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Abstract. This study investigates the synchronization of
pumping operations with dynamic energy prices in hinter-
land drainage systems. Employing mathematical models
and optimization techniques, the research systematically
evaluates the inherent flexibility within regular pumping
operations. While traditional approaches often focus
solely on tidal dynamics to enhance energy efficiency, this
study introduces a more comprehensive perspective. Be-
yond the conventional scope, it incorporates a nuanced
analysis of electricity price patterns, aiming to promote
grid-friendly behavior and foster an adaptive and efficient
response to fluctuating energy availabilities. By delving
into these complex interplays, the research not only deep-
ens the understanding of hinterland drainage system dy-
namics but also proposes an approach for robust and sus-
tainable operational practices. Moreover, the holistic ap-
proach aligns with the broader objective of reducing CO2
emissions, reflecting a commitment to environmentally
responsible infrastructure management. Through this
balanced exploration of operational optimization poten-
tials, the research contributes to the scientific discourse
on energy-efficient and environmentally conscious prac-
tices in hinterland drainage systems.

Introduction

The ongoing energy turnaround in Germany is changing
theway we approach energy-intensive facilities. With the
increasing share of renewable energy sources in the
power grid, the fluctuation in energy availability natu-
rally rises[1].

These fluctuations directly influence energy pricesin
the electricity market. Generally, electricity prices tend
to be lower when thereisahigh contribution from renew-
able sources, and vice versa. In addition to the concept of
energy efficiency, thereisan additional potential for flex-
ibility. By utilizing this flexibility, operators can reduce
energy costs, simultaneously lower indirect CO2 emis-
sions, and relieve the strain on the power grid.

As aresult, the cost- and energy-intensive pumping
processes in hinterland drainage should be adapted to the
significantly more complex conditionsin today's electric-
ity market through intelligent control systems. This ad-
aptation aims to ensure holistically optimized drainage
strategies. Theintensification of rainfall events dueto cli-
mate change, coupled with the increasing electricity
prices, poses challenges for pumping station operators
aiming to implement appropriate drainage measures dis-
tinct from outdated concepts. In certain cases, relying
solely on manual binary decisions and operating pumps
at full capacity during high internal or low external water
levels may prove insufficient.

By implementing pump speed control, there is the
possibility to achieve different efficiencies, with lower
speed resulting in significantly reduced energy consump-
tion. However, alonger period is necessary to discharge
the same volume of water, and the maximum discharge
head that can be overcome is reduced. The choice of the
optimal speed depends directly on the current water lev-
els, their rate of change, and the current electricity price
at any giventime.

To counteract the global increase in CO2 emissions
and rising energy costs, extensive knowledge must be
generated to understand the complex relationships be-
tween controllable factors, such as pump duration and
pump speed, and uncontrollable factors like tides, water
levels, and weather conditionsin a drainage system.
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Consequently, a flexible and supply-oriented con-
sumption in energy can be achieved by utilizing forecast
data for precipitation, tides, and power availability in the
future.

1 State of the Art

Thefield of energy flexibility isahighly topical issuedue
to the prevailing energy turnaround, and it is being re-
searched across various industries [2]. In the work by
Reinhart et al., energy flexibility is described as the abil-
ity of production systems to adapt rapidly and cost-effec-
tively to changes in the energy market [3].

In literature, the inclusion of energy consumption
datainto classical simulation models for production pro-
cess planning enables energetic optimizations. By lever-
aging the temporal flexibility of individual production
steps, an optimized adaptation to fluctuations in energy
supply or electricity prices can be implemented [4, 5].

Similarly, for applications within the cost- and en-
ergy-intesive water management sector, possibilities are
being explored to increase energy efficiency of process
steps and reduce costs. Mathematical models are typi-
cally formulated to represent the mathematical relation-
ship between the in- and outflow of water in a tank or
tank cascade. The literature predominantly focuses on
water supply or urban drainage [6, 7], with little attention
given to drainage systems in coastal regions. However,
especiadly for hinterland drainage, novel methods for
drainage optimization arise due to fluctuations in the
electricity market. Traditional methods of pumping dur-
ing low tide are now being contrasted with opportunities
for more complex planning of pumping processes that
consider the fluctuating electricity price structures[8, 9].

