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ABSTRACT
In the past, great efforts have been made to optimize pumps in the sense of a Product Approach: The energy
efficiency at the pump's point of optimal operation was maximized by improving its design. While this has enabled
considerable improvements in the optimal efficiency, in practical applications, where one finds oversizing or varying
loads, 90% of the pumps are operated at partial load and thus not at their best operating point [1].
This insight has led to the Extended Product Approach [2], which considers pump and motor as part of a system with
various operating points. A further step towards practically relevant energy assessment is the System Approach: here,
the interactions of several components in the surrounding system are taken into account. This is of high relevance,
since 85% of the energy consumption associated with pumps are actually dissipated in the system [1]. To address
this, the systemic optimization of fluid systems was investigated in a joint project of TU Darmstadt, MLU Halle and
KSB SE & Co. KGaA [3].
Employing the methodology Technical Operations Research (TOR), algorithms from discrete optimization were used
to design optimal systems. In a current project of VDMA pumps+systems TOR is applied to a booster station for water
supply in skyscrapers - a typical example of a fluid system. In this paper, we present the application of all steps of the
TOR-methodology for a downscaled booster station. This includes data collection for modeling, global optimization as
well as validation through simulations and experiments. First, the function of the system is described using load
profiles that have to be fulfilled. Then the aim of the optimization - minimization of life cycle costs - is defined. For
modeling the set of possible components, we use manufacturer's data. Based on this, a mathematical optimization
model is developed. Only simplified models, e.g. without transient start-up procedures, can be considered within the
optimization.
For this reason, a simulation with Modelica is carried out in the next step. Afterwards, the optimal configuration is set
up on a test rig and the feasibility of the configuration is checked. The fluid-system test rig is 6-meter-high and has
five outlets to ambient pressure on different levels, which represents the downscaled water supply in a skyscraper. In
total, 13 speed-controlled pumps are available, of which up to six can be operated and measured simultaneously as a
booster station. A modular piping system allows the simple set-up of different system configurations. If shortcomings
emerge either in simulation or experiment, the optimization program can be adapted.

1

INTRODUCTION

The energy demand of pump systems accounts for
a major part of the primary energy demand
worldwide. Studies show, e.g., that in 2015 11.3 %
of the total energy demand in Germany (572 PJ) is
attributable to mechanical drives in pumps, cf. [4]
and [5]. To reduce this high share, it is mandatory
to design and implement efficient and reliable
booster stations.
In past investigations of pump systems – such as
booster stations for high-rise buildings – primarily
the individual components have been the subject of
intrest: the pumps are considered as isolated
elements and their efficiency is measured, and
possibly optimized, at a single operating point, the
best efficiency point (BEP) [6]. A slightly broader
scope is investigated when measuring a pump’s
Minimum Efficiency Index (MEI): two additional
operation points at overload and at partial load,
respectively, are used for assessing the pump’s
energy efficiency. This procedure is part of an
European
Standard
for
energy-efficiency
evaluation of water pumps [7].
Both of the mentioned methods are related to the
so-called Product Approach, since the focus lies on
the product itself and it is not taken into account
whether the product is used efficiently in the
system. While these approaches have led to
efficiency improvements, there is still a discrepancy
between the real-world operating conditions and
the considered test scenarios: data for booster
stations in [8] show that the peak volume flow is
only required in 1 % of the time. Furthermore,
Jaberg estimates in [1] that – due to oversizing or
varying loads – 90 % of all pumps operate at partial
load and not at their BEP.
For this reason, the Extended Product Approach
was developed within the scope of energy
efficiency guidelines of the European Union [9]. In
addition to product efficiency, the energy-efficient
application is also taken into account. A load profile
is considered, which links volume flow and
pressure demands with corresponding time
profiles. The energy consumption of the Extended
Product (pump and electric motor) considering
these load profiles yields the Energy Efficiency
Index (EEI) [10].
Further development leads to the System
Approach: not the individual components are
subject of investigation, but the interaction of
various components that results in the overall
system [11]. In [1], this approach is motivated by
considering the energy consumption: In a pumping
system, only 15 % of the energy is dissipated in the
pumps; the major part is dissipated in the
surrounding system. In [6] it is estimated that 75 %
of the energy saving potential is attributed to the
system due to (i) better system control, (ii) better

