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ABSTRACT 

The impact of open-pit lignite mining on water resources  c r e a t e s  significant con- 
f l icts  between different  interest  groups, such a s  the  mining industry, water supply 
a.gencies, and agricul ture in t h e  mining region. The activities of each  of the  
in te res t  groups modify t h e  water resources  system and a t  t h e  same time t h e  condi- 
tions f o r  resources  use by o t h e r  groups. Consequently, t h e r e  is  an  apparen t  need 
f o r  t h e  analysis of regional water policies t o  reconcile  t h e  conflicting in te res t s  
within such socio-economic environmental systems. On tha t ,  a collaborative study 
between the  International Institute f o r  Applied Systems Analysis and Research 
Institutes in t h e  German Democratic Republic (GDR) and Poland is directed.  

Star t ing rniith a description of t h e  main conflicts in open-pit lignite mining a r e a s  
t h e  necessity of appropr ia te  decision support  model systems is  substantiated. The 
paper  outlines t h e  state-of-the-art of such systems and t h e  requirements f o r  t h e i r  
f u r t h e r  development. Finally, a decision support  model system f o r  a case  region in 
t h e  GDR is  presented.  



CONFLJCTS OF WATER RESOURCES USE AND ENVIRONMENT 
CAUSED BY OPEN-PIT LIGNITE MINING 

In general ,  open-pit mining resul ts  in significant impacts on  t h e  environment as 
well a s  c r e a t e s  conflicts within t h e  socio-economic system in mining regions. 
Open-pit Lignite mining i s  one of t h e  conspicuous examples there fore .  Those prob- 
lems concern especially countr ies  in Central  and Eas te rn  Europe,  in part icular  t h e  
GDR, FRG, CSSR, and Poland, but also in Asia and t h e  USA [I]. In t h e  following we 
will outline such problems with special r e g a r d  t o  t h e  considerations in the  GDR. 

The GDR is  t h e  country with t h e  l a rges t  lignite production (almost one-third of t h e  
world production). More than two-thirds of t h e  total  output of primary energy is  
based on lignite ex t rac ted  exclusively by open-pit mining. The annual output of 
lignite amounts t o  about  300 million tons in 1985. To sat isfy t h e  geo-mechanical 
stability of t h e  s lopes and t h e  bottom of t h e  open-pit mines, especially in loose 
r o c k s  [2], i t  i s  necessary t o  pump out about  1 . 7  lo9 m3/annum mine water. There- 
f o r e ,  about  7000 dewatering wells a r e  used. During t h e  next  years ,  the  lignite out- 
.put will1 f u r t h e r  increase.  Compared with t h e  s table runoff of t h e  GDR of about  
9.10' m3/annum t h e  amount of mine water  i s  expected t o  exceed 20% of t h e  s table 
runoff of t h e  whole country. Hence, in t h e  mining a r e a  itself t h e  water resources  
system i s  mainly determined by t h e  mining activities. 

Especially in sandy aquifers  due t o  t h e  dewatering of t h e  mines l a rge  regional 
cone-shaped depressions a r e  formed. These cones of depression a r e  one of t h e  
main impacts on  t h e  environment in mining regions, resulting in water resources  
use conflicts. 

The goal of t h e  mining industry t o  sat isfy t h e  geostability of t h e  open-pit mines 
by lowering t h e  groundwater table conflicts with the  goals: 

- t o  satisfy water  demand in a ce r ta in  quality and quantity f o r  municipal, 
industrial: and agricultural water  supply 

- t o  satisfy optimal soil-moisture conditions f o r  plant growth by the  help of 
capillary r i s e ,  i r r igat ion and drainage. 

- and t o  sat isfy optimal ecological conditions f o r  a worthy natural  human 
environment. 

The satisfaction of t h e  municipal, industrial and agricul tural  water  demand i s  a dif- 
ficult problem in mining regions, because wells f o r  groundwater extract ion of 
water  works fal l  of ten d r y  due t o  t h e  groundwater depletion, l i t t le  r i v e r s  fall d r y  
o r  l a r g e r  ones lose a p a r t  of the i r  runoff by infiltration into t h e  cone of depres-  
sion. For t h e  agricul tural  c r o p  production difficulties a r i s e  from the  lowering of 
t h e  groundwater sur face .  In general ,  t h e  moisture supply of t h e  plants cannot b e  
satisfied by capill.ar-y r ise.  To satisfy a stable c r o p  production supplementary 
i rr igat ion becomes necessary tha t  means higher  cost  and a higher  agricul tural  
water  demand in comparison with natural  conditions. Besides t h e  mentioned water 
quantity problems in t h e  mining a r e a s  significant water quality problems occur  [3]: 

In lignite mining regions t h e  groundwater quality and consequently the  quality of 
mine drainage water  is  frequently strongly affected by t h e  oxidation of fe r rous  
minerals (e.g. pyri te)  in t h e  dewatered ground. In t h e  cone of depression t h e  
overburden i s  ae ra ted .  With t h e  natural  groundwater r e c h a r g e  t h e  oxidation pro-  
duc t s  a r e  flushed out ,  and t h e  percolated water becomes v e r y  acid. Consequently 
t h e  acidity of t h e  groundwater increases.  The same effect  occurs  during t h e  
groundwater r i s e  a f t e r  t h e  closing of mines. Especially t h e  acidity of groundwater 



in spoils i s  very  high, if t h e  geological formations have  a low neutralisation caba- 
city. In t h e  GDR sulphate concentration in t h e  groundwater of spoils g r e a t e r  thar 
700 mg/l have been estimated [4]. 

