory B.

The estimated profit as a stochastic function is not well
defined and as a dynamic process not stable as well. That
is because the profit is estimated from inaccurate meas-
urements. Certain “smoothing” of the estimated data is
necessary in practical calculations.

Monte-Carlo method was applied in profit analysis (see
Section 3) and a simple profit-function (Section 4) was
used.

3. PROFIT ANALYSES: METHOD

Assume that profit P depends on process state © as a
convex function P(8) and that the concentrate and tail-
ings grades are stabilised around some average value
M {6} that is equal to target value ©. A good profit P(©)
can be obtained if the concentrate and tailings are stabi-

lised exactly in target 8 = ©. This profit P(OQ) = P(M{6})
cannot be obtained in average. The average profit is
lower

M(P(©)} < P(M{8})

That is a well known property for convex functions. The
difference in profit values

L =P(M{6}) - M{P(©)}

can be considered as a loss that one has in the case of
real control. It can be considered as pay-back in the case
of exact control. Usually, the loss and pay-back are cal-
culated as annual values (per year) in economic analysis.

The highest profit (in average) can be obtained as a theo-
retical limit in the assumption that true measurements
and ideal regulator are in use

M{P(0)} = P(M{0}).

Using Monte-Carlo method, the initial distribution 7(6)
of the state can be converted into the distribution for
profit ,(P). Both values: mean or median of the distri-
bution can be used for characterisation of the typical
profit values that most likely can be expect in control of
real process.

The following scheme was used in numerical analysis of
the relationship between profit and control system accu-
racy and measurement system accuracy:

0 = Target + Error,
n(6) = IN(©,0) - 7,(P) - Median{m,}.

Here IN(©,0) - independent Gaussian distribution with
mean © and standard deviation o. The latter parameter
was determined as an accuracy of considered X-ray ana-
lysers and accuracy of used controls.

The stochastic modifications of real processes on Con-
centrators A and B were used in calculations. These
modifications are equal to real processes by distribution;
they are equal approximately as the real distribution was
a little different from normal and the sample size for
simulation was chosen large enough (5000) for quick
analyses but not to eliminate the sampling errors com-
pletely.

4. PROFIT AS A FUNCTION
The cooper flotation profit can be defined in several modi-
fications. In the simplest case it can be calculated as the

function that depend on

Carker - cOpper market price, USD/ton,
Q - annual production of cooper concentrate, ton,



costs of

Cefin - refining, USD/ton,
Cgmen - Smelting,

Cyuns - lransportation,
Coper - Operating, per ton

and on the flotation process state, like grades of
0 - ore-feed, Cu%,
6. - concentrate and Oy - tailings.

The profit can be calculated from mass balance and coo-
per prise for concentrate as follows:

1. Mass balance of water and cooper
Qr=Qc+Qr. 80Qr=0cQc+61Qr. 2

Here Qr, Qc, Qr - mass-flows, ton/day:
Qr - ore feeding,

Qc - concentrate production,

Qy - tailings removal.

The mass balance (2) can be expressed as ratio

60-6r _ Qc

—_—

= : 3
ec‘er QF ( )

2. Cooper price per ton concentrale, USD/ton,

6. -1

C=<00

(merkcl = Creﬁn) i Csmell 3 Cms .

3. Cooper flotation profit per ton of ore-feed, USD/ton,

P=(C- cm)——QC. C))
Qr
4. Annual profit, USD,

P pnnvat = NQP,

where 1) - ratio of average grades: M = M6/M6, - con-
centrate to ore-feed.

The profit depends on concentrate and tailings as a con-
vex function. In a small variation range it depends on ore
grade nearly as a linear function and on concentrate
grade as a negative hyperbolic function,

1 (¢}
31'32)'33) = aleo-aa-ég,
c

P= 2 Tor((

0. -
b

and on tailings grade as a degreasing linear function,

Here a,..., a5 - constants, they are independent of state.

The cooper can be a single product of factory or on¢ of
many other metals produced on factory. In the latter
multi-product case the cooper grades in tailings are more
cost-effective than shown in (4), especially if expensive
reagents are used to recover valuable metals in tailings.
For example, the cyanide is used to recover the gold in
tailings. This leaching operation is an expensive due to
consumption of cyanide in considerable amounts, espe-
cially if the cooper grade in tailings is high.

