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HIGHLIGHTS

® A novel approach for the efficient management of wastewater pumps is presented.

® This approach couples fuzzy logic and data-mining to reduce the pump energy consumption.
® This approach enables to monitor the pumps and provide case-specific suggestions.

® Short-term and long-term phenomena were identified and separately monitored.

® Flow-related issues and early-stage failures were detected.
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Studies and publications from the past ten years demonstrate that generally the energy efficiency of Waste Water
Treatment Plants (WWTPs) is unsatisfactory. In this domain, efficient pump energy management can generate
economic and environmental benefits. Although the availability of on-line sensors can provide high-frequency
information about pump systems, at best, energy assessment is carried out a few times a year using aggregated
data. Consequently, pump inefficiencies are normally detected late and the comprehension of pump system
dynamics is often not satisfactory. In this paper, a data-driven methodology to support the daily energy decision-
making is presented. This innovative approach, based on fuzzy logic, supports plant managers with detailed
information about pump performance, and provides case-based suggestions to reduce the pump system energy
consumption and extend pump life spans. A case study, performed on a WWTP in Germany, shows that it is
possible to identify energy inefficiencies and case-based solutions to reduce the pump energy consumption by
18.5%.

1. Introduction In this introduction, the reader will find a three-part literature re-

view: an assessment of WWTP inefficiency, methodologies for the ef-

The energy performance of Waste Water Treatment Plants (WWTPs)
is generally sub-optimal and an energy saving potential of approxi-
mately 25% [1] can be estimated. Moreover, these facilities are energy-
intensive and in Europe they consume 27 TWh of electrical energy per
year, which corresponds roughly to the global electric energy con-
sumption of a country like Serbia [2]. Various authors have therefore
proposed strategies to assess and reduce the energy consumption of
these facilities [1-9].

ficient management of WWTPs and methodologies for pump mon-
itoring and optimization. Subsequently, gaps in literature and the
scientific contribution of this paper will be addressed.

1.1. Literature review: assessment of WWTP inefficiency

Many authors have attempted to estimate the potential energy
saving in WWTPs, assess inefficiencies and set up realistic targets for
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Nomenclature and symbols
Abbreviation Full name
BEP best efficient point of the pumps
BUR wastewater treatment plant in Solingen-Burg, GER
Cen cost of energy
DEA Data Envelopment Analysis
Eiq ideal energy consumption
EOS Energy Online System
IPS Intermediate Pumping System
mpeb maximum potential economic benefit from maintenance

Nyay—3ypears Number of days in 3 years

pcs potential cost saving

pcs average value of pcs for the period under study

pes potential energy saving

PLCs program-logic controllers

SCADA  Supervisory Control And Data Acquisition

WWTPs wastewater treatment plants

z binary value for fluctuation monitoring, Section 2.4
7 efficiency of the pump system

7 trend of energy efficiency, calculated with moving median
n fluctuation of energy efficiency

energy performance ([1,3-6]). Castellet and Molinos-Senante [1] ana-
lysed a group of WWTPs located in Spain; the authors identified a high
economic saving potential (almost 1 million €/year per plant) and
showed how energy consumption can play a relevant role in the eco-
nomic balance. Mizuta and Shimada [3] analysed the specific energy
consumption of 983 WWTPs in Japan and showed the impact of
economies of scale on energy performance. In [[4], chapter 3, p. 44],
the author discussed the potential energy efficiency of WWTPs, and
identified energy self-sufficiency as a realistic objective. Hernandez-
Sancho et al. [5] applied a non-radial DEA approach to analyse WWTPs
in Spain and found that only 10% of the plants could be considered
energy efficient. Becker and Hansen [6] illustrated the difficulties in
reaching a satisfactory energy performance for WWTPs in North-West
Europe. In summary, the following conclusions can be made: (I) energy
saving in WWTPs is a relevant challenge; (II) the energy consumption of
WWTPs is generally high; (III) the energy consumption of WWTPs can
be drastically reduced.

1.2. Literature review:methodologies for the efficient management of
WWTPs

Various authors (for example [2,7-9]) applied a benchmark based
approach to identify inefficiencies and promote the reduction of WWTP
energy consumption. Krampe [7] carried out a benchmark analysis of
24 WWTPs located in Australia, identifying global inefficiencies and,
more specifically, inefficiencies in pump and aeration systems by using
process-based benchmarks. Panepinto et al. [8] monitored the energy
consumption of the most important electro-mechanical devices for a
WWTP located in Italy, using remote sensors and identifying case-based
technical solutions to increase energy efficiency. In [2,9], the authors of
this paper developed an Energy On-Line System (EOS) for the collection
of high-time resolution (up to many values per second) energy values to
allow the comparison of WWTPs regardless of their size. Furthermore,
they proposed a methodology for a plant-generic daily benchmarking.
In other words, the scientific community is committed to WWTP energy
performance assessments, and to the definition of methodologies for the
reduction of energy consumption.