In mining a r e a s  many industrial activities, especially disposals of liquid and solid 
wastes a r e  connected with serious contamination r i s k s ' f o r  groundwater and mine 
drainage water. Typical contaminants a r e  heavy metals, organics (phenols etc.: 
and o thers .  In such regions i t , i s  v e r y  difficult o r  even practically impossible tc 
p ro tec t  drinking water resources  by protect ion zones. 

Another r i sk  i s  re la ted  t o  sa l t  water  intrusion o r  salt water upconing. In several 
lignite deposits in t h e  GDR sa l t  water  is  situated not deep below t h e  lignite seams. 
Hence, pumpage causes t h e  r i sk  of sa l t  water upconing. High sa l t  content of mine 
drainage water resul ts  in many difficulties in water t reatment  technology. The 
discharge of t h e  polluted mine water  into s treams may effect  down-stream water 
yields significantly. 

Another problem caused by mine drainage i s  t h e  land subsidence resulting from 
groundwater lowering [Z]. In t h e  post-mining time, when t h e  groundwater table 
r i ses  up t o  i ts  former elevation, i t s  depth under t h e  soil su r face  might b e  less  thar 
in t h e  pre-mining time, sometimes ar t i f icial  drainage systems a r e  necessary t o  pro- 
t e c t  municipalities and factories  in such post-mining a r e a s .  Also, agricul.tural land 
and fores t  have t o  b e  drained in such distr icts  frequently. 

Last not least  the ecological equilibrium is  often disturbed by lowering the  ground- 
water level. Especially old a r e a s  o r  park  landscapes a r e  in g rea t  danger when the 
groundwater table falls down. 

The above-mentioned examples i l lustrate  t h e  significant conflicts between dif- 
f e r e n t  interest  groups caused by t h e  impact of open-pit lignite mining on urator 
resources .  The activities of each  of the  in te res t  groups modify more o r  less  the' 
water resources  system and a t  t h e  same time t h e  conditions f o r  resources  use b y  
o t h e r  groups. I t  i s  also important tha t  these  act ivi t ies  might lead t o  a deter iorx-  
tion of the  natural  environment. 

Due t o  t h e  complexity of t h e  socio-economic environmental processes in ~nir~iriyl 
a r e a s ,  t h e  design of water management s t ra teg ies  and water use t.echnologies ;I: 
well a s  mine drainage can only b e  done properly based on appropr ia te  mathamatl- 
ca l  models. 

These models should s e r v e  a s  tools t o  match t h e  c r i t e r i a  of t h e  interest  groups and 
t o  reconcile  conflicting interests .  

MATHEMATICAL MODELS FOR WATER PROBLEMS IN 
OPEN-PIT LIGNITE M W G  AREAS 

In genera l  t h e  time variant  impacts of mining on t h e  water resources  system nr~d 
t h e  time variability of this  system necessi tate  t h e  application of n o n s t e a d y  or  
dynamic models. The most common models a r e  SIMULATlON MODELS. 

The dynamic systems development is  determined by e n v i r o n m e n t a l  i7ipuLLts, t!.j?. 

geological s t ruc ture ,  initial groundwater table,  boundary conditions, a s  wall ;I:; b y  
decisions (control actions), e.g. wells f o r  groundwater extract ion.  Tho ~lmuliltion 
model describes t h e  systems s t a t e  development, (e.g. groundw:ltc1r t.;1t)Io, w . i l  t i t  

quality) in terms of t h e  systems inputs, decisions, and systems past. 



The systems development can b e  controlled by t h e  decisions only. Using simulation 
models, i t  i s  assumed t o  know t h e  decisions explicitly. The simulation model has to 
b e  used in an  i terat ive procedure t o  find decisions f o r  systems states satisfying 
given pre fe rences .  A typical example i s  t h e  use of groundwater flow modeis f o r  
t h e  design of drainage wells, if t h e  desired groundwater tables  f o r  some points in 
space  and time a r e  given. 

Especially groundwater flow models (finite difference and finite elements) have 
found a wide application in t h e  design of mine drainage systems and t h e  fo recas t  of 
o t h e r  environmental impacts 15-71. Such models developed and used as so-called 
Continuously Working Models (CWM) a r e  an  accepted basis f o r  water re la ted  deci- 
sion making in open-pit lignite mining in t h e  GDR [5,7]. But analysing critically t h e  
fea tures  and application of CWM's i t  has t o  b e  emphasized tha t  t h e  CWM's o r  more 
general  simulation models a r e  a helpful tool in medium-term planning and design as 
well a s  short-term control. Their applicability f o r  long-term planning as a n  
integrated p a r t  of t h e  regional policy-making process  i s  restr icted.  

