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A decision support procedure for integrative management
of dammed raw water reservoirs

I. Slavik, W. Uhl, B. Skibinski, S. Rolinski, T. Petzoldt, J. Benndorf,
N. Scheifhacken, L. Paul, M. Funke, H. Lohr, J. VAlker and D. Borchardt

ABSTRACT

Dammed drinking water reservoirs with their catchment areas and the downstream rivers are
dynamic systems that change permanently under the influence of many factors. Their multifunctional
use for drinking water supply, flood control, energy production, nature conservation and recreation
as well as ecological constraints for the rivers downstream requires an integrative management
considering and balancing between different requirements. Thus, an optimal reservoir management
has to take into account scenarios of external influences and must be based on predictions of
prospective raw water qualities. Furthermore, the impacts of short- and long-term changes of the
raw water quality on drinking water treatment have to be considered. The problem is very complex
and cannot be solved intuitively but requires the application of hydrological, ecological and process
models. This approach was followed in the work presented here, as a tool to predict and evaluate the
impacts of different reservoir management strategies in an integrative way is currently not available.
The developed decision support procedure (DSP) allows for the estimation of the effects of different
hydrological and water quantity management scenarios on raw water quality, water processing costs
and ecology in the downstream river. Extreme hydrological events or changing boundary conditions
(e.g. climate change) are taken into account.
Key words | decision support procedure (DSP), drinking water, integrative modelling, management
of reservoirs, water quality
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INTRODUCTION the raw waters require a higher degree of treatment plant

The management of dammed drinking water reservoirs is
complex and many aspects partially counteracting have to
be considered. For instance, there is a conflict between
reliable supply of raw water in adequate quantity and quality
and sufficient flood control (Sieber 2003). For optimum
flood protection an almost empty dam is required which
brings lower water quality along. To maintain high reservoir
water quality due to the natural self-cleansing ability of the
water body, the water level should be maintained as high
and constant as possible. If drinking water supply has pri-
ority in reservoir management, a sufficient volume for
drinking water production has to be primarily guaranteed.
The flood retention is also limited with respect to water qual-
ity aspects. Consequently, a compromise and an integrative
strategy are needed to cover these aspects in reservoir man-
agement. Another conflict concerns the amount and quality
of compensation water released, which should be minimal
in order to save high quality raw water, but there are also
requirements and objectives of the EU Water Framework
Directive (WFD) (European Commission 2000) which
have to be fulfilled. In this context also the impact of
changes in compensation water quality on the value and
type of river ecosystem services should be considered (Cost-
anza et al. 1997; Strayer & Dudgeon 2010). According to the
WEFD, most of the rhithral and potamal rivers beneath dams
will not achieve a ‘good ecological status’ or a ‘good ecologi-
cal potential’, respectively, until 2015 (Richter & Volker
2010). In spite of good water quality in the water column
with high ecological potential, interacting processes
between surface water, riverbed (morphology) and hypo-
rheic interstitial can be interfered by fluctuating reservoir
discharges. Hydraulic conditions and flow regime can be
seen as a key variable which shapes the many fundamental
ecological characteristics in rivers and streams (Richter
et al. 1996). A possible consequence of unnatural hydraulic
conditions is a functional loss of the hyporheic interstitial
as a fundamental habitat for aquatic communities (e.g. Saen-
ger & Zanke 2006; Borchardt & Pusch 2008).
Furthermore, raw water quality changes inevitably have
an effect on drinking water treatment efficiency and costs.
Increasing inputs of organic and particulate matter into

efficiency, mostly requiring changes to the whole treatment
technology and supply system operation. Increasing concen-
trations of, e.g. humic substances deteriorate the coagulation
of water contaminants. The disinfection by-product for-
mation potential and the microbial contamination within
the supply system will increase with decreasing treatment
effectiveness. As a consequence of increasing concentrations
of particles, algae and organic matter and temporary changes
in iron and aluminium concentration within the raw water,
more chemicals and volumes of backwash water are
needed, higher amounts of sludge are produced and filter
breakthrough will take place earlier. This will result in
rising costs of operation and waste disposal.

