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PREFACE

The Impacts of Human Activities on Environmental Systems (IMP) Project is
concerned with the analysis of interacting socio-economic and environmental sys-
tems. The methodological research is based on national studies of environmental
and resource policies carried out in several NMO countries in collaboration with
IIASA. The main focus of these studies are large-scaled (time and/or space) ground-
water depletion and protection problems.

One of these studies is the Analysis of Regional Water Policies in Open-Cast Min-
ing Areas undertaken in collaboration with the Institute for Water management,
Berlin and the Technical University, Dresden, GDR. Open-cast lignite mining is one
of the conspicuous examples for complex interactions in socio-economic and
environmental systems with special regard to groundwater degradation. These

problems concern especially countries in middle and eastern Europe, in particulr
the GDR, FRG, CSSR, Poland, etc.

This paper outlines the conception for this study. Based on the description of
the problem, the proposed methodological approach and the working plan are
drafted. The paper should be useful for the initiation of in-house collaboration as
well as the establishment of collaborating activities with NMO cuntries, dealing with
groundwater depletion problems in open-cast mining areas.

Janusz Kindler
Leader
Impacts of Human Activities on Environmental Systems Project
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ABSTRACT

In the GDR more than two-thirds of the total output of primary energy is based
on lignite extracted exclusively by strip-mining. Mining results in significant
environmental and resource use conflicts between different users in such regions.
This paper describes the concept of a study on the analysis of Regional Water Poli-
cies in Open-Cast Mining Areas in collaboration with institutes in the GDR. The
study is directed at the development and implementation of methods and models
for analyzing the use of water resources and environmental problems in open-cast
mining areas.

The study is one of a network of national studies concerned with environmental
and resource policies carried out in several National Member Organization (NMO)
countries within the IIASA Program “Institutions and Environmental Policies."
Based on the problem definition the research topics are characterized, a few
methodological approaches outlined and the working plan presented.
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ANALYSIS OF REGIONAL WATER POLICIES
IN OPEN-CAST MINING AREAS - A CONCEPTION

S. Kaden

1. Introduction

Within the Institutions and Environmental Policies Program at IIASA, a project
which deals with the design of resource and environmental policies is planned. The
motivation for this project is the growing socio-economic development in many
regions of the world, which creates severe and complex environmental and

resource use conflicts.

The project will focus on concepts, procedures, and methods in the area of
resource and environmental policy design. The research will concentrate on gen-
eric issues that dominate virtually all problems in environmental and natural
resource policy design and also characterize groundwater management and protec-
tion problems. First, these problems always involve controversy among interest
groups. Second, it is difficult or impossible to select a single criterion for apprais-
ing alternalive courses of action which is fully acceptable to all participants.
Beyond that, not all objectives concerning human health and fundamental environ-

mental equilibria can be translated into monetary values. Third, uncertainty and
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imprecision due to limited understanding, data basis and predictive capabilities are

comimon.

The main objective of this project is the development of relatively simple
policy-oriented methods and computerized procedures that can assist in addressing
the above-mentioned generic issues--in other words, the development of policy-
oriented decision support models with special regard to groundwater management
and protection strategies and policies. The project team is worlking with, and
attempting to synthesize experience from, a network of national studies concerned
with environmental and resource policies carried out in several National Member
Organization (NMO) countries. One of these studies is the Analysis of Regional
Water Policies in Open-Cast Mining Areas undertaken in collaboration with insti-
tutes in the GDR. The study is directed at the development and implementation of
methods and models for analyzing the use of water resources and environmental
problems in open-cast mining areas. Conflicts caused by open-cast lignite mining
in middle and eastern Europe, essentially in the GDR, USSR, FRG, CSSR, and Poland,
are one of the conspicuous examples for interactions in socio-economic environ-

mental systems with special regard to ground- and surface water.

The profound theoretical and practical experience of the Research Group for
Open-Cast Mine Dewatering of the Institute of Lignite Mining and the Dresden
Technical University, TUD, and of the Institute for Water Management, IfW, in the
domain of modeling mine impacts on water resources systems forms a good basis
for the study (see, for instance, Luckner et al., 1982; Peukert et al., 1982; Kaden,
1982; Zwirnmann, 1980). The most important parts of the study will be the develop-
ment and integration of different simplified submodels of the complicated sub-
processes that form a part of a policy-oriented decision support system and the
study of the interactions in the socio-economic environmental system. Following

this, a conception of the study is given based on discussions with colleagues from
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ITASA and collaborating institutes in the GDR.

2. Problem Definition

In the GDR, more than two-thirds of the total output of primary energy is based
on lignite extracted exclusively by strip mining. The annual output of lignite
amounts to more than 250 million tons/annum. Thereby it is necessary to pump
out 1.5 milliard ms/annurn water for the dewatering of the open-cast mines. For
1990, an output of about 300 million tons/annum is planned; the rate of mine water
pumping is estimated at about 2 milliard rn3/annum. The stable runoff of the GDR .
runs to 9 milliard rnB/annum. That means that the amount of mine water is about
20% of the sta.ble runoff (see, for instance, Luckner et al.,, 1982). Hence in the min-
ing area itself the water resources system is mainly determined by the lignite min-

ing (a fact which is not only typical for the GDR conditions).

