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PREFACE 

The "Regional Water Policies" project of IIASA focuses on economi- 
cally developed regions where both groundwater and  surface water a re  
integrating elements  of t h e  environment. In these  regions t h e  multipli- 
city and  the  complex na tu re  of t he  relations between water users  and 
water  subsystems pose problems to  authorities t h a t  a r e  responsible for 
guiding t h e  regional development. The objective of t he  project is t h e  ela- 
boration of analytical methods and procedures t h a t  can assist  t he  design 
and  implementation of policies aimed a t  providing for t h e  rational use of 
water and  related resources, taking into account  economic, environmen- 
ta l  and  institutional aspects.  

In t h e  course of t h e  research,  t h e  project team is drawing from case 
studies when attempting to  generalize and/or point out t he  dissimilari- 
t ies  between analysis procedures for regions with differing environmen- 
tal a n d  socioeconomic settings. Within the  project, t h e  first  order d i f -  
ferentiation between these  set t ings has  been made according to  the  dom- 
inating economic activity, reflecting t h a t  from a systems analytical point 
of view th is  will provide t h e  most interesting type of material for a syn- 
thesizing analysis of the  case studies. 

This differentiation is reflected in the  ongoing studies based on 
"experimental" regions. One of them is t h e  Southern Peel region in the  
Netherlands, where agriculture is t h e  dominating activity. Another 
region in the  GDR is a typical open-cast mining area. This paper is con- 
cerned  with t h e  second study and  t h e  research on this s tudy i s  a colla- 
borative effort of t he  IIASA project team and of the  Institute for Water 
Management, Berlin. t he  Inst i tute  for Lignite Mining Grossraschen, and  
t h e  Dresden University of Technology, GDR. I t  is not  a final report,  
r a the r  i t  should be viewed as  an out l ine of t he  approaches and  models 
tha t  a r e  under  implementation. 

S. Orlovski 
Project Leader 
Regional Water Policies Project 



There is an apparent  need for t he  analysis of long-term regional 
water policies to  reconcile conflicting interests  in regions with open-pit 
lignite mining. The most important. interest  groups in such regions a re  
mining, municipal and industrial  water supply, agriculture as  well a s  t he  
"environment". A scientifically sound and  practically simple policy- 
oriented system of methods and  computerized procedures has  to  be 
developed. 

To develop such  a system is part  of t h e  research  work in the  
Regional Water Policies project carried out a t  t he  International Institute 
for Applied Systems Analysis (IIASA) in collaboration with research insti- 
tu tes  in t h e  German Democratic Republic, Poland, and in o ther  countries 
a s  well. A t e s t  a r e a  t h a t  includes typical water-related elements of min- 
ing regions and  significant conflicts and in teres t  groups has been 
chosen. 

The first  s tage  i n  t h e  analysis is oriented towards developing a 
scenario generating system a s  a tool t o  choose "good" policies from the  
regional point of view. Therefore a policy-oriented interactive decision 
support model system is under  development, considering t h e  dynamic, 
nonlinear and uncer ta in  systems behaviour. I t  combines a model for 
multi-criteria analysis i n  planning periods with a simulation model for 
monthly systems behaviour. The paper outlines t h e  methodological 
approach. describes t h e  t e s t  region in t h e  GDR, and  the  submodels for 
t he  tes t  region. 
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WATER POLICIES: REGIONS WITH OPEN-PIT LIGNITE YWING 
(INTRODUCTION TO THE IIASA XUDY) 

1. Introduction 
The Regional Water Policies project focuses on intensively developed 

regions where both groundwater and surface water are integrating elements of 
the environment. Regions with open-pit lignite mining are  one of the conspicu- 
ous examples of complex interactions in socio-economic and environmental sys- 
tems with special regard to  groundwater. These problems concern especially 
countries in Central and Eastern Europe, in particular the  GDR, FRG, CSSR. 
Poland, etc.  

The GDR is the country with the  greatest lignite production (almost one- 
third of the world production). More than 70% of t he  total output of primary 
energy is based on lignite extracted exclusively by open-pit mining. The annual 
output of lignite amounts to more than 250 million tons/annum. 300 million 
tons/annum are planned for 1985. Thereby, it is necessary to pump out 1.7 bil- 
lion m3/annum water for dewatering of the open-pit mines. For 1990, a coal 
output of about 300 million tons/annum is planned; the  ra te  of mine water 
pumping is estimated a t  about 2 billion rn3/annum. This means that  the amount 
of mine water is about 20% of the stable runoff of the whole country (Luckner e t  
al., 1982). Consequently. the impact of mining upon water resources creates 
significant environmental and resource use conflicts between different users in 
such regions. The most important interest groups are mining, municipalities, 
industry, in many cases located downstream, and agriculture. Recreation and 

')IIASA, on leave from the Institute for Water Managerrrent, Berlin, GDR 
')hstitute for Lignite Mining, Grossriischen, CDR 
')Dresden University of Technology, GDR 
4)hstitute for Water Management, Berlin, GDR 



environmental protection a re  conflicting interests too. The conflicts will be 
demonstrated by some examples: 

Since the  mines are about 40 to 00 meters deep (sporadically lOOm or more) in 
sandy aquifers large regional cone-shaped groundwater depressions are  formed. 
These cones of depression are  one of the main impacts on the  environment in 
mining regions, resulting in water resources use conflicts. 

The goal of the mining industry to  satisfy the geostability of the open cast 
mines by lowering the  groundwater table conflicts with the  goals: 

- to satisfy water demand in a certain quality and quantity for municipal, 
industrial and agTiCultural water supply 

- to  satisfy optimal soil-moisture conditions for plant growth by the help of 
capillary rise, irrigation and drainage. 

- and to  satisfy optimal ecological conditions for a worthy natural human 
environment. 

The satisfaction of the municipal, industrial and agricultural water demand is a 
difficult problem in mining regions, because wells for groundwater extraction of 
water works fall often dry due to  the groundwater depletion, little rivers fall dry 
or larger ones lose a part  of their  runoff by infiltration into the cone of depres- 
sion. For the agricultural crop production difficulties arise from the  lowering of 
the groundwater surface. In general, the moisture supply of the  plants cannot 
be satisfied by capillary rise. To satisfy a stable crop production supplementary 
irrigation becomes necessary tha t  means higher costs and a higher agricultural 
water demand in comparison with natural conditions. 

Besides the mentioned water quantity problems in the mining areas signifi- 
cant  water quality problems occur (Luckner and Hummel, 1982): 

In lignite mining regions the  groundwater quality and consequently the quality 
of mine drainage water is frequently strongly affected by the  oxidation of fer- 
rous minerals (e.g. pyrite) in the  dewatered ground. In the  cone of depression 
the overburden is aerated. With the  natural groundwater recharge the oxida- 
tion products are  flushed out, and the  percolated water becomes very acid. 
Consequently the  acidity of the groundwater increases. The same effect occurs 
during the groundwater rise after the  closing of mines. Especially the acidity of 
groundwater in spoils is very high, if the  geological formations have a low neu- 
tralisation capacity. In the GDR sulphate concentration in the groundwater of 
spoils greater  than 700 mg/l have been estimated (Starke, 1980). 

In mining areas many industrial activities, especially disp.osals of liquid and 
solid wastes are connected with serious contamination risks for groundwater 
and mine drain age water. Typical contaminants are  heavy metals, organics 
(phenols etc.) and others. In such regions i t  is very difficult or even practically 
impossible to  protect drinking water resources by protection zones. 

Another risk is related to salt water intrusion or salt water upconing. In several 
lignite deposits in the GDR salt water is situated not deep below the  lignite 
seams. Hence, pumpage causes the risk of salt water upconing. High salt con- 
tent  of mine drainage water causes many difficulties in  wat,er treatment tech- 
nology. The discharge of the polluted mine water into streams may effect 
down-stream water yields significantly. 



Another problem caused by mine drainage is the land subsidence resulting 
from groundwater lowering (Luckner 1983). In the post-mining time, when the 
groundwater table rises up t o  its former elevation, its depth under the  soil sur- 
face might be less than in the pre-mining time, sometimes artificial drainage 
systems are necessary to protect municipalities and factories in such post- 
mining areas. Also, agricultural land and forest have to be drained in such dis- 
tr icts  frequently. 

Last not least the ecological equilibrium is often disturbed by lowering the 
groundwater level. Especially old areas or park landscapes are in great danger 
when the groundwater table falls down. 

The above-mentioned examples illustrate the significant conflicts between 
different interest groups caused by the impact of open-pit lignite mining on 
water resources. The activities of each of the interest groups modify more or 
less the water resources system and at the same time the conditions for 
resources use by other groups. I t  is also important that  these activities might 
lead t o  a deterioration of the natural environment. 

Due to  the complexity of the socio-economic environmental processes in 
mining areas, the design of water management strategies and water use techno- 
logies as  well a s  mine drainage can only be done properly based on appropriate 
mathematical models. For short-term control and medium-term water manage- 
ment as well as the  design of drainage systems (local problem) qualified 
methods and models exist (Kaden and L u c h e r ,  1984). Thereby, the complex 
interdependencies of the  system are partly neglected. However, there is  an 
apparent need for the  development of methods and models supporting the 
anaLysis and i m p l e m e n t d i o n  of long-term regional water policies, to reconcile 
the conflicting interests in open-pit lignite mining areas, to achieve a proper 
balance between economic welfare and the state of the  environment. 

This study is carried out in collaboration with research institutes in the 
GDR: 

- hs t i t u t e  for Water Management, Berlin 

- Institute for Lignite Mining, Grossraschen 

- Dresden University of Technology, Water Sciences Division 

and in Poland: 

- hs t i t u t e  of Environmental Engineering. Technical University of Warsaw 

- Institute of Automated Control, Technical University of Warsaw 

Figure 1.1 gives an overview on the collaboration network. 

The study is based on a test  region in the  GDR 
The paper consists of 3 major sections. In Section 2 an outline of the  con- 

ceptual and methodological approach is given. After schematizing the policy- 
making process in mining regions our approach to  the development of a Deci- 
s ion  Bupport Model a s t e r n  is described. This model system is based on a Ran- 
ning Model for rnulticriteria analysis and on a Management Model for stochastic 
systems simulation. An overview on the  methods for the development of 
appropriate environmental and socio-economic submodels is given. Finally 
some aspects of the design of interactive software are discussed. 
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Rgure 1.1: Collaboration network 

In Section 3 the GDR Test Area is elucidated, Section 4 describes the 
mathematical model for this region. 

The authors would like to acknowledge the contributions of scientists of 
the collaborating institutes, the methodological support of the project leader 
D r .  Sergei Orlovski, ILASA and the contributions of Dr. Kurt Fedra, IlASA in con- 
ceptualizing and preparation of the interactive software. 

2. Methodological Approach 

2.1. Hierarchical Policy Making Structure and 
Decomposition Analytical Approach 
Within the Regional Water Policies project at  IIASA, the regional systems 

under study are viewed to consist of two major subsystems-the environmental 
subsystem and the socio-economic subsystem (see Orlovski e t  al. 1984). 
Between and within both subsystems manifold interrelationships occur. Socio- 
economic activities result in strains on the environment, in our case in the 
depletion and pollution of water resources. On the other hand, the deteriora- 
tion of the environmental subsystem leads to restrictions in its use as natural 
resources for the socio-economic development. 



I t  is out  of the  scope and t h e  possibilities of the  study to  consider all t h e  
complexity of the  hierarchical policy making process related t o  regional water 
policies in mining areas.  This policy making process includes in  a centrally 
planned economic system as  in the  GDR all decision levels from t h e  government 
(Central Planning Authority, different ministries), regional authori t ies  (District 
Planning Authority, Regional Water Authority, etc.) up  to  t h e  lowest level 
(mines, farms, municipal water supply agencies etc.) interacting directly with 
the  water resources system. In the  mining regions these interact ions depend 
on t h e  mining and mine drainage technology, on t h e  demands and  sources for 
water supply of different water users ,  on  t h e  agricultural land use  pract ice and 
technologies, on t h e  waste-disposal and  waste water t reatment  technology and 
allocation etc.  Orlovski e t  al. (1984) pointed out  tha t ,  "The major fact  is t ha t  in 
regional systems these local interact ions a r e  often focused on local goals and  
a re  not coordinated with each  other." Undoubtedly, this is t r u e  t o  a cer ta in  
ex tent  although for centrally planned economic systems. 