Reservoir specific water management plans have to take
into account the following aspects:

e Long (e.g. climate change) and short-term extreme hydro-
logical events (floods, droughts).

e Structure and management of the drainage basin.

e Water demand and treatment technology installed at the
water works.

e Ecological functionality of the lower reaches.

In contrast to these complex processes and partly coun-
teracting interests, reservoir management is still mainly
based on experience only. However, an increasing interest
of water authorities can be recognised to support their
decision by scientifically proven algorithms and models for
future management. Therefore, tools integrally considering
the different aspects are urgently needed. However, the evol-
ution of reservoir management strategies that harmonise all
demands is very difficult.

Consequently, the main and innovative objective of the
multi-disciplinary study presented here was to develop a
decision support procedure (DSP) for an integrative man-
agement of multipurpose drinking water reservoirs
considering all the aspects mentioned above. For the DSP,
a modular structure and the development and linking of
models describing processes and interrelations in the subsys-

tems were intended:

e water quantity and quality
e drinking water treatment
e downstream river water quality.
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The linking of models should include all aspects of the
physical, chemical or biological structure of the reservoir
and consider the effects of meteorological or hydrological
extreme events on:

e the raw water quality,
e the drinking water treatment, and
e the ecological state of the downstream river.

to establish a consistent framework.

Considering targets and limits defined by the reservoir
operator and based on observed or simulated long-term
run-off series, water quantity management rules should be
derived and optimised. The aim was to predict their influ-
ences on the reservoir’s physical structure and water
quality depending on varying release depths of raw water
and compensation water. Finally, the impacts of the result-
ing water quality on costs of drinking water treatment and
on the ecology of the downstream river should be simulated.
Moreover, it was intended to evaluate the results on the
basis of the targets and limits defined. If the results do not
fulfil the targets, the procedure can be repeated with a modi-
fied scenario. Thus, users of the DSP will be enabled to
simulate and evaluate the complex consequences of differ-
ent management strategies and flood protection demands
on:

e reservoir water quantity and quality
e drinking water treatment
e river water quality.

MATERIALS AND METHODS

The reservoir system investigated comprised the reservoirs
Klingenberg and Lehnmiihle including their tributaries
and pipelines (Figure 1). Both are situated in the South-east-
ern low mountain range of Saxony (Germany).

To optimise the operation rules for quantity related
reservoir management, objective functions describing opti-
mal management were set up. In this case, the guarantee
of drinking water supply, dam stability and the protection
of downstream sites have been the main objectives. Both
flood protection and low-flow requirements downstream
are achieved by keeping maximum and minimum tolerable
discharges, respectively. By setting up the reservoir system

DW Discharge |UUEES

SUIEER Minimum discharge

o By-pass tunnel 3 km long
Reservoir Klingenberg Qax = 30 m3/s

Pipeline V :
Quye = 350 Lfs Fre-dam

Intermediate area:
A, =29 km?
Q,, =0,34 m¥s
DW = Drinking Water |
A, = catchment area
Q, = average flow rate . 1
Q:m = maximum flow rate V Reservoir Lehnmihle
. . v A, =60km?
River Weileritz Q, =1,11ms

Figure 1 | Reservoir system investigated.

(Figure 1), the objective functions describing outflows from
the reservoir are functions of inflows, season and the
volume of all reservoirs in the system. In order to generate
inflow as a function of time during the year, data from
past precipitation-drainage-events and measured inflows to
the reservoir were subjected to pattern recognition. Here,
100 scenarios were generated stochastically covering a
period of 100 years, each describing typical inflow events.
Thereby, all components were available to apply quantity
optimisation using evolutionary strategy. As a parameter
for the evolutionary strategy, the operating rules as relation-
ships between discharges and selected state variables are
considered, for example, in the simplest case, a relationship
between discharge and reservoir volume. The rules them-
selves are described as ‘if-then-functions’.

