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SUMMARY

Development of underground bauxite mining under karstic
water hezard ie being planned in the Transdanubian region
of Hungary. The karstic aquifer also serves for regional
water supply and provides natural recharge for several ther-
mal springs in the region. A mining policy resulting in a
best compromise among the three conflicting goals of wa-
ter hazard alleviation, water supply and thermal springs
protection is sought. Alternative engineering systems ian-
clude the combinetion of mine dewatering, ertificial re-
charge and decreasing local transmiseivity by grouting. -
The systems model consiste of a finite difference solution
of the partial differential squation deacribing regional
karstic water flow,

Problen description

The general problem considered consists of the planning
and operation of regional industrial development with due
regard to environmental protection. This regional develop-
ment has at least two sets of objectives: 1/ sconomic, and
2/ environmental objectives, Social and political objec-
tives can also be accounted for but it is assumed that the
economic and envirommental objectives are predominant.

Beconomic objectives are measured by the common indicators
of economic efficiency such as cost, net benefit, cost-
benefit ratio, and are expressed in monetary unites. The
environmental objectives refer mostly to the enhancement
of the quality of land, water and air and are generally
expressed in natural units such as the amount of natural
resources or pollutants.
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In order to define and solve the problsm, information on
at leasat two sub-gyeteme is necessary:

I. the industrial sub-eyuiem is composed of snginesring-
economic slements such &s cupacity, location and technology
of plaants.

II. the envirommental subwayﬁtem 12 composed of physical
elementes such as ths gquality of lend, watsr and air modi-
fied by the industrisl development.

In moeat of the cases the two eets of cbiectives are in 4is-~
accord. The clessicel approach is to fix ome of the aetws
/e.g. by envirommental standerds/ and sptimize the syetesm
according to the cther set.

The other apmroach is to coneider both sets simultensously
end to find 2 satisfactum [} instead of an optimal solution.

In the Mmy region of 10.000 lf in the Fransdem:bian Houn-
tein in Hungery /#ig, 1/ large-scale baurite deposits mre
being plmod ‘E@ extrack. '

There ere coveral ezieting and plemed aining &lites for sur—
face or undarground operation. 4 typical werticel distri-
pution of baurite ie ifllustreted in Fig. 2. Bauxite io
rined for proveseing within snd outside the region améd for

export.

In many mining sites the roglonal karstic water level is
higher the baxite deposit. There are two main péesi-
bilitiss /end the combinations thereof/ of mining umder
water haserd in the region: water level lowering /mine ds-
watering/ emé the docressing of lecal trsowwissivity by

grouting.

CGiven the svailable capacity of processing plents amd the
committed amount of axport for a fairly long timze ahead
/15=20 yeare/, the ecememic objective is to allcoate pro-
ductien retes among existing mé candidats sine umder wi-
nisum divcounted ceet.

imong enviromaental factors /lemd, water snf air/, the im~
pact of bsuxite mining or ths regional grountwater system
is of the greatesi comcern. The groundwetsr systex i based
on & large-scale kEsrstic aquifsr of geverel hundred meters
deep, and is being fed by infilfrated rainweter and inflow
frea vivers such =2 the Demibe .

In ite criginal state seme 0 yoars ﬁ?o satflon froea ths
egulfer wer represented by e Dumber springs,; wailer-
supply wells, Hhormal baths and supply for adlscent ground-
water eystems. A8 & result of mine weter withdrowale for
beuxite mining @mtim the original state of the sysatem
has chenged: &/ the regiomal karstic m@sr lovel heas drop-
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ped, and b/ the flow of several cprings and thermal bathe
have stopped or decreased. ’