1.3. Literature review:methodologies for pump optimization

Various authors have proposed efficiency strategies for pumping
systems, including design and calibration, assessment and reporting,
maintenance and on-line monitoring [10-20]. In ([10], p. 33), the au-
thors elaborated the most common maintenance strategies for pump
efficiency: the simplest approach is a fixed interval scheduled main-
tenance; a more advanced approach is predictive or conditional main-
tenance. The latter can be performed using vibration sensors, thermo-
graphy, or infra-red (IR) scanning [10]; these sensors do not directly
provide measures for energy performance but the detection of anoma-
lies can indirectly produce energy savings. In [11], it is proposed a
decision-making tool for the efficiency analysis and decision-support
based on an economic consideration of WWTP pumps. In [12], it is
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presented a methodology based on a mathematical optimization to
identify the best flow repartition in a parallel-multi-pump system.
Zhang et al. [13] obtained positive results developing a methodology,
based on a neural network, for the optimal scheduling of operations in
multi-pump systems. Chang et al. [14] used fuzzy logic algorithms to
find the optimal operating point of multi-pump systems. Olszewski [15]
focused his effort on the optimization of multi-pump systems with a
genetic algorithm optimization. DeBenedictis et al. [16] proposed a
methodology to evaluate the impact of variable speed drives and pro-
gram-logic controllers (PLCs) on pump system efficiency. Berge et al.
[17] focused on the condition monitoring of pump systems using an
array of sensors including: pump vibration, motor winding tempera-
ture, motor current, motor bearing temperature and pump inflow.
Wang et al. [18] proposed an optimization method for the design of a
multi-pump system, which analyses the various energy losses in a pump
system such as disk friction loss or hydraulic loss. Zhang et al. [19]
show that it is possible to save between 6% and 14% on pump energy
with data-driven models and optimization approaches. Zhuan and Xia
[20] demonstrate the feasibility of reducing maintenance and energy
costs of multi-pump systems by using optimization algorithms.

1.4. Pumps efficiency in WWTPs

In WWTPs, pump energy consumption represents a relevant portion
of the overall energy consumption (12%,[4,21]). Pump performance
can be dramatically decreased by several issues, such as cavitation,
over-sizing, wear, leakages and, in extreme cases: blocking. In the
WWTP domain pump design is often inaccurate because of significant
differences between design and operational flows during the lifetime of
the pump [10,11,21]. The costs of inefficiencies can be reduced with
proper design and management. This includes the detection of problems
related to pump efficiency and an understanding of its implications
[10].

Despite the theoretical availability of approaches for enhancing
pump energy performance (Section 1.3), in the WWTP domain, pump
energy management is generally sub-optimal for a variety of reasons,
such as a lack of useful information (for example: vibration measure-
ments) or infrequent assessments (once or twice per year). One of the
most widely used analyses relies on the calculation of efficiency indices
which are periodically benchmarked [22]. In ([23], p. 64), the author
proposes reference values to evaluate the efficiency of a given pump
system and some of its most important components: motor, pump and
flow controller. According to the experience of the authors, in the
WWTP domain, the assessment of energy performance of the pumps is
mostly performed just a few times a year using the average values of
flow and energy for the period being analysed. This approach is not
ideal because it does not take into account seasonal phenomena and
pump degradation and does not allow the early detection of failures.

Nowadays, in the WWTP domain, the availability of Supervisory
Control And Data Acquisition (SCADA) systems theoretically allows an
increased frequency of energy analysis and an improved plant man-
agement with a faster response time to inefficiencies found [2]. As for
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the global energy consumption [2], it is postulated here that a daily
pump energy benchmark exercise can improve energy efficiency and
reduce pump management costs.

However, the simple scaling of a yearly index to (for instance) a
daily resolution is not necessarily beneficial for pump management and
can even produce misleading results. The calculation of daily indices
can produce time series with a high amplitude and a simple daily ef-
ficiency index is therefore difficult to interpret. In practice, pump sys-
tems are complex to analyse; some pump system parameters are con-
stant, or change very slowly, over a long period of time (number of
pumps, set-up of controller, lift and pump wear) while other parameters
change continuously (inflow, temperature, particulates) [10,24]. Many
efficiency measures are interdependent and highly dynamic. For ex-
ample, cavitation depends on temperature, inflow and hydraulic losses
([25], chapter 8, p. 14) while the overall efficiency of the pump system
is influenced by the best efficiency point (BEP) and the inflow ([10], p.
37).

Using a daily efficiency index, without thoroughly assessing the
effects of operational conditions, could therefore lead to the debatable
conclusion that the pump system performance changes day by day. A
more precise statement should assert that the pump system perfor-
mance is, within a sufficiently short interval (typically one day), highly
dependant on the operational conditions. Consequently, a detailed daily
analysis of pump system performance should be able to effectively se-
parately the effects of system set-up and operational conditions.

1.5. Gaps in literature, objectives and novelty of this paper

A recent review paper on pump efficient control strategy edited by
Arun Shankar et al. [26] found that, despite the large number of lit-
erature contributions, to date, there seems to be a lack of methodologies
for the analysis of pump energy consumption, that (I) can be auto-
matically performed (at least) on a daily basis, (II) that are able to se-
parately assess the effects of system set-up and operational conditions,
and (II) rely solely on the parameters commonly available in WWTPs
(inflow and energy consumption). Section 1.3 leads to the same con-
clusion. This is the knowledge-gap that the present paper seeks to ad-
dress by presenting a data-driven methodology and a tool for pump
system energy efficiency which is capable of:

v automatically carrying out a daily pump efficiency analysis to detect
potential inefficiencies at an early stage;

v identifying and separately addressing long term and short term ef-
ficiency patterns;

v producing an overall index that takes into consideration the pump
operational conditions;

v supporting the plant managers in the early identification of im-
minent failures;
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v suggesting potential solutions to identify problems;

v evaluating the solutions according to economic criteria;

v improving the comprehension of the pump system behaviour ex-
amined;

v relying on information generally available to plant managers (in-
flow, pump energy consumption, and energy cost).