The integration of water quantity and quality manage-
ment was performed using the software TALSIM
developed by SYDRO Consult GmbH (Lohr 2001) but
extended now to include several water quality criteria and
allow the adoption of quantity based operation strategies
according to the quality-related criteria (Rolinski ef al. 2007).

To estimate the effects of different management strategies
on water quality (at optimum quantity-management), the
coupled physical-ecological model SALMO-HR was used
for deterministic predictions. The model SALMO-HR is a ver-
tically resolved one-dimensional hydrophysical-ecological
model for lakes and reservoirs (Petzoldt et al. 2005; Rolinski
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et al. 2005; Rolinski et al. 2008). Its equations and parameters
are defined in a generalised manner, so that site-specific cali-
bration is restricted to waterbody specific properties such as
planktivorous fish density, light extinction and sediment-P-
release. The model consists of the ecological sub-model
SALMO-1D developed at Technische Universitdt Dresden
(Benndorf & Recknagel 1982; Petzoldt et al. 2005) and the
hydrophysical k-e-model LAKE of the Institute IAMARIS
eV. (Baumert ef al. 2005). The current final version of
SALMO-HR simulates the seasonal development of tempera-
ture, stratification and turbulence (physical components) as
well as the concentrations of phosphorus, nitrogen, phyto-
oxygen, DOC
(including humic substances) and suspended matter (four

plankton (three groups), zooplankton,
particle classes) (Scheifhacken & Paul, unpublished data).

Extreme hydrological events, e.g. extreme floods or
severe low water levels can substantially deteriorate the
water quality and may even result in a malfunction of drink-
ing water treatment (Paul & Scheifhacken 2009). Therefore,
inflow concentrations and in-lake distributions of pollutants
were investigated in order to develop dam-specific as well
as general standards to complete the optimisation rules for
the management of drinking water reservoirs in both water
quantity and quality aspects. Special attention was paid to tur-
bidity caused by floods and the characteristics of suspended
particulate matter (Scheifhacken ef al. 2010). Besides general
water quality data, flux, concentration, size distribution and
settling velocity of particles as well as fractions of dissolved
natural organic matter were determined. The dataset was
completed with historical data provided by the reservoir
administration. Empiric models were used to describe the
development of turbidity in the reservoirs depending on par-
ticle inflow and sedimentation. Following guidelines given in
ATT (2009), a procedure was developed and implemented
that allows for the determination of the minimum storage
capacity and minimum hypolimnion volume of stratified
reservoirs at the beginning of the summer stratification,
which are needed to ensure basic raw water quality and quan-
tity requirements with a user-defined statistical probability
(Scheifthacken & Paul, unpublished data).

To model the impact of management strategies on river
water quality downstream of the reservoir, the oxygen and
nutrients concentrations in the water and the hyporheic
interstitial were measured with probes and a data logger

and were recorded automatically to investigate the influence
of reservoir discharge on benthic invertebrates. Further-
more, oxygen, temperature, pH, conductivity, nitrogen,
phosphorus, DOC and pressure variability were studied at
three reference sampling sites in the catchment area down-
stream of the reservoirs. The interactions between surface
and pore water in the sediment were modelled based on
the temperature variability, the functionality was shown
due to decelerated temperature exchange between both: ver-
tical infiltration rates, reaction potential, detrital drive and
mass transfer between the flowing water and the hyporheic
interstitial dependent on discharge. Results of the water
quality characteristics were compared with thresholds of
chemical and physico-chemical variables given by LAWA
(2007) to estimate the ecological state of water bodies
according to WFD. Oxygen concentrations in the surface
water were modelled according to different scenarios to pre-
dict water quality for specific management strategies.
Benthic invertebrates were sampled in spring 2007 and
2008 according to standardised methods (Haase et al.
2004; Hering et al. 2004, Sundermann et al. 2008). Biological
attributes of benthic invertebrates (e.g. taxonomic or func-
tional composition) were selected to identify possible
effects of unnatural inflow to the aquatic community.