The upper  level elements  of t h e  socio-economic system have preferences 
based on a national or regional point of view, above others related t o  t h e  social 
welfare. Characteristic aspec ts  a re  both, a high national income, and  t h e  
preservation of t he  environment a s  an important social component. The upper 
level elements of the socio-economic system generally do n o t  directly control 
the  interactions of t h e  lowest level users with the  environment, but  t h e  have 
principal regulation power for influencing their  behaviour using legislative, 
economic and/or other  types of policies o r  mechanisms. Typical policies 
include imposing constraints on water usage and allocation of waste water 
(based on the water law of the  GDR), various economic measures including 
investment,  pricing, taxing, subsidizing and  others.  

Figure 2.1 gives a rough overview on t h e  complex hierarchical s t ruc tu re  of 
the  socio-economic system under  study. 

Typical for a socio-economic system i s  i ts  division in upper  elements,  
representing national and  regional perspectives. and  lower elements - t h e  
water users. Obvsiously, a two-level representation of t he  system becomes a 
realistic assumption. Our analysis is based on the  schematized policy-making 
system shown in Figure 2.2. 

We assume a two-level system with a Central Planning Authority and 
Regional Authorities for mining, municipal and  industrial water supply, agricul- 
ture  and environmental protection. A "regional authority" represents  both, t h e  
global interest  of a sec tor  of economy, and  i ts  regional interest .  The Central 
Planning Authority represents  global economic and social preferences. 

For t h e  long-term development of open-pit lignite mining a reas  two princi- 
ple problems have to be solved: 

1. % j i n d  "good" Long-term. s t r a t e g i e s  or i en ted  towards  achieving a proper  bal-  
ance  b e t w e e n  b o t h  nat ional  and regional economic  needs ,  regional  social  n e e d s  
and  the regional preservat ion of  the e n v i r o n m e n t .  

2. To find and r e a l i z e  control l ing  policies in order  t o  d i rec t  the regional  
deve lopment  according to the  e s t i m a t e d  "good" l o n g - t e r m  s t ra teg ie s .  
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mure 2.1: Schematic environmental/socio-economic system in open-pit lig- 
nite mining areas. 

According to these problems our research is based on a two-stage decompo- 
sition approach, proposed by Orlovski e t  al. 1964, based on the concepts of 
hierarchical gaming. The first stage of the analysis is directed towards generat- 
ing rational scenarios of the  long-term regional development based on prefer- 
ences of the  Central Planning Authority. Behavioural aspects of the lower-level 
water users are considered only in terms of general regional socio-economic 
preferences of the corresponding economic sector. 

Based on more detailed considerations of behavioural aspects, in the 
second stage of analysis feasible regulation policies will be studied in order to 
direct the behaviour of water users and consequently the regional development 
along the reference scenarios obtained a t  the first stage. 

The fundamental tool for both stages of analysis is an appropriate model 
system suitable for analysing long-term regional water policies. From the sys- 
tems analytical point of view such an analysis might be seen as a problem of 
dynamic multi-criteria, multiple-decision maker choice taking into account the 
fuzziness pertaining to human behaviour, uncertainties and imprecisions 
resulting from limited understanding of the complex processes under study and 
the lack of data. According to  our discussion above, this choice is embedded in 
a complicated policy making process and i t  is based on "hard" criteria as costs, 
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Figure 2.2: Schematized policy-making process. 

water supply etc., as well as on "soft" social and political criteria, e.g. the qual- 
ity of life in the region. We are not able to develop a model system considering 
all the complefity of the policy making reality, anticipating the  decisions of the 
policy makers. However, we can support the policy maker in analysing appropri- 
ate decisions by the help of a Bcis ion 3upp07-t Model a s t e r n .  Such a DSMS 
should reflect the policy making process and the goals of the conflicting 
interest groups and integrate the essential interactions between as well as 
within the  environmental subsystem and the socio-economic subsystem. In the 
following the methodological approach for such a DSMS and i t s  realization for 
the GDR Test Area will be described. 

2.2. Methods for Scenario Analysis 
In general, dynamic problems of the studied type are approached by time- 

discrete dynamic systems models. The step size depends on the variability in 
time of the  processes to  be considered, on the required criteria and their  relia- 
bility, and on the  frequency of decisions (control actions) effecting the  systems 
development. Taking into account the policy-making reality related to  long- 
term regional water management and planning two different step-sizes discre- 
tizing the planning horizon T (of about 50 years) are of major interest: 

J - the  planning periods AT,,-,j = 1 ,  . . . , J (T = A?) as the time step 
j -1 

for principal management/technological decisions, (e.g. water alloca- 
tion from mines, water treatment, drainage technology) 



- the mnnngement periods of one month for management decisions 
within the year related to short-term criteria as the satisfaction of 
monthly water demand (the classical criteria for long-term water 
resources planning). 

The discretization of the planning horizon into a restricted number of plan- 
ning periods enables principally to apply optimization techniques for multi- 
criteria analysis. Small time steps (for instance, ATi = 1 year) for the planning 

4 

periods are  favourable from the point of view of the evidence and accuracy of 
model results. Otherwise the  number of planning periods should be minimized 
with respect to the available methods for multi-criteria analysis, computational 
facilities, and budget as well as time for analysis. As a compromise our DSMS is 
based on variable planning periods, starting with one year and increasing with 
time. Taking into account t he  uncertainties of long-term predictions of model 
inputs (water demand. decisions on investment, etc.) and the  required accu- 
racy, decreasing with time, this approach is quite reasonable as illustrated in 
Figure 2.3. 

Range 
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.-• -. --=- 
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horizon 

1 2 3 4 5  10 15 20 30 50 Years 

Average data for 
planning period 

. -.-.-.- Minimum 

Planning 
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1 2 3 4 5  10 15 20 30 50 Years 

Rgure 2.3: Relationship between planning periods and expected range of 
model data (input and output). 

For monthly time steps (600 for a planning horizon of 50 years) the application 
of any optimization technique becomes unrealistic. To study monthly systems 
behavior systems simulation is the only applicable tool. Furthermore this simu- 
lation opens an easy way to consider stochastic inputs (hydrological data, water 
demand etc.) applying the  Monte-Carlo-Method for stochastic simulation. 

Based on these assumptions we develop a heuristic two-level model system 
(Kaden 1983), consisting of 

- planning model for  dynamic multi-criteria analysis for all planning 
periods in the  planning horizon 



- manqement model for the  stochastic simulation of monthly systems 
behaviour in the planning horizon. 

In Figure 2.4 the  general s t ruc ture  of the DSMS is depicted. 

I DECISION SUPPORT MODEL SYSTEM I 

Choice of fundamental 
technological alternatives 

Interactive choice of managemend 
technological alternatives 

Figure 2.4: Structure of the  Decision support model system. 

As the  figure illustrates, the  choice of fundamental technological alterna- 
tives (e.g. decisions on the  construction of a treatment plant, of a pipeline, the  
dimension of pipes, etc.) a re  supposed t o  be fixed exogenously and might be 
considered as  different scenarios. For the time being the  DSMS analyses con- 
tinuous management/technological decisions for planning periods only. 

To characterize the  model system we use in the  following capital Roman 
le t te rs  for the  planning model (deterministic inputs and outputs) and capital 
Greek let ters  for the  management model (partly random inputs and outputs). 
The let ter  f defines a vector function. Generally all values/parameters under  
consideration represent  mean values for the  given time step. In the  following 
the  models a re  compared. 
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MANAGEMENT MODEL 
(simulation of monthly 
systems behavior in the 
planning horizon) 



PLANNING MODEL I MANAGEMENTMODEX 
(j =I ,  ..., J) ( m = l  ,..., M )  

SYSTEMS I N P U T  
Hydrological i n p u t  (noncontrolable input as precipitation, stream flow, eva- 
potranspiration) 

Socio-economic  input (noncontrolable input as water demand, investment, 
prices etc.) 

DECISIONS ON SYSTEMS DEVELOPMENT 
Control v c m h b l e s  for planning periods (water allocation, etc.) 

T o f d  control  var iab le s  for the planning horizon 

with bounds 
minDG) < D ( j )  s m a x D ( j )  

with the  deterministic rule 
+ ( m )  = t\k (m.rd(m-I) ,+ (m  -I), 

with bounds 
m i n m  < DT 5 maxDT I 

I'v(m),rv(m-l),...) 

DT 

DESCRIPTORS OF SYSTEMS DEVELOPMENT 
S y s t e m s  descr ip t i ve  v d u e s  (auxiliary parameters characterizing the  sys- 
tems behaviour in the planning period; not  explicitely depending on previ- 
ous planning periods, e.g. surface water flow) 

not  considered 

with the s y s t e m s  descr ip t ive  func t ions  

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

with the  s t a t e  h a m i i t i o n  func t ions  



CRITERIA (OUTCOME) OF SYSTEMS DEVELOPMENT 

Cri ter ia  for  p lann ing  periods (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  

OO') = r o O . D ( j ) , ~ , ( j ) .  
s,O')1&,0')) 

and bounds 
min0 (j) I 0 (j) ZG max0 ( j )  

l 'btd c d e ~  f o r  the  p lanning hor i zon  

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

ar = foT(O(1) ,..., O(J)) 
and bounds 

minCYI's OT I maxOT 

CONSTRAINTS ON SYSTEMS DEVELOPMENT 

not considered 

For the  planning model a nonlinear multi-criteria programming system has 
been developed. using t he  reference point approach (Wierzbicki. 1983). The 
method is based on the idea of "satisficing". Starting from aspiration levels of 
decision makers for the  indicators of systems development (reference points or 
reference trajectories) efficient responses are generated (Pareto points 
"closest" to  the reference points). The best-suited solution (considering the 
preferences of the  decision maker) can be obtained by correcting the aspiration 
levels in an interactive procedure. The principle use of the method is illus- 
trated in Figure 2.5 for two objectives. A detailed description of the  method and 
its application for the GDR Test Area will be given in a forthcoming paper. The 
program system is based on the  nonlinear multi-criteria programming package 
DIDASS/N ( ~ r a u e r  and Kaden, 1984) coupled with the  nonlinear programming 
system MSPN, developed at the Institute of Automated Control, Technical 
University Warsaw by Kreglewsld e t  al. 

In the  case of many criteria the reference point procedure and the compar- 
ability of solutions might become complicated for the  decision making. For this 
reason the  DSMS renders the  interactive determination of criteria to be minim- 
ized, for the remaining criteria their bounds a re  considered. A s  a second 
method we are planning t o  apply an interactive procedure for multi-criteria 
analysis, developed by Kindler e t  al.  1980 for water resources allocation prob- 
lems. 
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Figure 2.5: Illustration of the reference point approach 

The planning model of the DSMS is applied first, resulting in an efficient 
solution for planning periods. The determined control variables D(j) a r e  used 
to  estimate the parameters of the  deterministic rule + ( m )  for the management 
model. Based on that ,  the management model serves as a stochastic simulation 
model, simulating monthly systems behaviour. The Monte-Carlo-Method is used 
to generate random inputs (I'h21,1'ss). From this simulation we obtain empirical 
distribution functions or frequency distributions for systems behaviour. For 
instance, the common criteria for monthly water supply in long-term planning 
models is 

The management model is used to  estimate the empirical probability with which 
a given monthly demand is satisfied - an important criteria in water manage- 
ment. 

The most favourable case in running both models would be, if the  devia- 
tions between the  results are  negligible and the decision maker is satisfied with 
the results. Otherwise the  planning model has to be used again with changed 
aspiration levels. To ensure  consistency between the  planning model and the  
management model as far as possible we require for the  systems input: 

with E [ ]  - expectation value. 

The deterministic rule estimating t h e  control variables in the simulation model 
should satisfy the following condition: 

with 



The smaller the E is  chosen, the  be t te r  is t he  consistency t h a t  is required 
between the  models. 

For t he  practical case,  i t  ha s  to be proved whether the  interrelationship 
between the  management and  the  planning model might be completely 
mathematically formalized or  heuris t ic  interactive procedures a r e  favourable. 

2.3. Development of Environmental and SociwEconomic Submodels 
The submodels for t he  complex model system under  development have t o  be 

charac te r ized  by two major features.  On t h e  one hand,  they  should be simple 
enough mathematically (even a s  simple a s  possible) to  be in tegra ted  in a com- 
plex model system suitable for an  interact ive use. On the  o the r  hand,  they  have 
t o  reflect t h e  important socio-economic and  environmental processes with a n  
accuracy required for making appropriate decisions based on t h e  model system. 
Obviously, these fea tures  may be contradictory and  a compromise should be 
found. Depending on the  state-of-the-art of modeling of a given process, t h e  
availability of comprehensive models a n d  data ,  different methods for t h e  
development of submodels have to  be used. In t he  following only an  overview 
will be given. For details see  t h e  forthcoming collaborative papers.  