In [2], we explained how the Energy Online System (EOS) auto-
matically records, collects and processes on-line data from WWTPs and
aggregates them in daily KPIs. The tool described in the current paper
uses the data automatically aggregated in EOS for pump system ana-
lysis. EOS is plant-generic and the pump decision support tool inherited
this feature: it functions for many, if not all, WWTPs, despite their
differences. For this reason, it was considered essential that it relies
solely on information provided by commonly available sensors.

To the best of our knowledge, the methodology proposed in this
paper is new and innovative for the following reasons:

v it combines signal decomposition, fuzzy logic and benchmarking to
analyse pump operational conditions;

v it uses new KPIs as input of fuzzy logic: Nl TZ (please refer to
subsections: 2.2, 2.3 and 2.4)

v it applies the analysis of truth degree of fuzzy logic rules to provide
plant managers with case-based solutions concerning pump effi-
ciency;

v it estimates a potential energy saving, relying on the trend value of
efficiency (5,), obtained with signal decomposition.

Existing competing methodologies (such as the one proposed by
Berge et al. [17]) come to similar conclusions given some of the con-
straints already discussed (such as the time frequency of the analysis
and the early detection of problems). However, they are difficult to
reproduce in the WWTP domain, because they rely on information
generally unavailable in this area (such as pump vibration, current and
motor winding temperature).

2. Material and methods

For this case study we used data from the Solingen-Burg WWTP
(BUR) in Germany, which was processed by the EOS system [2]. BUR is
equipped with a SCADA system which ultimately provides daily data on
the energy consumption of significant devices and operational condi-
tions relating to wastewater inflow, pollution load and wastewater
composition. Within BUR, an intermediate pumping station (IPS),
comprising 6 pumps (80 kW-power each one) equipped with variable
speed drives, lifts the wastewater after primary treatment 10.33 m into
the aeration basins. Fig. 1 shows the histograms for the daily flow and
the daily energy consumption.
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Fig. 1. Histograms for the daily wastewater inflow (left) and daily energy consumption (right) of the intermediate pumping station.
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2.1. Calculation of the efficiency index

The EOS supplies the daily pumped volume and the daily energy
consumption per pump [2]. First, Eq. (1) is used to calculate the IPS
efficiency, #. In this formula, m is the mass of wastewater lifted [kg],
h = 10.33 m is the static head, g is the standard gravity [9.81 m/s*] and
E,ps is the observed energy [J].

mgh

obs

n= [dimentionless]

(€8]
When 7 = 0.32, the pump system is operating at the minimal ac-
ceptable performance, while 7 = 0.80 shows highly-performing pump
systems [23]. The analysis of the daily time series of 7 (Fig. 2) shows
high fluctuations; as already discussed, a simple comparison of the daily
values of 7 with a reference value is not an optimal strategy.
Consequently, we have attempted to separate the trend value
component of the efficiency index from the daily fluctuations in order
to individually assess long-term phenomena (such as pump ageing) and
short-term phenomena (mainly influenced by operational conditions).

2.2. Trend calculation

The daily trend value is calculated using a rolling window median
for the previous 90 days.” In a previous work and after extensive
testing, we have showed that this is a robust method for this type of
data [27]. The number of days included in the rolling median calcu-
lation is generally known as the rolling window (W;,). This parameter
can be customized as explained in detail in Section 3.6.

If the value of W, is large enough to be representative of the op-
erational conditions, the trend values represent the performance of the
pump system without the effect of short-term phenomena. This fluc-
tuation is calculated as the difference between the daily trend and the

1 For example, if in the period analysed, 7 has a normal distribution (let us suppose
0.30 + 0.1) it is more beneficial to consider the average value 0.30 as the representative
value for the efficiency in this period and investigate the relation between the deviations
from this representative value and the operational conditions. In any case, since we
cannot establish a priori a normal distribution for 7 values, we used the median instead of
the average.

2 For example, let us consider the first 180 days of a year. The rolling median algorithm
calculates the trend value for the 90th day as the median value of days 1 to 90. Then, the
algorithm attributes the median value of day 2-91 to the 91st day. This operation is
iterated over all the dataset. Please note that the calculation for the first 90 days is made
with less data and must be used with caution.
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daily value. Consequently:

n=n+ )
In this equation, 7, is the trend value while 7y is the fluctuation.
In the following sections, the values of 7, and 7, are investigated
separately and new operative parameters are defined.

2.3. Calculation of the efficiency slope

In order to use the values of 7, to identify changes in the trend, this
paper proposes a parameter, 7, representing the average slope of 7,
[27]. 7 is calculated daily with Eq. (3), in which 7, y is the value of the
trend for the reference day and 7,,_, is the value of the trend calculated
for the I, days before the reference day. In our case, I. = 180, note: this
parameter is customizable as explained in Section 3.6. For the values of
7, which represents the pump system performance degradation, we
propose two benchmark values: —0.4%/year for a good degradation
rate and —1.6%/year as the threshold degradation rate requiring ur-
gent maintenance [27]. The values of 7 are supposed to be negative if
no maintenance is performed, otherwise we expect a positive 7 (i.e. an
increases in performance) after maintenance. Consequently, 7 can be
used to evaluate both pump ageing and the effect of maintenance.