To assess the impact of water quality on drinking water
treatment, coagulation filtration experiments were planned
according to factorial design and carried out at pilot scale.
Treatment performance and costs were described as a func-
tion of organic load and turbidity using an empirical model.
Required information had to be determined with maximum
accuracy from as few as possible experiments. Using the
method of factorial design, simultaneous variation and
investigation of all variables within a single experimental
plan was possible (Montgomery 2005). Thus, distinction of
significant from insignificant variables as well as identifi-
cation of relationships and optimum values could be
achieved. Treatment performance was measured as filter
run time until breakthrough, head loss, coagulant demand,
acid/base demand for pH-adjustment, backwash water
demand and sludge produced. The method of factorial
design was applied to quantitatively describe the relation-
ship between the investigated process parameters (raw
water quality parameters, treatment parameters) and the
dependent variable (treatment capacity). This approach
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was chosen because of the high complexity of mechanistic
models describing treatment processes and the advantage
of not being plant specific or requiring considerable model
calibration and validation as mechanistic models do. The
use of the method of factorial design was meant to develop
regression models in the form of regression equations. This
and the application of an optimisation algorithm finally
resulted in the determination of optimum treatment para-
meters (pH, coagulant dosage and filter velocity) for each
combination of organic load and turbidity. Then, with
these optimised treatment parameters, specific treatment
costs can be determined. As a result, the expected treatment
costs for optimised treatment of each expected raw water
quality can be calculated and plotted in three-dimensional
diagrams (Slavik et al. 2010).

RESULTS

The DSP developed consists of a number of modules. The
modules include model based mathematical descriptions
and stochastic analysis of the processes and interrelations of
the subsystems of a reservoir system (Figure 2). The data inter-
change among these modules offers the possibility to predict
the consequences of different management strategies (differ-
ent intake levels and amounts of raw water withdrawal and
discharge to the lower reaches) in interaction with external
factors (catchment area management, hydrological and cli-
matic factors) on the particular subsystems (Figure 2).
Finally, the optimal reservoir management strategy for

Reservoir management

VS A

Stochastic

 Commenaaton

current or prospective variable constellations can be derived
and validated with respect to defined target values and limits.

The optimised flow of information and data between the
particular modules are mandatory to apply the DSP
(Figure 3). The starting point is the choice of a management
strategy and the definition of ranges of acceptance for quality
and treatment cost indicators (Figure 3). Different scenarios
of raw water abstraction and discharge to the downstream
reaches can be applied. Each management scenario is
characterised by certain preferences of release levels for
raw water and water to the downstream reaches, respect-
ively. For example, raw water is taken from either the
deepest (scenario 1) or the highest (scenario 2) possible
hypolimnetic outlet structure. Alternatively, epilimnetic
water will be abstracted to the downstream reaches and
raw water is taken from a medium hypolimnetic outlet (scen-
ario 3). For these three scenarios, the development of water
quality parameters and their effects on drinking water treat-
ment costs and the ecological state of the river downstream
of the reservoir can be described (Figures 3 and 4).

Then, a mere quantity optimisation for the chosen man-
agement strategy follows within the module ‘Simulation
water quantity’. To optimise quantity, objective functions
were set up as described before to guarantee drinking
water supply, dam stability and the protection of downstream
sites. Using these objective functions and the stochastically
generated inflow loads, operation rules can be defined to
optimise quantity management for the reservoir system
investigated. On the basis of these operation rules, relation-
ships between the inflow to the reservoir, the discharges

Raw water quality
and quantity

; > |Drinking water treatment

»| Models

Discharge

Ecological state of
the lower reaches

|=>

a

Model

Figure 2 | Subsystem interactions and data flows considered in the decision support procedure.
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Figure 3 | Flow of information and data between the modules of the decision support procedure, DWT = drinking water treatment, Q;, = inflow, Qo+ = outflow.
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Figure 4 | Development of the TOC-concentration and the turbidity in the raw water
reservoir during two generated years for the scenarios 1 to 3 (Sc1, Sc2, Sc3,
raw water abstraction at the deepest, highest or medium hypolimnetic outlet,
respectively) compared with a mere quantity optimised reservoir manage-
ment strategy (Ref).