&oundwater Flow Submodels 

For a part  of the  Lusatian Lignite District (about 1300 km2) in  the  las t  
years  a comprehensive groundwate,r flow model has  been developed. The GDR 
Test Area considered he re  is located in  th i s  district .  The model, described by 
Peuker t  e t  al. (1982) was used for prognostic simulation of t h e  groundwater 
regime for a planning horizon of 25 years.  In t h e  meantime th i s  model was 
improved and  extended for a planning horizon of 50 years acording t o  t h e  needs 
of t he  present  case study. The following boundary-conditions have been con- 
s idered in t h e  model: 

- temporal and spatial development of all open-pit mine dewatering measures  

- operation of all existing a s  well a s  planned remaining pits 

- operation of all waterworks considering the i r  planned capacity increase 

- operation of irrigation systems for agricul ture  

- infiltration/exfiltration of rivers a n d  ponds 

- natura l  groundwater recharge  depending on t h e  mining activties. 

For t h e  groundwater flow model t h e  program HOREGO, developed at t h e  
Dresden University of Technology a n d  implemented at an  EC 1055 main frame 
computer was used. This program is based on  t h e  mathematical model of t he  
non-steady horizontal plane groundwater flow with nonlinear parameters  of 
transmissivity. The discretization of the  flow field is done by orthogonal finite 
elements,  considering a n  optimal adaptation of t he  model t o  t h e  in te rna l  and  
external  boundary conditions. 



For the  test  region the interactions between mine dewatering, remaining 
pit utilization, surface water/groundwater flow, etc. have been investigated by 
the  help of the  comprehensive groundwater flow model. Based on these investi- 
gations submodels have been developed describing the interrelationships 
between the state of the groundwater system and selected decisions (control 
variables). 

In developing these submodels (systems descriptive or s ta te  transition 
functions) the  main difficulties result from the nonlinearity of groundwater flow 
(strong changes of transmissivities in time). To overcome this problem, we 
proceed in the following way. The comprehensive flow model is first used to 
simulate an average expected systems development S( j ) ' )  for mean expected 
values of inputs and decisions ?(j) . o(j), considering the  nonlinearity of flow in 
the entire region. As a result we get expectation values for the groundwater 
tables, groundwater pumpage, etc. as functions in time. 

The actual inputs ~ ( j )  and decisions D(j) are  assumed to be close to  the 
expected values: 

~ ( j )  - 00') =  AD(^) cc B(j) ; ~ ( j )  - 7(j)  = ~ ( j )  << ?(j) (2.5) 

Now the  comprehensive model is used t o  estimate the consequences of A I  , AD, 
(e.g. changes of the  filling process in a remaining pit or in the  timing of the 
dewatering process a t  one of the mines on the systems development, assuming 
linearity. Consequently. t h e  effects ASb. A$ (e.g. changes in the  development 
of groundwater tables in the  water pumpage from neighbouring mines. in the 
infiltration of river sections) of each input ADl or A 4  can be studied separately 
and the  superposition principle is applicable. 

S ( j )  = 30') + Z ( A ~ & ' , A D ~ ~ . ) )  + ~ ( A s / ( ~ . A I ~ ( ~ ) )  (2.6) 
I I 

The function A 3  might be nonlinear. For small ADO') and Al(j) the error due to  
the  nonlinearity should be small. The comprehensive model is used t o  check 
this  assumption. 

Figures 2.6 and 2.7 demonstrate some simulation results for the  develop- 
ment of submodels (compare Sections 3 and 4). In Figure 2.6 the  development 
of groundwater lowering and rebound in an agricultural area  and in an  environ- 
mental protection area  is depicted Figure 2.7 shows the  infiltration behaviour 
a t  selected river sections. 

Qroundurater- Surf ace Water i7Lteraction 

Models used in groundwater/surface water management may be divided 
into two types regarding their  mathematical structure: 

- box models (input-output models) 

- system descriptive models (state models) 

')'The index j indicates a planning period, the bar indicates an  expectation velue. 
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Only box-models may be called reduced models. With regard  t o  the  transition 
functions these models may be deterministic or stochastic.  In t h e  field of 
groundwater management deterministic box-models a re  dominant. 

Another aspect is t h e  way of obtaining the  transition function. In the  case 
of conceptual boz models the  transition function is derived from special analyti- 
cal solutions of t he  system descriptive model. Therefore, t h e  parameters  of this 
type of models allow for a clear  physical interpretation. Such models have the 
advantage tha t  they might be derived for regions even if n o  comprehensive 
model i s  available. 

A physical interpretat ion is not possible for black-boz-models. The parame- 
t e r s  of their  transition functions are obtained by adapting empirical o r  theoret- 
ical formulas t o  observation da ta  o r  calculations using comprehensive models. 
This difference between conceptual and  black-box-models is important for the  
methodology of model reduction. Figure 2.8 shows t h e  main steps for model 
reduction. 

For the t e s t  region the  regional groundwater flow model presented by 
Peuker t  e t  al. 1982 gives a n  excellent base for the development of reduced sub- 
models for groundwater-surface water interaction. In t h e  following two typical 
examples of submodels a re  discussed using different ways of model reduction. 

Submodel of t he  remaining pit management: 

The process of t h e  remaining pit management is a highly non-linear sub- 
process of t h e  decision problem due  to  the  infiltration from t h e  pit into the  
aquifer. The derivation of an adequate submodel was based on  a large number 
of calculations with t h e  comprehensive groundwater flow model. As t h e  dom- 
inant  input t h e  difference between t h e  inflow into and the  discharge from the  
remaining pit reservoir was varied over an  interval being realistic from the  
hydrological point of view. Based on t h e  calculated da ta  a black-box model in 
te rms of a difference equation considering a history of 2 years  was found to  be 
the  best su i ted  model. Simultaneously a conceptual box-model of t he  remaining 
pit  management was derived. 

Submodel of River sections: 

For modeling t h e  influences of water  level variations on t h e  infiltration and 
exfiltration processes the  regional groundwater flow was used  for a relatively 
small number of variants. The resul ts  demonstrated t h a t  t h e  exchange 
processes between groundwater a n d  surface water may be character ized as 
local processes neglecting t h e  external  boundary conditions of t h e  groundwater 
flow field. Therefore, it is possible t o  derive a conceptual box-model describing 
t h e  transition Functions for all interestin'g stream sections in a discrete  form 
(monthly values). To simplify t h e  analytical functions again a difference equa- 
tion was found t o  be suitable. 

Wafer quality 

The most important water quality impact in lignite mining regions is t he  
discharge of acid ferruginous mine water into rivers. The main problem is the  
choice of t h e  necessary purification degree for mine water  t rea tment  plants, 
taking into account  the  self-purification in rivers and  remaining pits, a s  well a s  
t h e  water quality demand of downstream users.  Standards a r e  fixed by govern- 
mental  water authori t ies  and  controlled a t  t he  intake points. Exceeding those 
standards resul ts  in legal fines. 
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mure 2.8: Working steps for model reduction 

The major chemical react ions tha t  occur in t h e  formation and  t rea tment  of 
acid ferruginous mine water, a r e  schematically represented in  Figure 2.9. 

The parameters will be influenced in t h e  mine water t rea tment  plant by added 
lime hydrate.  The remaining iron(I1) in the t reated water will be oxidized by a i r  
in the  river, respectively in the  remaining pit, hydrolized and precipitated 
according t o  t h e  Z n e t i c  of react ions and  residence times. The kinetic of all 
these reactions is among o t h e r  things essentially depending on t h e  pH-value. 

The model of t h e  substance exchange, transport a n d  storage processes is a 
system descriptive migration model for 4 coupled components. These com- 
ponents a re  (see Figure 2.9): 

- in the underground: FeS2. ~ e ~ ' ,  02. H' 
- in  the  mine water t rea tment  plant: ~ a ( 0 H )  , H', CO , ~ e ~ '  2 2 



Rgure2.9: Important reactions of the  weathering of ferrous-disulphide 
caused by lignite mine dewatering. 

Underground (source) 

FeS, + 712 0, + H 2 0  + Fe2+ + 2 SO:- + 2 H+ 

- in the surface waters: Fe*, 02. H* 

In our case the sulphide will be neglected because it is not essentially influ- 
enced by t h e  mentioned processes. 

1 

The coupling of models is done according t o  the  decisive component of the 
reactions. That is, oxygen in the underground and in the  surface water 
resources, lime hydrate in the  mine water t reatment plant. The reactions in the  
mine water t reatment plant and in the  surface water resources are formulated 
in reduced conceptional models (balance models). The neglect of storage and 
transport terms in the planning model is reasonable because t h e  residence time 
is essentially shorter  than  the  planning period (r 1 year). Only in  the  remain- 
ing pit storage has t o  be considered. In the  management model (monthly time 
steps) the  changes in  storage and the  kinetics of the  reactions has to  be taken 
into account. For the  description of the  kinetic reactions a first order law of 
velocity is formulated. The structure model for coupling the  substances in 
mine water t reatment plants shows Fgure 2.10. By adding lime hydrate t h e  con- 
centrations of pH-value. Fe2* and CO a r e  influenced 

2 

Mine water treatment plant (control unit) 

@ 2 Feh + 112 0, + 2 H' + 2 Fe3' + H 2 0  

Fe3+ + 3 H 2 0  --+ Fe(OHI3 (s) + 3 H+ p ] H 2 0  ---+ OH- + H+ 

CO, + H 2 0  -+ HCO, + H' 

Ca(OH12(sl + 2 H+ -, Cah + 2 H 2 0  

Surface water resources (output) 

2 ~ e ~ + 1 / 2 0 ~ + 2 ~ + 2 ~ e ~ + ~ ~ 0  

Fa3' + 3 H 2 0  Fe10H13&(sl + 3 H' 

H 2 0  +OH- + H+ 
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Rgure 2.10: Structure model for the reactions in a mine water treatment plant 

2.4. Design of an Interactive Decision Support Model System 
In the  last years the revolutionary development in electronic data process- 

ing has opened completely new possibilities for mod-el applications in the practi- 
cal decision making for large-scale, long-term planning. It is well-known that  
models for such purposes in the past did not  find a wide application and impact 
in real policy analysis. As the main causes of that  we see the following points: 
- Modeler tried to solve  long-term planning problems. anticipating decis ions  

of t he  decision makers, neglecting subjective cri teria in the  decision mak- 
ing process. 

- Generally models developed had to be used by specialists   system.^ 
analysts), t h e  decision makers did interact  with the  model only through 
those specialists. 

- Models frequently did not answer questions asked directly by the decision 
makers. 

"The question, thus. is not whether to model, but how, and, most importantly, 
how to interface models with our more traditional ways of planning and decision 
making" (Fedra and Loucks 1984). Obviously models or model systems do not 
replace real-world planning and decision making but should be designed to sup- 
port them. To be accepted and used by the decision makers such Decision Sup- 
port Model System must fit in the decision making reality (compatibility with 
common planning and decision making practice), and  i t  has to be user-friendly. 
reliable, robust and credible. 

The development of an interactive decision support model system for the 
analysis of regional water policies in open-pit lignite mining areas is oriented 
towards those goals. With the methodological approach described in Section 2.2 
the policy making reality is reflected sufficiently, a s  we believe. The model sys- 
tem focuses on the  necessary decisions and common criteria for long-term 
water management. The underlying time discretization corresponds to the 



common planning practice. 

Based on the reference point approach for multi-criteria analysis coupled 
with a stochastic simulation the model system is methodologically suitable for 
an interactive use. In addition the model handling and data management has to 
be designed interactively and user-friendly. We consider the following aspects 
in the model system: 

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

- style and language of model use according to the planning and decision 
making reality 

- use of computer colour graphics for visual display of computational 
results. 

The use of the hierarchical data base is menu-driven. Each data base level 
characterizes a menu and the user can either move downwards according to  the 
menu or upwards to  the  previous level, or return to  one of the  models. In Fig- 
ure 2.11 an overview on the structure of the data base is given. 

Figure 2.11: Hierarchical structure of the data base 

- 
Planning Model b Management Model 

Indicators of Decisions on Descriptors of Socio-Econom~c 
Systems Development Systems Development Systems Development Inputs 

For t he  data editing sim.ple screen editor has been developed. Data checks 
realize the graceful recovery from failures. For the menu description we use as 
f a r  as  possible linguistic elements according to the practical language, as indi- 
cated in Flgure 2.11 ( the text within the boxes is similar to  the given menus). 
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For the  visual display of model results a flow char t  representation of the  Test 
Area is used on a colour monitor. The flow char t  is similar t o  Figure 4.1. The 
water quantity (flow) is characterized by the  thickness of lines, and the  water 
quality by the  colour. These graphical symbols correspond to given ranges of 
data which might be defined as linguistic variables (water qual i tyexcel lent .  
fair. bad, very bad). To compare the criteria of different scenarios bar char ts  
may be used. 

