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Abstract Centrifugal pumps represent a notable share
of electricity consumption in motor-driven systems.
Many studies have verified the energy-saving potential
in these systems with device improvements and by
modification of the applied flow control method or
characteristics of the surrounding process. The best
approach for reaching a more energy-efficient reservoir
pumping system has to be determined for each system
separately, making the analysis too laborious for a typ-
ical system operator. This paper proposes the application
of graphic analysis tool for determination of the avail-
able energy saving potential in a reservoir pumping
application. To realize this object, this paper studies
how the available energy-saving potential in a reservoir
pumping system is affected by two different variable-
speed control schemes and by surrounding process var-
iables, namely the static head variation and friction
factor. Based on conducted simulations, generic graphs
for determination of the available energy saving poten-
tial in the reservoir pumping application are formed, and
their applicability is tested with two real-life cases. The
produced graphs for available energy-saving potential
seem to provide feasible results when compared to the
case studies, justifying their use for instance in energy
audits. Hence, this paper provides an effective tool for

pumping station operators to assess economic feasibility
of a variable-speed operation in their systems. However,
further testing is required to see whether the resulted
graphs are representing reality in all situations that can
be described with static head and its variation.
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Introduction

Centrifugal pumps represent a notable share of
electricity consumption in motor-driven systems.
In addition, energy efficiency improvements in
pumping systems directly affect the resulting ener-
gy consumption with measurable savings as shown
in de Almeida et al. (2003), Kaya et al. (2008),
and Lindstedt and Karvinen (2016). Energy effi-
ciency as a term does not only refer to the effi-
ciency of each individual component, but also the
system demand for the flow and pressure, applied
flow control method and surrounding process pa-
rameters, which set the theoretical minimum level
for the pumping system energy consumption as
introduced in Hovstadius (2005).

Reservoir pumping applications are a typical exam-
ple of operating centrifugal pumps according to the
present and forecasted demand. A repeated filling or
draining of a reservoir is for instance required in waste-
water transportation systems, where wastewater is trans-
ferred from a municipality area to a wastewater
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treatment plant (see Nesbitt 2006 for further
description). In such systems, applying a variable-
speed operation for the pumps allows reservoir drainage
with the minimum energy consumption, which has been
a topic of discussion in several studies. In dos Santos
and Seleghim (2005), the operation of a selection of
different reservoir pumping systems was simulated to
demonstrate the energy-saving potential of a variable-
speed pump control. Zhang et al. (2012) have proposed
a model for the optimal sizing and operation of multi-
level pumping systems, which also aims to take into
account varying energy prices through load shifting. In
Ahonen et al. (2015), methods for optimizing the energy
efficiency of a reservoir pumping process and for the
sensorless identification of the pumping process
characteristics are presented. Furthermore, Lindstedt
and Karvinen (2016) present an energy-efficient control
scheme for systems combined with time limits for the
emptying or filling of reservoirs. A review of research
on improving the energy efficiency of pumping systems
in general is presented in Shankar et al. (2016).

Notable share of existing reservoir pumping
systems are driven with the on/off control scheme
and at a fixed speed dictated by the induction
motor characteristics (e.g., around 1460 rpm).
Since pumps are often oversized for the sake of
Bjust to be on the safe side,^ they are mostly
driven at non-optimal rotational speed leading to
increased specific energy consumption and wasted
resources; Ahonen et al. (2015) have exemplified
how the specific energy consumption in Wh/m3 is
affected by the rotational speed and process static
head Hst in a municipal wastewater station (see
also Hovstadius 1999). Also in terms of time,
variable-speed pumps may allow operation at a
lowered rotational speed and with increased dura-
tion of the drainage event, since the share of
drainage event may just be a fraction of the total
operating time.