The impact of mining upon water resources creates significant environmental
and resources use conflicts between different users in such regions. The most
important interest groups are mining, municipalities, industry, in many cases
located downstream, and agriculture. The activities of each of these interest
groups modify more or less the water resources system; as well as the conditions
for resources use by other groups. Figure 1 gives a general view of the interdepen-
dencies of the water users and water resources subsystems in mining areas.

Recreation and environmental protection also represent conflicting users.

Under the typical hydrogeological conditions in lignite mining areas, mine
dewatering becomes a significant cost and energy factor. The amount of water to
be pumped exceeds ten to one hundred times the output of coal! That means a con-
siderable part of the energy produced by lignite is used for dewatering the mine
itself. Since the mines are about 40 to 80 meters deep {sporadic 100 meters or
more, but not in the GDR), in the high-permeable glacial aquifers large regional

cone-shaped groundwater depressions are formed. One of the consequences is that
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Figure 1. Interdependencies between water resources users and water resources
subsystems in mining areas.

the wells for municipal water are becoming dry. Hence the objgctive "satisfying
drinking water supply in a certain quality and quantity" conflicts with the mining
objective '"lowering the groundwater table in given areas and time".
Management/technological alternatives are, for instance, the limitation of ground-
water depression areas with the help of side walls, switch to alternative water sup-
ply sources (e.g. surface water, water transfer from other regions, re-use of mine

water, etc.).

There are also water quality problems caused by mining. Mine drainage water
characteristically contains both high suspended and dissolved solids, particularly
iron and sulphate ions resulting from the oxidation of ferrous sulphides in the host

rocks. Chloride concentrations may also be high because of connate water trapped
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within the sedimentary rohcks. Commonly, the conspicuous quality problems are
connected with mine edges. For example, in the Lusatia area in the GDR, sulphate-
concentrations up to 700 mg/1 have been estimated in the drainage water of mine
edges (Starke, 1980). Polluted mine water may affect downstream water yields sig-

nificantly.

Each of the interest groups can be characterized by its objectives, technologi-
cal and/or management alternatives, and impacts on the water resources system.
Table 1 gives an overview of these characteristics for the major interdependent
interest groups in mining areas, that means, mining, municipal and industrial
water supply, and agriculture. The remaining interest groups, like downstiream
water users, and environmental protection have not been introduced because they
do not impact the water resources system in the mining region itself. But it is
necessary to consider their objectives--satisfying water levels and water quality
(surface- and groundwater) constraints for environmental protection, and satisfy-

ing water demand of downstream users.

Minimizing costs is one of the important objectives of all interest groups.
Therefore, controlling prices, besides legislative measures, becomes one of the
most effective regulating means. A good example is the use of mine drainage water
for drinking water supply. The costs of such utilization of this water are often rela-
tively low. They amount, for example, only to about 0.10 M/m'3 in the Lusatia area,
where about 400,000 ms/day is produced. In contrast, the equivalent costs of the
utilization of surface water in that area runs up to 1.50 M/rnB. Since the beginning
of 1981 a new regulation promotes the utilization of mine drainage water for the
drinking water supply in the GDR. The producer of drinking water gets 0.70 M/rn‘3
from the distributor and the distributor gets 0.90 M/m'3 from the consumer. This is
an economic incentive for the lignite open-cast mines to produce drinking water

(Luckner et al., 1982).
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Table 1 elucidates for the main interest groups the manyfold impacts of
technological/management alternatives to be considered.

Beyond that, interdependencies between water resources subsystems deter-
mine the system behavior. The interdependencies between the subsystems are

illustrated in Figure 2 and Table 2.

Table 2. Characteristics of water resources subsystems in mining areas.

impacts processes .

_» on groundwater river remaining lake/ in the process/status
of subareas section pit reservoir subsystem variables®
groundwater groundwater infiltratior? infiltration infiltzation) gw. storing, gw. table,
subareas flow of gw. of gw. of gw. quality storage volume,

variation inflow/outflow
river infiltration inflow outflow quality inflow/outflow
section of gw. variation water level
(water .
storing)
remaining infiltration water storing, inflow/outflow
pit of gw. quality storage volune
variation
lake/ infilr.zation) inflow water storing, inflow/outflow
reservoir of gw. quality storage volume
variation
soil/plant percolation soil water soil moisture
subarea storing, content,
quality perculation
variation rate

*quantity and quality

Looking at the table, it becomes obvious that the groundwater flow is the
medium integrating the whole system. Due to the depth of groundwater the
soil/plant subsystem has more effect on the groundwater system than vice-versa,

and it can be assumed to be nearly independent.