What a r e  t h e  main obstacles  t o  the i r  use in t h e  long-term policy-making process? 
Firs t ,  t h e  CWM's a r e  tools t o  analyse an  environmental system without considering 
socio-economic aspects .  Economic modeling of groundwater management in mining 
a r e a s  i s  not done o r  economic models a r e  not coupled with CWM's. The key r o l e  of 
t h e  interact ions between t h e  socio-economic development and t h e  environmental 
p rocesses  i s  not considered implicitly. Second, t h e r e  i s  a gap between t h e  compli- 
cated sophisticated models and t h e  existence and quality of t h e  relevant  data,  t h e  
l a t t e r  being uncertain. Unreliable resul ts  may discredi t  models with t h e  policy 
makers. Third ,  frequently t h e  available time and budget f o r  model s tructuring i s  
incompatible t o  t h e  necessary effort  of collecting and verifying of t h e  required 
data.  This incompatibility i s  especially apparen t  when one considers groundwater 
quality and groundwater-surface water interactions. Fourth,  management/ techno- 
logical al ternat ives have t o  b e  fixed exogenously f o r  t h e  simulation models. This i s  
t h e  common procedure  f o r  problems in tight connection with groundwater hydraul- 
ics  (groundwater s t resses  such a s  pumping and recharge) .  The decisions a r e  
pumping r a t e s ,  location and number of wells and s o  on. Economic indicators are 
considered explicitly by evaluation of the  alternatives. In t h e  case  of complex 
environmental-socio-economic interactions (multiple c r i t e r ias  and decision mak- 
e r s )  t h a t  we have t o  deal  with concerning t h e  mining regions, t h e  manual selection 
of efficient al ternat ives (scenarios) is  very  difficult and time a s  well a s  money con- 
suming, o r  even impossible. 

In t h e  pas t  y e a r s  in water management NORMATIVE MODELS implicitly considering 
environmental-socio-economic interdependencies found more and more applica- 
tions. Normative models a r e  used t o  estimate efficient al ternat ives based on 
sca la r  o r  vec tor  optimization techniques. In terms of t h e  c r i t e r i a f u n c t i o n s  both, 
environmental c r i t e r i a  (e.g. groundwater quality), and economical c r i t e r ia  (e.g. 
cos t  of mine drainage)  a r e  used. For mine water problems especially in Hungary 
and t h e  USA powerful models have been developed [8-101. These applications a r e  
re la ted  t o  underground coal and bauxite mining in ca rs t i c  aquifers. For open-pit 
lignite mining a r e a s  in sandy aquifers  the au thors  did not find applicable normative 
models. This might b e  caused by the  complicated water flow (nonlinear, 
groundwater-surface-water interaction) and water quality problems (acidification 
of mine drainage water). Common l inear  programming methods in this  case  a r e  not 
applicable. Consequently, the i r  is  an  appaarent  need f o r  t h e  development of nor- 
mative models a s  decision support  models f o r  t h e  analysis of regional water poli- 
c ies  in open-pit lignite mining a r e a s .  



DECISION SUPPORT MODEI, SYSTEM FOR 
A CASE REGION FN THE GDR 

M e t h o d o l o g i c a l  A p p r o a c h  

The regional systems under study is  viewed t o  consist of two nlajor subsysLenas-the 
environmental subsystem and t h e  socio-economic subsystem [ I l l .  Between arid 
within both subsystems manifold interrelationships occur.  Socio-economic activi- 
t i e s  resul t  in s t ra ins  on t h e  environment, in o u r  case  in t h e  depletion and pollution 
of water resources.  On the  o ther  hand, the  deter iorat ion of t h e  enviror~ment~zrl 
subsystem leads t o  restr ict ions in i t s  use a s  natural  resources  f o r  the  socio- 
economic development. 

The policy making process in mining a r e a s  includes in a c e ~ ~ t r a l l y  planned economic 
system a s  in t h e  GDR al l  decision levels from the  government (Central planslink 
Authority, different  Ministries), regional authori t ies  (District Planning Authority, 
Regional Water Authority, e tc .)  up t o  t h e  lowest level (mines, farms, municipal 
water supply agencies etc .)  interacting direct ly with t h e  water resources  system. 
These interactions depend on the  mining and mine drainage technology, on the 
demands and sources  f o r  water supply of different water users ,  on t h e  agr fcu l t i~ra l  
land use p rac t ice  and technobogies, on the  waste-disposal and waste water t rea t -  
ment technology and allocation etc .  