In such cases, retrofitting a fixed-speed pumping
system with a variable-speed drive (VSD) and finding
the best rotational speed for the pumping application can
lead to large savings in terms of energy costs as verified
by Barnes (2014) and Lindstedt and Karvinen (2016).
To this end, estimation of the available energy-saving
potential should be possible for the end-user without
extensive calculations or knowledge on the available
control schemes for pumping systems. Often just the
main parameters of the pump (such as the nominal and

maximum operating values) and application (such as the
process static head and desired reservoir level variation)
are known, so the estimation should be possible just
with this information. Also, the possible effect of
existing energy efficiency-based control schemes within
the VSD should be covered in the analysis, so the end-
user could easily determine the actual benefit of apply-
ing such control scheme. With these needs in mind, the
end-user could greatly benefit from a graphic analysis
tool, which uses the readily available information about
the pump and the system as adjustable parameters to
determine the energy-saving potential of a fixed-speed-
operated reservoir pump system without significant ef-
fort. With this analysis approach introduced later in the
paper, the analysis of energy-saving potential becomes
more intuitive when compared to the sole use of equa-
tions, which is the commonly described approach for
analyses (see for instance Pump Systems Matter and
Hydraulic Institute 2008).

The main objective of this paper is to study the
available energy-saving potential in a generic reservoir
pumping application as a function of system parameters
such as relative static head, when a fixed-speed pump is
retrofitted with a VSD having an energy efficiency-
based control scheme, which fixes both the effect of
over-dimensioning and altering static head during the
pumping task. The study is based on simulating a typical
centrifugal pump operation with different process pa-
rameters. Generic graphs for the available energy-saving
potential in the reservoir pumping application are then
created and proposed as a tool for energy audits, which
can be considered as the main novelty of this paper.
Applicability of the calculus is finally tested with two
wastewater station cases.

After this introductory section, this paper divides
into five main sections. The BReservoir pumping
system operated with a variable-speed drive^ section
introduces the applied system variables and the avail-
able VSD-based control schemes for reservoir
pumping systems. The BModelling of pumping sys-
tem operation with different process parameters^ sec-
tion introduces a mathematical model for pumps and
a calculation method to gather generic data for
graphs. Following to this, the BResults^ section illus-
trates the acquired simulation results, and the BEval-
uation of pilot cases^ section studies their applicabil-
ity with two example cases. Finally, the main conclu-
sions of this research work are provided in the BCon-
clusion^ section.
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Reservoir pumping system operated
with a variable-speed drive

In reservoir pumping applications, fluid is pumped from
a reservoir to another, for instance when the allowed
fluid level in the supply reservoir is exceeded. In Fig. 1,
this kind of reservoir drainage application is illustrated;
here, a constant fluid volume V (m3) is repetitively
transferred from supply to the destination reservoir by
a pumping system, if there is no notable variation in the
inflow to the supply reservoir during the drainage event
(Flygt 2015; Lindstedt and Karvinen 2016). As a result
of the pumping task, a certain amount of energy E
(kWh) is consumed, which allows quantification of the
pumping system energy efficiency with the specific
energy consumption Es (kWh/m3) that is also the rela-
tion of power consumption P (kW) and flow rateQ (e.g.,
in m3/h):

Es ¼ E
V

¼ ∫Pdt
∫Qdt

: ð1Þ

As the pumping lowers the fluid level in the supply
reservoir when fluid is transferred to the destination
reservoir, the process static head Hst (m) increases dur-
ing the drainage task from Hst,s to Hst,e. This increase in
the static head can be estimated with

ΔH st ¼ V
A
; ð2Þ

when the supply reservoir has a constant floor area A
(m2), and the total volume V (m3) of the produced flow
is known. Even if the reservoir floor area and process
static head are affected by the fluid level in both

reservoirs, they can be separately taken into account
with the differential equations given in (Lindstedt and
Karvinen 2015).

The resulting increase in the process static head af-
fects the instantaneous system Es and increases the Es-
based optimum rotational speed nopt (rpm) for the
pumping system (Ahonen et al. 2015). Since the pro-
duced flow rate Q (m3/s) is not adjusted with control
valves during normal operation, the friction loss factor k
(s2/m5) can be assumed to remain constant. These as-
sumptions result in the following surrounding process
characteristics for head:

Hprocess Qð Þ ¼ H st þ k⋅Q2 ð3Þ

ΔH st ¼ H st;e−H st;s; ð4Þ

where Hprocess is the total head loss of the system, Hst is
always between Hst,s and Hst,e, and the range of this
variation is denoted with ΔHst.