In general, the water resources and environmental problems in mining areas
include long-term planning (management) and short-term control aspects. They
are embedded in a hierarchical policy-making process with interdependent policy

makers (see Figure 3). For short-term control problems the policy makers as well
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Figure 2. Interdependencies between water resources subsystems in mining areas.

as the environmental subsystems can be assumed to be independent. Based on the
different time characteristics of the water resources subsystems, above all the sig-
nificant retardation in the system due to the groundwater flow, these problems usu-
ally are solved separately for the different water resources subsystems (considering

other subsystems as constraints).

The long-term planning pinpoints the general targets and thereby sets up the
margins for short-term activities. It becomes the crucial task due to the signifi-
cant interdependencies in the socio-economic environmental system and policy-

making process.

The planning horizon amounts to about 30-50 years. The time interval to be

adopted for analysis may vary from month to year, considering the processes under
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Figure 3. Schematic policy making system in mining areas.

consideration. The area affected by open-cast lignite mines accounts to some
10,000 kmz. For the purpose of this study, a test subregion has to be selected with

typical geographical, hydrological, and hydrogeolcgical conditions as well as con-

2

flicting impacts. Probably an area of about 1000 k™ has to be chosen.

The above described interdependencies between water resources users and
water resources subsystems, creating manifold conflicts, elucidate the importance
of effective management alternatives and means of regulating the interactions
within the socioc-economic-environmental system. Mathematical, computerized
models are a necessary and useful tool--models which fit in the policy-making pro-

Cess.
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3. Obstacles to be Avoided for Effective Policy-Modeling

"We have the feeling that some model builders look
like cyclists pedalling along elegantly and powerful
in a chainless bike.” (DeDonnea, 1978)

Resources use and environmental problems initiated extensive research effort
in many countries using elaborate mathematical models and computer techniques.
Yet the impact of all these efforts has not been very satisfactory in the sense that
the majority of the mathematical models elaborated have not found their effective
application for the analysis of real systems as an integrated part in policy-making
processes {see, for example, Greenberger et at., 1976). What are the main obstacles

to the effective use of models within the policy-making process?

First, much of the modeling and analytical effort is more or less sharply

divided between the following two lines:

. modeling and analyzing various environmental systems, and
. modeling and analyzing economic development (economic modeling on various
scales).

What has not sufficiently been emphasized in these studies is probably the key role
of the interactions between the socic-economic development and the environmen-
tal processes. The great majority of environmental modeling systems analyze the
impacts of resources use, or more general, of socio-economic development, but do
not consider socio-economic consequences of these impacts. This part belongs to
the job of the decision-makers and staff. On the other hand, economic models in
-many cases neglect environmental co‘nsequences due to socio-economic activities
and often thereby neglect the interlacing of certain parts of the socio-economic
development through environmental systems (for instance, the water resources

systermn in mining areas, see Section 2).
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Second, in the last two decades of policy modeling, there was a tendency to
move from the development of simple to much more complex and comprehensive
simulation and optimization models. Kindler and Loucks (1983) described the
increasing difficulties using such models. The difficulties relate to their sometimes
mysterious contents from the users’ point of view, to the incompatability between
available time and budget and the collection and verification of the data required,
to the differences between generated solutions and the solutions preferred by the
policy-makers. "Their greatest shortcoming, it is generally acknowledged, stems
from the fact that they, the models and the analysts, do not fit very well into the
decision making process.” In many cases the real challenge and need is not for
developing bigger, better, more sophisticated models, but ra‘ther with sitting down
and developing very simple-minded procedures (Eisel, 1981). More attention has to
be devoted to the investigation of models in the policy-making process, for

instance, such as those shown in Figure 4.

Third, normative models directly aimed at helping in the policy-making pro-
cess to choose "optimal” or "satisfactory"” actions from among several alternatives
necessitate a judicious choice of optimization criteria. Often the optimization cri-
teria incorporated into models are not relevant enough and do not meet legitimate
preferences. Above all, it has to be emphasized, that economic efficiency is only
one of several criteria. Some of the environmental effects can hardly be translated
into monetary values; perhaps models may never be able to do this convincingly.
"Economists should abandon efforts to develop more or less heroic methods for put-
ting monetary values on intangibles. Intangibles should be accounted for in multi-

criteria analysis" (DeDonnea, 1978).

Fourth, in most of the cases, the existence and quality of the relevant data are
not adequate to the complicated sophisticated models. The lack of model-adequate

data is a well-known but frequently neglected fact. Many models are built upon
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Figure 4. Relationships among policy-makers, policy analysts, their models and
their data (source: Kindler and Loucks, 1983).

incomplete or untrustworthy data. Consequently, untrustworthy results discredit
models with the policy-makers. Similar problems grow out of uncertainty and
imprecision due to limited understanding and predictive capabilities of the
processes going on. Typical examples are most of the ecological processes but the
same applies to uncertainties on the side of the socio-economic development

(economi.c and/or technological uncertainty).