system design and (iii) selection of better sized
pumps, and that only 7.5 % of the saving potential
can be realized by using more efficient pumps.
However, exploiting the optimization potential at
system level is challenging: A huge amount of
different possible components, configurations and
operational parameters has to be taken into
account. In real-world applications, this leads to an
overwhelming number of design choices and
configuration and control possibilities. Based on
this insight, a method for investigating and
optimizing the system as a whole was investigated
in a joint project of TU Darmstadt, MLU Halle and
KSB SE & Co. KGaA. By applying the methodology
Technical Operations Research (TOR) to pumping
systems, significant optimization potential could be
identified [3].
TOR is a guideline for system optimization which
considers the interaction of different system
components and is thus a holistic approach in the
sense of a system approach. By applying
optimization algorithms from discrete mathematics,
one is able to explore the multitude of all possible
system configurations. With TOR, out of all options,
a system configuration is found which – given the
model accuracy and the considered degrees of
freedom – yields the desired performance in an
optimal way, i.e. with highest efficiency or lowest
life cycle cost. Global optimality is guaranteed, i.e.
there can be no better system [12].
1. WHAT IS THE FUNCTION?

2. WHAT IS MY GOAL?
3. WHAT IS THE DEGREE OF FREEDOM?
4. FIND THE OPTIMAL SYSTEM!
5. VERIFY!

6. VALIDATE!
7. LAY OUT!

Figure 1: Steps of the TOR methodology [12].

The steps of the TOR-methodology are shown in
Figure 1. The first step is part of the decision phase:
This phase involves clarifying of (1.) the function
(What do I need the system for?), (2.) the objective
(Which measures or properties of the system
should be optimized?) and (3.) the degrees of
freedom and constraints of the system (What are
the boundary conditions and the available
components?). In the following action phase, (4.) a
mathematical mixed-integer optimization model is
derived and solved using state-of-the-art solvers.
The solution is then (5.) verified using simulation
tools such as Modelica [13] and (6.) validated by
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experimental investigations. Final step (7.) is the
implementation of the real system.
Apart from the TOR methodology, mathematical
optimization methods for technical systems have
been used in many different applications, e.g. in
process engineering [14] or for energy
networks [15].
A
detailed
description
of
mathematical optimization methods applied to
water distribution networks is given in [16].
In this work, we focus on the water supply for highrise buildings using booster stations. These
systems are used to provide sufficient water
pressure in the upper floors and are characterized
by a high portion of operation in partial load.
Furthermore, the required pressure increase is
dominated by the geodetic height.
The regulations for the planning and operation of
booster stations are specified in DIN 1988-500 [17].
In conventional systems, parallel pumps of the
same type are used. The possibility to respond to
fluctuating loads is given by switching pumps on/off
(cascade control) or, if frequency inverters are
installed, by adjusting the rotational speed of one
or multiple pumps.
Previous work has shown that the restriction of the
topology to (i) parallel pumps [18] [19] and/or
(ii) pumps of the same type [20] leads to
unnecessary high energy and investment costs.
Furthermore, recent investigations show that
additional saving potentials can be exploited by
decentralizing pumps, i.e. by supplying floors
individually [16] [21]. In addition, the consideration
of uncertainties during the planning phase, e.g. by
anticipation of pump failures, is increasingly gaining
interest [16] [22].
While
we
could
experimentally
validate
optimization results of the TOR methodology for a
smaller example, cf. [23], there is no publication in
which
the
TOR
methodology
is
used
comprehensively for central booster systems
without limiting the topology, and by including
simulative verification and experimental validation.
In this paper, we present the application of all steps
of the TOR-methodology for a downscaled,
centralized booster station. This includes data
collection for modeling, global optimization as well
as validation by means of simulations and
experiments.