2 Scenario Description

The Kehdingen Maintenance Association (Unterhaltung-
sverband Kehdingen in German) is one of the 114 asso-
ciations in Lower Saxony, Germany. Encompassing an
area of approximately 27,000 hectares along the Elbe
River and its immediate environs, the association is en-
gaged in the operation and management of a comprehen-
sive network comprising approximately 160 pumping
stations, housing 400 pumps. The central mandate of this
mai ntenance associ ation revolves around the strategic di-
version of water originating from the natural precipita-
tion area.
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Given the geographical characteristics of the region,
characterized by itslow atitude (below sealevel) natural
drainage becomes a rare occurrence. In instances where
natural drainage is unattainable, the accumulated water
within the maintenance area necessitates deployment of
a considerable energy-intensive mechanism, involving
the pumping of water into the surrounding tidal waters.
In the past, this process has incurred a substantial annual
energy consumption from approximately 2.5 to 3 million
kWh, for the maintenance association and its members.
Consequently, this energy consumption in the year 2021
corresponded to an average emission output of approxi-
mately 1300 tons of CO2 equivalents.

In the context of a conventional drainage system, a
diverse array of pumping stations assumes distinct roles,
each characterized by specific functions that depend
upon its position within the system. Polder pumping sta-
tions, for instance, are instrumental in collecting water
designated for discharge directly inland, directing it
through pump and pipe towards elevated storage basins
or canals. Positioned at higher elevations, these storage
basins offer two alternative pathways for thewater: it can
either undergo further elevation through second-stage
pumping stationsto attain an even greater height, or it can
be promptly channeled into neighboring tidal waters by
dike pumping stations. The quantity of distinct pumping
stations exhibits variability and istailored to suit the con-
ditions inherent in each locale. Determining factors in
this configuration encompass considerations such as the
geographical expanse of the area and the overal lift re-
quirement. For instance, there exists a relatively abun-
dant distribution of polder pumping stations situated in-
land, with second-stage pumping stations strategically
deployed on an as-needed basis. In contrast, a compara-
bly limited number of dike pumping stations are strategi-
caly positioned at the edges of dikes. In terms of capac-
ity, dike pumping stations inherently have significantly
higher capabilitiesthan their counterparts, facilitating the
efficient processing of all precipitation water to be dis-
charged from the enclosed area.

Certain pumping stations within the drainage system
are equipped with fixed overflow edges, signifying that
the water designated for discharge is consistently
pumped to an elevated level above the water surface of
the subsequent storage basin via an integrated pipe sys-
tem. The drained water then flowsinto the next collecting
basin. Importantly, thelift height at any given moment is
contingent solely upon the prevailing water level within
the upstream collecting basin.



Particularly in dike pumping stations, a distinctive
operational concept is employed, involving the pumping
of water beneath the dike into tidal waters. Notably, the
water level within the tidal waters typically exceeds the
discharge point of the pump, as illustrated in Figure 1.
Consequently, within this concept, the prevailing lift
height is dictated by the disparity between the external
water level inthetidal waters and the internal water level
within the upstream sections.

Given the cyclic variations in tidal water levels, at-
tributed to tidal fluctuations, intervals characterized by
relatively high or low lift heights emerge periodically.
These fluctuations introduce dynamic variations in the
lift heights, accentuating the inherent dynamism associ-
ated with the dike pumping station's operationa para-
digm.

To conduct a comprehensive analysis of specific at-
tributes of the system amid the variability of water levels,
a systematic collection of data is undertaken at diverse
parameter states crucial to the system's functionality.
This process entails the adjustment of the motor speed of
the pump, employing a discrete sinusoidal pattern within
the operational range under authentic conditions.

This pattern spansthe entirety of the operational spec-
trum, ranging from 65% to 100% of the nominal rota-
tional speed specific to the retailer. The data collection
process is facilitated through the implementation of spe-
cific measurement systems. These encompass recording
of flow rate, power consumption, and water level meas-
urements.