The upper level elements of the socio-economic system have pre fe rences  based on 
a national o r  regional point, of view, above o thers  relat,ed t o  t h e  social welfare. 
Character is t ic  aspects  a r e  both, a high national income, and t h e  preservation of 
t h e  environment a s  an  important social component. The upper level elements of the  
socio-economic system generally do not directly control the  interactions of t h e  
lowest level users  l ~ i t h  the  environment, but they have principal regulakion poflar 
f o r  influencing the i r  behaviour using legislative, economic and/or  o ther  types of 
policies o r  mechanisms. Typical policies include irnposirlg constraintas or1 water 
usage arid allocation of waste water (based on the  water l a w  of the  GCR], v a r i a t ~ s  
economic measures including investment, pricing, taxing, subsidizing and others .  

Below Figure 1 gives a rough overview on t h e  complex hierarchical s t ruc ture  of 
t h e  socio-economic system under study. 

Typical f o r  a socio-economic system is i ts  division in upper elements, representing 
national and regional perspect ives,  and lower elements - the  water users .  Obvi- 
olusly, a two-level representat ion of the  system becomes a real is t ic  assumption. 
Our analysis is  based on t h e  schenatized policy-making system shown in Figure 2. 

We assume a two-level system with a Central Planning Authority and Regiarriil 
Authorities f o r  mining, municipal and indust.rial water supply, agricul ture and 
environmental protection. A Regional Authority represen ts  both, t h e  global 
interest  of a sec tor  of economy, and i t s  regional interest .  The Central Planning 
Authority represen ts  global economic and social preferences.  

For t h e  long-term development of open-pit lignite mining a r e a s  two principle p m b -  
lems have t o  b e  solved: 

1. To f i n d  9good" Long-term s t r a t e g i e s  o r i en ted  tozuards  a c h i e v i n g  a  p r o p e r  bal- 
a n c e  be tween  bo th  n a t i o n a l  anci r eg iona l  economic n e e d s ,  r eg iona l  soc ia l  n e e d s  
a n d  t h e  reg iona l  p r e s e r v a t i o n  of t h e  e n v i r o n m e n t .  



Figure 1: Schematic environmental/socio-economic system in open-pit lignite min- 
ing a r e a s .  

2. To f i n d  a n d  r e a l i z e  c o n t r o l l i n g  p o l i c i e s  i n  o r d e r  t o  d i r e c t  t h e  r e g i o n a l  
deveLopment  a c c o r d i n g  t o  t h e  e s t i m a t e d  "good" l ong - t e rm s t r a t e g i e s .  

According t o  these problems o u r  research  is  based on a two-stage decomposition 
approach ,  proposed by  Orlovski [Ill. The f i r s t  s tage of t h e  analysis is directed 
towards generat ing rat ional  scenarios of the  long-term regional development based 
on  pre fe rences  of t h e  Central  Planning -4uthority. Behavioural aspects  of t h e  
lower-level water  users  a r e  considered only in terms of general  regional socio- 
economic pre fe rences  of t h e  corresponding economic sec tor .  

Based on more detailed considerations of behavioural aspects ,  in the  second stage 
of analysis feasible regulation policies will b e  studied in o r d e r  t o  d i rec t  t h e  
behaviour of water users  and consequently t h e  regional development along t h e  
r e f e r e n c e  scenarios obtained a t  t h e  f i r s t  stage. 

The fundamental tool f o r  both s tages of analysis is a n  appropr ia te  model system 
suitable f o r  analysing long-term regional water policies. From the  systems analyti- 
ca l  point of view such an  analysis might b e  seen  as a problem of dynamic multi- 
c r i t e r i a ,  multiple-decision maker choice taking into account t h e  fuzziness pertain- 
ing t o  human behaviour, uncertaint ies  and imprecisions resulting from limited 
understanding of t h e  complex processes under study and t h e  lack of data.  Accord- 
ing t o  o u r  discussion above,  this  choice is  embedded in a complicated policy making 
process  and i t  i s  based on "hard" c r i t e r i a  a s  costs ,  water supply etc . ,  a s  well a s  on 
"soft" social and political c r i t e r i a ,  e.g. the quality of life in the  region. We a r e  not 
ab le  t o  develop a model system considering al l  t h e  complexity of the  policy making 
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Figure 2: Schematized policy-making process.  

real i ty,  anticipating t h e  decisions of t h e  policy makers. However, w e  can support  
t h e  policy maker in analysing appropr ia te  decisions by the  help of a B c i s i o n  S u p -  
p o r t  Model System. Such a DSMS should re f lec t  the  policy making process and t h e  
goals of t h e  conflicting interest  groups and integrate t h e  essential interactions 
between a s  well a s  within the  environmental subsystem and t h e  socio-economic sub- 
system. 