2

TEST RIG FOR BOOSTER STATIONS

We developed a test rig, which models a booster
station for high-rise buildings. All floors of the
downscaled building are supplied by a central
booster station in the basement, and dimensions,
components and load cases were scaled as shown
in Table 1. It is not possible to achieve complete
similitude, but all substantial characteristics have
been kept.
Table 1: Comparison of booster stations for real buildings
and downscaled booster station at the test rig.

geodetic height
difference
Number of floors
(sinks)

REAL
BUILDING

TEST RIG

45 𝑚

5𝑚

15

5

open/closed
system

open system

medium
load cases

water
mainly partial load
centrifugal pumps

type of pumps

special pumps
for booster
stations

Pressure loss
due to friction
compared to
geodetic height
maximum
volume flow

heating circulation
pumps

𝛼𝑅 ≈ 52 %

20 𝑚3 /h

5 𝑚3 /h

The test rig is 6 m high and consists of five outlets
with a height difference of 1 m each (cf. Figure 2).
From a tank at ambient pressure, the water is
pumped to the outlets. Up to six pumps, connected
in any topology (e.g. combination of parallel and
serial connections), are used as a booster station.
At each outlet, representing the different floors,
there is a volume flow sensor, control valve and
inspection glass. The water flows back into the tank
due to gravity via a drainpipe at ambient pressure.
A total of 13 different heating circulation pumps
(centrifugal pumps) are available. The rotational
speed of each pump is controlled and the power
consumption and pressure increase is measured.
Different load cases can be realized by the different
heights of the floors in combination with the control
valves.
Similar to real systems, the booster station is
mainly operated at partial load and the ratio of
pressure losses due to friction and geodetic heights
is approx. 52 % (cf. Chapter 3.1).
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Figure 2: Test rig for flexible pumping systems. Left: Schematic illustration, right: photography

In this chapter, we derive an optimization model for
the booster station in our test rig according to the
TOR methodology. The importance of using
optimization methods versus brute force is shown
in Figure 3: at the test rig, 10102 decisions regarding
piping and 105 decisions regarding both pump
selection and placement have to be made. This
results in a total of 10112 possibilities for the design
of the booster station. In addition, the optimal
rotational speed of the pumps has to be selected.
This number of variants is no longer
comprehensible with classical methods, making the
use of mathematical optimization methods
necessary.

3.1

Function

The function of a DEA is to satisfy the water
demand on all floors. The water demand and thus
the load of the DEA are represented in the form of
load profiles, whereby each load case is defined by
volume flow, pressure increase and time share.
Hirschberg presents in [8] a load profile for booster
stations derived from the time series of measured
volume flows in real buildings. In order to reduce
the complexity, the respective adjacent load cases
are combined and thus the number of load cases
are reduced by half (cf. Figure 4).
0.45
a

OPTIMIZATION MODEL

0.4

𝑠/

3

0.35

NUMBER OF POSSIBILITIES:
10102 105 105 10112
SYSTEM BOUNDARY
?

?

?

?

?

?

?

?

?

?

?

?

TIME SHARE

0.3
0.25

0.2
0.15
0.1

0.05
0

0.19

0.37

0.57

0.8

1

RELATIVE VOLUME FLOW 𝑄 /𝑄max

Figure 3: Possible number of different topologies for the
booster station at the test rig.

Figure 4: Time shares for different relative volume flows
defining the reduced load profile for real booster stations
according to [8] with the volume flow 𝑄𝑠 in load case 𝑠
and the maximum volume flow 𝑄𝑚𝑎𝑥 .

To use this distribution for the test rig, the maximum
volume flow 𝑄max has to be scaled. In order to
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obtain comparability to real booster stations, 𝑄max
is selected in such a way that the influence of
friction in the test rig equals that in real buildings.
The share of the pipe network resistance is
estimated in [8] as:
𝛼R ≔

Δ𝑝friction

𝑓(𝑄max )

Δ𝑝geodetic

𝑓(𝐻)

≈ 52 %.

(1)

3.2

The objective of the optimization is a cost-optimal
fulfilment of the requirements defined by the load
cases. In addition to the investment costs, which
are given by the purchasing costs of the pumps
𝑐pump, 𝑟 , the average energy costs 𝐶energy over a
period of
a years are taken into account. The
objective function reads