The utilization of these measurement systems ensures
capturing an extensive array of system-related data
points, contributing to acomprehensive understanding of
the system's performance characteristics.
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Dike

Storage basin
Figure 1: Schematic diagram of a pumping station

for pumping rainwater under the dike
into tidal waters.
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3 Mathematical Model

This section presents the mathematical modeling of asin-
gle dike pumping station with a variable-speed pump.
Based on this model, different scenarios are compared in
terms of a mathematically optimized drainage strategy.

3.1 Model Description

The basis for the subsequent mathematical modeling is
the Mixed-Integer Nonlinear Optimization (MINLP)
framework presented in the work by Fecarotta et al. [6].
Given that drainage systems typicaly consist of a net-
work of multi-stage pumps and storage basins exhibiting
systematic interdependence, the problem is transformed
into a Mixed-Integer Linear Optimization Problem
(MILP) using linearization and discretization techniques.
This reduction in complexity aims to ensure the calcula-
tion of multi-stage pumping schedules within reasonable
time constraints under real-world conditions.

Initially, the classification of measured, system-spe-
cific data points for the pump resultsin N = 7 equidistant
speed ranges (N1: 65%—70%, No: 70%—75%, ...). Subse-
quently, the application of linear regression methods al-
lows the derivation of discretized, linear system charac-
teristic curves.

high
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high
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Power
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Discharge
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Figure 2: Measured data points with resulting system
characteristics of an installed drainage pump
in the speed range (N; - N;) from 65 % to 100 %
of the specific nominal speed.
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These curves define the relationship between head or
power and flow rate of the pump, providing insightsinto
the general functioning of a corresponding pump in its
operational range (see Figure 2).

Four different vectors are generated to represent the
characteristic curves. Vectors My and Mp capture the
dope of theregression linesfor the head and power char-
acteristic curves, respectively. By and Bp represent the
ordinate interception of the curves.

The mathematical optimization in this work is based
on a multicriteria minimization of the sum of the accu-
mulated energy consumption P, and energy costs K; with
aweighting factor w:

< ~ Woky-de

minZF = Z(w P+
teT

Here, T represents the number of periods, and dt is the
duration of the planning periods. Energy costs are de-
rived from the energy consumption and the energy prices
p; of individual periods (K, = P; - p;). A scaling factor s
adjusts the costs to the range of energy consumption val-
ues, with s representing the average value of p,. The pref-
erence for different objective criteria can be varied arbi-
trarily through the weighting factor w.

The decision variables of the optimization model are
represented by binary variables x,,, € {0,1}, wheren €
{0,1,..,N} and x; , = 1 signifies the deactivation of the
pump in period t. For al n € {1,..., N}, x,, represents
the choice of one of the N specific speed ranges.

The system is subject to various constraints, which
limit the optimization possibilities by restricting the so-
lution space. These constraints are formally presented in

the following.
Through adiscretized continuity egquation
innt - th’
Hint = Hint_l f ' dt (2)

it is ensured that the change in the internal water level
Hip, in the reservoir is consistent with the average dis-

charge

(th — Qt +ZQt—1)
and inflow
Qin + Qin —_
(dQin, = %)

of water in consecutive time intervals.
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These values are based on the discharge Q and inflow
Q;n between two consecutive time intervals.

Asthe water level of the tank should not fall below a
certain lower (cy,) or exceed the upper (c,p,) bound, ca-
pacity constraints are defined, which represent an idle
and overflow protection:

Cp < Hin, < cwp ©)

Thehead H, in each timeinterval is defined asafunction
of theinternal Hj,, and external H,,., water levels:

H, = Hextt _Hint (4)

The following four inequalities alow discrete selection
fromthe N availableregression curvesfor different speed
ranges.