Fifth, policy modeling requires an adequate institutional framework. The use
of models in the policy-making process must be favored by the institutional frame-
work, otherwise the models might never be used. A model which has not been
ordered by the agency which has the decision-making power in the relevant area

bhas only a slight chance of being used by this agency. Moreover, if the
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responsibilities are spread over several agencies, a model will fit if the more or less
conflicting goals of these agencies are reflected (for more details, see De Donnea,

1978).

Finding ways to avoid these obstacles is a challenging task for the planned

study.

4. Research Topics

The choice of a suitable test area determines both the theoretical and the
practical value of the study. Therefore, the following suppositions will be con-

sidered:

- the test area has to reflect the real policy-making process in mining regions
through a statement of typical preferences and objectives as well as decision

alternatives.

- the dimension of the test area has to be restricted to minimize the data

preparation and computing.

- typical environmental subprocesses in mining areas such as the conjunction
of grondwater and surface water flow or processes forming the water quality

have to be integrated.

In the appendix an appropriate test area is schematically outlined.

Based on the rough problem definition in section 2, the first research topic of
the study will be a detailed analysis of the socio-economic environmental process in

the test area.

As the second research topic, suitable submodels for these processes have to be
developed. On the one hand the submodels should be simple enough for their
integration in a complex policy-oriented model and on the other hand reflect the

reality sufficiently accurately for policy-making. Particular difficulties will ori-
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ginate from the differing spatial dimensions and varying time behavior of the
environmental submodels. In section 4.1 the development of the water resources
submodels is outlined. Submodels for the socio-economic processes can be
developed probably relatively simply. Difficulties will arise out of the qualification

of the models with real data.

The third research topic is the choice and development of the mathematical
and computing framework for systems analysis, aiming at a policy-oriented interac-
tive decision support model. A first approach is characterized in section 4.2, based
on experiences with long-term water management models. Above all this topic
determines the applicability of the model system in the policy-making process. The
obstacles, described in section 3 have to be taken into account. The crucial point

lies in the interactive character of the model system.

The fourth research topic will be the development of an approach for the
integration of the decision support model in the policy making process. Consider-
ing the complicated hierarchical structure of the policy-making process in mining
regions, it becomes obvious that only a simplified structure of this process can be
taken as a basis for the study. A sensible compromise would be a two-level system

as shown in Figure 5.

For a two;level system with a regulating body and different independent users
or interest groups as shown in Figure 5a, a suitable two-state decomposition
approach has been proposed by Orlowski (see Hughes et al., 1983). The feasibility of
this approach for the mining preblems will be studied. Additicnal approaches which
stress the interdependencies of the interest groups have to be developed (Figure

5b).

The firnal (fifth) research topic will be the use of methods and models

developed for policy design in the test area.
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4.1. Water Resources Submodeils

The water resources system will be modeled as a system of interlinked submo-
dels. Many highly valued methods for the sepafate modeling of water resources
subsystems exist. These models are mostly not well suited for linking. The submo-
dels would be best suited for normative modeling if they could be described as a set
of algebraic equ‘ations depending on the decision variables. In the literature some
examples of this approach are known (see for example, Haimes and Kindler, 1981,
Yaron and Tapiero, 1980).

For the water resources system in mining areas we can separate three main

subsystems (see Figure 3):

- the soil/plant system
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- the groundwater resources

- the surface water resources

Submodels have to be developed describing both the water quality and essential

water quality processes.

4.1.1. Water Quantity Submodels

Following Figure 2, the only function of the soil /plant system is the transfor-
mation of diffuse water inputs (precipitation, irrigation) into percolation and finally
into groundwater recharge. This is based on the assumption that dealing with
grondwater tables lowered below the threshold of capillary rise, further changes of
groundwater resources do not affect the soil/plant system. Another assumption
can be made that considering the hydrological and hydrogeological properties of
mining areas as well as their usually flat topography surface runoff is very small
compared to percolation and thus can be neglected. Consequently, if we ignore
crop production, the submodel of the soil/ple:mnt system can be replaced by, and

limited to, a model of groundwater recharge.

Considering the objective of the study directed towards long-term planning,
and further the significant groundwater lowering, obviously short-term (within-
the-year and from year t6 year) changes of groundwater recharge can be neglected.
For the determination of long-term mean values of groundwater recharge in the
GDR the program RASTER has been developed (Enderlein et al., 1980). Based on
long-term mean values of precipitation and potential evapotranspiration, the real
evapotranspiration is estimated using the Bagrov- approximation (Dyck, 1978). The
following parameters are considered in the approximation, the main form of land
utilization, the soil type, the type of agricultural land use and the agricultural yield

classes. The groundwater recharge itself results from the balance of precipitation
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minus real evapotranspiration. Long-term changes of land use and soil types due to
mining activities imply changes in groundwater recharge. Based on the program
RASTER simplified relationships between the groundwater recharge and the above
mentioned factors can be estimated and integrated as the submodel "Groundwater

Recharge' in the complex model system.

In looking for the appropriate submodels for ground- and surface water, it is
reasonable to concentrate on models which are already used for management or
policy-making purposes.