In general ,  dynamic problems of t h e  studied type a r e  approached by time-discrete 
dynamic systems models. The s tep  size depends on t h e  variability in time of the  
processes t o  b e  considered, on the  required c r i t e r i a  and i h e i r  reliability, and on 
t h e  frequency of decisions (control actions) effecting the  systems development.. 
Taking into account t h e  policy-making real i ty related t o  long-term regional water 
management and planning two different step-sizes discretizing the  p l a n n i n g  hor-  
i z o n  T (of about 50 years)  a r e  of major interest :  

J 
- the  p l a n n i n g  p e r i o d s  ATj,  j = 1> . . . , J (T  = ATj) a s  t h e  time s tep  f o r  prin- 

j  =l 
cipal management/technological decisions, (e.g. water allocation from mines, water 
t reatment ,  drainage technology), 

- t h e  management p e r i o d s  of one month f o r  management decisions within t h e  year  
re la ted  t o  short-term cr i t e r ia  a s  the  satisfaction of monthly water demand ( the 
classical c r i t e r i a  f o r  long-term water resources  planning). 

The discretization of the  planning horizon into a res t r i c ted  number of planning 
periods enables principally t o  apply optimization techniques f o r  multi-criteria 
analysis. Small time steps (for  instance, ATj = 1 year )  f o r  the  planning periods 
a r e  favourable from the  point of view of the  evidence and accuracy of model 
resul ts .  Otherwise t h e  number of planning periods should b e  minimized with 



r e s p e c t  t o  t h e  available methods f o r  multi-criteria analysis, computational facili- 
t ies ,  and budget as well as time f o r  analysis. As a compromise o u r  DSMS is  based 
on  variable planning periods, s tar t ing with one y e a r  and increasing with time. Tak- 
ing into account t h e  uncertaint ies  of long-term predictions of model inputs (water 
demand, decisions on  investment, e tc .)  and t h e  requ i red  accuracy ,  decreasing with 
time, this  approach i s  quite reasonable. 

F o r  monthly time s t e p s  (600 f o r  a planning horizon of 50 years )  t h e  application of 
any optimization technique becomes unrealistic. To study monthly systems 
behavior  systems simulation i s  t h e  only applicable tool. Furthermore this  simula- 
tion opens an  easy way t o  consider s tochast ic  inputs (hydrological data,  water 
demand etc .)  applying t h e  Monte-Carlo-Method f o r  s tochast ic  simulation. 

Based on these  assumptions we develop a heuris t ic  two-level model system 112, 131 
consisting of 

- planning model f o r  dynamic multi-criteria analysis f o r  al l  planning periods in 
t h e  planning horizon 

- management model f o r  t h e  s tochast ic  simulation of monthly systems behaviour in 
t h e  planning horizon. 

In Figure 3 t h e  general  s t r u c t u r e  of t h e  DSMS i s  depicted. 

INTERACTIVE 

I DECISION SUPPORT MODEL SYSTEM I 

Figure 3: S t r u c t u r e  of t h e  Decision support  model system. 

A s  t h e  f igure i l lustrates ,  t h e  choice of fundamental technological al ternat ives (e.g. 
decisions on t h e  construction of a t reatment  plant, of a pipeline, t h e  dimension of 
pipes, e tc . )  a r e  supposed t o  b e  fixed exogenously and might b e  considered a s  



different  scenarios.  For t h e  time being t h e  DSMS analyses continuous 
management/technological decisions f o r  planning periods only. 

To charac te r ize  the  model system we use in t h e  following capital  Roman l e t t e r s  f o r  
t h e  planning model (deterministic inputs and outputs) and capital  Greek l e t t e r s  f o r  
t h e  management model (part ly random inputs and outputs). The l e t t e r  f defines a 
vec tor  function. Generally all values/parameters under consideration represen t  
mean values f o r  t h e  given time step.  In t h e  following t h e  models a r e  compared. 

PLANNING MODEL ( MANAGEMENT MODEL 
( j  =I #..., J) I (m =1, ..., M )  

S Y S T E M S  I N P U T  

Hydrological  i n p u t  (noncontrolable input a s  precipitation, s t ream flow, eva- 
potranspiration) 

Socio-economic i n p u t  (noncontrolable input a s  water demand, investment, 
p r ices  e tc . )  

DECISIOXS OK S Y S T E M S  DEVELOPMEMT 

Control  v a r i a b l e s  f o r  planning periods (water allocation, etc .)  

with bounds 1 with t h e  deterministic ru le  
minD( j )  s D ( j )  srnaxD(j) [ *(m) = f*(m,I 'd(m-l) ,*(m-l) ,  

i rv (m u,, (m -I),...) 