Dy~
T = 365%—d 7k

I,*n[d_lr

3

2.4. Calculation of Z

The values of 7, can be used for the early identification of failures.
Normally, the 7, values should fluctuate around the value 7, = 0.
However, if a potential failure (for example a partial-obstruction) oc-
curs in the pump system, the 7 time series will show a series of negative
values. Before observing a change in the trend 7,, this effect has to be
there long enough to change the 90 day median. Consequently, », and 7
are not efficient for the early detection of failures. We therefore propose
a binary parameter, Z, which is equal to 0 if the system registers 15
consecutive days with 7, < 0, otherwise Z = 1 (cf. Eq. (4) 3.

3In this equation, Nfd=
ference day

_p corresponds to the value of 7, at the n-day before the re-
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z=0 if max(nf;d:_l;nf;d:_z;...;nf;d:_Wz) < 0;

z=1 if max(nf;d=71;77f;d=72;m;nf;d=7wz) > 0; 4
The length of the sequence of negative-fluctuation days (W;) can be
customized, as explained in Section 3.6.

2.5. Fuzzy logic and scenario analysis

Fuzzy logic has been shown to be able to store expert knowledge
using a human-like language in a series of understandable statements,
to deal with uncertainty and to efficiently process multiple parameters;
a detailed explanation of fuzzy logic algorithms is provided by Zadeh
[28] and Starczewski [29].

At this point, our methodology offers four parameters (1,,7,7,Z)
which represent the efficiency trend, the fluctuation in the trend, the
ageing of the pump and the existence of potential new failures re-
spectively; consequently a detailed multi-perspective pump assessment
can now be carried out. However, the information contained in our four
parameters is still not obvious. In order to deliver clear performance
information on the pump system under investigation, for the reasons
above explained, we have analysed these parameters with a fuzzy logic
engine. Our fuzzy logic approach is based on the set of rules reported in
Table 1. Each rule describes a condition of the pump system and the
fuzzy logic produces a score for each rule. Table 1 reports the 9 rules of
the fuzzy system implemented”.

The fuzzy logic algorithm requires the mathematical definition of
the input variables, obtained by defining the membership functions
which associate the input values to their membership degree® [29,30].
The membership degrees associated with the functions are shown in
Fig. 3.

For each day, the fuzzy logic engine calculates the result of each rule
with the Mamdani implication method [31], which produces a truth
degree (TD) in the range 0-1 for each scenario.® In this paper, the rule
with the highest truth degree is defined as the ‘winning rule’.

The winning rule is extremely useful for plant managers in a sub-
sequent decision-making process because it effectively describes the
current operational condition of the pump system. For example, if rule
number 8 has the highest truth degree, there is a decreasing trend over
the last two weeks (7, was negative) and an urgent investigation is
required.

However, to fully understand the system behaviour, it is important
to simultaneously observe the truth degree of each rule. It is also im-
portant to understand that the rules which use the same parameters are
complementary and the sum of their membership values is always 1. In
this case, there are 3 blocks of complementary rules: 1-4, 5-7, 8-9. The
first block reports information about the pump conditions on the day of
analysis, the second block analyses long term phenomena affecting
pump degradation and the last block monitors potential failures. This
rule structure was imposed to avoid illogical results: for example, a
pump cannot be fully efficient and fully inefficient at the same time.
With the current rule structure, the fuzzy engine will provide 3 fuzzy

4 For example, the first rule, representing a condition in which the pump system has a
high value for the trend and a positive fluctuation, can be read as:

IF 7, IS high AND 7y IS positive THEN Score IS High;

> For example, a trend 7, > 0.6 is considered ‘high’ with membership value of 1, a
trend 7, < 0.2 is considered ‘low’ with membership value of 1, while in the region
between 0.2 and 0.6 both definitions (high and low) are valid with a different mem-
bership degree (for example the trend 7, = 0.4 is at the same time ‘low’ and ‘high’ with a
membership value of 0.5). Consequently, the membership values describe a state
function.

S For example, the statement of the first rule is: ‘0 is high and 7 is positive’. If the
output of the first rule is 0, this means that this statement is ‘false’; if the output of the first
rule is 1, this statement is ‘true’. For values of truth degree between 0 and 1, the statement
is partially ‘true’ and partially ‘false’.
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statements each on:

e pump condition (by analysing the block 1-4);
e pump degradation (by analysing the block 5-7);
e carly detection of inefficiencies (by analysing the block 8-9).

The rules for each block are independent, which means that, for
example, it is possible that a pump system with a high efficiency is
experiencing a high degradation rate, or a normal degradation rate. The
analysis of the winning rules provides the correct global view. Table 2
reports a set of remedial suggestions which are related to specific rules.