The ratio of process static head and its variation
during the reservoir drainage are major factors affecting
the available energy-saving potential with the variable-
speed operation. To make these process variables non-
dimensional, and hence generally applicable, they are
scaled with the maximum head Hmax (m) that the pump
is able to produce at zero flow rate at its nominal
rotational speed nn (rpm). The reason for using this
scaling parameter instead of Hprocess is the object of
studying the effect of k on the available energy-saving
potential with the variable-speed operation in the BEffect
of surrounding process variables on the available saving
potential^ section.

VSD-based flow control schemes

When a reservoir pumping system is equipped with a
variable-speed drive, the pump can be operated at a
desired rotational speed. In the case of typical reservoir
drainage application, a variable-speed drive allows
energy-efficient system operation for instance at:

1) a certain constant rotational speed;
2) the optimum rotational speed nopt related to the

instantaneous process state (i.e., present Hst);
3) a certain constant flow rate.

Hst,s

Hst,e k
LS1

LS2

Supply

reservoir

Destination

reservoir

Fixed-speed 
pump

Fluid level 

switches

Fig. 1 Scheme of a two-reservoir process. The pump starts to
discharge the fluid from the supply reservoir to the destination
reservoir when the fluid level reaches LS1. The pumping stops
when the fluid level reaches LS2
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The operation at a certain constant rotational speed is
easy to implement with several means to find the best
reference value: one of the published methods is based
onmonitoring the energy consumption of each reservoir
drainage event and selection of either a lower or higher
constant rotational speed for the next drainage event
based on the energy consumption of two previous drain-
age events (see Middleton 2014; Xylem 2013). This
method is easy to realize without additional measure-
ments, as it relies on the internal power estimation of
VSD.

For systems with changing Hst, operation at a con-
stant rotational speed cannot provide the smallest possi-
ble energy consumption per emptied reservoir. Thus, the
pumping system should be driven at its optimum rota-
tional speed based on the instantaneous process param-
eters. This control scheme is commonly realized with an
external flow rate measurement that is compared to the
power consumption information available from a VSD
for the instantaneous control of the rotational speed
(Kallesøe et al. 2011). Also, soft-sensor-based
implementations of this control scheme have been pro-
posed in literature (Ahonen et al. 2015; Tamminen et al.
2013). A control scheme is presented in Ahonen et al.
(2015), where the increase in the static head and related
optimum rotational speed during the reservoir drainage
is compensated with the use of linear rotational speed
profile, since it closely correlates with Es-based opti-
mum rotational speeds. So far, optimization schemes
based on instantaneous Es have not been provided in
commercial VSDs.

If the time criterion t has to be considered in the
variable-speed operation, pump operation at a constant
flow rate

Q ¼ V
t

ð5Þ

provides another simple control scheme for the VSD. As
with the Es-based optimum rotational speed scheme,
information on the flow rate can be attained with a
separate measurement or by using soft-sensor-based
estimation methods. This control method has been eval-
uated in Lindstedt and Karvinen (2016) where it is
shown to be nearly as energy efficient as operating the
pump with a linear rotational speed profile. This is
caused by the fact that maintaining a constant flow rate
during the drainage event will require a continuous
increase of the pump rotational speed, making it similar
with the linear rotational speed profile introduced above.

Therefore, only control methods 1 and 2 are further
studied in this paper.

Modelling of pumping system operation
with different process parameters

The calculation of available energy saving potential in a
reservoir pumping application requires mathematical
models for the pump, the surrounding process and the
VSD control schemes. In order to have generic results,
the models should also be as generic as possible. There-
fore, models introduced in this section are selected so
that they can be adjusted with nominal values of the
pumping system.

Models for the pump operation

Pump operation can be modeled with polynomial equa-
tions that can be easily adjusted to any radial-flow
centrifugal pump with knowledge on their main perfor-
mance values. Schützhold et al. (2013) have provided
the following model for pump flow rate Qn (m

3/s) vs.
head Hn (m) characteristic curve at a certain fixed rota-
tional speed nn (rpm):