3. The GDR Test Area 

l?nvi~onmentaL Setting 
The tes t  a rea  is located in the Lusatian Lignite District in the lowlands of 

the  south-eastern part  of the GDR. Its a rea  amounts t o  approximately 500 km2. 
In F'igure 3.1 an overview is  given. 

The quarternary aquifer system of the  t e s t  a rea  can be schematized in 
three aquifers ( the first being unconfined), separated by aquitards (lignite). In 
Figure 3.2 the  hydrological situation is depicted. 

The boundary of the  test  area is not identical t o  the  subsurface catchment 
area. Groundwater inflow, outflow respectively have t o  be considered. The 
region is crossed by a stream and some tributaries. The groundwater and sur- 
face water resources are  closely interrelated (baseflow into surface waters 
under natural  conditions, infiltration (percolation) of surface water into the  
aquifer in the  course of groundwater lowering due to  mine drainage). The 
inflows into the  region from the  stream and the  tributaries are  natural ones 
depending on the  hydro-meteorological situation in  t h e  upstream catchment 
areas. Consequently, the  actual inflows a re  random values. 

From t h e  point of view of geohydrochemistry. in t h e  first and second 
aquifer the  processes of weathering of ferrous-disulphide minerals a re  most 
important. In the  underground ferrous-disulphide will be oxidized by oxygen in 
the  air. At the same time originate iron(1I)-, sulphate-ions and protons. The 
acidity increases in the  groundwater. The reaction products will be flushed out  
with the  percolated water from aerated zones and transported by the rise of 
groundwater. Especially high is the iron and acid concentration in the  per- 
colated water in spoils. Furthermore, the  groundwater is characterized by 
increased concentrations of CO resulting from biochemical degradation 

2 
processes. The discharge of acid ferruginous minewater into the  stream or 
remaining pit is the  decisive quality impact caused by mining. 

The deepest third aquifer frequently contains highly mineralized ground- 
water (natrium chloride, etc.). Processes of salt-water upconing have to  be con- 
sidered (this will be done in further  research). 

Human Activities and Their hpacts 
The regional development is primarily determined by 4 open-pit lignite 

mines: 

MINE A going out  of operation within the  planning horizon; the  REMAINING 
PIT will be used as a water reservoir 



Waterworks - Rivers 



Depth (m) I 

1 O 
- Ground Surface 
- Groundwater Table 

(undisturbed)- - Quarternary Aquifer System 

1 0-30 I* Lusatian Seam 

. . . ' ' 8  - Pleistocerie-Tertiary Boundary 
. . . .  ' - - . .. - .  Upper Tertiary Aquifer System 

2nd Lusatian Seam with 
50-90 Accompanying Layen (Claylike) 

Lower Tertiary Aquifer System . -- 4 .  . - -  
60- 1 20 Basic Rocks 

I 

(Pretertiary Formation) 

Flgure 3.2: Hydrological schematization 

MINE B operating within the  whole planning horizon; one selected drainage 
well gallery has  been especially designed for municipal water supply 

MINE C operating within t h e  whole planning horizon 

MINE D opening within t h e  planning horizon. 

The mine drainage i s  done by extraction wells surrounding the  mines 
(border well galleries) and  within t h e  mine-field (field well galleries). Different 
mine drainage technologies a s  t h e  use of side walls will n o t  be considered. The 
dates  of mining (closing mine A, opening mine D), a s  well a s  t h e  mining capaci- 
ties a re  supposed to  be fixed. Consequently, t he  groundwater tables  within t h e  
mines during t h e  operation time are  fixed. The amount of mine water to  be 
pumped can  be only controlled by t h e  timing of mine drainage activities and  by 
t h e  filling process of t h e  remaining pit. For the t e s t  region we will consider a s  
decisions the  time of opening t h e  mine drainage for mine D and t h e  filling of t h e  
remaining pit a s  well a s  i t s  management. In Figure 3.3. t he  expected amount of 
mine water t o  be pumped is depicted for a predrainage period of 3 years for 
mine D and  an  artificial filling of the remaining pi t  with water a t  t he  r a t e  of 3 
m3/s. 

The mine drainage resulting in a large cone-shaped groundwater depres- 
sion effects primarily: 
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Hgure 3.3: Expected mine water drainage 

1. Qroundurater &tract ion f o r  Municipal Water S~ppLy. The capacity of extrac- 
tion wells depends on the  groundwater table near the  wells. A well can only 
operate if the  groundwater table is above t he  well screen. To satisfy the munici- 
pal water demand additional more costly sources have to be used. Principle 
alternatives are  surface water (with complicated and expensive water treat-  
ment), water import from other regions (high cost for water allocation), and 
above all mine water (MINE B) from especially designed mine drainage galleries. 

2. Agricultural  Water Supply.  The agricultural crop production as an important 
economic sector also in mining regions is above others a function of the mois- 
ture  in the  rootzone. In case of shallow groundwater tables, a substantial part  
of the moisture required for crop growth is supplied by capillary rise from the 
aquifer t o  the  rootzone. With decreasing groundwater tables the capillary rise 
decreases and supplementary irrigation becomes necessary (sometimes addi- 
tional to  already implemented irrigation). 

The water demand for supplementary irrigation might be satisfied by both, 
surface water, and mine drainage water (MINES C and D). 

3. h v i 7 o n m e n t a l  Pro tec t ion  Area. The survival of valuable flora depends on 
stable groundwater tables and groundwater quality within a small range. Based 
on the assumption tha t  the mining activities are fixed the  groundwater regime 
in the environmental protection area can only be controlled by artificial 
groundwater recharge. Taking into account the insufficient water quality in 
the  stream as sources for the  recharge mine drainage water (MINE C) and water 
from the REMAlNlNG PIT might only be used. 



4 .  h f i l t r a t b n  B e t w e e n  the  S t r e a m / T h b u t a r i e s  a n d  the G r o u n d w a t e r  R e s e r v o i r .  
This interrelationship is i l lustrated in Figure 3.4a. Depending on the  groundwa- 
t e r  and the  surface water table we have to  deal with baseflow t o  the  s t ream or  
infiltration from the s t ream into t h e  aquifer. 
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Figure 3.4: Infiltration between surface water and  groundwater.  

Increased infiltration losses may affect both, DON S-STREAh! TYATER YIELDS 
a n d  t h e  IKDL'STRIAL W'ATER SUPPLY in the  region. The possibility of mine 
drainage water use for industr ia l  water supply has t o  be considered. 

5 .  FZlling P r o c e s s  of t h e  R e m a i n i n g  f i t .  The interrelationship between ground- 
water table and water table  in t he  remaining pit is depicted in Figure 3.4b. The 
remaining pit will be used a s  a reservoir t o  control t h e  surface water flow for 
down-stream water users.  Therefore, a technologically substant iated minimum 
water table has  to  be reached.  Consequently, from the  water management point 
of view t h e  artificial filling of t h e  remaining pit with surface water  o r  mine 
drainage water becomes favourable t o  fasten t h e  filling process. Otherwise, 
high water  tables in t he  remaining pit increase the  amount of mine water  
drainage (and cost)  for MIME B. 

6.  Quality of  t h e  Water  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 character ized above). 

The mine drainage water is e i t he r  allocated t o  different water users  
(including water export) or  discharged in to  surface water resources.  To satisfy 
quality constraints ,  quality requirements  of surface water users  respectively, i t  
h a s  to  be t reated in special MIKE WATER TREATMENT PLANTS. The necessary 



purification degree depends on the quality of the mine drainage water. the qual- 
ity requirements of users and on the  self-purification in surface water 
resources. The purification degree in the  treatment plant -is above all-con- 
trolled by the  adding of lime hydrate. By adding lime hydrate into the remain- 
ing pit a certain purification affect may also beexpected there. 

All mining activities cause mainly long-term changes in the system. 
Medium-term variations (within the year) of mining activities are negligible. 
For the surface water flow medium-term variations (monthly) have to be con- 
sidered., caused by random changes in hydro-meteorological conditions. Partly 
correlated to these conditions, the water demand of water users is  also charac- 
terized by monthly variations. The monthly time step is typical for long-term 
water management and planning. Short-term variations (daily) are  negligible 
for problems of the  studied type in flat regions as  the mining regions are. 

4. Mathematical Model for the GDR Teat-Area 

4.1. Introduction 
We consider a planning horizon of 50 years, divided into 10 planning 

periods. In Table 4.1 the time discretization is depicted. 

Table 4.1: Time discretization of the model for the GDR Test-Area 

iB - first year per period; iE -last year per period. 

In Figure 4.1 a scheme of the  test region is given, depicting the  essential 
decisions on the  systems development and descriptow of the systems develop- 
ment. In this scheme only those elements are included which are  supposed to 
be affected by decisions. For instance, we neglect here a few tributaries (com- 
pare Figure 3.1). 

We consider , t h e  following decisions on systems development (the used 
indices are  given in f igure 4.1). 

q a , ~  - flux from a to 8 (water allocation) 
a = (alblcldlslgl~limli) 
8 = (slmlilaslexlple) 

=Qa - supply of lime hydrate for water treatment 
a = (alblcldl~) 

A- - duration of mine drainage mine D before starting i ts  operation 
maxhp - maximum water level in the remaining pit 
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The present  model considers only continuous decision variables. Discrete 
decision on investment,  for instance,  to  construct  a t rea tment  plant, an  alloca- 
tion pipe have to  be done in a preparatory stage. In t he  long-term planning 
model bounds for t he  decision variables a re  considered, reflecting these invest- 
ment  decisions. e.g. the maximum flow through a pipeline according to  i ts  diam- 
eter .  The used bounds a r e  given in Appendix 2. 

As descriptors of t h e  systems development we have t o  take in to  account: 

Descriptors 

groundwater flow to a 
a = (aIbllb2lcl4p) 
infiltration balance segment  AS^,^ 
representative groundwater table 

a = (aglgle) 
concentrat ion of component 1 
1 = 1 4 ? 2 + ,  1=2-.~+ 
in t he  flow t o  a 
a = (a)bllb2]c(d)p) 
concentrat ion of component 1 
in  drainage water after t rea tment  
flux, respectively surface water 
table a t  the  balance profile bp,. 
concentrat ion of component 1 in t h e  
flux through balance profile b p ,  
quantity of industrial  waste water 
concentrat ion of component 1 in t h e  industrial  waste water 
water table in  t he  remaining pit 
concentrat ion of component 1 in  t h e  remaining pit 
storage volume in the  remaining pit  

A detailed description of t he  abbreviations i s  given in  Appendix 1. 

To character ize t h e  time dependency we use  t h r e e  different indices: 

j - character izing t h e  planning period (j = 1, . . . , l o )  

i - character izing t h e  year  (i = 1, . - . ,50) 

k - month within one year  (k = 1. . . ,12) 

We use the  following notation of time dependency of a value z: 
(1 > - mean value of z for period j 

z ( i )  - mean value of z for year  i 
z ( i , k )  - mean value of z for year  i ,  month k .  

Mine drainage of mine A is  terminated in t h e  planning period j ,  = 7, af ter  this  
period t h e  remaining pit h a s  t o  be considered. The mine drainage of mine D can  
s t a r t  in  period jd = 3. 

In t h e  following t h e  submodels for the  long-term planning model and  the  
management model a r e  described. without giving t h e  detailed background for 
t he i r  development. This will be done in a series of collaborative papers. 



4.2. Indicators of Systems Development 
We consider three types of indicators 

3 - deviation between water  demand and supply measured in m /s  as the mean 
value for a given time unit 

- environmental quality for typical water quality parameters ( ~ e ~ + ,  H+) meas- 
ured in g/m3 as the mean value for a given time unit 

- economic characteristics of regulating activities 

4.2.1. Water Demand-Water Supply Deviation 
From the point of view of water management the satisfaction of the water 

demand of different users in the region is the  most important indicator. 

The minimum time unit for long-term planning studies in water manage- 
ment usually is one month. For the mean monthly water demand in the month 
k of the year i the  following stochastic model is used principally: 

dem (i ,k)  = Lrend ( i , k )  + oszi(k) + auto ( i ,k)  + random [m3/ sec ] (4.1) 

with: trend ( i )  - t rend function (basically a deterministic function with 
a stochastic component) 

oszi(k) - deterministic oscillation component depending on typical 
seasonal behaviour of water users 

auto ( i  ,k ) - autocorrelated component 
random - random component (noise) 

In Figure 4.2 these components are  illustrated. 

auto(i, k)  + random 

---- 
trend(i, k )  

F7gure 4.2: Characteristics OF monthly water demand. 