2.6. Economic considerations

At this point of the methodology, plant managers can effectively
assess the condition of the pump system which is described by the rules
and evaluate potential options to increase energy efficiency. Clearly,
when faced with taking actions, a plant manager should also take into
consideration a number of other factors, such as: regulations, man-
agement strategy and objectives, budget and economic and environ-
mental issues. Addressing all of these is outside the scope of this paper.
However, the proposed methodology additionally attempts to assist the
plant manager with answering the following question: What is the
maximum investment that produces positive economic benefits in a reason-
able amount of time?

In order to address this question, a decision maker has to define a
'reasonable time’. In this paper, the default value of 3 years is con-
sidered as a reasonable pay-back time, but the tool allows this value to
be customized. The tool works under the assumption that maintenance
can restore the pump system trend to a normal efficiency of 7, = 0.32.

The set of Egs. (5) illustrates the mathematical procedure with the
following nomenclature:

e 7, is the value of efficiency trend calculated with the rolling median
(cf. Section 2.2);

® 7, is the ideal value of efficiency;

® F, is the value of energy consumption calculated with 7,;

® E, is the ideal value of energy consumption;

® pes is the potential energy saving;

® C,, is the cost of energy [€/kWh];

® pcs is the potential cost saving calculated for each day;

® pcs is the average value of pes for the period under study; in our case
we calculate the average for the previous 180 days;

® Nyay—3years is the number of days in 3 years;

e mpeb is the maximum potential economic benefit resulting from
maintenance over a period of 3 years. This value corresponds to the
maximum investment that the plant manager should accept for ex-
traordinary maintenance.

Table 1
Fuzzy logic rules used®

1d 7 7y T Z Score
1 High Positive High

2 High Negative Medium
3 Low Positive Medium
4 Low Negative Low

5 Low Low

6 Medium Medium
7 High High

8 Low Low

9 High High

@ The first 5 columns report the rule Id, and the input parameters. 7, is the trend, 7y is
the fluctuation, 7 is the average slope of 7, and Z is the binary parameter as described in
Eq. (4). The last column expresses the evaluation of the operational condition, depending
on the inputs, that will be transformed to a fuzzy output.
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Table 2
Example (subset) of suggestions related to the rules.

Rule Suggestion
1 Do nothing
2 If rule 9 has TD = 1, do nothing.
If rule 8 has TD = 1, plan maintenance urgently
3 The efficiency is not sufficient. Plan maintenance or evaluate pumps
replacement
Are there flow-related patterns? If yes, install a pony pump
4 The efficiency is not sufficient.
Plan maintenance, urgently if, for rule 8, the TD = 1. Evaluate pump
replacement.
Are there flow-related patterns? If yes, install a pony pump
If the pump is more than 15 years-old, consider replacing it
5 Pump performance is decreasing fast. Plan maintenance
6 Pump performance slope has a normal value. Do nothing
7 Pump performance is increasing
Is this the effect of maintenance? If not, check the data consistency
8 In the last 15 days, the fluctuations have been negative
Are there flow-related patterns? If yes, install a pony pump
9 The fluctuations are regular

mgh
Mg = 0.32,E, = o 11,
mgh

Nid 1l
pes = (E,—Ej3)*2.78+1077 [KWh],
pcs = pes#C,y, [Euro],
mpeb = Pcs+#Nyay—3pears [EUIO]

Eia =

)

2.7. Data mining for flow-related issues

At this stage of the methodology, plant managers know what the
operational conditions and the potential solutions for their pump
system are, as well as the maximum cost that they could accept to pay
for improvements. A further useful test investigates the relationships
between inflow and efficiency. This is particularly useful for dis-
covering any pump system over-sizing. The test is proposed here be-
cause pump over-sizing affects 75% of pump systems [32]. Inflow
conditions play a relevant role in the determination of the efficiency of
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pump systems [10]. Each pump has an operational inflow at which the
performance is optimal: the best efficient point (BEP), defined by the
producer and generally available in the pump manual [11]. When a
single pump operates at a flow vastly different from the BEP, perfor-
mance decreases drastically. The use of variable speed drivers and the
use of multi-pump systems can enlarge the range of flow at which the
system operate with an acceptable efficiency. Additionally, the defini-
tion of the required flow at the design stage is often a complex issue in
the WWTP domain because flows are strongly affected by seasonality
and rely normally on rough assumptions of future connected popula-
tions [21].

Inflow-fluctuation patterns are analysed with a graphical approach
(Fig. 4). In this plot, the horizontal line divides the positive and nega-
tive fluctuations, while the vertical line divides the dry weather flow
and rain weather flow. Consequently, we have four zones:

o top-left for dry period and positive fluctuations;
e top-right for rain period and positive fluctuations;
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e bottom-left for dry weather flow and negative fluctuations;
® bottom-right for rain period and negative fluctuations.

If the points are not uniformly distributed, this could mean that
there is a pattern between flow conditions and inefficiencies. For ex-
ample, if the positive values of fluctuations are observed just for high
inflow values, it is probable that the pump system is oversized. In this
case a potential solution is the installation of pony pumps [10,11], i.e. a
pump specifically designed for low inflows (more details in Section
3.5).

2.8. Graphical user interface

The tool developed with this methodology is equipped with a gra-
phical interface (a screen-shot in Fig. 5) and enables plant managers to
generate useful information in real time by modifying the customizable
parameters. Consequently, this software can be used without pro-
gramming and enables the end user to analyse pump performance by
modifying the customizable inputs.