Total con t ro l  v a r i a b l e s  f o r  the  planning horizon 

DT I 
i not  considered 

with bounds 1 
minDT r; DT 5 maxDT 1 

D E S C R I P T O R S  OF SYSTELTS DEVELOPMENT 

Systems d e s c r i p t i v e  v a l u e s  (auxiliary parameters  character izing t h e  sys- 
tems behaviour in t h e  planning period; not explicitely depending on previous 
planning periods, e.g. su r face  water  flow) 



with the  s y s t e m s  d e s c r i p t i v e f u n c t i o n s  

S t a t e  v a r i a b l e s  (dynamic parameters  depending explicitely on t h e  previous 
planning periods, e.g. water table in t h e  remaining pit) 

with the  s t a t e  t r a n s i t i o n  f u n c t i o n s  

CRITERIA (OUTCOME) OF SYSTEMS DEVELOPMENT 

C r i t e r i a f o r  p l a n n i n g  p e r i o d s  (e.g. deviation water supply-demand) 

with the  c r i t e r i a f u n c t i o n s  

- - 
o ( j ) = f O ( j . D ( j ) , S , ( j ) ,  I n ( j ) = f n (  ..., R ( m ) . . . . ) m c j  

s v ( j ) 9 & e ( j ) )  I (m)=fR (m ,t (m) , rd  (m), 
and bounds I r v ( m ) , @ h g ( m ~ s @ s e ( m ) )  

minO( j )  ,: O ( j )  ,:maxO(j) 1 

Total c r i t e r i a  fo r  t h e  p l a n n i n g  h o r i z o n  

with the  t o ta l  c r i t e r i a f u n c t i o n  

OT = fOT (O(1). ..., O(J) )  nT=fnT (R(l) ,  ..., n(J))  
and bounds 

minOT zs OT < maxOT I 
CONSTRAINTS Or\! SYSTEKS DEVELOPMENT 

not considered 

For  t h e  planning model a nonlinear multi-criteria programming system has  been 
developed, using t h e  re fe rence  point approach [15]. The method i s  based on t h e  
idea of "satisficing". Star t ing from aspiration levels of decision makers f o r  the 
indicators  of systems development (reference points) efficient responses a r e  gen- 
e r a t e d  (Pare to  points "closest" t o  the  re fe rence  points). The best-suited solution 
considering the  p re fe rences  of the  decision maker can b e  obtained by correct ing 
t h e  aspirat ion levels in a n  interact ive procedure.  The program system i s  based on 



t h e  nonlinear multi-criteria programming package DIDASS/N [I41 coupled with t h e  
nonlinear programming system MSPN, developed a t  t h e  Institute of Automated Con- 
t ro l ,  Technical University Warsaw by Kreglewski e t  a l .  

In t h e  c a s e  of many c r i t e r i a  the  re fe rence  point p rocedure  and t h e  comparability 
of solutions might become complicated f o r  t h e  decision making. For this  reason t h e  
DSMS r e n d e r s  t h e  interact ive determination of c r i t e r i a  t o  b e  minimized, f o r  the  
remaining c r i t e r i a  t h e i r  bounds a r e  considered. 

The p l a n n i n g  model of t h e  DSMS is  applied f i r s t ,  resulting in an  efficient solution 
f o r  planning periods. The determined control  variables D ( j )  a r e  used t o  estimate 
t h e  parameters  of a deterministic decision ru le  \k(m) f o r  t h e  management model. 
Based on tha t ,  t h e  management model s e r v e s  a s  a s tochast ic  simulation model, 
simulating monthly systems behaviour. The Monte-Carlo-Method i s  used t o  genera te  
random inputs ( rhy,rse) .  From this  simulation we obtain empirical distribution 
functions o r  frequency distributions f o r  systems behaviour. 

The submodels f o r  t h e  socio-economic and environmental subprocesses have t o  b e  
charac te r ized  by two major features.  On t h e  one hand, they should b e  simple 
enough mathematically (even as simple as possible) t o  be integrated in a complex 
model system suitable f o r  an  interact ive use. On t h e  o t h e r  hand, they have t o  
re f lec t  t h e  important socio-economic and environmental processes with an  accu- 
r a c y  requ i red  f o r  making appropr ia te  decisions based on t h e  model system. Obvi- 
ously, these  fea tures  may b e  contradictory and a compromise should b e  found. 
Depending on t h e  state-of-the-art of modeling of a given process,  t h e  availability 
of comprehensive models and da ta ,  different  methods f o r  t h e  development of sub- 
models have t o  b e  used 1131. 

T h e  GDR T e s t  Area 

The t e s t  a r e a  i s  located in t h e  Lusatian Lignite District in t h e  lowlands of the  
south-eastern p a r t  of t h e  GDR. I t s  a r e a  amounts t o  approximately 500 kmz. In Fig- 
u r e  4 a n  overview is  given. 

The quar te rnary  t e r t i a r y  aquifer  system of t h e  t es t  a r e a  can b e  schematized in 
t h r e e  aquifers  ( the f i r s t  being unconfined), separa ted  by aquitards (lignite). 

The boundary of t h e  t e s t  a r e a  i s  not identical t o  t h e  subsurface catchment a r e a .  
Groundwater inflow, outflow respectively have t o  b e  considered. The region is  
crossed by a stream and some tr ibutaries .  The groundwater and sur face  water 
resources  a r e  closely interrelated (baseflow into sur face  waters under natural  
conditions, infiltration of sur face  water into t h e  aquifer  in t h e  course of ground- 
water  lowering due t o  mine drainage). The inflows into t h e  region from t h e  s tream 
and t h e  t r ibu ta r ies  a r e  natural  ones depending on t h e  hydro-meteorological situa- 
tion in t h e  upstream catchment a r e a s .  Consequently, t h e  actual  inflows a r e  random 
values. 