A detailed description of the  modeling of water demand based on such sig- 
nal models  and their parameter estimation is given by Nestler e t  al. 1982. 

Depending on the type of water user different models have to be built. In 
the following the models for the test  area are given: 

h n c i p a l  Water Demand 

dem,  ( i , k  ) = t r end ,  ( i .k  ) + o s z i ,  ( k  ) + auto ,  ( i , k  ) ( 4 - 2 )  

As a first assumption we consider a linear trend with an upper bound: 

k t rend ,  ( i .k ) = minla, + crl (i + -) , m a z d e m ,  1 
12 

(4.2a) 

The oscillation component is approximated by a simple Fourier-series: 

o s z i , ( k )  = a z .  sin($) + a3 . COS(%) 
6 6 

(4.2b) 

The autocorrelated component is described as a first-order model: 

a u t o m ( i , k )  = a4 + a s .  Adem,(i.k -1) . 

With 

Adem,(i.k -1) = demm( i , k -1 )  - t rend,  ( i . k -1 )  - oszi,(k -1) 

we get: 

auto,(i ,k)  = a6 + a 7 .  d e m m ( i , k - 1 )  + a g .  ( t r end ,  ( i , k - 1 )  ( 4 . 2 ~ )  

+ oszi, ( k  -1 ) )  

For the municpal  water  supply  in the test region the following function has  
been adopted: 

k dem,(i.k ) = min[2826 .  + 309. . (i+ -) , 25000.1 . (1 .  + E )  
12 

+ 0.726.  dem,(i.k -1) - 816. . sin(%) - 481. . c o s ( $ k )  
6 

(4.3) 

+ 592. . sin( 3 k  -1))  + 349. - cos ( F k  -1))  

index i = 1 5 year 1981 

The random component E is assumed to  be normal distributed with the standard 
deviation a = 0.67. 



For the  long-term planning model we consider only the deterministic trend. 
We get the mean water demand for a planning period j as 

with Zem, (i) = 10240. + 1125. . i 

A g r i c u l t u r a l  Water  Supply 
In the test area we take into account agricultural water demand for irriga- 

tion only. This demand depends primarily on the groundwater tables in the 
agricultural area and on the  actual precipitation. We take the following simpli- 
fying assumptions: 

If the groundwater table is above one meter below the surface, the water 
demand by plants is satisfied by precipitation and capillary rise. 

If the  groundwater table is lower than 2 m below the surface, capillary rise is 
neglected. 

The demand for supplementary irrigation consequently depends on the ground- 
water table. We use a simplified linear function (see Figure 4.3a). 

I 
I 

max 

-1 - 

-2 -- 
Groundwater Table 

) below Surface (m) 

a) Agricultur b) Environmental Protection Area 

Kgure 4.3: Water demand depending on groundwater tables 

2 For an arable land of 10 km with a maximum supplementary irrigation rate of 
200 mm/year and the surface level 141.5 m we obtain: 

d e m w @ )  = 

, 

0 for & ( j  ) 2 140.5 

89.92-0.64 . h,,(j) [m3/ sec.  ] 

0.64 m3/ rec  for & ( j )  S 139.5 . 



This respresen ts  the deterministic trend component of agricultural water 
demand. For the oscillation component we simply assume that the irrigation 
takes place in the vegetation period with a constant rate. 

I 0 for k = 1,2,3,10,11,12 

bmW(iOk) = 1/ 6 demw(j)  for k = 4. .... 9 

The use of more sophisticated models is possible, for instance, the considera- 
tion of autocorrelated or random components. 

Water Demand 01 hum- S r e a m  Water Users 

For the  down-stream water use we might consider a model similar to  that  
for the water demand for municipal water supply (Eq. (4.2)-(4.2~)). The quantifi- 
cation of such a model would be rather complicated because of the fact tha t  the 
down-stream water demand represents a sum of manifold different water yields. 
As a first simple assumption we consider a constant demand for down-stream 
water use, that  means a minimum outflow from the region has to be guaranteed. 

hdus t r i a l  Water Lkmand 

Based on the  assumptions of a constant industrial water demand in the 
yearly average (no extension of production as well as no change in specific 
water demand) and of annual random oscillation we obtain: 

demi(i,k) = 4.0 + E (4. Bb) 

d e ~ ( i . k )  is assumed to be normal distributed with a standard deviation 
a = 0.15. 

Water Demand f o r  E?nwonmentd Botection 

As mentioned above, the groundwater table in the environmental protec- 
tion area is controlled by artificial groundwater recharge. We consider for the 
water demand a nonlinear function depending on the groundwater table (see 
Figure 4.3b). The nonlinearity reflects the increasing infiltration losses with 
decreasing groundwater tables. The following function is used 

dem, (j) = 0.075 . (he G) - 132.0)~ (4-9) 

Changes in the water demand within planning periods are neglected. 

Based on these demand functions we use the following indicators for the 
mean deviution between water demand and supply in planning periods: 

Municipal water supply 

d e u m 6 )  = Idem,(j) - (qg,,@) 

+ ~ b , m ( j )  + q i m , m ( j )  + qs,mG))l 



Total criteria: 

sdew, = (dew, ( j  ) . y(j ))2 
j = l  

For the weighting factor we consider the number of years per period 

YO') = (iEO') - i g ( j )  + l ) / iE(J)  

(4.1 Ob) 

(compare Table 4.1). 

hdvs t r i a l  water supply 

deviO') = I d e ~ O ' )  - (qSeiO') + q c a i O ' )  + qd,iO'))I  (4.12a) 

Total criteria: 

Agriculturd water supply 

dmq 0') = I demq ( j )  - (q, ,w (j) + qc ,w ( j )+qd, , ( j ) ) I  (4.134 

Total criteria: 

Water supply for down-stream water use 

&u,G) = dern*(j)  - g~4(j)*) 

Total criteria: 

J 
sdeu* = deu& (j) 

j = l  

Water supply f or environmental protection area  

deu,0') = Idem&) -(q,,,0') + qp,,O'))I 

outflow from. the region cannot be restricted t o  the weter demand of down-stream users, 
can be negative. 



Total criteria: 

For the  monthly deviation between water demand and supply in t h e  manage- 
ment  model we use t h e  following indicator, with 'pdem' being a given probabil- 
ity: 

MunicipaL wafer supply 

prob ldev,(i,k) 5 Oj 2 pdem, = 0.95 (4.16b) 

h d v s t r i a l  wafer =PP~Y 
&vi(i ,k) = demi(i .k)  - (q,,=(i.k) + q,,i(ilk) + q ~ i , i ( ~ ' ~ ) )  (4.17a) 

prob ldevi(i.k) r 01 2 pdem, = 0.90 (4.17b) 

Agricul turd wafer supply 

devq(i.k) = demw(i .k)  - ( q s t w ( i , k )  + 

q c  ,ag ( i .k )  + qdBw( i ,k ) )  

h u m - s t r e a m  water  yield 

devd,(i,k) = dem&(i .k)  - qs4(i ,k)  

prob Idev, ( i , k )  S 01 2 pdem& = 0.90 

4.2.2. Environmental Quality 
The s ta te  of t h e  environment in t h e  mining region is above all character-  

ized by the  water quality in the  s t ream (outflow from the region), in t h e  remain- 
ing pit, a n d  in the  environmental protection area. As substant iated above, for 
t h e  test  region the decisive water quality parameters a r e  t h e  f i 2 +  and  H+ con- 
centrations. 



We assume that  optimal value for these parameters are specified. We define 
the environmental criteria in terms of the deviation from these optimal values 
in the mean for planning periods. 

p - remaining pit 
with a = ds - down-stream 

e - environmental protection area 

c, ( l  , j )  - concentration of ion 1 for period j 

op t c , ( l )  - optimal concentration of ion 1 

lbtal cri ter ia  

For the water quality of the artificial recharge in the environmental pro- 
duction area holds 

For the  present stage of the  study short-term variations in water quality 
are neglected. 

4.2.3. Ekonomic Indicators 
Our principle economic indicators refer to the economics of mine drainage, 

economics of water supply and of environmental protection. To characterize 
the economical efficiency we use a complex index of expenses E. It includes 
- the  capital investment for technical installations such as drainage wells, 

pumps, pipelines and water treatment plants, I defines the amortization; 



- the  maintenance and operational cost of technical installations M ;  
- benefits B from water allocation for water user. These benefits are fixed by 

governmental laws. For ins nce, the mining industry gains for produced 

5 - 
Is drinking wat r 0.70 Mark/m if the water has drinking water quality, and 

0.16 Mark/m lf t he  water needs additional treatment. 

All prices used below are based on the price-level of the  year 1980. In the 
socialist economy of the GDR prices are adapted yearly in accordance with the 
general economic development. This is considered by a yearly price index 
6, = 1.05. 

Characterizing economical indicators an important question is their evaluation 
and comparability in time. Generally, in case of investments for nonprofitable 
activities (in our case, for example, mine drainage, water treatment, etc.) the 
respective economic sector is interested to postpone these investments as  far 
as possible. In the mean time the capital saved may be used for other, perhaps, 
more profitable activities. To model this behaviour we consider an "accumula- 
tion factor" 6, = 1.065. Expenses in later time periods get  a lower weight than 
those in early periods. 

Based on this we define the following economical indicator to be minimized 

For technical installations we assume fixed capacity and size. 

The amortization of water allocation installations depends above all on the 
diameter and  length of pipes. We use the  following function (including the  
amortization for pumps) considering a service life of 20 years: 

with D - Diameter of the  pipe in [mm] and 
L - Length of the pipe in [m] between "z" and "y " 

For the amortization of mine water treatment plants holds: 

3 Kith Qc - projected capacity of the treatment plant x in [m /set.]. 
Expenses for maintenance are  defined as follows: 

Water treatment plants (municipal and industrial water supply) 

(P t  .z + Yz c,) . q, . 31.5 [Mill.Mark/ year] (4.24) 

Kith Pt,,  - specific expenses for maintenance depending 
3 on water quantity [Mark/m ] 

y, - specific expenses for maintenance depending 
on load of pollutant Mark/g& L+ c, - concentration of Fe [g/m ] 

q, - flow through treatment plant [m /sec] 



Mine water  treatment plants 

@t ,r + yt . c q z )  . q, . 31.5 [Mill-Mark/ year] 

with Pt ,, - see above 
yt - specific expenses for lime hydrate [Mark/g] 

3 
qZ - supply with lime hydrate [g/m ] 
Qz - see above 

The parameters for these submodels are  summarized in Appendix 3, Table 1 and 
2. 

The amortization and maintenance of mine water of drainage wells are  con- 
sidered in the specific expenses for mine water pumpage. 

Mine water  p m p a g e  

Bur ,r q, . 31.5 [~ill .Mark/ year] (4.26) 

3 with &,, - specific expenses for mine water pumpage [Mark/m ] 
3 9, - flow [m /sec.] 

The specific expenses for mine water pumpage a re  given in Appendix 3, Table 3. 

The following specific benefits (expenses) for water allocation, discharge 
respectively, are  considered. 

Bi - specific benefit (expenses) for water allocation from mines 
for industrial water supply = 0.16 Mark / m 3  

Brn - specific benefit (expenses) for water allocation 
from mines for municipal water supply 
= 0.18 Mark / m a  (not drinking water quality) 
= 0.70 ~ a ~ k  / m 3  (drinking water quality) 

Bw - specific benefit (expenses) for water allocation from mines for 
agricultural water supply = 0.00 h!ark/m3 

Be - specific benefit (expenses) for water allocation to the 
environmental protection area = 0.02  ark / m 3  

@s - specific expenses for surface water use for 
industrial water supply = 0.12 Mmk / m 3  

Burur - specific expenses for industrial waste water 
allocation into the stream = 0.02 Mark/ m 3  

The expenses for mine water allocation into the stream depend on the  
water quality. We consider following simplified expression: 

3 7,(c,). c, . qz , 31.5 [Mill.Mark/m ] (4.27) 

with y, = 0.00002 . c, - 0.001 [Mark/g] 
c, - concentration of ~e~~ [g/m3] 

92 - flow [m3/sec.] 
The economical indicators are considered for planning periods. To simplify 

the  model description we define weighting factors 



In Table 4.2 the  weighting factors for the  planning periods are given: 

Table 4.2: Weighting factor for economical indicators 

Based on the  above assumptions, the  detailed economic indicator functions may 
be defined. Although we use the  abbreviation "cost" in terms of Mill.Mark pe r  
time unit. t he  economic indicators are  not the  economical expenses themselves 
but  the i r  evaluations. 