In conclusion, this methodology takes the pump system time series
of inflow and energy as input and produces an assessment that includes:
trend analysis, analysis of pump performance deterioration, early
failure detection, analysis of operational conditions and an economic
analysis.

3. Results
3.1. Index calculation

After the calculation of the daily indices with Eq. (1), the signal is
decomposed and the indicators calculated as described in subSections
2.2, 2.3 and 2.4. For each day, we obtain daily values for 7,,7,,r and Z.
Table 3 shows the summary of the decomposition analysis, i.e. re-
presentative statistical values for the key performance indicators cal-
culated.

Table 3 shows that the trend efficiency is below the threshold for the
normal efficiency (7, < 0.32, [23]). The range of 7, reflects the impact
of short term phenomena on pump efficiency. The 7 values are in the
range of normal pump performance deterioration. The first quartile
value of Z shows that for at least 75% of the time, there is no 15-day
sequence of negative fluctuations. In other words, Table 3 shows a low-
efficiency pump system, which is stable for long periods and with high
fluctuations in efficiency in the short term.

3.2. Results of fuzzy logic and scenario analysis

The first output of the fuzzy logic system is an overall performance
index in the range 0-100. For BUR, the fuzzy score for each day is
below the optimal performance value. This score can provide a direct
explanation of pump performance. For example, when Figs. 2 and 6 are
compared in the period between July and September, the time series of
7 values varies greatly due to operational conditions; in the time series
of the fuzzy score, the operational conditions have a minor impact on
the overall evaluation and the score is stable in the region of 60-70%,
corresponding to a sub-optimal condition due to a low 7,. In the plot 6,
we can observe that there are points in which the score is under 40:
these results occur because of Z (i.e., there was a sequence of negative
values).

The analysis of the truth degree of each rule can explain the scenario
which mostly influenced the fuzzy score. For example, the fuzzy score
of 29 April 2015 was equal to 34. For that day, the rules with the
highest truth degree were rule 4, rule 6 and rule 8. This means that, the
7, was low, the fluctuation was negative, the deterioration speed was
low and there was no sequence of 15 negative fluctuations. This ex-
ample highlights the large amount of information obtainable relative to
the classical # calculation. With the classical approach, the only
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information for that day is that n = 0.20.

Fuzzy logic can also support the analysis of patterns in a period. For
example, Fig. 7 reports the average truth degree for each rule in the
period between 1 January 2015 and 1 March 2016. The plot shows that
rules 3, 6 and 9 have a truth degree higher than 0.5 and consequently
they describe the operational conditions dominant in the system.

When these results are related to the set of solutions shown in
Table 2, it can be observed that a potential solution for the operational
condition described by rule 3 corresponds to a non-urgent maintenance
action, while rules 6 and 8 do not require any action. Consequently, the
plant manager should schedule a non-urgent maintenance. The analysis
of potential cost savings, developed according to the set of Eq. (5),
estimates the maximum investment that the plant managers should
accept to pay: €60022.

3.3. Data mining to analyse operational conditions

The methodology can also extract useful information for the deci-
sion maker by addressing the following question: Is the pump perfor-
mance dependent on the inflow?

This question can be answered by directly observing the impact of
flow on fluctuations. Fig. 4 shows that the pump system is not efficient
for the dry-weather flow, but produces a better performance for high
inflow (the system does not register negative fluctuations for inflows
larger than 27,000 m3/day). We would suggest a specific analysis of the
pump controller set-up on pump performance in dry-weather flow
during maintenance and integrating this information into the main-
tenance report.

3.4. Analysis of a potential solution: pump system replacement

With the information available, it is now possible to answer another
important question: Is it beneficial to replace the pump system?

This is achieved by comparing the cost of under-utilization of the
current pump, and the benefits of using a new and more efficient pump
system. A new pump system of 480 kW costs €1,045,120 (value esti-
mated with the equations used in [11]). Considering a life span of
20 years, the annual allocated value of the pump is €52,256.02 (1/20 of

Date range

15-01-01 to

Wm rolling windows

9(C

It reference period T

180
Wz refernce period Z

15

Energy Cost [Euro/kWh]

0.15

Payback time [year]

dry wheater flow [m3/h]

12500

Fig. 5. Screenshot of the graphical interface. The selection of customizable parameters
enables the operator to generate Figs. 2, 4, 6, 7 and all the numerical results present in
this paper: threshold cost, KPIs, fuzzy output.
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Table 3
Summary of decomposition analysis for the WWTP in Burg.

M Ui T z

Min 0.23 —0.06 —0.18 0.00
1st Quartile 0.25 —0.02 0.10 1.00
Median 0.27 0.00 0.17 1.00
Mean 0.26 0.05 0.15 0.88
3rd Quartile 0.27 0.03 0.23 1.00
Max 0.29 0.68 0.40 1.00
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Fig. 6. Fuzzy score time series for BURG from 1 December 2015 to 1 March 2016.

1.0 4

0.8

0.6

Truth degree

0.4 4

0.2 4

==

0.0 -

RULE1
RULE2
RULE3
RULE4
RULE5
RULE6
RULE7
RULE8
RULE9

Fig. 7. Strength of the rules.

the total cost). Considering, the age of the pump system, it is expected
to have a remaining operational life of 11 years. Replacing this pump
system at this stage is equivalent to a cost of 11 years of allocated values
(11 x €52,256.02 = €574,816). This cost is significantly higher than
the maximum threshold cost (€60,022). Consequently the pump re-
placement is rejected.