The required pressure increase due to the geodetic
height of 𝐻 5 𝑚 is:
Δ𝑝ge

de ic

𝐻𝜚𝑔

To determine Δ𝑝fric i n , a model of the test rig is
necessary, describing the pressure losses as a
function of the volume flow. It is assumed that the
volume flow demand is the same on all floors. The
pressure losses in the inlet, the rising pipes and the
outlet are taken into account. The losses within the
booster station are highly dependent on the
interconnection of pumps and are located within the
system boundaries of the optimization. For this
reason, these losses cannot be simply integrated
and are neglected. The calculation of pressure
losses is based on Bernoulli's stationary equation
Δ𝑝fric i

n

1
𝑄 2
𝜚 𝜁in ( )
2
𝐴in
1
+ 𝜚(𝜁ri ing + 𝜁
2

u

a

𝑐e ec . ∑ ∑ 𝑤𝑠 𝑃𝑟,𝑠
𝑠∈ 𝑟∈𝑅

(4)

+ ∑ 𝑥𝑟 𝑐pump,𝑟 ,
𝑟∈𝑅

with the energy price 𝑐e ec . , the time share
𝑤𝑠
𝑠/
a , the power consumption 𝑃𝑟,𝑠 of
pump 𝑟 in scenario 𝑠 and the purchase decision
variable 𝑥𝑟 . The latter equals 1 if pump 𝑟 is
purchased and 0 if not.
This is a multi-criteria optimization problem where
energy and investment costs have to be balanced.
Both costs are summarized in a single objective
function (4), in which the time period
a is a
weighting factor.

(3)

𝑄/5 2
)(
)
𝐴 u

3.3

with the pressure loss coefficients ζ, estimated as
a function of the installed pipes and fittings
according to the manufacturer's specifications or
literature data. Based on Eqs. (1) to (3), the
maximum volume flow is estimated to 𝑄max
4.564 𝑚3 /ℎ.
The relative load profiles shown in Figure 4 are
used to determine the absolute volume flow
demand 𝑄𝑠 of the different load cases. The
necessary pressure increase of each load case is
calculated combining Eqs. (2) and (3) to
Δ𝑝b er,𝑠 Δ𝑝fric i n,𝑠 + Δ𝑝ge de ic,𝑠 𝑓(𝑄𝑠 , 𝐻).
The load cases are summarized in Table 2.
Table 2: Load cases of the booster station
Pressure
increase
𝚫𝒑𝐛𝐨𝐨𝐬𝐭𝐞𝐫,𝒔 in m

Load
case 𝒔

Time share
𝒘𝒔 𝒕𝒔 /
𝒕𝐭𝐨𝐭𝐚𝐥

1

27 %

0.87

5.12

2

45 %

1.67

5.39

3

18 %

2.60

5.90

4

7%

3.63

6.68

5

3%

4.56

7.60

Volume flow
𝑸𝒔 in m³/h

𝐶

(2)

49 050 Pa.

Objective

Physical Modeling and Playing field

The degrees of freedom of the system
configuration are described by a catalogue of
optional components and constraints which model
the possible interconnections between these
components. The booster station is considered as
a system with the boundaries shown in Figure 3.
Goal of the optimization is to determine the optimal


purchase decision for pump models from a
set of 13 pumps,



switch-on time of pumps in each load case
(maximum of six simultaneously),



rotational speed of each pump in every
load case,



connection of the selected pumps in each
load case.

In order to make these decisions optimally, their
impact on function (volume flow promotion) and
objective (energy and investment costs) has to be
described. Therefore, physical models are
necessary.
The modeling of the pump characteristics (H-Q and
P-Q characteristics) is one of the most important
steps to describe the system behavior. Basically,
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two data sources are available: (i) measurements
and (ii) manufacturer data. In this contribution, we
focus on the latter one. We use the known affinity
laws, cf. [24], to describe the relationship between
the pressure increase and power consumption of a
pump and its rotational speed and volume flow, and
choose polynomials to fit the data.

TOTAL HEAD 𝐻 in m

8
= 93.3%

6

In order to determine the constants, a multivariate
fit is performed using the manufacturer's data. The
correlation between data points according to the
manufacturer and the regression is shown in Figure
5. Further physical models are the volume flow
conservation and pressure increase within the
booster station. These are described in greater
detail in the next Section.

POWER LIMIT

3.4

4

2

0

POWER CONSUMPTION 𝑃 in W

DATA FROM MANUFACTURE
FIT

constant power consumption, independent of
volume flow and rotational speed, caused by
electrical components like the control and
transmitter unit.