At present, there ie 8 mejor environmentael objective 1o
maintein at least the present state of the karstic water
system. In fact, the most important thermal baths such as
Héviz and water wells for cities such ae Veszprém are still
safely opersting. Two guestions erise: 1/ how to charac-
terize the environmentel state, and 2/ how to fix the nu-
merical values representing state. The environmental state
may correspond to the flow and quality of eprings, thermal
baths and water wells in the region., There is, however,
some contradiction about the numerical values of these
flows and quality parametere, representing a sound regio-
nal enviromment. Due to this contrediction, we would not
congsider fixed values but regard the casme either as:

a, a2 multiobjective problem where the minimization of
environmental disruption is also sought;

b. & fugzy problem, that is, envirommental constraints
are regarded fuzzy [ 3}

¢. a probebilistic problem, that ie, the risk of environ-
mental disruption ie minimized,

In the next sections the above models are formulated. Main
control options of environmental protection are the com-
binatione of the control of mine water withdrawals, the
decrease of local transmissivity and artificial recharge.

Elements of the general systems model

Multiobjective control of regiconal industriel development
and environmental protection may be described &8 a dis-
crete systemsz model{d4, 5, 6} First, elements of this mo-
del for the general problem are presented.

Model elements for the general probiem

Model elements are defined as follows for time ¢ = 0,1,2,..:

&. The input /1/t/ comprises

i/ natural elements /wind, rainfail, evaporation, in-

filtration/

ii/ phyeical properties of the region /ares, soil, to-
pography, xineral resources

1ii/ economic, sccial and envirommental elements /norn~
coentrollable resources such as capital, machine,
manpower, reguirements such as minerals, water, in-
dustrial products, migration/'environmental standards.
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iv/ possible control actions, that is, decicions /cont-
rollable resources used for capacity increase, tech-
nology, environmental protection such as pollution
treatment, effluent cherges, artificial water re-
charge/. Note that elements under /i/ and /ii/ are
usually stochastic,

b. The state S/t/ includes the "industrial™ state such as
the level of industrial development or the amount of mine~
ral resources and environmental state such as am-pollution,
hydrological conditions /water levels, discharges, water-
pollution/, land pollution,

¢c. The state transition function £ calculates the state
at time /t+1/ as a function of state and input at time t:

s/t+l/ = g /s/v/, 1/tv// /1/

The industrial state in /t+l/ can be calculated from the
existing capacity in t and inputs such as capacity in-
crease in t.

Typical environmental state transition functions are the
mass and chemical balance equations. As an example is the
partial differential equation describing karstic water
movement in the regional aquifer., Note that the numerical
solution of such an eguation is generally calculated for
discrete time steps as in equation /1/.

d. The output R/t/ may have elements of the state vector,
especially the environmental state, say air or water pol-
lution, karstic water level or flow, The output for the
industry are the typical decision criteria, such as losses,
costs, benefit, social indicators. In case of the indust-
rial output, total-period outputs are commonly defined
such as discounted costs or benefits, On the other hand,

it is often not easy to interpret total-period environ~
mental outputs since there is no ground, for instance, to
summarize karstic water flows for the whole period and con-
gider this sum as a derived environmental output. As a
consequence, it is often a complicated task te find pro-
per measures or indicators for the environmental output.
You may consider separately each environment state R/t/,
select the maximum, or use conceptions of fuzzy control.

e. The output function W calculates the output vector as
function of S/t/ and I/t/3

r/e/ =Ws/e/, v/ ) R/

The economic outputs can be calculated by the help of dis~
counted costs and benefits. The environmental output func-
tion corresponds to the environmental state transition fun-

tion.
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Note that the first three elements of this model, that ig
1/¢/, 5/t/, and ¢ are sufficient for & dynamic description
of the regional eystem considered.