Economics  of m i n e  d r m i n q e  for  the  p lanning periods [ M l . M a r k ]  

Mine A 

cost&) = b l u )  . (at,, + a,,,, + (4 .29)  

+ [aw ,, . ss, ( j  ) + (8, ,,, - Bi)qa,,z ( j  ) + 

+ (a,,, + f ~ ~ ( ~ ~ ( 1 . j ) )  . ~ ~ ( 1 . j )  + rt c q a ( j ) )  , qa,sO')I . d2( j )31.5)  . ATj 

Mine B 
We assume tha t  expenses for water allocation t o  the  remaining pit a re  paid by 
the  water agency. Expenses for water allocation to  the  municipal water supply 
a r e  considered in the  price of water pumpage. 

costb G' > = blO' > . ( a t  + ab + (4 .30)  

+ [ B w , b ~  . ~ g b 1 0 ' )  + (Bb,gz - P i )  . q b , e t ( j )  + 

+ (8, ,b 2 + at ,b + Yt  ' ~ q b  ( j  )) ' qgb 20' ) 

-8 ,  ' qb,rnO') + f  7 s ( c b ( l - j )  ' q b , s ( j ) l  ' 620')  ' 31.5) . A 5  

Mine C 

W e  assume tha t  expenses for water allocation t o  t h e  industry a re  paid by t h e  
industry: 

~ o s t , O ' )  = 40'). (aL , ,  + a,,, + a,,w + (4.3 I )  

+[(a , , ,  -a,). s,, ,(j) + (a,,, - a , ) q c , o ( j )  + 

+ (aw,, + a t , ,  + r t  * cscG'>). q s c ( j )  

- P i  . q c , i O ' )  + f r s ( c c ( l S j ) ) .  c c ( l 1 j ) .  q c , s ( j ) l .  3 1 . 5 .  6 2 0 ' ) ) .  ATj 



We assume that expenses for water allocation to the industry are paid by the - - 

industry 
. - - 

costd@) = 60') (a ted  + ad,,, + adww + (4.32) 

+ [(8d,w - ' q d m W 0 ' )  + ( 8 d . e  - &)qd. t1=0')  + 

+ (8u,d + Bt,d + Yt ' ~ q d 0 ' ) )  ' ~ ~ d 0 ' )  

- P i  ' qd,iO') + f ~ ~ ( ~ d ( ' , j )  ' qd,s0')1 ' 2 0 ' )  ' 31.5) - AG 

Xikonomics of mine drainage for the planning horizon [ - ~ i l ~ . ~ a r k ]  

scost, = f c o s t , ( j ) ,  2 = ( t z l b  lc Id)  (4.33) 
j-1 

Total costs for mine drainage: 

scosfmi, = S C O S ~ ,  + S C O S ~ ~  + S C O S ~  + S C O S ~ ~  (4.34) 

Economics of water mpply in planning periods [MiU.Mark] 

Municipal water supply 

co~t,O') = 610') + (a,,, + at , ,  + %,, + (4.35) 

+ [ @ w , ~  + Bt,m) ' qg ,m 0') + (8, + @ t , , ) ~ b , ~ O ' )  + 

+ (Bs,m + Bt,m + ym c s ~ ( 1 . j )  . Q ~ , ~ O ' )  

+ (B*,, + 8,) q-,mO')Iv 31.5. 620')) ATj 

Industrial water supply 

costi@) = 6 i ( j )  . (asli + at,i + q , s  + a,,* + ad,i + (4.36) 

+ [(@c,i + Bt,i + Bi + Y ,  . c c ( l 1 j ) )  . ~ c , i O ' )  + 

+ (BdVi  + Bt,i + Bi + Yi ' cd(lsj 1) . qd,iO') + 

+ + B E  + Bt,i + Yi . c ~ ~ ( l m j ) )  . qs,iO') 

+ (&,= + & + Bt,w) * qi,sO')I . 31.5 . 62O')) . A5 
Agricultural mter supply 

costq(j)  = 6 i ( j ) .  (assw + (4.37) 

+ [(8s,,  + 8,)  ' qS,, 0') + ~ , ( n ~ , ~ @ )  + Q ~ , ~ O ' ) ) I  ' 31.5 ' '20')) ' '5 

Economics of water mpply for the planning horizon [Mill.Mark] 



Economics of environmental  p ro tec t kn  and control of remaining pit for plnn- 
ning periods [Mill. Mark]. 

Remaining pit 

c o s t p ( j )  = d l ( j )  . (a,, + a p , ,  + ab9 + (4.3 9 )  

+ [&, . q s , p ( j )  + 8,,, . q,,,(j) + P b ,  . q b , p ( j )  

- 8, . qP,,0') + ~t c q , ( j ) ] .  31.5. d & ) )  . A 3  
Environmental protection 

C O S ~ , Q )  = alb) .  (a,,, + 
+ [(8,,, + 8,) . q,,,(i) + 8, .q , , , ( j ) l  . 31.5 . d 2 ( j ) )  . ATj 

Economics of environmental  protection/control of the remaining pit for the 
planning horizon [Mill.Mark] 

The used economical functions are of a simplified, preliminary character. 
I t  is presumed to specify these functions in the future based on detailed 
economical analysis. Nevertheless, we assume that these functions capture the 
economical processes sufficient accurately for the present study. 

4.3. Descriptors of Systems Development 

4.3.1. System Descriptive Functions 

Groundwater R o w  into Mines 

Based on the methodology described in Section 2.3 the following submodels 
for the mean groundwater flow in planning periods into the mines has been 
developed (for the parameters see Appendix 3, Table 4.) 

Mine A 

Mine B 

qsblO') = 

Mine C 



Mine D 

For the first stage of our study we assume that  the  groundwater flow to mines A, 
C and B1 (special well galleries for municipal water supply) is not affected by 
control actions. The mine drainage B depends linear on the  water table in the 
remaining pit. For the mine drainage mine D we consider a quadratic depen- 
dency on the  timing of mine drainage. The interpolation function is  based on 
computations with the  sophisticated groundwater flow model for the values 
Atmd = -2 years, 0,+2 years. 

For the  management model we have to  consider the  changes in mine 
drainage mine B due to  the  monthly changes of the water table of the remaining 
pit h,. 

A l inear time discrete boxmodel has been developed. For the additional 
groundwater flow Aqgb into mine B due to the  remaining pit control the follow- 
ing model holds (yearly mean values): 

with qgp(i) - actual groundwater flow into the  remaining pit (see 
Equation 4.49a) 

q g i ( i )  - groundwater flow into the  remaining pit in the case of i ts  
natural  rise (see Appendix 3, Table 5) 

The actual groundwater flow into mine B is 

wbZ(2) = qg12(j) + Aqgb(i) 

with q g i 2 ( j )  - groundwater flow into Mine B 
in the  case of natural rise of the  remaining pit 

The reference values qgi  , qgi2  are  given in Appendx 3 Table 5. 

f i n k f i l t ~ a t i o n  f o r  s t r eam segments 

For t h e  long-term planning the submodels for the  bankfiltration for stream 
segments have beer1 developed according to the  methodology in Section 2. In 
these models we neglected changes in the  water table in the  stream segments 
resulting from fluctuations in the inflow. Obviously, this is a reasonable 

*)a ( j  ) , aZ( j  ), etc .  mean t ha t  the "due for period j is given a s  a constant, t he  values are differen: 
for each expression. 



assumption for mean values for yearly and even longer time periods. The model 
parameters are given in Appendix 3, Table 6. 

Segment  As 

q i l , 2 ( j )  = a l ( j )  + a z ( j )  h p ( j )  

Segment  As2, 

Segment  As 3,4 

Segment  As 6,2 

q i6 ,2( j )  = a l ( j )  + a 2 0  . Atmd + a 3 ( j )  . ~ t m z  

Segment  As 5, 

q i5 ,6( j )  = a l ( j )  + a Z @  ) . Ahnd + a 3 ( j )  . ~ t m z  

Segment  As 7,3 

qi7,3(j 1 = a l ( j l  

For the  management model the  impact of surface water table (inflow) fluc- 
tuations has to be considered. Based on the  methodology outlined in Section 2 
the following model has  been developed for the  infiltration in the  balance seg- 
ment a$ : 

qiaea(i  .k ) = qia,gb'  1 + Aqia,p(i.k (4.45) 

Aqi , ( i , k )  is the infiltration resulting from changes in sirface water tables a during month k of the year i ,  is the  mean infiltration for the 
corresponding planning period. Based on the  convolution integral we obtain for  

A q i a , ~  

BqiabP(i .k)  = a l  Aqi,,a(i.k -1) + a 2  , ~ q i ~ , ~ ( i ,  k -2) (4.46) 

+ ( b ,  +c,) u a 2 ( i . k )  + b l  ~ , , ~ ( i . k - l )  + b 2 u a , 8 ( i . k - 2 )  

with u ( i , k )  = h s ( i , k )  - h(j) 
hs - surface water table. 



In Appendix 3. Table 7 the coefficients a re  given for all stream segments 
under consideration. For the surface water table key functions of the type 

hs = f h s ( q s )  = ezp((1n qs - k l ) / k 2 )  + k 3  (4.47) 

with hs - surface water table (over bottom) 
QS - flow 
k1,2,3 - parameters 

have been estimated. The parameters a re  given in Appendix 3, Table 8. 

For the s tep  ~ , , ~ ( i . k )  in a balance segment a./3 a weighted mean between 
the  steps in the  inflow profile a and the  outflow profile /3 has to be used. 

We use as  a first  assumption y = 1/ 2. This model has  to be run  iteratively 

hf i l t ra t ion  f rom the groundwater into the remaining p i t  
From the  water balance we get  for the  planning period (compare Section 

4.4.2) 

sg,(j) = ( -u,($,(j) -1 + v,( i ,W)) . 0.0317 - (4.49a) 

- (qa ,p( j )  + qs ,p ( j )  - q p r s ( j )  - q p , = ( j ) )  

and for the  year 

qg, ( i )  = (v, ( i )  - vp ( i  -1)) . 0.0317 

- ( q b , p ( ~ )  + q ~ , p ( ~ )  - q p , ~ ( ~ )  -qp ,o ( i ) )  

Monthly fluctuations of the  infiltration will be neglected. 

Groundwater Tables 

We consider only long-term changes in groundwater tables for planning 
periods. Annual changes in groundwater tables will be neglected. Based on the  
methodology described in Section 2 we obtained t h e  following submodels for 
representative groundwater tables (for the  model parameters see Appendix 3, 
Table 9). 

Groundwater table in the agricultural area 

&G')  = + a 2 ( j ) .  Atmd + a3(j)  A t m :  (4.50a) 



Groundwater table near the groundwater extraction wells 

hp(j) = a l ( j )  + a 2 ( j )  . Atmd + a3 ( j )  . ~ t m z  (4.50b) 

Groundwater table in the environmental protection area 

h, ( j )  = al(j) + a 2 ( j ) .  h p b )  

Zu~face  Water Inflow 

The inflow into the  region (qsl,qs5,qs7) as  a noncontrollable hydrological 
input  is modelled a s  a multidimensional, nonstationary, logarithmic normal dis- 
t r ibuted Markovian process. Define ijE = ( q ~ ~ , q s ~ . ~ s ~ ) ~  a s  t h e  vector  of unk- 
nown inflow and  ijZN t h e  corresponding vector of N(0,l) distributed inflows. 
Both vectors a r e  correlated by a logarithmic normal distribution with 3 parame- 
t e i s  ( q  O,s,q%): 

P(j)  = q o ( j )  + exp[F(j) . ijZNG) + F ( j ) ]  (4.51a) 

for  j = l ,2 ,  . . ,12 

For the  inflow in t h e  month j the  following simulation model holds 

FN(j) = ~ ( j )  . FN(j -1) + B ( j )  . ijFN(j) + E ( j )  . E (4.51b) 

for j = 1,2, . . .  ,I2 

with ~ ( j )  , ~ ( j )  -mat r ices  of regression coefficients, 
aO' 1 - - vector of residual s tandard distribution, 
E - N(O.1)-distributed random vector.  

The parameters  of t h e  &stribution functions and  the  regression coefficients 
have been estimated based on a 30-years ser ies  of observation data.  

For the  planning model we use t h e  Ion term mean values 5- q s l ( j )  = 4.71 m 3 / s .  qs5(j)  = 3.13 m 3 / s ,  qs7( j )  = 0.95 m  / s .  