Hn Qnð Þ ¼ Hmax;n− Hmax;n−HBEP;n
� �

⋅
Qn

QBEP;n

 !2

; ð6Þ

where Hmax,n is the maximum head produced by the
pump at zero flow rate, and QBEP,n together with HBEP,n

indicates the best efficiency point of the pump at the
rotational speed nn. As this polynomial equation pro-
vides a generic model for the pump with four easily
identifiable parameters (Hmax,n, HBEP,n, and QBEP,n,
when the pump is operated at nn), and it provides similar
results as the pump model introduced by Bene (2013), it
will be used as the base model for pump operation.
Alternatively, the pump model can be constructed with
Euler equations, leading to the following second-order
polynomial representation of pump head as a function of
flow rate and present rotational speed n (rpm):

H Q; nð Þ ¼ ah2⋅Q2 þ ah1⋅Q⋅nþ ah0⋅n2; ð7Þ
where the pump characteristics at nn are described with
polynomial terms ah2, ah1, and ah0 (Kallesøe 2005).

When the pump is operated with a VSD, the effect of
the present rotational speed n on the pump operation
modeled with (6) can be estimated with affinity laws
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Q nð Þ ¼ n
nn

⋅Qn ð8Þ

H nð Þ ¼ n
nn

� �2

⋅Hn ð9Þ

P nð Þ ¼ n
nn

� �3

⋅Pn; ð10Þ

where subscript n refers to pump quantities at the orig-
inal rotational speed nn, at which the model input pa-
rameters (Hmax,n,HBEP,n, andQBEP,n) were provided. By
combining affinity laws (8) and (9) with (6), the
resulting pump model in the QH plane becomes

H Q; nð Þ ¼ n
nn

� �2

⋅Hmax;n−
n
nn

� �2

⋅ Hmax;n−HBEP;n
� �

⋅
nn
n ⋅Q

QBEP;n

 !2

:

ð11Þ
When the pump is operated in a given process, the

resulting pump operating points (i.e., Q and H) can be
calculated by finding the intersection of (3) and (11) for
each time instance of the reservoir drainage. Based on
this information, the required power consumption of the
pump P (kW) can be calculated for each time instance
with

P Q;Hð Þ ¼ ρ⋅g⋅Q⋅H
η Qð Þ ; ð12Þ

where ρ is the fluid density (e.g., 998 kg/m3 for water at
20 °C), g is the acceleration due to gravity (ca. 9.81 m/
s2), and η is the pump efficiency that can be approxi-
mated for instance with the following model given by
Schützhold (2013):

ηn Qnð Þ ¼ ηBEP;n⋅
2⋅Qn

QBEP;n
−

Q2
n

Q2
BEP;n

 !
: ð13Þ

Often, the pump efficiency is considered to be inde-
pendent from the instantaneous rotational speed (as in
(10)). However, this assumption does not anymore hold
true with over ± 20% change in the pump rotational
speed from its nominal value (Gülich 2003), and there-
fore, the pump efficiency should be corrected to the
instantaneous rotational speed. Gülich (2003) and

Sârbu and Borza (1998) suggest the following equation
for centrifugal pumps operated at reduced rotational
speeds (i.e., n < nn):

η nð Þ ¼ 1− 1−ηnð Þ⋅ nn
n

� �0:1
: ð14Þ

When (13) is inserted to (14) with the consideration
of (8), the pump efficiency can be modeled for present
flow rate and rotational speed with

η Q; nð Þ ¼ 1− 1−ηBEP;n⋅
2⋅
nn
n
⋅Q

QBEP;n
−

nn
n ⋅Q
� �2
Q2

BEP;n

0
@

1
A

0
@

1
A⋅

nn
n

� �0:1
: ð15Þ

Simulation of studied control schemes

The models introduced above allow the simulation of
VSD-based control schemes in the Matlab environment.
Simulations are based on repeated calculation of the
pump operating point at a desired rotational speed in
the known process conditions by using (3), (11), and
(15). By using (12), the pump power consumption at the
current time instance is calculated. The resulting effect
of the pump operation on the process static head is
solved with (2), and eventually the results for the present
time instance are stored to a csv file. This script is
repeated until the fluid level in the reservoir (i.e., the
process Hst) reaches the level LS2, corresponding to
Hst,e. At this point, the resulting energy consumption
per emptied reservoir (E/V as indicated in (1)) is calcu-
lated with the use of trapezoidal integration for the
stored power consumption and flow rate values.