By choosing sufficiently high values for H,,,, and
Prax the constraints for non-selected speed ranges
Xen V. € N\{0} are relaxed to avoid limiting the avail-

able solution space.
My, " Q¢+ By, — Hmax - (1 — x) < H; )
My, " Q¢+ By, + Hpax - (1 — x¢) = Hy (6)
Mp, " Q¢+ Bp, = Pnax* (1 = Xn) < P¢ (7)
Mp, Q¢+ Bp, + Ppax* (L —x:0) = P, (8)

The following two formal relationships ensure that the
generatable flow or required power is set to zero if the
pump is deactivated. By choosing sufficiently high val-
uesfor Q .. and Py, the constraints for an active pump
are relaxed to avoid restricting its operation in the work-
ing area.

(1 —x¢0) - Qmax = @t 9
(1 - xt,O) *Prax = Pt (10)

Additionally, it is defined by the following equation that
the pump iseither deactivated within atimeinterval (n =
0) or exactly one speed range of the pump is activated

(n € N\{0}).
D =1 (21

n=0
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For reasons of plausibility, non-negativity conditions
apply to both flow and power:

Q=0 (32)

P, >0 (43)

3.2 Experiment Execution

During the execution of the subsequent experiments, var-
ious necessary supplementary data values are incorpo-
rated into the presented MILP. The Gurobi Solver is uti-
lized to compute an optimal pumping schedule for four
consecutive days (or 384 time steps with a time window
of 15 minutes).

In addition to implementing three different electricity
price patterns (Price 1, 2, and 3) exhibiting varying de-
grees of electricity price fluctuations (refer to Figure 3),
thetidal behavior of atidal water body is simulated using
asinusoidal function with a 12-hour cycle.

Theinitial water level of the collecting basin is set to
a fixed value, positioned at half the height of the water
level suitablefor discharge. Furthermore, alinear storage
cascade is employed to convert precipitation into runoff
data, modeling the inflow to the collecting basin [10]. In
this context, an inflow pattern consisting of three ran-
domly consecutive inflows with varying intensity is se-
lected. Additionally, theinflow pattern is scaled by afac-
tor of 1.5 to model a second, stronger inflow, alowing
for the examination of different effects.

In Figure 4, an exemplary representation of a single
scenario with optimized pump planning over atime hori-
zon of four daysis depicted. Thefirst row of the diagram
illustrates the underlying electricity price patterns.

—~ 0.20
é —— Price 1
x> 0.15 Price 2
) rice
@ 0.104 =*-- Price 3 JH _
£ 0.00
0
& -0.05
0 20 40 60 80 100

Time [h]

Figure 3: Four-day trends with quarter-hourly resolution
of different past wholesale prices for electricity
in Germany/Luxembourg based on data from
the Federal Network Agency [11].

The second row visualizes the tidal-like behavior of
the external water level. Following this is the resulting
internal water level of the collecting basin through opti-
mization, starting at the mean of the capacity limits
(lower bound: 0.6 m, upper bound: 0.8 m). Row 4 dis-
plays the applied inflow pattern, and in the subsequent
three rows, the optimal profiles of pump performance
data (flow rate, speed, and power) are shown.

Based on the specified conditions, six different study
scenarios arise, as presented in Table 1. Each scenario
utilizes one of the three electricity price patterns and one
of the two inflow intensities.

Within these scenarios, the weighting factor w isvar-
ied in equidistant steps between 0 and 1, allowing for the
exclusive consideration and optimization of either energy
costs or energy consumption, or aweighted combination
of both factors.

In order to ensure comparability between the results
using different price patterns, a ssmulation is conducted
where the mathematical optimization is applied to 38 cy-
clic shifts of the inflow pattern.

In each optimization run, the data seriesis shifted by
ten time steps. This shift ensures that different random
parameter states occur between current price and inflow,
introducing variability.

Weak inflow Strong inflow

Price 1 Relatively strong price  Relatively strong price
fluctuations with mod-  fluctuations with heav-
erate precipitation ier precipitation

Price 2 Average price fluctua-  Average price fluctua-
tions with moderate tions with heavier pre-
precipitation Cipitation

Price 3 Relatively weak price Relatively weak price

fluctuations with heav-
ier precipitation

fluctuations with mod-
erate precipitation

Table 1: Presentation of the study scenarios for different
electricity price patterns and inflow intesities.