. % - f a c e  water  balances 

For t he  surface water balances in t h e  s t ream and i ts  t r ibutar ies  in  monthly 
or  grea te r  time uni ts  t he  s torage capacity is negligible i n  comparison to  t h e  
flow. The following balance equations hold: 

Balance profile bp6: 

qi5,6 + %,ag - q d . s  + qs6(j) = 0.5 + qs5 (4.52a) 

Balance pro6le bp2: 



Balance profile bp3: 

Balance profile bp4: 

The representative water quality parameters a re  the  iron concentration 
Fk2+ and the  hydrogen concentration H+. For the  forecast of these values no 
sophisticated groundwater quality model was available. Based on samples a 
linear trend of the groundwater quality and its deviations a, have been 
estimated for the  planning periods. The values are  given in Appendix 3, Table 10 
(for the H+ concentration in terms of the pH value). 

For the stochastic simulation in the  management model we generate the  
actual concentrations with a random generator for the  given mean values and 
rest  deviations. In case for the  deviation a, a linear t rend might be considered. 

Quality of surface water  inflow 

Due to  the lack of more detailed information we s ta r t  with constant quality 
parameters. 

c s , ( l , j )  = 2 g / m 3  cs,(Z,j) = 6.5 

Fb2+: c s 5 ( l , j ) = l g / m 3  pH: cs5(2 , j )=6.8  (4.53) 

cs7( l , j )  = 5 9 / m 3  cs,(Z,j) = 6.2 

Qualify balance f o r  s tream sections 

For the water quality in the stream its self-purification capacity is impor- 
tant. We consider a stream section a,@ of the  length as a "black-box". The 
decomposition rate in the stream for the  concentration of ~e'+-ions Cfi has 
been estimated as 

with CH-hydrogen concentration. 

Hence we obtain 

with 'U - flow velocity 
z - coordinate 
C - I+ 2C - concentration of inflow 

Solving this problem we obtain for z = A s  the  fi2+-concentration of the outflow 



of the stream section CAnP as 

For the  flow velocity I J ~ , ~  we consider an average constant value and for 
the H+ - concentration CH the concentration of the inflow CH,a to avoid an 
iteration procedure. With the  common terminology of our model we get 

F 

with 

For the H+-concentration of the outflow CH,@ holds 

C ~ , a  = CH,, + 3.58 lo" (C,,, - Chop) . 
respectively 

CS;(Z) = CS,(Z) + 3.58 10-~(~s , (1)  - csP(l)) (4.54g) 

With the estimated selfpurification model (4.544 g) we can describe the  princi- 
ple balance equations for the  stream segments (1 = 1.2) 

Balance profile bp6: 

Balance profile bp2: 

Balance profile bp3: 

~ S f ( 1 ) . ~ ~ ~ + ~ J ( 1 ) . ~ s ~ + ~ ~ ( 1 ) q ~ , ~ + ~ b ( 1 ) . ~ b , ~ + ~ ~  (l).qp,s - c s z ( ' ) . ~ s ~  
cs3(1 ) = 

QS 3 

(4 .55~)  



Balance profile bp4: 

hzdvstrial waste water 
For the given industry in the test  region. 70% of the water supply is con- 

sumed. only 30% is discharged as waste water back into the stream. 

Amount of  industrial waste water 

gi  ,s = 0 - 3 ' ( ~ s  ,i +qd,i  + QC ,i ) 

The water quality model of the  industrial waste water is based on the  assump- 
tion that  the fi2+ and H+ load in the water is not changed in the course of 
industrial water use. Consequently we obtain 

Quality pa~ameter of industrial waste water ( 1  = 1.2)  

Mine water beatment 
For the purification capacity of the mine water treatment plants as a first 

approach the following model has been developed: 

Pfi = Cfi - 0.698 .  CLH (4.58a) 

o for C h g *  

c., for Pa > 29 

with C' - fi2+-concentration of inflow into 
treatment plant (g / m3) - H+-concentration of inflow (g / m3) 

- fi2+-concentration of outflow from 
treatment plant (9 / m3) 

6 - H+-concentration of outflow (g  / m3) 
C' - added lime hydrate (g / ms) 



This model is used for the management model. For the planning model the 
unsteadiness of the model cannot be considered. Therefore, we use the  follow- 
ing smooth model (in terms of the common model parameter) 

c i  = cg,(l,j) - 0.698 . cq,(j) (4.58d) 

ca(2 , j )  = cga(2,j) + (0.025 . cq,(j) - 0.0358 , (cg,(l.j) - c,(l.j)) e(4.50g) 

(I/ 2 7 )  for a = a 1 b ( c ( d 

4.3.2. S a t e  Transition Functions 
The dynamics of the water resources system in  the  tes t  region strongly 

depends on the control of the remaining pit. This holds for the  water quantity 
as well a s  the water quality. 

Water table in the remaining pit 
Based on the methodology outlined in Section 2.3, a linear time discrete 

box model has been developed for the water table in the  remaining pit a t  the 
end of one year (ip - yea r  of flooding the  remaining pit). 

hl, (ip) = - 0.0421 - 4 ( ip)  + 0.0156 . % (ip)2 + 86.1 (4.59a) 

hl, (ip +1) = 0.0102 . Ahl, ( i p + l )  + 1.2458 . hp ( ip)  - 17.5949 (4.59b) 

f o r i  =ip + 2 ,  . . . , iE(J): 

( i )  = hpO(i) + 1.278 . ($ (2-1) - i$O(i-1)) - 0.378 . ($ (i-2) ( 4 . 59~ )  

-i$O(i-2))+ 0.655 . Ahl,(i) - 0.42 Ahp(i-1) + 0.024 - Ahl,(i-2) 

with 

i~ - year of opening the remaining pit 

A$(i) - hypothetic water table difference due to  change of storage 
volume in the year i, neglecting infiltration 

$O(i) - water table in the remaining pit in the  case of its natural rise 
(see Appendix 3, Table 5) 



To estimate the hypothetic water table difference % we need the  filling func- 
tion of the remaining pit 

$ = I $ ( " p )  ; v p  = I u p ( h p )  

3 with v ,  - storage volume in the remaining pit [Mill.m 1. 
In Table 4.3 the filling function is given in tabulated form. For the  model 

we use piecewise linear interpolation. 

Table 4.3: Filling function of the remaining pit 

Using these functions we obtain 

%(i) = f h p ( v P ( i - l )  + A g p ( i ) )  - h p ( i - l )  (4.60) 

with 

v, (i -1) = jv, (hp ( i - 1 ) )  

Based on Eq. (4.57) we obtain the  mean water table in the remaining pit for the  
planning period to 

$ ( i p  - 1 )  = $O(iP - 1 )  

For the  monthly water table in  the  remaining pit we obtain 

$ ( i , k )  = $ ( i - 1 )  + 34-$(i-1)) 

with 

4 = $ O ( i )  + 1.278 . ( $ ( i - 1 )  - hpO(i - 1 ) )  

- 0.378 ($ (i -2) - h:(i -2))  

12 + 0.655 . r& ( i . k )  - 0.424 , A$ ( i - 1 )  + 0.024 & (i -2) )  



Water qua l i t y  in the  r e m a i n i n g  pit 
The water quality in the remaining pit depends on storage, decomposition. 

inflow and outflow, as well as on  the adding of lime hydrate. The following prin- 
ciple model has been developed 

with 
3 - volume of remaining pit [Mill.m ] 

c, 3 - 3b2+ - concentration [g/m ] 

CH 
3 - B+ - concentration [g/m ] 

qi - infow/outflow [m3/sec.] 

cf i  .i - 3b2+ - concentration of inflow/outflow 

C H , ~  - - concentration of inflow/outflow 

CM - added lime hydrate [1000kg/year] 

If we assume a linear change of the storage volume in time and consider a given 
H+ concentration CH. Eq. (4.63a) and Eq. (4.63b) can be solved analytically and 
we obtain for the planning period j in terms of the common model parameters 
for 1 = 1.2. 

with 



For the  management model the same model is used for yearly time-steps. 
Monthly variations of the water quality will be neglected. 

4.4. Constraints on Systems Development 
For the  planning model we have to consider a set  of constraints character- 

izing the water balance for mines (equality constraints) and bounding the deci- 
sions. In the management model these constraints enter  into decision rules. 
The estimation of these rules will be done in the next stage of research. 

Water balance equations for mines 

Mine A 

Mine B 

w ~ ~ O ' )  = qgb10') + qgb20') ' ~ b , m O ' )  -qb,,O') 

- qt,,,,O') - qD9(j) = O  

Mine C 

wb,O' )=~gcO'~-qc , ,O' ) -q , ,~O' ) -qc ,crgO' ) -qc , s ( j )=O (4 .65~)  

Mine D 

wbd(j) = qgdO') -qd , sQ)  - ~ d , i O ' )  -qd,agG) 

- qd,,,0) = 0 . for j 2 jd 

Possible groundwaf e~ ezttaction 

We assume a fixed construction of the wells for groundwater extraction. 
Groundwater extraction only then is possible, if the groundwater table is above 
the well screen. Define with uh, and lh,,, the  upper and lower bounds of the 
height of the screen in all wells. Assuming a linear distribution of the  number 
of wells within these bounds we get the following constraint: 



withuqg - maximum well capacity ( d l  wells operate) 

With % = 11O.Bm . LA, = - 1 0 3 . 5 ~ ~  and u .  = 0~25m'/ sec r e  obtain 

pqg,,(j) = -0.034 . Age) + qg,,(j) + 3.54 S 0 (4.67) 

Constraint f o r  water tab Le in the remaining pi4 

hpma(j) = -mnxhp + hp(j) 4 0 for j >ja  (4.68) 

Cbnstraints o n  w d e r  w e  from the remaining pit 
Water from the remaining pit can be used for flow augmentation and supply 

of the environmental protection area, if the water table in the pit is greater 
than m%(= 1lO.Om). 

P9p,aO')=-(hpO')-minl$).qP,,(j)~O for jsj, a = s ( e  (4.69) 

Cbnstrainfs o n  wafer use because of the water qual.lfy (1 = 1.2) 

Municipal rater supply 

pqb ,m .j = - (uc, (1 ) - cgb l(L , j  1) qb ,, ( j  6 0 (4.70a) 

Industrid rater supply 

q a (  = ( , a = c Id (4.70b) 

Agricultural water supply 

pq a,crs ( I  * J  = - ( " c ~  (1) - ~ , ( L , j ) ) . q , , ~ ( j ) g o  a = c I d  (4.70~) 

Environmental protection 

P q a , s ( ~ . j ) = - ( w , ( ~ ) - ~ a ( L - j ) ) ' ~ a , a O ' ) g O  ~ = c ( P  (4.70d) 

Water export 

PPa,ez(L*j)=-(ucaz(L)-ca(L,j)).qa,sz@)gO a = a \ b I d  (4.70e) 

Construnts o n  the qualify of dkchnrged water 
The quality of mine water after treatment should not be worse than the 

standard permits for water discharge into streams. 

pca ( l . j )=  -(uc, -c,(l , j))<O a = a ( b ( c I d  (4.71a) 

p ~ ~ ( 2 . j )  = (w, - ~ ~ ( 2 . j ) )  5 0 a = a I b ] c  Id (4.7 lb) 



In Table 4.4 the upper bounds for the concentrations are summarized. 

Table 4.4: Upper bounds for water quality 

5. Concluding Remarh 
This paper outlines a conceptual and methodological approach for .the 

analysis of regional water policies in open-pit lignite mining areas, focusing a t  a 
test  area in the GDR. 

-- 

~ 3 ~ + [ ~ / r n ~ ]  

PH 

Based on this approach a Decision Support Model System is under develop- 
ment. This system is designed for scenario generation of "good long-term poli- 
cies providing a balanced socio-economic development and evolution of natural 
ecosystems. The main features of our DSMS are  conceptualized to be its 
interactive use by decision makers based on a structured decision oriented data 
input and output and the  integration of colour graphics for decision-oriented 
data output. Future research is oriented towards the  following directions: 

- Development of an approach towards for nonlinear multi-criteria analysis 
with fuzzy parameters (constraints and objective functions); this work aims 
a t  the  use of linguistic elements in the process of scenario generation 
according to the decision making reality. 

- Integration of methods for integer programming t o  consider investments 
as decision variables in the  system. 