This simulation approach was applied to both control
schemes. For the best constant speed operation, the
simulation was started by determining rotational speed
range in which nopt is located during the drainage event.
As the best constant speed is somewhere between ex-
treme values nopt,s and nopt,e, corresponding to Hst,s and
Hst,e, it was found by repeating the simulation script
with different rotational speeds from nopt,s to nopt,e, and
by monitoring the resulting energy consumption per
emptied reservoir.

The linear speed profile was determined in a corre-
sponding manner, starting with the determination of
nopt,s and nopt,e. Following to this, the slope K for the
speed profile can be calculated with extreme values
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K ¼ nopt;e−nopt;s
H st;e−H st;s

; ð16Þ

and the equation for the current optimum rotational
speed nopt can be formed as a function of present Hst:

nopt H stð Þ ¼ nstart þ K⋅H st; ð17Þ

where nstart is the starting point of the speed profile. Any
known static head value and its optimum rotational
speed could be used to calculate nstart. In the simulations,
nstart is replaced with Hst,s related optimum rotational
speed nopt,s, and pump operation was eventually simu-
lated as described above to determine the resulting en-
ergy consumption per emptied reservoir in each case.

Results

The resulting energy efficiency of both speed control
schemes was studied through simulations for a Sulzer
APP22-80 radial-flow centrifugal pump in a pumping
process with a constant friction loss factor k of 0.0149 ×
10−6 s2/m5 and with various ranges of static head. Base
value for the friction loss factor is based on the optimal
pump dimensioning, when there is about 5 m of process
static head. Also, the effect of friction loss factor on the
results has been simulated, which will be discussed in
the BEffect of surrounding process variables on the
available saving potential^ section.

Verification of the pump model operation

Correct operation of the chosen pump model (6) togeth-
er with formed Eqs. (11) and (15) was first evaluated by
operating the Sulzer pump at various rotational speeds
in the Matlab simulation environment. Figure 2 illus-
trates the resulting characteristic curves for this pump
with QBEP,n = 0.0276 m3/s, HBEP,n = 16.33 m, Hmax,n =
21.87 m, ηBEP,n = 73%, and nn = 1450 rpm as input
parameters, when (6) and (13) are applied. Also, the
effect of pump operation at 1200 and 950 rpm is illus-
trated with the help of (11) and (15) to show their effect
on the pump models. To evaluate the correctness of (11)
and (15), these two resulting curves have also been
transformed with affinity laws (8)–(10) to two lower
rotational speeds. As expected,QH characteristic curves
obtained with (11) and affinity laws are identical to each

other. In Qη curves, one can see the slight decreasing
effect of rotational speed on the resulting curves when
(15) is applied.

Available energy-saving potential with different control
schemes

Simulation runs for different static head ranges were
conducted as described in the BSimulation of studied
control schemes^ section. Energy consumption of drain-
age events per emptied reservoir with different values of
static head variation ΔHst and different levels of static
head Hst,e were calculated by conducting the simulation
run. For each combination of static heads (i.e., for each
kind of drainage event), the energy consumption was
calculated for the studied speed control methods and for
pump operation at the fixed (nominal) speed of
1450 rpm. Here, a drainage event includes all the time
instances between the moments ofHst,s and Hst,e with 1-
s time interval.

The simulated data has been combined into graphs
that allow determination of the most suitable control
scheme for the pumping process. The resulting graphs
illustrate the energy-saving potential of the studied
speed control methods in percent by comparing their
specific energy consumption with that of fixed-speed
operation at the nominal 1450 rpm:

ΔEs ¼ Es;1450 rpm−Es;nopt

Es;1450 rpm
⋅100%: ð18Þ

Since the pumped volume is identical in these com-
parisons between different control schemes, (18) can be
directly used as the measure of energy-saving potential
in percent.

Figure 3 illustrates the energy-saving potential, when
the pumping system is operated at the best constant
rotational speed instead of 1450 rpm. It appears that
when the process static head decreases, the available
energy saving potential increases, while ΔHst has only
a slight effect on the resulting energy-saving potential. It
can also be seen that the best constant speed for drainage
event is close to 1450 rpm when Hst,e is around 75% of
Hmax, as the resulting energy saving potential is below
5%.