The leaching expenses can be accounted for in the profit
function through the term Cieaep, O that can be added to
(4) if the tailings grade is higher than target value 8r <
©r. In this case the profit function is more dependent on
tailings as the cost Cicach Of cyanide leaching is high.

Initial parameters. The following example of initial data
was used in profit calculations:

Q = 1000 000 ton - annual production,

Cooasker = 2667 USD/ton - copper market price,

C,.sia = 28 USD/ton - refining cost,

Cyma = 127 USD/ton - smelting cost,

Cirans = 20 USD/ton - transportation cost,

Coper = 280 USD/ton - operating cost,

Cieacn = 18 USD/ton(tails) - cost of cyanide leaching,

1 = 26.7 (Concentrator A), 39.3 (B) - ratios: concentrate
to ore-feed.

5. CONTROL LAW

The cooper flotation process is a stochastic partially ob-
servable process that depends on many parameters which
are mostly uncontrollable. However, a real flotation
process is stable, it has a slow dynamics as affected by
large masses. The profit as a dynamic stochastic process
is a less stable (see Figs 3, 4). That is because the profit
is not a well-defined stochastic function, as a ratio its
statistical properties are poor and dynamics complicated.
To see some complications calculate the first moment of
the profit function and the dynamics of profit process (by
Ito rule) in the simplest assumptions of normal distribu-
tion and linear state processes, for example.

The profit process is not applicable for control, its direct
use in stabilisation will be ineffective. Better results can
be obtained in indirect control, by stabilisation of the
state processes for concentrate and tailings on some tar-
get values. The control problem in this case can be stated
and solved as the following.

Consider ratio Qp/Qc as a control parameter and the re-
lationship (2) as the model of process written in a com-
pact form as

Bo- Bru=0, (5)

where u - control: u = Q1/Qc,
Bo, B1 - differences: Po=6c - 8o, PB1=60-6r.




The following relationship is similar to (5) but for target
values
V(]“V]U:()' (())

where v, v, - differences: vo=0¢- 0, v; = 0, - Or.
0o, Oc. O - target values.

Stabilisation of the mass balances for both measured (5)
and reference (6) processes can be considered as a pur-
pose for control. In this case the control problem can be
stated as the following square function minimising prob-
lem

v'=M{(Bo- Bru)’ + (Vo- viu)?} ©)
subject to state (5) and reference (6) processes.

That is simple to prove that solution of the problem (5)-
(7) can be expressed in the following form:

= blbu o ¥ - Bm
e 2 2
b,"+Vv,"+ B,

’

where bg, b, - current mean of state-dependent processes:
bo=M{6c/F*} - M{60/F°}, b)=M{6o/F*} - M{6:/F*},
By, Bjo- covariance of estimation errors:

B, = Var{8o/F*} - 2Cov{60,61/F°) + Var{6,/F},

Bjo= Var{8o/F¢) + Cov{80,0c/F*} - Cov{6r,0o/F} -
- Cov{61,80/F°).

These statistics can be calculated on the basis of avail-
able observations. The filtrated values of the measured
processes can be used for exact calculations. The current
measurements can be used in simplified calculations. In
the latter case the mean values of by, b, can be calculated
as the simple differences

bo= 5(:' go- b= §0' FST.
and correlation between measurements can be ignored:
B, = Var{8o/F°} + Var{6/F*}, Bjo= Var{6y/F*},

Variation of the measurement errors can be used for de-
termination of the parameters B, By,.

5. CONCLUSION

Usually, the profit is over- or under-estimated in eco-
nomic calculations if presumed that profit can be in-
creased 1-2% in control improvement. The real incre-
ment can be 5-times different from that (0.5-5%). The
return on investment of the same controls or analyser is
rather different in different flotation processes. The same

another.

The profit is affected strongly by real target level for
concentrate and tailings. The target depends on state of
concentrator in overall and on its automation.

In a less essential scale the profit is affected by accuracy
of controls and analyser used. The return on investments
of new controls or analyser can be evaluated using ideas
of Monte-Carlo simulation in the way shown in this pa-
per. A final decision on a new control proposal can be
made on the basis of these calculations.
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