- Policy analysis based on the  DSMS using methods of operational gaming t o  
study the effectiveness of economic and legislative policies for a "good" 
long-term development. 
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Abbrev ia t ions  of t h  Mathemat ica l  Model 

DECISIONS D ON S Y S E M S  DEVELOPMENT 

Water a l locat ion  m i n e  A / r e m a i n i n g  p i t  [m 3/ s e c .  ] 

% .S 
- flux from mine A i n t o  s t r e a m ,  for t s t ,  

% 1s 
- flux from remaining pi t  i n t o  s t r e a m ,  for  t>t, 

qP .e - flux from remaining p i t  i n t o  environm. p ro tec t ion  a r e a ,  for  t >t, 
, - flux from mine  A o u t  of t h e  region (export) ,  fo r  t l t ,  

Water a l l oca t ion  m i n e  B [m3/ s e c .  ] 

a,, - flux from mine  B t o  municipal  water  supply  

¶b ,st - flux from mine B o u t  of t h e  region (expor t )  

¶b ,s - flux from mine B i n t o  s t r e a m  

qb &P 
- f lux from mine B i n t o  remain ing  p i t ,  for t>t, 

Water a l locat ion  m i n e  c [m 3/ s e c .  ] 

- flux from mine  C t o  indus t r i a l  w a t e r  supply 

$ ,, - flux from mine  C for i r r igat ion 

9c .s - flux from mine C i n t o  s t r e a m  

9c .e - flux from mine  C i n t o  environm.  p ro tec t ion  a r e a  

Water a l loca t ion  m i n e  D [m3/ s e c .  1, for t't, 

% ,a - f lux from mine D t o  indus t r i a l  wa te r  supply 

% ,st - f lux from mine D o u t  of t h e  region (expor t )  

qd ,s - flux from mine D i n t o  s t r e a m  

Qd ,ag - f lux from mine D fo r  i r r igat ion 

S u r f a c e  w c ~ t e ~  u s e  [m3/ s e c .  ] 

, - f lux from s t r e a m  t o  municipal  wa te r  supply 

eli - f lux from s t r e a m  t o  indus t r i a l  w a t e r  supply 

% ,ag - flux from s t r e a m  for  i r r igat ion 

Qs ,P - flux from s t r e a m  i n t o  remain ing  p i t  

Qroundwater u s e ,  w a t e r  i m p o r t  [m3/ s e c .  ] 

s, 8 ,  

- groundwater  u s e  for  municipal  wa te r  supply 

%rn ,m - water  import  for  municipal  wa te r  supply 

Qual i t y  contro l  : s u p p l y  with l i m e  h y d r a t e  [3/ m3] 

cq, - l ime  .wpplly f o r  m i n e  w a t e r  t r e a t m e n t  p l a n t  m i n e  A, f o r  t c t ,  
cqq - l i m e  s u p p l y  f o r  m i n e  w a t e r  t r e a t m e n t  p l a n t  m i n e  B 

c% - l i m e  s u p p l y  f o r  m i n e  w a t e r  t r e a t m e n t  p lan t  m i n e  C 

cqd - l i m e  s u p p l y  f o r  m.ine w a t e r  t r ea , tmen t  p lan t  m i n e  D 



cs - l i m e  s u p p l y  f o r  r e m a i n i n g  pit [ l o 0 0  k g /  y e a r ] ,  f o r  t >ta 

f i n e  d r a i n a ~  e t i m i n g  [ y e a r s  ] 

Atmd - duration of mine drainage mine D before opening t h e  mining 

Water leve l  in t h e  r e m a i n i n g  p i t  [ m ]  

ma* - maximum water level 

DESCRIPTORS OF EXSlXMS DEYELOPMl!T 

S y s t e m s  Descr ip t ive  Values  Sd 

OToundzuater f l o w  [m3/ s e c ,  ] 

99 a - groundwater flow t o  mine A 

qgbl  - groundwater flow to  mine B, suitable for municip. water  supply 

qgbz - groundwater flow t o  mine B, n o t  suitable for mun. water supply 

93c - groundwater flow t o  mine C 

qgd - groundwater  flow to  mine D 

9 9 ~  - groundwater flow into remaining pit  

h f i l t r a t i o n  f r o m  s u r f a c e  w a t e r  f o r  s t r e a m  s e g m e n t s  [m3/  s e c .  ] 

q i  - infiltration segment  As 
qi3,6 - infil tration segment  
qi6,2 - infil tration segment  Ass,z 
qi2,3 - infil tration segment  b 2 , 3  

9 i  7,3 - infiltration segment  

92 3,4 - infiltration segment  hs3,4 

Groundzliater t a b l e s  [m] 

- groundwater table in t h e  agricul tural  a r e a  

ho - groundwater table n e a r  wells for groundwater use  

he - groundwater table in environm. protect ion a r ea  

Qroundzuater q u a l i t y  I g  / m3] 

c g a ( l )  *) - water quality of drainage water  mine A 
c g b l ( l )  - water quality of drainage water  qgb l  mine B 
cgb2(1 )  - water quality of drainage water qgb2 mine B 
c g c ( l  ) - water  quality of drainage water  mine C 
c g d ( l )  - water quality of drainage water mine D 
c g p ( l )  - water quality of groundwater water  i n t o  remaining pit  

*) Tne index 1 represe3ts the q u s i y  parameter under comiderztion: 



Quality of treated m i n e  wa te r  [g / m3] 

c,(1) - water quality mine A 
cb ( I )  - water quality mine B 
c, ( I )  - water quality mine C 
c d ( l )  - water quality mine D 

h f i l t r a t i o n  f r o m  sur face  wa te r  for s t r eam segments  [m3/ sec .  ] 

qilD2 - infiltration segment Asln2 
~ i ~ , ~  - infiltration segment 
qia2 - infiltration segment b 6 , 2  

qi2,3 - infiltration segment  AS^,^ 
qi7,3 - infiltration segment 
qi3,4 - infiltration segment As3,4 

Surface w a t e r f l o w  [ m s / s e c . ]  

qs - surface water flow balance profile bpl 

qs2  - surface water flow balance profile bp2 

qs3  - surface water flow balance profile bp3 

qs4  - surface water flow balance profile bp4 

QS 5 - surface water flow balance profile bp5 

qs6  - surface water flow balance profile bp6 

qs7 - s ~ r f a c e  water flow balance profile bp7 

h d u s t r i d  w m t  e water  

Qi ,s - waste water from industrial water use into stream 

c i s (1 )  - water quality of industrial waste water 

Surface wa te r  qual i ty  [ g /  m31 

cs  1 ( 1 )  - water quality balance profile bpl 

cs2(1)  - water quality balance profile bp2 

cs  3(1 ) - water quality balance profile bp3 

c s 4 ( l )  - water quality balance profile bp4 
c s 5 ( l )  - water quality balance profile bp5 
c s 6 ( l )  - water quality balance profile bp6 

c s 7 ( l )  - water quality balance profile bp7 

Surface wa te r  tables [m]  

As1 - surface water table balance profile bp1 

As2 - surface water table balance profile bp2 

As3 - surface water table balance profile bp3 

As4 - surface water table balance profile bp4 

As5 - surface water table balance profile bp5 



As6 - surface water table balance profile bp6 

As, - surface water table balance profile bp7 

State t ransi t ion variables S,, 

Remaining pit 

hp - water table in t h e  remaining pit [ m ]  

c p ( i )  - water quality in  t h e  remaining pit [g /m3]  

'T - storage volume in t he  remaining pit a t  the  end  
of one time uni t  [h!ill.m3] 



APPENDIX 2 

UPPER BOUNDS FOR DECISIONS 

Water aUocation of mines 



Water allocation f r o m  surface water/groundu;ater 

Water quality control 

U C ~ = ' I I C ~ ~ = ' ~ L C ~ ~ = ' U . C Q ~  = 3 0 0 g / m 9  

U C Q ~  = 500 * 1000 k g /  year 

t i m i n g  of m ine  drainage 

-2.0 years< At% < +2.0 years 

Mazimum water table in the remaining pit 

113.0 m < ma+ I 118.0 m 



APPENDIX 3 

MODEL DATA 

Table 1: Cost coefficients for water allocation installations 

I 

from 

Mine A 

Mine B 

Mine D 

Import 

Stream 

Industry 

Remaining 
pit 

L[m] 

10000 

10000 

3000 

10000 

8000 

2000 

6000 

16000 

5000 

20000 

20000 

1500 

2000 

3000 

1500 

3000 

6000 

Allocation 
to  

Export 

Export 

Remaining pit 

Agriculture 

Environmental 
protection 

Industry 

Agriculture 

Export 

Industry 

Municipality 

Municipality 

Industry 

Agriculture 

Remaining pit 

Stream 

Stream 

Environmental 
protection 

D[mm] 

1000 

1500 

1500 

300 

300 

1500 

300 

1500 

1500 

600 

600 

1500 

300 

2000 

1000 

1000 

600 

a [Mill.Mark/ 

a,,,, 

ab,,, 

ab 

a,, ,  

a, ,, 

aCli 

adrW 
ad,,, 

adUi 

cq, ,, 

as ,m 

aSli 

asnW 

asap 

sits 

a p t ,  
a p , ,  

B [Mark/ 
year1 

1.320 

2.380 

Oa713 

0.316 

0.253 

0.475 

0.190 

3.803 

1.188 

1-3z7 

1.327 

0.357 

0.063 

1.102 

0.197 

0.395 

0-398 

m31 

8, ,a, 
8, ,,, 
8b,p 
PC nag 

8, ,, 
Pd , , ,  

P d l i  
P in , ,  

P s , ~  
Bs,i 
Psvw 
8, 
P i g s  
/3 ,, 

$ ,a 

0.05 

0.05 

0.02 

0.03 

0.03 

0.02 

0.02 

0.07 

0.03 

0.05 

0.05 

0.01 

0.01 

0.02 

0.01 

0.01 

0.02 
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Table 2: Cost coefficients for water t reatment plants 

Table 3: Specific cost for water pumpage [ ~ a r k / m ~ ]  

Treatment plant 

Mine A 

Mine B 

Mine C 

Mine D 

Municipal 
water supply 

Industrial 
water supply 

Industrial 
waste water 

Table 4: Parameter for submodels "Groundwater flow into mines 

Q c 
[m3/sec] 

3.0 

5.5 

3.0 

4.0 

0.2 

3.0 

- 

Groundwater 

@w a 
0.10 

Mine A 

@w,a 

0.24 

a[Mill.Mark/ 
year] 

~[Mark/gl  

Mine B 

a t  ,a 

at ,b 

at ,c 

at,d 

a t  ,m 

at ,i 

- 

@[Mark/m3] 

yt 

y, 

yi 

Mine C 

@w,c 

0.28 

1 

@w ,b 1 

0.35 

0.540 

0.990 

0.540 

om20o 

1.500 

- 

, 

@t,b 

@tat 

pt ,d 

@t ,m 

ptai 

Pt ,u, 

0.0 1 

0.004 

Mine D 

@w .d 

0.30 

2 

@w,b2 

0.28 

0.015 

0.017 
- 

0.016 

0.017 

0.05 

0.05 

0.20 



Table 5: Reference values (natural rise of remaining pit) for management 
model 

Table 6: Parameters for submodels "Bankfiltration" 
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Table 7: Parameter for the infiltration submodel 

Table 8: Key function for surface water table 

- 

Table 9: Parameter for submodels groundwater table 

Balance 
Segment 

1.2 

2 3  

3.4 

6.2 

5 6  

7.3 

Balance 
profile 

bpl= bp7 

bp2 

bp3 

b ~ 4  

. bp5 

bp6 

- ‘52 

-0.1910 

-0.1622 

-0.2035 

-0.2136 

-0.243 1 

-0.2563 

a ]  - 

1.0933 

1.0504 

1.1167 

1.14 14 

1.18 19 

1.1947 

K 1  

-8.6821 

-5.5372 

-4.0515 

-3.1 125 

-14.4190 

-8.6874 

-3.2500 

K2 

2.1305 , 

1.7040 

1.411 1 

1.3897 

3.1104 

2.2545 

1.2453 

water 
table 

b o 

0.6460 

0.2440 

0.1290 

0.1770 

0.3060 

0.8010 

K3 

40.5 

0.4 

9.5 

140.7 

-70.0 

24.5 

97.0 

restriction 

O<qs&10.35 ms/s 

gs2>10.35 ms/ s 

"Uround-Parameter 

~ 1 0 ' )  

0.125 0.325 0.55 0.3 0 0 

t,4 I 

-0.0943 

-0.3393 

-0.1871 

-0.2380 

-0.4077 

-0.8270 

j = l  

he 

2 

-- b2 .- 

0.2549 

0.0978 

0.0593 

0.0806 

0.1058 

0.2332 

3 

141.5141.5141.5141.5 

a l G )  
a,@) 

C~ 

0.07 

0.16 

0.09 

0.0 

0.0 

-0.0 

4 9 

137.5 

0 

5 

141.3 

10 

139.5 

0 

6 

140.7 

131.4131.2'130.9130.7 

0 

7 

137.8 

8 

135.1 

0 

130.3 

0 

129.8 

0 

130.1 

0 

130.6 

0 

127.0 

0.04 

132.0 

0 



- 67 - 

Table 10: Groundwater quality 