Up until the present, water resources modeling was more or less sharply
divided into groundwater and surface water modeling. The development reflects
the different methodological approaches of the surface water hydrology and the
hydrogeology.or geohydrology. The main reasons for these differences are the dif-
ferent time behaviors and the different influence of the precipitation as a stochas-
tic input. For groundwater management, sophisticated models based on finite
difference or finite elements methods are often developed. Hierarchical systems of
such models allow the simulation of the future systems behavior. Management
alternatives have to be considered exogenously. These types of models found great
popularity in many countries for long-term planning and short-term control of
open-pit mine dewatering (see for example, Weeks, 1982). In the GDR for instance, a
powerful regional model has been developed for Eastern Lusatia. Typical model
results - groundwatelr tables and groundwater withdrawal - are shown in Figure 8 for

a planning period till the year 2000 (Peukert et al., 1982).

The great data requirements and the complicated processes simulated by such
models do not easily allow for their direct integration in decision-oriented analytic

packages.
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Figure 7. Simulation results of a regional mine-drainage model (source: Peukert et
al., 1982).
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For surface water management, models combining stochastic (streamflow,
etc.) and deterministic inputs (water use) are used (usually on a monthly basis). In
order to simulate the behavior of a river basin, the system under analysis is com-
monly represented by means of a network of nodes (structural or nonstructural
components of the river basin system) and arcs (natural or man-made connections

of the river system, linking the nodes) (see for example Figure 7).
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Figure 7. Schematic view of a river basin with balance-profiles (P), users (N) and
reservoirs (source: Kozerski, 1981).

Such generalized planning models have been developed in many countries

(Strzepek, 1981 - MITSIMR2; Kozerski, 1981 - GRM: etc) in most cases dealing with
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water quantity only. Management alternatives have to be introduced exogenously.
The basic structure of these models - aljjebraic equations of water balances for bal-

ance profiles - fits the requirements of the model system prepared herein.

Summarizing the discussion, the main difficulties in the development of the
water resources submodels are related to the simplification of the groundwater
subsystem and the interlinking of the ground- and surface water submodels. The
best solution would be the integration of the groundwater subsystem with the sur-

face water balance models mentioned above.

Figure B gives an overview of the typical groundwater-surfacewater flow prob-
lems in mining areas which have to be taken into account. The main difficulties

with these problems are:

- nonlinearity caused by the high amplitude of changes in the groundwater

table,

- the hydrogeological conditions change in time due to the mining (edges,

remaining pits), and

- the flow between surface water and groundwater is a function of the
water table changes in time between the limiting values of baseflow and

free infiltration.

Commonly, the original 3-dimensional groundwater flow problems are simplified
inte multi-layer flow problems, with the assumptions made that in the aquifers,
only horizontal flow takes place, and in the aquitards, only vertical flow takes place.

Based on these assumptions further simplifications are needed.
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Figure 8. Typical flow problems in mining areas.

4.1.1.1. Simplification of Groundwater Models Based on the Eathematics of Linear

Systems

In the last decade, modeling for groundwater management, with special regard
to the conjunctive use of surface and groundwater, has been increasingly based on
the mathematics of linear systems. Linear systems can be characterized by one
function, the unit impulse kernel {(or Green's Function). The response of this sys-

tem to any input can be predicted by the convolution equation.

b
g(t)=fk(t-r)r(r)dr. (1)

with
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g = response to the system
k = impulse kernel function
r = excitation pattern

t = time

Using a step kernel function K, the above equation can be rewritten in the form

t
g (6)=K(t ) (0%)+ [K(t ~7) %T. (2)

For practical solutions, instead of the continuous description of the convolution

equation, a discrete description will be used considering the unit pulse

1)
g(n)=3; 8(n—v+1i)r(v). (3)
v=1
with
n, v = discrete times
1
6(n)=fk (n—7)dT = discrete pulse kernels (4)
0

r(v) = constant input for the interval {(v—1,v).

In the case of m different inputs, we obtain

q(n)=§ idi(n—u+1)~ri(u). (5)

i=1 v=1

Two similar directions are most important - the above discrete kernel
approach (for instance, Morel-Seytoux, 1978) and the algebraic technological func-
tions {for instance, Maddock, 1972, Haimes et al., 1977). In the GDR, the latter
method is used to develop sirnple models for the short-term control of groundwater
extraction for municipal water supply (for instance, Luckner et al., 1979). Gen-
erally, the discrete kernels have to be obtained numerically. For the numerical

generation of the discrete kernels, more or less complicated flow models (finite
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difference of finite elements models) are used.

In these methods the systems behavior is described by algebraic equations of
the sought after system responses on the system impacts or influences only. Such
a model is best suited for its integ'ration in management models. The need of
sophisticated flow models for their numerical generation is unfavorable. If the
linearization for the mining problem is not possible, the implementation of non-
linear algebraic technological functions or discrete kernels should be provided.
Maddock 1974, developed such functions for the drawdown in unconfined aquifers
due to pumping. The resulting functions are nonlinear polynomical relationships
between pumping and drawdown. In general, based on the pertubation theory, it is
possible to transform the nonlinear flow problem into a set of linear problems. For
each of the linear problems the theory of linear mathematics can be used as
described above. First test calculations indicate that two linear problems will be a

sufficient approximation of the nonlinear problem.