4
2
6
8
VOLUME FLOW Q in m³/h

0

10

POWER LIMIT

Mathematical Model

The mathematical model is an adjusted version of
the ones described in [23] and [25]. It consists of an
objective function (cf. Eq. (4)), several constraints
and the decision variables. The constraints ensure
that the physical laws mentioned in Section 3.3 are
satisfied and that the solution is feasible, e.g. that
the load cases are fulfilled. The optimal assignment
of the variables is determined within the optimization, e.g. the optimal pump speed or purchase
decision. Therefore, the system has to be
described by analytical equations.

= 93.3%

5

0

4
2
6
8
VOLUME FLOW Q in m³/h

10

A graph 𝐺 (𝑉, 𝐸) with nodes 𝑉 and edges 𝐸 is
used to describe the superstructure of the system,
i.e. all possible topologies. It consists of one source
node 𝑣𝑄 and one sink node 𝑣 , as well as two nodes
per possible pump. Each edge connecting two
pump nodes represents a possible pump. Different
connections are realized by adding further edges to
the graph (in the following referred to as activation
of an edge). The graph of all possible connections
for three pumps is shown in Figure 6.

Figure 5: Data points according to manufacturer and
regression according to Eqs. (5) and (6) for Grundfos
2
Magna3 25-60. Top: H-Q characteristics (𝑅𝑎𝑑𝑗
2
99.95 %); bottom: P-Q characteristics (𝑅𝑎𝑑𝑗 99.9 %)

A quadratic and a cubic approach are used for the
H-Q characteristic the P-Q characteristic,
respectively. Using the affinity laws, this yields:
𝐻(𝑄, )

𝑃(𝑄, )

𝑎1 𝑄2 + 𝑎2 𝑄 + 𝑎3
𝑓(𝑄2 , 𝑄 , 2 )
3

2

2

𝑏1 𝑄 + 𝑏2 𝑄 + 𝑏3 𝑄
+𝑏4 3 + 𝑏5
3
𝑓(𝑄 , 𝑄2 , 𝑄 2 , 3 )

(5)

Figure 6: Graph of all possible connections in the case of
three available pumps. Active edges are shown in red,
resulting in a serial connection of pump 1 and 2.

(6)

The physical laws are defined using this graph.
This includes the volume flow conservation in each
load case 𝑠 at each pump node 𝑉P
𝑉\{𝑣𝑄 , 𝑣 }:

2

with the relative speed
/ max and the
constants 𝑎𝑖 and 𝑏𝑖 . The constant 𝑏5 does not result
from the hydraulic affinity laws. It describes a

∑ 𝑄𝑖,𝑗,𝑠

∑ 𝑄𝑗,𝑖,𝑠

𝑖∈𝑉

𝑖∈𝑉
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(7)

Furthermore, a volume flow 𝑄𝑖,𝑗,𝑠 on an edge (𝑖, 𝑗)
is only possible if this edge is active (𝑦𝑖,𝑗,𝑠 1):
𝑄𝑖,𝑗,𝑠 ≤ 𝑄ma𝑥 𝑦𝑖,𝑗,𝑠 ∀ 𝑖, 𝑗 ∈ 𝐸,
∀𝑠 ∈ 𝑆,
𝑦𝑖,𝑗,𝑠 ∈ {0,1}.

(8)

The pressure difference 𝐻𝑗,𝑠 − 𝐻𝑖,𝑠 between
two inlet 𝑖 and outlet 𝑗 of an active pump (𝑖, 𝑗)
is
given
by
the
pump
characteristic
𝐻𝑖,𝑗,𝑠 𝑓(pump type, , 𝑄𝑖,𝑗,𝑠 ) according to. Eq. (5):

To be able to compare this result with other layouts,
in a next step, the topology options were fixed to
parallel connections of a number of pumps of the
same type – as it is state-of-the-art for booster
stations. Yet, the selection of the pump type, the
switch-on time of each pump, and the rotational
speed were degrees of freedom and were
optimized, cf. Figure 8. Due to the optimization of
these three aspects, one can still expect efficiency
advantages over conventional systems, even for
the restricted topology options.