The evaluated metrics include the resulting average en-
ergy consumption and average energy costs. The basis
for the six scenariosin Table 1 is determined by the opti-
mization results obtained, assuming a constant average
price for the underlying electricity price pattern. This as-
sumption serves as arepresentative benchmark for there-
spective scenario and is also representative for the opti-
mization of tariff-based electricity procurement.
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Figure 4: Exemplary optimized pump scenario for four
days with fluctuating electricity prices (Price 2)
and weak inflow pattern for w = 1.

4 Results

Thefindings presented in Figure 5illustrate the alteration
in the pump pattern corresponding to variations in the
weighting factor.

The foundational approach, prioritizing the minimi-
zation of energy consumption, defined asw = 1, mani-
festsin the planning of requisite pumping operations pri-
marily during phases of relatively low tide. In contrast, it
isequally apparent that the strategy of minimizing energy
costswithw = 0 prompts an adaptation of pumping op-
erations to coincide with periods characterized by lower
energy expenses.

Utilizing the data presented in Figure 6, a more in-
depth analysis uncoversthat, across all scenarioslistedin
Table 1, the escalation of valuesfor the variable w leads,
on average, to areduction in energy consumption and an
increase in energy Costs.
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Notably, the costs demonstrate a relatively robust ex-
ponential growth in this context. Observing from the up-
per to lower perspective, this effect experiences a swift
reduction with decreasing volatility in the electricity
price pattern. Similarly, when examining from left to
right, the augmentation in inflow intensity mitigates this
effect aswell.

— 0.10
b=

0 20 40 60 80 100

0 20 40 60 80 100
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cee w=1  —— w=0

Figure 5: Comparison for the optimization of energy
consumption and costs based on exemplarily
optimized pump scenarios for four days with
a random inflow pattern (Price 3).

Utilizing the data presented in Figure 6, a more in-depth
analysisuncoversthat, acrossall scenarioslistedin Table
1, the escalation of values for the variable w leads, on
average, to areduction in energy consumption and an in-
crease in energy Costs.

Notably, the costs demonstrate a relatively robust ex-
ponential growth in this context. Observing from the up-
per to lower perspective, this effect experiences a swift
reduction with decreasing volatility in the electricity
price pattern. Similarly, when examining from left to
right, the augmentation in inflow intensity mitigates this
effect aswell.

When using constant average prices, w > 0 leadsto
constant average values for energy consumption or en-
ergy costs, asthe cost optimization criterion offersno ad-
vantages due to the absence of electricity price fluctua-
tions. Thus, the resulting energy consumption always
corresponds to the consumption forw = 1.

However, a different pattern emerges for energy
costs. In the presented range, costs at constant el ectricity
price structures exhibit a high negative discrepancy for
w < 1, asno low-price phases can be utilized for pump-
ing operations.
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Figure 6: Simulation results for the mathematical
optimization of the objective criteria (energy
consumption and energy costs) under variation
of the weighting factor w for different inflow
scenarios and electricity price patterns.

5 Summary

In the context of this research contribution, a simpli-
fied Mathematical Model (MILP) was presented, de-
signed to elucidate critical relationshipswithin adrainage
system. This model employs complex reduction tech-
niques such aslinearization and discretization. The MILP
was strategically employed to conduct a comparative
analysis of various scenarios, specifically focusing on en-
ergy consumption and associated costs.

The study showcased the extent to which costs can be
mitigated under specific conditions by integrating con-
siderations of electricity pricefluctuationsinto the strate-
gic planning of pumping operations.

Through extensive simulation efforts, the obtained re-
sults were rigorously tested across a diverse range of ex-
ternal conditions.

Notably, our findings underscore the substantial cost-
reducing effects achieved through even a modest priori-
tization of energy costs in the optimization process.
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To advance the scope of this research, a promising
avenue is the in-depth analysis of multi-stage drainage
systems. Furthermore, the exploration of stochastic fluc-
tuations in electricity prices, precipitation, or inflows
could yield additional valuable insights.

For example, such an approach could delve into devi-
ations of solution quality from the computed optimum,
providing a more comprehensive understanding of the
system's dynamic behavior.
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