Given the above model element you may select ons or more
outputs to be optimisged and consider the rest ez con-
straints. Now the elemantz of ,and the systems model it-
self for the case study are presented,

Systems model for the cese stuﬁy'

First, model slements are defined /Pig. 3/ for:

the planning horison /years/ t = 0,1,....,T

nuaber of mines { = 1,...,X

number of recharge sites k » 1,....¥X

nurbar of grouting sites j = 1....,d

numbsr of undsrground control points /sxrings, wells/
n = 1goueg’ ’

Por sake of simplicity, first the deterministic medel is
constructeds _ _ _

‘&, The input I/%t/ comprises

i/ sverage annual reinfsll and infiltration for the re-
gion

ii/ original rock properties for the karstic aguifer
/transmissivities, Tr and storage coefficients ’
#x/i/:1 total mmount of bauxite resources, a/i/: ave-
rage Al,0, content, £, 8/i/: average 810, content, %

111/ annusl requirements of exirmcted beuxite, V/;?: quR-
1ity, 4/¢%/t min 41,0, /%, 54/%/1 wax 510, /#/ or
M/t/ module. : . ‘

iv/ cost functions:

) 4 &t mining production coest
" water control cost

¢ srtificial rechargs cost
b ¢ £t grouting coet
a i
t

discount factor
capacity limits:

ex/i,t/s mining capacity
cq/i,t/s mining withdrawals
ev/k,t/: recharge

og/3,t/1 grouting

jdee)l underground flowss

HI/n,t/: 1deal flows
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b.

The stats transition functi@

v/ Poesible control actions

x/i,t/1 snnual bauxite extraction
q/i,%/1 annual mine water withdrawals
v/k,t/: esnual recharge amount

tr/3,t/: relative change of trensmissivity by grouting.
The state S/t/ includes:
the industrizl state:

X /i,t/: total smount of bauxite axtracted until t

t /i,t/s underground water level

Pr/3,%/1 tot:i 2hangos of relative transmissivity
until

the environmental state:
H /x,t/: fiow at the underground control points,

State transition functione
Industrial state:
X /it = X /1,%/ ¢+ x /1,81
z /1,441 = %i [5f]:-st,/9 nwzmgt/i
water levels
Tr /Lt 0.0, /”‘Iltl‘/; qt/lttf'avn-amstf/i

relative irensaissivities withdrawais

v /fl',t/,“.svfx,t/;; tr /1,8 ¢ i yesey ¥0/0, $ 4 1{1/3/
recharges relative transmissivity changes

Tr/ist + I/ = $/4,%/ + tr [§,8/ L4

Envirommental stats:

H/n, t +1/ = §° /a8 in squatiom /3// /5/

are representad

and
by the partial differential equation defieribing regionsl
karstic water flow [7]). |

In fact, & finite differsncs mmerical éoluti&for the

differsntiel ecuation is comsidered as

d.

i and
The cutpul R/t/ has industrisl and envirormenial ele-

sentss
Industrial ocutputs:

1.
2.
3.
4.

Amount of total pred. /4/

Average Al,0, of total prod. /ty or average modula
iversge 3i8,.70f total pred. of tot. prod.
Total ciscofinted coste.
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snvirormmental outpute:

5. Maximum deviation from ideal undergrouncd flows at aach
control point during the whole planning period.

e. Cutput functions
The above outputs can be calculated as follows:
M
1/ 2; X /i, t/
1=
M
o/ 2 e x fi
1=

3/ ﬁ s/i/ x /i,t/
1=

¥
4/ éo dy, Zl /fiy /Xi¢/ + Tay a5/ +

production withdrawal

K
%:1 v, . /th/ + ;]é'l fgjt /trjt/i /6/
recharge grouting
5/ mex /HJ/n,t/ - H /n,t/ /17
t = O’UIQ’T

fOI‘ ns= l,ooo’N

As model elements are defined it is now straightforward
to constuct the model itself, The common single-—objective
model isreached by considering equation /6/ as objective
function,

Total dis. cost - min and the other output functions as
constraints:

1. _zml x /it =V [t/ /8/
i=

.. i a/i/ x /1,8 > M/ V/t/ | /9/
1= .