In this subsection, we used a simplified approach to make a decision
using the maximum threshold cost. The large difference between this
threshold and the cost of under-utilization suggests that a more detailed
analysis is not necessary. From the decision support perspective, it is in-
teresting to show how to calculate and use this threshold. A more detailed
financial analysis, out of the scope of this manuscript, can be performed, if
necessary, including other information such as interest rates.
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3.5. Analysis of a potential solution: pony pump installation

The proposed methodology also supports the plant manager in
making another important decision: Is it beneficial to install a pony pump?
We identified a suitable pump able to treat 140 l/s with a static head
higher than 12 m and with 36 kW power.

With the equations used in [11], we can estimate an installation cost
of €250 k. This value is far higher than the investment threshold (€60
k). Consequently, we suggest rejecting the installation of a pony pump.
In this case, the plant manager may identify less expensive alternatives
(such as valve regulation or the installation of a variable speed drive)
or, regrettably, accept the cost of an inefficiency to avoid the cost of a
pump upgrade.

3.6. Sensitivity analysis of the customizable parameters
This algorithm presents some customizable parameters:

e the size of the rolling windows (W;,), that affects the value of #,. Its
default value is 90 days;

o the reference interval for the calculation of v (I;). By default,
I, = 180;

o the extension of the sequence of negative fluctuations to activate the
alarm through the Z parameter (W;). By default, W, = 15.

In order to guarantee the robustness of the methodology and the
results, it is important that the end-user has an adequate comprehen-
sion of the impact of his choices in the calculation of the KPIs. To this
purpose, this sub-section proposes a sensitivity analysis by calculating
the KPIs for several values of the respective customizable parameters. In
particular, we have analysed:

e the variation of 7, with several values of rolling windows (W,,).
o the variation of 7 with several values of I..
o the variation of Z with several values of W;.

These analyses were performed using the graphical interface and
our script. In these three analyses, the parameters, required by the tool
and not used in the calculation of the KPI being analysed, are set up at
their respective default values.

The value of W}, should be large enough to be representative of the
operational conditions of the plant. Table 4 shows that in a range be-
tween 60 days and 360 days the values of 7, are stable enough not to
produce changes in the fuzzification process. The selection of values
below 30 days produces unstable results (Table 4). The selection of a
larger range for the rolling median produces more stable results but it
requires a larger database. In the case study, for BUR, W}, = 90 is con-
sidered a good compromise between stability and data availability.

For the calculation of 7 (Eq. (3)), according to the benchmark de-
finition, the easiest solution should be to compare 2 points with an
interval of 365 days, but this also requires a large dataset. Table 5
shows how sensitive 7 is to this parameter. It is interesting to observe
that with I; > 120,7 < |0.4| and consequently the qualitative assessment
of the pump degradation and the results of the parameter fuzzification

Table 4
Sensitivity analysis of W},.

Win Min(,) Mean(z,) Max(n,)
7 0.21 0.31 0.96
30 0.22 0.27 0.55
60 0.23 0.26 0.29
90 0.23 0.26 0.27
120 0.24 0.26 0.28
180 0.25 0.26 0.27
360 0.25 0.26 0.27
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Table 5
Sensitivity analysis for I.

I Min(7) Mean(7) Max(7)
7 -2.25 —0.01 3.27
60 —0.60 0.03 1.05
120 -0.39 0.02 0.63
180 -0.26 —0.08 0.23
360 -0.18 —-0.0107 —0.0106
Table 6
Sensitivity analysis for Wy.
Wz mean(Z)
3 0.63
7 0.72
15 0.84
20 0.89
30 0.95

do not change. For this analysis, we have imposed I, = 180.

The end-user can also set the value of the consecutive fluctuations
(W), i.e. the number of negative values of fluctuations that provoke an
alert. As expected, Table 6 shows that by increasing the value of W7, the
Z values move toward 1 (the system needs a larger sequence of negative
values to detect a failure). A small W, value helps to detect the problem
early but also increases the risk of detecting false positives. In this case,
Wz = 15 is considered a good balance between a shorter frame that
increases the risk of producing false positive alarms and a longer one
that requires more time to detect a potential problem.

This simple analysis of the impact of the customizable parameters
leads to the following conclusions and suggestions:

the method is robust because the selection of input values in a
reasonable range does not affect the fuzzification process and the
operational conclusions;

set-up W, > 60 days;

set-up I, > 120 days;

set-up 10 < Wz < 20 days.

This first simple sensitivity analysis aims to show the robustness of
the methodology and to provide meaningful suggestions to end-users. A
more detailed sensitivity analysis will be done using different WWTP
pump systems in future works.

3.7. Availability of the current methodology for field applications

The methodology is currently suitable for being applied directly to
centrifugal pump systems, regardless of their size or the pump system
configuration. The methodology relies on data measured on-line and
aggregated at a daily resolution, as proposed in the EOS system [2].
This requires an initial set-up of a system able to gather data from re-
mote sensors, process, aggregate and make them available to the de-
cision tool. In the WWTP domain, the required sensors are generally
available. After the connection of the WWTPs to the EOS dataset, two
options are available to apply this methodology:

e on-line analysis; an automated script processes the data at fixed-
time interval and submits the results to the SCADA system,;

e on-the-fly analysis; a script, with a graphical interface using custo-
mizable parameters, analyses the data and produces the results on-
screen.