4.1.1.2. Groundwater Balance Models

The development of balance models for groundwater subareas, and the cou-
pling of these balance models as a system of linear or nonlinear reservoirs is

another promising approach. In general, groundwater balance equations are used in

the following form:

dh ht—pt —At
Qfp~Qhu=A'S 3 AST (6)

with

t - : m3
@i, = inflow in the balance area [—;—]

t m3
&,,¢ = outflow out of the balance area [s—]
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A = area [m?]

S = storage coefficient [-]
h = peizometric head [m ]
t = time [s]

Introducing the DARCY-Equation, Eq.(8) will be transformed in the typical ground-
water flow equation in terms of h. This equation hardly can be coupled with surface

flow balance equations in terms of &.
Tiemer, 1983 developed a balance model for a groundwater storage in the GDR
based on the storage volume

Vi=C- VR Qut-a (7)
with

Vg = storage volume

C = coefficient characterizing storage losses

Such submodels are best suited for an integration in long-term management
‘models. Difficulties arise with the estimation of the factor C, or more general, with
the flow between subareas if coupled subareas have to be taken into account. For
their determination, in case more sophisticated groundwater models are available,
such models can be used. Otherwise rough balance models in terms of h (Eq.(8)) or

estimates based on analogous situations have to be employed.

A new effective method is also the BIEM (Boundary Integral Equation Method),
see for example Lafe et al.,, 1981. This method allows the estimation of the boun-
dary flux or boundary piezometric head of subareas without determining the head

distribution in the subarea.
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4.1.2. Water Quality Submeodels

In comparison with the above-mentioned quantity problems, the difficulties of
developing water quality .subrnodels for their integration in management models is
tremendous. The hydrogeochemical and bioclogical processes forrning'the quality of
groundwater recharge and groundwater itself in mining areas, such as the weatherf
ing of pyrith and marcasite, are partly unknown, and due to the inhomogeneity of
the porous medium, are full of uncertainties (a problem of data availability). It is
obvious that the research work for the mathematical description of these quality
processes is still in an early stage. The state-of-the-art of this research especially

for mining problems is characterized among others by Luckner and Hummel, 1982.

For the solution of groundwater quality problems efficient models are available
mostly based on Finite-Difference-, Finite-Element-Methods, the Methods of Charac-
teristics and the Random-Walk-Method. An international overview is given by Bach-

mat et al., 1980. The state-of-the-art in the GDR is characterized by Kaden, 1982.

Analogous to the water quality models the integration of such sophisticated
models in decision models is unrealistic, especially for the complicated water qual-
ity processes in mining areas. Only a few publications are known about the
integrated groundwater/surface water management for irrigation and water pollu-

tion control (see for example, Haimes and Kindler, 1981, Yaron and Tapiero, 1980).

For the groundwater quality submodel in the study proposed herewith, only
simplified block-models {conceptual block models based on simple transport models
or black-box models) or quality-balances can be used. The modeling of the surface
water quality probably can be reduced on simplified balance-models considering

sources and sinks.

The discussion above emphasizes the important role of simplified models. Con-
sequently, the verification of such models becomes the key role of their practicabil-

ity. Due to the lack of data, and the restricted knowledge of some processes, only a
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verification by means of more sophisticated models is useful. Test areas should be

chosen considering this aspect.

4.2. Decision Support Model
The following general goals should be considered:

- The model must integrate the essential interactions between as well as
within the socio-economic subsystem (water users) and the environmental

subsystem (water resources system).

- The model must fit in the policy-making process, that means it has to
reflect the goals and policy-making reality of the policy-makers in mining

areas.

- The model should be based on methods which have proved to have been
successful and with extensive practical application in the policy-making

process.

Consequently, it is reasonable that common surface water supply models which are
based on the stochastic simulation of inputs (streamflow) and the deterministic
simulation of water usage, (considering the preferences of certain users) will form
the basis for the proposed model. Such models found extensive practical applica-
tion in the GDR for long-term water planning purposes (see for example, Kozerski,
1981). These models combine stochastic inputs with deterministic simulation using
the Monte-Carlo-Method. This method allows one to deal with the streamflows as a
multidimensional, nonstationary, standardized-normal distributed Markovian pro-

cess, which has been established as a well-suited flow model (Dyck, 19786).
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Figure 9 characterizes the practical application of the long-term planning

models. Management/technological alternatives have to be included exogenously.
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Figure 9. Typical long-term water management approach
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The decision-makers and their staff perform the analysis by evaluating the

economic and technical efficiency, and by selecting alternatives, occasionally

through changes of preferences. In this sense, the approach is a simple form of

scenario analysis. Without conflicting interest groups (and consequently decision-

makers) this is a helpful tool.

In the case of multiple objectives or decision-

makers, the manual selection of optimal scenarios is very difficult, often impossi-

ble.

example of this.