(drinking water treatment, rivers downstream) and the result-
ing storage level can be described. The results of the quantity
related calculations (Qjn, Qout, storage level) serve as input
data for the simulations of dammed reservoir water quality
and directly enter the all-up evaluation.

Within the quality-related optimisation, investigation
results of inflow and in-lake distribution of pollutants
during extreme hydrological events (e.g. extreme floods or
severe draw-downs of the storage level) are also taken into
account. Using stochastic simulations, the minimum storage
and the minimum hypolimnion volume are calculated under
consideration of the water quantity management rules deter-
mined before, which are necessary to ensure raw water
withdrawal from hypolimnetic layers during summer stagna-
tion with a user defined probability. Additional rules for the
quantity management at extreme situations are derived.

The subsequent reservoir water quality simulation in the
module ‘Simulation: water quality dammed reservoirs’ is
using these boundary conditions and gives information
under which constellations of the inflow, the reservoir sto-
rage and the discharge etc. quality-related problems can
occur. Moreover, scenario based modelling shows how qual-
ity problems can be prevented by changing the height of raw
water intake for drinking water production and/or discharge
to the river, respectively. The stochastically generated time
series from the water quantity management model were
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used as hydrological input data and complemented with
meteorological records and empirically derived import con-
centrations (nutrients, humic substances, particles).
Subsequently, indicators for the quality of raw water and
ecological impacts on the downstream reaches of the dis-
charge were determined using these simulation results.
The comparison of different variants of operational reservoir
management on the basis of simulated scenarios allows
objectifying management decisions, which guarantee a best
possible raw water quality for drinking water production
and good ecological conditions downstream. The results of
these simulations do not only contribute to the all-up evalu-
ation but are also used as input data for the calculations
within the modules ‘Simulation: drinking water treatment’
and ‘Simulation: water quality lower reaches’.

The quality simulation of the lower reaches within the
module ‘Simulation: water quality lower reaches’ shows
under which constellation of the discharge quality-related
problems occur downstream and whether, and if necessary
how, these can be reduced by changes in discharge. By
using a model describing transport and transformation pro-
cesses, especially the oxygen conditions (River Water
Quality Model No. 1; Reichert et al. 2001) in the flowing
water and the hyporheic interstitial dependent on different
reservoir management strategies, river water quality can
be predicted. As a result, these simulations provide indi-
cators for the quality of raw water being discharged to the
lower reaches. According to the different defined scenarios
of discharge, model based results of water quality variables
(e.g. oxygen,
thresholds in surface water by LAWA (2007), but long-last-

phosphorus, nitrogen) do not exceed
ing minimum discharges to the lower reaches have an
impact on the oxygen content of the deeper sediment
layers. The benthic invertebrate community is not influ-
enced by reservoir discharge with regard to assessment
methods used to classify ecological status by WFD. How-
ever, significant changes in biocoenotic composition of
invertebrates were identified in consideration of selected
biological attributes adapted to functionality of hyporheic
interstitial (Oligochaeta, Diptera) and discharge (Rheoin-
dex, active filter feeders).

To investigate impacts of different raw water qualities
on drinking water treatment within the module ‘Simulation:
drinking water treatment’, a model was developed to

optimise drinking water treatment which takes into account
short-, mid- and long-term factors impacting raw water qual-
ity (Slavik & Uhl 2007; Slavik & Uhl 2009; Slavik et al. 2010).
To assess the impact of water quality resulting from reservoir
management on drinking water treatment, at first analyses
of historical quality data and treatment performance
during extreme events were carried out. Furthermore, an
extensive series of experiments using pilot-scale filter
plants was run, planned and evaluated by factorial design.
Input parameters for simulation of drinking water treatment
are TOC and turbidity, obtained from the water quality
module. Based on the results of data analysis and pilot inves-
tigations and the model developed herewith, optimum
treatment parameters (filter velocity, coagulant dosage,
pH-value) were determined for minimum costs per m> drink-
ing water produced. To evaluate drinking water treatment
within the framework of the DSP, treatment cost indicators
can be set by the user.