3. {l S/i/ x /i,t) 2 5/8/ Ve 110/
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4. /83 /o,t/ - H /n,t// § Cons /n,t/

for t=20,,..,7
n=1,....N /1Y

The multiobjective model regards in addition to
Total disc. cost—min,
the environmental objectives as

max /HJ /n,t/ - H /n,t// —> nmin.

t-o,...,f /12/
fct‘ nm= 1,.--,'

It is noted that there are three sdditional types of
constrainte:

Total extracted mmeount of bauxits canmot be higher than
the total resources:’

X /i,t/ § &/1/ /13/

I:i mines under water haszard, total extracted iwnt of
bauxite cannot be higher than the bauxite amount above
the karstic water level; _

X /i,%/ Le /i, /1, /14/
where g is the amount of beuxite sbove z /i,t/.
Stochastic model
The quelity of bauxits is known from exploration deta snd

due to the natural uncertainty it has a random charseter
[8]. iz means that instead of the constraints /9-1Q/

‘ﬁ @ -/ ¥ 1Y 20 N5/

~
iz congidered, where a, '= are the average guality as ran-
dost variables. In this case, there is & probability that
the mining aystem cannot satisfy the quaiity constreintis:

- lod
v./t/ =2 ( i‘*‘“’" - W /1) x /Y £ 0) 118/
Bvidently, the probability of failure should be as emell
a8 pospible, thet is, a new objective Pl/t/-c nin is sdded.
If the relisbility objective is handled as & constraint

/Y gecl /t = 0,...,Y
25
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e chance constrained multiobjective model i obtained
[9, 10].

An alternative way to consider the stochastic character of
bauxite quality is to involve the economic losses due to
lower bauxite guality into the economic objective function
/additional processing cost/. In that case, the objective
function has two terms: a deterministic one J /x,g/ as
specified by Eq. 6 and & stochastic one:

T A
min Ks/w/ + 2B (¢/ 21(3‘./1/ - m/t/:/i/)x/i,t/)z/l’!/

where G is the loss function.

Application of the above decision models ere described in
several papers:

The multiobjective fuzzy model is presented in [ 11], a
general algorithm to solve the non-linear dynamic mualti-
cbjective problem is given in [12) , anu the above solution
techniques are applied in [13].

In the next section & numerical example shows one appli-~-
cation.

Nunerical example

The numerical example refers to & simplified mining and
groundwater system typical for the region considered. First,
data are given.

Date

The planning horizon is T=20 years divided into four stages
t = 1.2g3,4'

" mines, M=3 including the third under water hazard
The num- | recharge sites, K=1
ber of grouting sites, J=l
underground control points, HN=l

Hydrologicel input and aguifer properties for the region
is taken from [[14] . Total amount and average quality of
bauxite resources acre given in Table 1, while bauxite re-
guirements, capacity limits and ideal groundwater flow can
be found in Table 2. The vertical distribution of bauxite
amount is illustrated in Pig. 2.

Linear costs are assumed except grouting: fl = 100, f, =
320, f, = 300, /Forint/t/, fq, = 880, fv,= ~700 <
/103 F%/ﬁ/min/stage/. Three fix grouting policies ss in-
dicated in Tebles 4, 7 and 8 have been considered:
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no grouting, medium grouting an: heavy grouting.

The discount factor reflects 20 year lifetime and 63 dis-
count rate,

State transition functions

State transition functions have been calculated according
to Eq /3/. The groundwater level:

83/t + 1/ = Z3/t/ - 0,127/1 + Tl/ ay

/18/
+ 0,039 « /1 - Tl/ vy + 7.28

The groundwater control flow:

H/t + 1/ = 36 - 0.051/1 - Tl/ a3 + 0,13/1 + Tl/vl /19/

Results of compromise programming _15)with objective func-
tione /6/ and /12/ can be found in Table 3, 4 and 5. Note
that results are not sensitive to changes of compromise
programming weights within reasonable limits /0,4-0,6/.
This is in eccordance with the findings of Duckstein et

al [1&ﬂfor 8 similar regional analysis. However, there is
some change if environmental protection is highly preferab-
le /Table 6/: more recharge is needed and the underground
control flow slightly increases. Comparing the three grou-
ting volicies, medium grouting seems to be the best since
total discounted costs are the least and environmental
control flow is acceptable. Economic optimization results
in «- minimwn discounted costs but the environment would
be disrupted after 10 years /Table 7/.