The water resources use and environmental problems in mining areas is an
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The further development of this approcach towards a decision model for the

socio-economic-environmental processes in mining areas necessitates:

- the integration of submodels for all water resources subsystems (see section

4.1), and

- the integration in, or combination with, normative models for a partial
automatized choice of scenarios or selection of technological/management

alternatives.

For the scenario analysis methods of multiobjective analysis will be used. The main
difficulties in implementing these methods evolve from the dynamic and at the
same time stochastic systems behavior. To avoid these difficulties a two level

model system is provided for:

- a time-discrete multiobjective model for planning periods (one to five years)

aggre‘gating long-term decisions and objectives,

- a simulation model for the monthly systems behavior in the planning period
using stochastic input simulation and deterministic allocation of water

resources between users (with given preferences).

Figure 10 characterizes in a simplified way the application of this approach. Based
on an exogenous selection of fundamental technological management alternatives
by the decision maker(s) and staff (DM), the choice of scenarios for the planning
period can be done with the help of an appropriate time-discrete multiobjective
model used interactively with the DM. For an estimation of the parameters of the
multiobjective model and the verification of its results, the simulation model with

stochastic inputs capturing monthly system behavior will be used.

For the model system characterized in Figure 10 an effective multiobjective
model is needed. Summarizing the discussions in the previous sections, in general,

this mode!l should:
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Figure 10. Decomposition approach for long term planning of water resources use
and environmental problems.

- consider discrete and continuous decisions. The technological alternatives
lead to discrete decisions, due to the finite number of options (for example,
mine drainage technology). Otherwise, management alternatives, such as the

allocation of water resources between certain users, are continuous.
- the model should allow linear as well as nonlinear objectives and constraints.

- it should allow random variables, both in objectives and in constraints.
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With regard to the state-of-the-art of multiple-criteria optimization theory and the
computing facilities, a simplification of the problem is indispensable. In the appen-
dix, one of the possible mathematical models for the multiobjective analysis of a

test area is outlined.

The literature on appropriate methods for multicriteria analysis is manifold
(for example, Cohon, 1978, and Goicoechea et al., 1982). A few applications for
socio-economic environmental problems in mining areas are known. Extensive
work has been done in the Mining Research Institute in Budapest (see for example,
Bogardi et al., 1977 and 1980) for karstic water conditions (without surface water
and water quélity impacts). Goicoechea et al, 1982 describe an equal approach for
land reclamation. after coal strip-mining activities. There is now place to discuss
all these powerful methods and their practical applications. A relatively new
method which will most probably be used in this study has been developed at IIASA -
the reference point approach (see Wierzbicki, 1983). Based on this method, an
interactive multicriteria programming package (linear and nonlinear) for decision
support, DIDASS, has been developed (;ee Lewandowski et al., 1982, Grauer, 1983)
and implemented for some technical and economic practical problems (see for
example, Grauer et al, 1982). This method is founded on the idea of satisficing deci-
sion making. Based on aspirati'on levels, and in dynamic cases reference trajec-
tories, efficient responses will be computed. The best-suited solution {considering
the preferences of the decision-maker or some decision-makers) can be obtained by

correcting the aspiration levels in an interactive procedure.
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5. Conclusions and Working PPlan

The paper outlines the conception for a collaborative study on the Analysis of
Regional Water Policies in Open-Cast Mining Areas. Due to the complexity of the
socio-economic environmental problems and the manifold different methodological
tools which are needed for their solution the research team has to deal with and to
integrate different branches of knowledge. Within ITASA’s Institutions and Environ-
mental Polcies Program, inhbuse collaboration above all with the SDS-Program, and
collaboration with institutes in the GDR are fundamental suppositions for success-

ful work.

Although the practical importance of the planned study is obvious, it is worth

mentioning also some of its methodological advantages:

- the study is aimed at the development of an interactive decision support
model for a complex socioc-economic environmental system which is suited for

its integration in the real policy-making process.

- the model will integrate the groundwater flow in mining areas as a highly

nonlinear submodel, appropriate simplified models will be developed.

- the model will combine classical water supply models based on stochastic flow

simulation with normative decision support models.

- the model will be used to study the interactions and regulatory means in a

socio-economic environmental system.
- the study will be a contribution to the further development of groundwater

protection strategies (Kaden, 1983).

Table 3 represents a rough schedule of work to be refined after consultation with

collaborators.
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Table 3. Conception of a Working Plan.