Finally, an overall evaluation of the simulation results
can be done. After running the combined models, the user
of the DSP will have to decide whether a possible violation
of the chosen criteria is acceptable or not. Furthermore,
the decision on continuing the optimisation has to be
made. An optimisation and iteration cycle will be finished
on the decision of the user if a management strategy can be
found which ideally fulfils the quality and quantity-related
objectives as well as the demands on drinking water
treatment efficiency or rather will show least possible devi-
ation. Moreover, the user will get information and
instructions for the operation and management of a raw
water reservoir. Otherwise, a new management strategy
has to be chosen to start the optimisation and iteration
cycle again.

For the three abstraction scenarios described above, the
simulation results with respect to raw water quality and
drinking water treatment costs are exemplarily shown
(Figure 4). Within the water quality model, the seasonal
dynamics of the reservoir water can be reproduced reason-
ably well, especially in terms of particulate substances,
physical variables (e.g. temperature) and phytoplankton
(abundances, biomass). As this seasonal dynamic is decisive
for raw water quality with regard to drinking water treat-
ment, results for e.g. the TOC-concentration are derived
on a daily time step. As result, the development of raw
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water quality parameters in the reservoir can be simulated,
exemplarily shown in Figure 4 for the TOC-concentration
and the turbidity for two generated years. Following this,
specific costs (in Euro per m?®) of drinking water treatment
by coagulation-filtration can be calculated on the basis of
the simulated TOC-concentration and turbidity when the
model for drinking water treatment simulations is applied.
The effects of the abstraction level and the resulting develop-
ment of the water quality parameters on drinking water
treatment costs are shown in Figure 5.

SUMMARY

The entire system of a raw water reservoir for drinking water
production with its catchment area, the river downstream and
the drinking water treatment plants is very complex and
dynamic. With increasing demands and external pressures
such as climate change, future management of drinking
water reservoirs should not only be based on water manage-
ment plans and the operator’s experience any more. Here,
we introduce a newly developed integrative approach to
manage raw water reservoirs by applying a DSP. All aspects
of water quality and quantity, flood protection, cost efficient
drinking water treatment as well as guarantee of an accepta-
ble ecological state of downstream river sections are
implemented. Furthermore, the impact of extreme hydrologi-
cal events and long-term changes (e.g. due to climate change)
are included. This was done on the basis of linking and partly
coupling of models describing the processes and inter-
relations within a drinking water reservoir system. Within
the modules water quantity and raw water quality, already
existing software tools were developed further with respect
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Figure 5 | Development of specific costs (in Euro per m®) of drinking water treatment by
coagulation-filtration during two generated years for the scenarios 1 to 3 (Sc1,
Sc2pSc3iseerFigurerd)comparediwithraimerequantityioptimised management
strategy (Ref).

to the intended purposes of this project and interlinked. The
results of the water quantity and quality simulations serve as
data for the calculations to optimise treatment efficiency for
drinking water production as well as to describe transport
and transformation processes in the lower reaches. By com-
bining all simulation results and by setting up demands and
criteria for raw water reservoir operation, users of this DSP
will be able to simulate and to evaluate the complex conse-
quences of different management strategies and flood
protection demands on reservoir water quantity and quality,
drinking water treatment and river water quality.

According to ecological health and environmental
objectives by WFD of lower reaches, there is a need to
improve a more dynamic discharge and flow regime out of
dams. Hydraulic conditions close to natural ones ensure
ecological functionality with regard to aquatic communities,
morphological alterations and hyporheic interstitial.
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