In this numerical example, the above model choice influ-

ences the overall mining policy in a slight degree only.

Hovever, the comprehensive regional analysis has included
more than one mine under water hazard; consequently, mi-

ning production policies become sensitive to the various

control actions such as grouting and to model choice.
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Table 1
ANMOUNT AND QUALITY OF BAUXITE

Nine Amount Al.0 8.0
273 i 2

10° 7 %
2 7300 49.8 9.1
3 8100 , 52.1 5.8
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Table

Ny

DATA FOR THE EXALTFLE

Stages — & years

1 2 3 4
Bauxite Heguirements
arount in 10°T 2500 3800 4400 4700
moiule 7,2 7.0 6.8 7.0

Mining capacity limits

biine 1 3 1000 1600 1600 1600
2 in 10°T 300 2000 2300 2300
3 1000 2700 2200 2200

dinewater withdrawal
capacity limits

Kine 1 in &/min. 310 350 400 400

Recharge capacity limits
in £/min, 10 30 50 50

Grouting capacity lirits
in relative transmissivity 0.4 0.4 0.4 0.4

Iderl roundwater flow
in g/min. 30 30 30 30
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Tabvle 3'

RESULTS OF LINEAR CONPRMISE PHOGRAMMING
RANGE OF WEIGHTS: 0.4-0.6
NO GROUTING

Stages in four years
Eal Y

Activity B " p T
Kine 1, Prod. 1000 1600 400 0
Mine 2, Prod. 872 1923 2377 2128
Mine 3, Prod. 623 277 1623 2572
Water withdrawal 0 242 242 388
Recharge 0 ' 0 0 0
Uncerground Control

Flow 36 26 26 26

TOTAL DISCOUNTED COSTS: 3246 x 10°Forints
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Table 4

WEIGHTS: 0.4-0.6
MEDIUM GROUTING

Stages four ve

Activity _ T
Mine 1, prod. 1000 1600 400 0
Mine 2, prod. 300 . 2000 2272 2128
Mine 3, prod. 600 200 1728 2572
Water withdrawal 0 45 328 364
Recharge o - 0 42 50
Grouting 0 c.1l 0.1 0
Underground Control

Flow 36 31 30 30

TOTAL DISCOUNTED COSTS: 3112 x 10° Porints
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Table 5

WEIGH®S: C.4-0.6
HEAVY GROUTING

Mine 1, prod. 1000 1600 400 0
Mine 2, prod. ' 900 2000 2377 2023
Mine 3, prod. 600 200 - 1623 2677
Water Withdrawel 0 41 198 398
Rechargs ‘ 0 4] 5 34
Grouting 3] G.2 0.1 0.1
‘Underground Control :
Plow 36 34 30 30
POTAL DISCOUNTED CO8TS: 3119 x 10° Porinis
33
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Teble 6
WEIGHTS: 0.3, 0.7
NO GROUTING
Activity Stages in four §ears
Kine 1, prod. 1000 1600 400 0
Mine 2, prod. 900 2000 2272 2128
Mine 3, prod. 600 200 1728 2572
Water Withdrawal 0 220 295 166
Recharge 0 0 26 50
Underground Control
Flow ) 36 27 27 27

6

TOTAL DISCOUNTED COSTS: 3290 x 10 PForints
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Table 7
RESULTS OP ECONOMIC OPTIMIZATION
RO GROUTING
Activity Stages in four years

Mine 1, prod. 1000 1600 400 0
¥ine 2, prod. 872 1975 232% 2128
Mine 3, prod. 628 225 1675 2572
Water Withdrawal 0 57 400 400
Recharge 0 0 0o 0
Underground Control

Flow 36 33 19 19

TOTAL DISCOUNTED COSTS: 3058 x 10° Porints
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Liet of Pigures
Figure 1: The Bakony recion in Hungary

Figure 2: Typical vertical distribution of bauxite re-
sources

Figure 3: Elements of the Bakony region systems model
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