Figure 4 illustrates the energy-saving potential, when
a linear rotational speed profile is applied instead of
operating the pump at the fixed speed of 1450 rpm. Also
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here, a decrease in the process static head increases the
available saving potential. Compared to Fig. 3, the
amount of ΔHst has a stronger effect on the resulting
energy-saving potential, as ΔHst can be compensated
with the linear rotational speed profile.

Figure 5 illustrates the resulting difference in the
energy-saving potential between these two control
schemes. With a high level of ΔHst, the linear speed
profile can be more than 10% units more energy effi-
cient than the pump operation at a certain constant
rotational speed. This is expected, as the change in
process static head directly affects the related Es-based

optimum rotational speed as shown in Ahonen et al.
(2015).

Effect of surrounding process variables on the available
saving potential

When the same Sulzer pump is applied to a different
pumping environment, the surrounding process vari-
ables, such as the static head and friction loss factor,
will differ from their assumed values. Friction loss factor
is affected by the length and diameter of piping together
with characteristics of piping components, such as non-

Fig. 2 The resulting characteristic curves for a radial-flow centrifugal pump at the nominal rotational speed of 1450 rpm and at the reduced
speeds of 1200 and 950 rpm

Fig. 3 The resulting energy saving potential in percent, when the
exemplary pumping system is operated at a certain constant rota-
tional speed and at various ranges of static head. Horizontal axis
represents the share of process static head that directly affects the
overall suitability of lowered speed operation. Vertical axis repre-
sents the change in process static head during the reservoir drain-
age, which affects suitability of operating the pump at a constant
rotational speed

Fig. 4 The resulting energy-saving potential in percent, when the
exemplary pumping system is operated with linear rotational speed
profiles and at various ranges of static head. Horizontal axis
represents the share of process static head that directly affects the
overall suitability of lowered speed operation. Vertical axis repre-
sents the change in process static head during the reservoir drain-
age, which favors the use of linear rotational speed profiles
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return valves and piping bends, meaning that the abso-
lute value of k will be unique to each pumping environ-
ment. To assess the effect of the friction loss factor on
these two control schemes, the pumping process was
simulated by using different values for the friction loss
factor.

Figure 6 illustrates the resulting curves with the green
line representing the base amount of k (0.0149 × 10−6 s2/
m5). The orange line corresponds to an environment
with doubled amount of friction losses and the blue line
to an environment with halved friction losses compared
to the base amount. It appears that while the amount of
friction losses in the system does contribute to the
amount of available energy-saving potential, it is not
significant enough to change the illustrated basic behav-
ior of available saving potential, and hence, the resulting
basic shape of the above-presented graphs. This indi-
cates that the graphs in Figs. 3, 4, and 5 should be
feasible for reservoir pumping systems with a variety
of friction losses, if the same pump for which the graphs
were generated is in the setup.

Evaluation of pilot cases

To see if the graphs introduced above provide correct
information, the calculus was applied to two real-life
cases with known characteristics. Both of these cases
have been previously evaluated to determine their avail-
able energy-saving potential through the variable-speed
operation in Ahonen et al. (2015). The findings of these

studies are used to validate the results given by graphs in
Figs. 3 and 4.

The first case is called Pietarsaari. It is a wastewater
pumping station, which is a fine example of a centrifu-
gal pumping process. A study for this case was done by
estimating the amount of energy-saving potential with
Figs. 3 and 4, when the process static head rises from 2
to 5 m, and the pumpmaximum head is 18 m (i.e., ΔHst/
Hmax = 17%; Hst,e/Hmax = 28%). Figure 7 illustrates the
original pump QH characteristic curve in the Pietarsaari
case, the QH curve provided by (6) and the surrounding
systemwith maximum process static head. A significant
difference can be seen in the shapes of the actual and
estimated pump QH characteristic curves, which may
affect the estimation results for this case.

Based on Fig. 3, the estimated energy-saving poten-
tial with the best constant rotational speed operation is
about 43%. With the linear speed profile, this value
increases to 47%. In Ruuskanen (2007), the amount of
available energy-saving potential at the best constant
speed was calculated to be around 40–45%, being very
close to the result provided by Fig. 3.