𝐻𝑗,𝑠 − 𝐻𝑖,𝑠 ≤ 𝐻𝑖,𝑗,𝑠 + (1 − 𝑦𝑖,𝑗,𝑠 )𝐻max
𝐻𝑗,𝑠 − 𝐻𝑖,𝑠 ≥ 𝐻𝑖,𝑗,𝑠 − (1 − 𝑦𝑖,𝑗,𝑠 )𝐻max
∀𝑖, 𝑗 ∈ 𝑉p ∀𝑠 ∈ 𝑆

(9)

⁄ max .
with the normalized rotational speed
The pressure losses within the booster station (e.g.
due to elbows or fittings) are not considered. This
would require a much more precise modeling of the
interconnections – each fitting would have to be
considered as an additional edge in the graph –
increasing the complexity and computation time
significantly.
Further constraints such as the maximum number
of six pumps that can be operated at the same time,
the interrelation between the purchase decision on
the activity of pumps and the satisfaction of the load
cases are not explained here for reasons of clarity.

4

OPTIMIZATION RESULTS

The optimization model was implemented in
MATLAB, using the toolbox YALMIP [26] with the
OPTI toolbox [27] serving as an interface to various
solvers. For this work, the MINLP solver SCIP 5.0
[28] was used. It can solve nonlinear, non-convex
problems to proven global optimality. Compared to
the use of MILP solvers (as done in [18] and [25]),
there is no need for a piecewise linearization of the
pump characteristics.

Figure 7: Optimal booster station for an operation time of
10 years and no restriction on the topology.

The optimal solution for an operation time of
a
10 years is shown in Figure 7. In each load case,
the pumps "Grundfos Magna3 25-40" and
"Grundfos Magna3 25-80" are chosen and
connected in series.

Figure 8: Optimal booster station for an operation time of
10 years and restriction to parallel pumps of the same
type. In load case 1-3 (top), only one of the two pumps is
running, whereas in case 4 and 5, both pumps are
running (bottom).

A comparison of the solutions in Table 3 reveals
that for an unrestricted topology, investment costs
can be reduced by 12.3 % and energy consumption
can be reduced by 6.5 %, compared to a system of
parallel pumps. However, the computing time for
finding optimal solutions for the optimization model
without topology restrictions increases significantly.
Table 3: Comparison between the performance of the
solution with and without topology restrictions.
Unrestricted
topology

Parallel pumps
of same type

Total costs in €

𝟑𝟎𝟏𝟓. 𝟓𝟖

𝟑𝟒𝟎𝟑. 𝟒𝟎

Investment costs in €

𝟐𝟓𝟏𝟎. 𝟗𝟖

𝟐𝟖𝟔𝟑. 𝟓𝟐

Average power
consumption in W

𝟔𝟓. 𝟐𝟐

𝟔𝟗. 𝟕𝟖

Computing time in s

𝟒𝟗𝟑𝟐𝟔

𝟎. 𝟖𝟑

5

VALIDATION

When modeling a superstructure of various
possible system variants and using mathematical
optimization methods, one has to balance accuracy
and required computing time to calculate the
solution. Due to the inherent complexity of the
underlying optimization models, it is often required
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Table 4: Results of optimization, simulation and
experiment of solution with and without restriction to
parallel pumps of the same type.
Experiment

Average
volume
Flow in
m³/h

1.85

1.85

1.28

1.1

1.29
1.43
± 0.04 ± 0.04

Average
power
consumpt
ion in W

65.22

69.78

60.59

60.93

61.7
66.6
± 1.77 ± 1.70

Average
efficiency
in %

41.83

40.02

40.19

33.52 37.86

Expected
total
costs in €

3015.6 3403.4 3036.23 3508 3068.4 3521.5

Rest.
Top.

Unrest.
Top.

Simulation

Rest.
Top.

Optimization

Unrest.
Top.

Validation by means of simulations allows to consider more details and to investigate different solutions with little effort. Therefore, we use the
modeling language Modelica [13], in which 0dimensional models are used to simulate fluid
systems, cf. Figure 9.

In order to examine the satisfaction of the required
function, i.e. the fulfillment of the volume flow
demand, the volume flow in all floors, averaged
with the probability 𝑤𝑠 , is computed. The results of
optimization, simulation and experiment are shown
in Table 4.

Rest.
Top.

The computed optimal system configuration is
mapped to a simulation model and the test rig. This
comprises the selection of the pumps, connections,
switch-on times and rotational speeds for the
different load cases. Since one optimal topology
defined by the mathematical graph can be realized
by different layouts in reality, we select the layout
with the lowest possible pressure losses within the
booster station (e.g. as few fittings and bends as
possible).

and energy consumption in different load cases are
measured.