Institution

Research Topics Time

Responsible Collaborative

1. Analysis of the decisive IFW/TUD ITASA 7-10/83
socio—economic and environmental
problems in lignite-mine regions

o formulation of broad goals and
specific objectives of the study

o choice of technological/management
alternatives - identification of
decision variables
o choice and detailed description of
test areas
2. Development of submodels for environ- 9/83-3/84
mental /socioceconomic subsytems
o surface/groundwater quantity IFW ITASA,TUD
0 groundwater quality TUD IIASA,IFW
o surface water quality ' IFW
o mining submodels TUD

0 water management submodels IFW

3. Choice and development of the math-
ematical framework for multiobjective
analysis

o scientific foundation of the two-
level model approach IIASA IFW, TU 9/83-12/83

o implementation of DIDASS for the
aggregated model ITASA 9/83-2/84

o development of the simulation IFW TU, IIASA 9/83-2/84
model for monthly systems behavior

o development of a control program TIASA 1/84-5/84
linking both the models, considering
an interactive, policy-oriented use
4. Approach for the integration of the  ITASA TFW 9/83-3/84
decision support model in the policy
making process

5. Experimental use of the models for ITASA/IFW 1/84-12/84
policy design in. the test areas
o data gathering IFW/TUD 1/84-5/84

6. Preparation of the research report ' 1-3/85
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APPENDIX: Schematic description of the test area "Deep Open-Pit
Mine"

Under the typical hydrogeological conditions in the GDR with
highly ‘mineralized groundwater already to a depth of about 100 m.,
deep open-pit mines create significant water management and
environmental problems due to the drainage of highly mineralized
groundwater {NaCl, etc.).

The test region is charac;cerized by a deep open-pit mine,
located near a river. The main impacts on the water resources sys-

tem are focussed by:

- regional lowering of groundwater table which essentially
affects the riverflow (infiltration losses) as well as a

groundwater-waterworks in this region.

- highly mineralized mine drainage water which is needed for

river flow augmentation but affects the downstream water use.
Possible technological alternatives are for instance:

- water import for water supply, and for flow augmentation

- water export for highly mineralized water

- selective mine drainage

- treatment of highly mineralized water.
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Figure 11 characterizes the test areas schematicaly with the
interest group deep open mining drinking water supply (user 1),

downstream user (user 2), and environment. A rough description of

the model follows.

93 | STOCEASTIC STREAM INPUT

GROUNDWATER
RESERVOIR
44
d2:¢
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Figure 11. Schematic Test Area.

TECHNOLOGICAL/MANAGEMENT ALTERNATIVES - DECISION VARIABLES

qtl‘ - surface water for user 1 [m3 over time unit ]

qt2 - mine drainage for user 1

*)t - time-dependent decision variable
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g5 - outflow of mine drainage water into stream

g4 - export of mine drainage water

water import for user 1

(o]
o
'

groundwater use for user 1

(o]
(o2}
1

water import for flow augmentation {(user 2)

[®]
)
'

T - available time for prepartion of technological alternatives

STATE VARIABLES

The state of the system is described in terms of the flux,
mineralization {groundwater and surface water) and groundwater

tables. Changes in the stream water table can be neglected.

A few of these state variables are necessary for the description

of the objective functions, that means:

qg - stream output of user 2

¢} - mineralization of mine drainage water for user 1 [ng']

cg - mineralization of mine drainage outflow into the stream

ci - mineralization of mine drainage water export

cg - mineralization of stream output for user 2
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ht1 - characteristic groundwater table around the mine [m ]

htz - characteristic groundwater table around the wells for ground-

water use (user 1)

A further set of set variables is necessary for the determination
of decision variables and constraints. This set depends on the
mathematical model of the groundwater-surface-water system. Let
us state that the stream is divided into sections and the groundwa-

ter reservoir into subareas, as shown in Figure 12.

>4

Figure 12. Schematlic representation of the water resource system

Additional state variables are

qsf - infiltration/exfiltration of the stream in the segment 1
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th‘,k - flux between groundwater subareas j - k

h; - characteristic groundwater table of subarea j.

OBJECTIVE FUNCTIONS
Minimizing costs for mine drainage
pf :ft1(92,93,Q4,‘32,‘33,C4,h1) -» Min. (8)

Minimizing deviations between the groundwater table in the mine

itself and a given drainage aim

PE = hipine —hi - Min. (9)

Minimizing costs for water supply for user 1

ps=7r5(91929596C2h2T) » Min. (10)

Minimizing deviation between water supply and demand for user 1

P4 = YGemang 1 — (31+92+95+g ) = Min. (11)

Minimizing costs for downstream waster use

pé = fé(q.?.qa_c B.T) - Min. (12)

Minimizing deviation between water supply and demand for down-

stream water use

P = bemana 2 — 98 » Min. (13)
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Minimizing mineralization of surface water by mine drainage water

with respect to environmental protection objectives

ph=ck - Min. (14)

CONSTRAINTS

The constraints are mainly determined by a set of equations,

describing the state of the system. Such equations are:
-the flux balance for stream sections

- the balance equations for groundwater subareas

(RE+DE_pt)
- ] j
%3‘1:'.:: I Ay (15)

with

A; - area of subarea j

S; - storage coefficient of subarea j

At - time interval

- equations estimating mineralization, probably nonlinear

influence functions

Additional constraints are connected with treatment facilities of

water users, for instance

Co<C (maximum mineralization tobe efficiently treated). (16)

max

with restrictions of technological alternatives such as the water

import, etc.