From t h e  point of view of geohydrochemistry, in t h e  f i r s t  and second aquifer  t h e  
processes of weathering of ferrous-disulphide minerals a r e  most important. In the 
underground ferrous-disulphide a r e  oxidized by oxygen in t h e  a i r .  At the  same 
time originate iron(I1)-, sulphate-ions and protons. The acidity increases in the  
groundwater. The react ion products  a r e  flushed out with t h e  percolated water 
from a e r a t e d  zones and transported by t h e  r i s e  of groundwater. Especially high is  
t h e  i ron and acid concentration in t h e  percolated water in spoils. Furthermore,  
t h e  groundwater is  character ized by increased concentrations of C02 resulting 





from biochemical degradation processes. The discharge of acid ferruginous mine-. 
water into t h e  s tream o r  remaining pi t  is  t h e  decisive quality impact caused by min- 
ing. 

The deepest  th i rd  aquifer  frequently contains highly mineralized groundwater 
(natrium chloride, etc.). Processes of salt-water upconing have t o  b e  considered 
(this will b e  done in f u r t h e r  research) .  

The regional development is  primarily determined by 4 open-pit lignite mines: 

MINE A going out  of operat ion within t h e  planning horizon; t h e  REMAINING PIT will 
be used a s  a water rese rvo i r ,  

MINE B operat ing within t h e  whole planning horizon; one selected drainage well 
gallery has  been especially designed f o r  municipal water supply, 

MINE C operat ing within t h e  whole planning horizon, 

MINE D opening within the  planning horizon. 

The mine drainage i s  done by extract ion wells surrounding t h e  mines (border  well 
galleries) and within t h e  mine-field (field well galleries). The dates  of mining (clos- 
ing mine A, opening mine D),  a s  well a s  the  mining capaci t ies  a r e  supposed t o  b e  
fixed. Consequently, the  groundwater tables  within the  mines during t h e  operat ion 
time a r e  fixed. The amount of mine water t o  b e  pumped can b e  only controlled by 
t h e  timing of mine drainage activities and by t h e  filling process of the  remaining 
pit.  For  t h e  t e s t  region we consider as decisions t h e  time of opening the  mine 
drainage f o r  mine D and t h e  filling of t h e  remaining pi t  as well hs i ts  managemeat 
a s  decisions. 

The mine drainage resulting in a l a r g e  cone-shaped groundwater depression 
effects  above all: 

I. Groundwater Extraction for Municipal Water Supply.  The capacity of 
extract ion wells depends on the  groundwater table near  the  wells. A production 
well can only opera te  if t h e  groundwater table is  above the  well sc reen .  To satisfy 
t h e  municipal water demand additional more costly sources have t o  be used. Prin- 
ciple al ternat ives a r e  sur face  water (with complicated and expensive water t rea t -  
ment), water import from o t h e r  regions (high cost  f o r  water allocation), and above 
a l l  mine water (VINE B) from especially designed mine drainage galleries. 

2 .  AgricuLtural Water SuppLy. The agricul tural  c r o p  production a s  an  important 
economic sec tor  also in mining regions is  above o t h e r s  a function of t h e  moisture 
in t h e  rootzone. In case  of shallow groundwater tables ,  a substantial p a r t  of t h e  
moisture required f o r  c r o p  growth is  supplied by capillary r i s e  from t h e  aquifer  t o  
t h e  rootzone. With decreasing groundwater tables  t h e  capillary r i s e  decreases  
and supplementary i rr igat ion becomes necessary (sometimes additional t o  already 
implenrented irrigation). 

The water demand f o r  supplementary i rr igat ion might b e  satisfied by both, sur face  
water ,  and mine drainage water (MINES C and D).  

3. Environmental Protection Area, The survival of valuable f lo ra  depends on 
stable groundwater tables  and groundwater quality within a small range.  Based on 
t h e  assumption t h a t  t h e  mining activities a r e  fixed t h e  groundwater regime in t h e  
environmental protect ion a r e a  can only b e  controlled by ar t i f icial  groundwater 
recharge .  Taking into account t h e  insufficient water quality in t h e  s tream a s  



sources  f o r  t h e  r e c h a r g e  mine drainage water (MINE C) and water from t h e  
REMAINING PIT might only b e  used. 

4. I n f i l t r a t i o n  B e t w e e n  t h e  S t r e a m / T r i b u t a r i e s  a n d  t h e  G r o u n d w a t e r  Reser -  
v o i r .  Depending on t h e  groundwater and t h e  sur face  water table we have t o  deal 
with baseflow t o  the  s tream o r  infiltration from t h e  s tream into t h e  aquifer .  