Since the amount of static head variation during the
pumping task is low, additional energy-saving potential
through the use of linear speed profile cannot be signif-
icant. In this case, the relative amount of static head
variation was 17%, resulting in additional energy-saving
potential between 2 and 4% units according to Fig. 5,
which is in the error margin of previously calculated
energy saving potential.

The second case is called Heimosilta. It is also a
wastewater pumping station with system characteristics
as illustrated in Fig. 8. Since the pumpQH characteristic
curve is only known for a limited flow rate range, Hmax

was approximated to be 35.5 m, leading to ΔHst/Hmax =
2%; Hst,e/Hmax = 36%. This station was selected for the
analysis, because it has a very small variation in the
static head (ca. 1 m) and very low friction losses (k =
0.00048 × 10−6 s2/m5, about 3% of kbase) compared to
the reference case.

A separate field study has been conducted on this
station to test if the flow control method could be
optimized better. Test runs were conducted at different
constant rotational speeds for the study with 18%
energy-saving potential as a main result compared with
the pump operation at its nominal rotational speed.
Based on Figs. 3 and 4, the available saving potential
should be around 36%, which clearly differs from the
measured values. This is mainly caused by the

Fig. 5 Difference in the available energy-saving potential be-
tween the two VSD-based control methods are given in percent
units. The advantage of the linear speed profile control over the
pump operation at a certain constant rotational speed becomes
more significant when variation in the process static head increases
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difference in friction loss factors between the reference
system and this case. This has been ensured by calcu-
lating separate energy-saving potential graphs for the
Heimosilta case with 18% as a result for the available
energy-saving potential both with the constant speed
operation and with linear rotational speed profile.

With these two limited example cases, it can be
noted that the graphs in Figs. 3, 4, and 5 yield
indicative results with reasonable accuracy even for
pumps with notably different QH characteristic curve
shape. It can be expected that the results and their
accuracy will vary when the actual pump curve and
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Fig. 6 Comparison between the
available energy-saving potential
with two different control
schemes and different amounts of
static head variation and friction
losses. Higher variation in static
head results in a larger difference
in the energy saving potential
between the two control methods.
Change in friction loss factor
results in just a slight difference
into the graphs, indicating the
feasibility of Figs. 3, 4, and 5 for
different systems
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tion (6) does not represent identically the actual shape of the pump
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Figs. 3 and 4
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surrounding system characteristics differ more from the
base setup introduced in the BResults^ section. If accurate
results are sought after instead of utilizing Figs. 3, 4, and
5, they can be solved by applying the simulation as
described in the BSimulation of studied control schemes^
section for the pump and system in question.

Conclusion

Reservoir pumping applications are often equipped with
fixed-speed pumps that may also be oversized for com-
mon process requirements. Retrofitting the pumping
system with VSD-based speed control can provide con-
siderable energy and cost savings. Determining the
available benefits of the variable-speed operation nor-
mally requires insight on the pumping process and
technical characteristics of existing pumps. However,
some parameters of the process can be more easily
determined, such as the amount of static head and its
variation during the drainage, since these are general
characteristics of the reservoir pumping system. Char-
acteristics of the pump may also be easily available, if
they are provided by manufacturer.

Unless the pumping process is especially tailored to
use a single constant rotational speed and it happens to
be the nominal rotational speed of the pump, energy will
be wasted. The potential energy savings can be as high
as 40% when retrofitting a VSD into a constant speed
pumping system.

In this study, two VSD-based speed control methods
were introduced and simulated with a centrifugal pump
to create a graphic analysis tool, which could be used for
the quick estimation of available energy-saving poten-
tial using that specific pump in a different pumping
environment.

The produced graphs for available energy-saving
potential seem to provide credible results when com-
pared to the results of two case studies, which justifies
their use for instance in energy auditing. However,
further testing would be required to see whether the
resulted graphs represent reality in all situations that
arise from static head and its variation. Also, even
though the friction loss factor was not as impactful
variable as the static head was, it can vary much more
than what was simulated in this study and skew the
gained results. Overall, if there is a demand for flow
control in the process, installing a variable-speed drive
to a new system or retrofitting it to an older one instead

of running the pump at its nominal speed has been
calculated to provide a significant reduction in the sys-
tem energy consumption.
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