Unrest.
Top.

to simplify and approximate the technical and
physical details. For this reason, a validation of the
optimization results is mandatory. The purpose is
to confirm the function (Is the volume flow demand
achieved?), the objective (Does the energy
consumption of the system match the value
predicted in the optimization?) and the feasibility in
practice. In the following, the solutions of the
optimization are compared with the results of
simulation models and experimental investigations
and deviations are discussed. In general, the level
of detail increases from optimization towards
simulation and experiment. However, also
complexity and effort increase.

32.82

Our validation shows, that the volume flow provided
by the booster station is significantly lower than the
one predicted by the optimization model, making it
lower than the demand. This difference is higher in
the experimental validation than in the simulation.
One reason for this are the pressure losses within
the booster station that were neglected in the
optimization model. The simulation allows a closer
analysis: In particular, the cross-sectional change
before and after an installed pump results in
pressure losses, which can be confirmed
experimentally. In future investigations it is possible
to integrate these losses into our optimization
model by taking them into account in the pumps’
characteristic curves.

Figure 9: Modelica model of solution shown in Figure 7.
The models are based on the components of the test rig.

Similarly, for an experimental validation, optimal
system variants computed by the optimization
model are set up on the test rig, and volume flow

The differences in power consumption listed in
Table 4 are not representative due to the
discrepancies in the volume flow values. For this
reason, the average efficiency of the system is
calculated for optimization, simulation, and
experiment, respectively:
𝜂𝑚𝑒𝑎𝑛 ≔ ∑ 𝑤𝑠
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Due to the higher pressure losses compared to the
ones modeled in the optimization program, the
pumps will operate at higher partial load in reality.
While this reduces the electrical power consumption, the overall average efficiency is lower.
The expected energy costs are calculated using the
average efficiency. For the unrestricted topology,
energy costs computed by experimental data are
9.5 % higher than predicted by the optimization,
yielding 1.7 % higher total costs (energy + invest)
for the assumed operation time. The experimental
data for the topology restricted to parallel connections shows a slightly higher volume flow, which
is closer to the value predicted by the optimization.
However, compared to the experimental set up with
unrestricted topology, the power consumption is
higher, which leads to a lower average efficiency.
Overall, the experimental data for the restricted
topology yields a total costs that are 3.5% higher
than expected according to the optimization result.

6

CONCLUSIONS

In this contribution we have presented the
application of all steps of the TOR methodology for
planning a central booster station with unrestricted
options for interconnecting the pumps. This
compromises the definition of the system function,
the optimization goal, and the degrees of freedom
in the system topology. Moreover, we have presented the physical modeling of the system based on
a real test rig. An optimization program was
developed and its solution was compared to a
reference solution with a topology restricted to
parallel connections, only. Both solutions were
validated using (i) a Modelica simulation and (ii) a
modular test rig.
The results show that the necessary approximations in the optimization models cause nonnegligible discrepancies between optimization and
simulation and experiment. The results of the
simulation match the experimental data better than
the ones of the optimization model. This can be
attributed to the higher level of detail in the
simulation. However, only by using the presented
optimization models, an investigation of the full
solution space including all system variants is
feasible. The general approach to planning optimal
systems should therefore be based on what the
TOR method suggests: First, optimization methods
should be used to search the full solution space for
optimal system topologies. The underlying
optimization models will inevitably be more coarse
than simulation models, due to the higher amount
of degrees of freedom (unknown system topology
vs. known system topology). The optimal solutions
found should therefore be validated by simulation
and experiment.

In our investigations we noticed, that the total costs
for energy and investment computed based on
experimental data exceed the ones computed
within the optimization model by 1.7 % and 3.5%
for the unrestricted and restricted topology, respectively. Moreover, we noticed an average difference
in the volume flows delivered by the pumps in
reality, compared to the values predicted by the
optimization model. Due to this discrepancy in performance, adjustments in operation are necessary
in the real system, e.g. an increase of the pumps’
rotational speed. This is a non-trivial task for
complex topologies and will be investigated in
future work. In addition, methods are required to
consider necessary approximations and uncertainties during the planning phase.
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