Increased infiltration losses may affect  both, DOWN-STREAM WATER YIELDS and 
t h e  INDUSTRIAL WATER SUPPLY in t h e  region. The possibility of mine drainage 
water  use f o r  industrial water supply has  t o  b e  considered. 

5. F i l l i n g  Proces s  of t h e  R e m a i n i n g  P i t .  The remaining pi t  will b e  used a s  a 
r e s e r v o i r  t o  control  t h e  sur face  water flow f o r  down-stream water users .  There- 
fo re ,  a technologically substantiated minimum water table has  t o  be reached.  Con- 
sequently, from t h e  water management point of view t h e  ar t i f icial  filling of the  
remaining pit with sur face  water o r  mine drainage water becomes favourable t o  
fasten t h e  filling process.  Otherwise, high water tables  in t h e  remaining pit 
inc rease  the  amount of mine water drainage (and cost) f o r  MINE B. 

6 .  Q u a l i t y  of t h e  Wate r  in t h e  G r o u n d w a t e r  R e s e r v o i r  a n d  t h e  R e m a i n i n g  P i t .  
The most important chemical processes has  been charac te r ized  above. 

The mine drainage water is  e i ther  allocated t o  different  water users  (including 
water  expor t )  o r  discharged into sur face  water resources.  To satisfy quality con- 
s t ra in t s ,  quality requirements of sur face  water  users  respect ively,  i t  has  t o  b e  
t r e a t e d  in special  MINE WATER TREATMENT PLANTS. The necessary purification 
d e g r e e  depends on the  quality of t h e  mine drainage water ,  t h e  quality requirements 
of users  and on the  self-purification in sur face  water resources .  The purification 
d e g r e e  in t h e  t reatment  plant is  above al l  controlled by t h e  adding of lime hydrate.  
By adding lime hydrate into the  remaining pit a ce r ta in  purification affect  may also 
b e  expected t h e r e .  

All mining activities cause mainly long-term changes in t h e  system. Medium-term 
variations (within the  year )  of mining activities a r e  negligible. For t h e  sur face  
water  flow medium-term variations (monthly) have t o  b e  considered, caused by ran-  
dom changes in hydro-meteorological conditions. Part ly cor re la ted  t o  these condi- 
tions, t h e  water demand of water users  is  also character ized by monthly varia- 
tions. The monthly time s tep  is  typical f o r  long-term water management and plan- 
ning. Short-term variations (daily) a r e  negligible f o r  problems of the  studied type 
in f lat  regions a s  the  mining regions a r e .  

The Interactive Decisions Support Model System 

To b e  accepted and used by t h e  decision makers a Decision Support  Model System 
must f i t  in t h e  decision making real i ty (compatibility with common planning and 
decision making prac t ice ) ,  and it has  t o  be user-friendly, reliable, robust  arid 
credible.  

The development of an  interact ive decision support  model system f o r  t h e  analysis 
of regional water policies in open-pit lignite mining a r e a s  i s  or iented towards 
those goals. With t h e  described methodological approach t h e  policy making real i ty 
is  ref lected sufficiently, as we believe. The model system focuses on the  necessary 
decisions and common c r i t e r i a  f o r  long-term water management. The underlying 
time discretization corresponds t o  the  common planning pract ice.  



Based on t h e  re fe rence  point approach f o r  multi-criteria analysis coupled with a 
stochast ic  simulation t h e  model system i s  methodologically suitable for an  interac- 
t ive use. In addition t h e  model handling and data management has  t o  b e  designed 
interactively and user-friendly. We consider t h e  following aspects  in the  model 
system: 

- hierarchical  data base (input and output data)  with a robust  sc reen  oriented data 
display and editing system, 

- style and language of model use according t o  t h e  planning and decisiorl maklriy: 
real i ty,  

- use of computer colour graphics f o r  visual display of computational resul ts .  

The use of t h e  hierarchical  data base is menu-driven. Each data base I(:vc~l 
charac te r izes  a menu and the  user  can e i ther  move downwards according Lo Lho 
menu o r  upwards t o  t h e  previous level, o r  r e t u r n  t o  one of the  models. 

For the  data editing a simple sc reen  edi tor  has  been developed. Data checks r-t:iil- 
ize the  gracefu! recovery  from failures. For the  menu description we use a s  far.  a:; 

possible linguistic elements according t o  t h e  pract ical  language . For the  vlsr~;ll 
display of model resul ts  a flow c h a r t  representat ion of t h e  Test Area is used orr 
colour monitor. The water quantity (flow) is  character ized by the thickness of 
lines, and t h e  water quality by t h e  colour. These graphical  symbols correspond Lo 
given ranges  of da ta  which might b e  defined a s  linguistic variables (water. 
quality-excellent, f a i r ,  bad, very  bad). To conkpare t h e  c r i t e r ia  of differc:rlt 
scenarios b a r  c h a r t s  may be used. 

Computational resul ts  of the  study will b e  presented in a next  paper .  
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