In the first case, the results are immediately accessible for plant
managers, no interaction with the software is required and the analysis
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is performed over all the records. In the second case, the software re-
quires a parameter set-up but the plant manager can carry out specific
tests, for example analysing a specific period. These two approaches can
coexist.

4. Discussion

The following discussion section is organized into three parts.
Section 4.1 compares the results obtained with current practice and
those obtained using the approach in this paper. Section 4.2 explains
the results and the solutions proposed for the specific case-study. Sec-
tion 4.3 deals with the potential development of the methodology, its
strengths and limitations.

4.1. Comparison with the state of the art

According to current practice, the assessment of pump systems is
performed using an efficiency index # that refers to a period under
investigation (generally one year). According to our experience, this
index, if not integrated into a more complex analysis, is not sufficient to
produce a satisfactory assessment of pump systems; for example it is not
able to take into account a wide set of phenomena such as the impact of
the operational conditions on the pump performance and the effects of
the pump deterioration. The current practice, for the period under in-
vestigation, would produce only a little information: 7 = 0.31 by using
Eq. (1). This value is below the reference (» = 0.32), it does not explain
the pumps behaviour and it is not a satisfactory support for decision-
making. We do not consider this approach sufficient for an efficient
management of pump systems in the WWTP domain. Consequently, we
have presented a methodology to support the decision making process
with a more detailed analysis of the pumps based on information
generally available in WWTPs: inflow volume and the pump energy
consumption. In particular, this paper shows how to analyse the daily
values of 7 and obtain additional information: the condition of the
pump system (through 7, and 7), the deterioration of the pumps
(through 7) and potential failures at an early stage (through Z). This
information set was used as input for the fuzzy logic engine to produce
the analysis of operational conditions and a synthetic pump perfor-
mance index. This new index explains the pump performance better
than 7 because it is less sensitive to short-term changes in operational
conditions. This methodology enables the plant managers to better
understand the behaviour of pump systems by performing two addi-
tional analyses: the diagnosis of the operational condition and the de-
tection of flow-related patterns. This fills a gap in the literature because,
to the best of our knowledge, there are no available methodologies able
to investigate flow-related efficiency patterns based on an on-line
monitoring of pumps inflow and energy consumption. Moreover, the
daily analysis enables plant managers to identify failures at an early
stage and can consequently produce operational, economic and en-
vironmental benefits.

4.2. Explanation of results

Table 3 shows a median value of 7, = 0.27, which should be im-
proved by 18.5% to reach the minimal satisfactory level of 0.32. This
case study shows that the energy performance of the pumps in-
vestigated is quite low but stationary and that the inefficiencies are
caused by flow condition. In particular during dry weather flow the
pump system efficiency is quite low while peaks of efficiency are ob-
served during rain periods. This information set, coupled with the
output of fuzzy logic, supports a better comprehension of the time-
series shown in Fig. 2 and is the starting point for the case-base rea-
soning. Moreover, this approach supports the decision-makers with a
list of potential case-based solutions and filters out those that are too
expensive. At the current development, for BUR, the installation of a
pony pump was rejected because it was too expensive. Alternatively, a
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check up is proposed for the pump controller, pipe and valves. In fur-
ther developments, the authors of this paper will enlarge the set of
potential solutions.

4.3. Potential development of the methodology, strengths and limitations

In the first stage of the methodology, the decomposition of the 7
time series has been done with the rolling median. This algorithm was
chosen after a comparison with different alternatives [27]: the rolling-
median algorithm produces very similar results to the HodrickPrescott
filter, the Kalman filter-band, and the Baxter-King filter. Consequently,
this methodology is suitable for use with other signal decomposition
algorithms such as those mentioned earlier.

This methodology should be seen as an extension of the classical
approach and not necessarily as a replacement. Moreover, this metho-
dology could be integrated with the environmental impact assessment
of the pump systems and of the proposed alternatives. The test on in-
flow conditions should be integrated with other tests regarding the
water characteristic (such as pH, temperature, and density) or other
specific problems (such as cavitation). Moreover, an improvement of
this methodology should take into consideration a dynamic calculation
of T benchmarking, because the wear effects are stronger in the final
years of the pump systems’ time-span.

The methodology is flexible enough to be applied to multiple pump
systems because it is based on the use of dimensionless indices (1,7,,7;,
Z) that can be applied to all centrifugal pump systems regardless of
their set-up (for example power, lift, the number of pumps). The
methodology also takes into account plant-specific conditions (such as
the cost of energy, the cost of new pumps) and performs plant-specific
tests.

Moreover, this methodology is extremely sensitive to the cost of
energy. In fact, the budget available for efficiency operation is linearly
dependant on the cost of energy (cf. system of Eq. (5)). In Europe, the
cost of energy for industrial use varies widely[33]: from the maximum
price in Germany (0.149 €/kWh) to the lowest price in Sweden (0.059
€/kWh). This means that 2 plants with the same performances in Ger-
many and in Sweden do not have the same economic benefit from an
efficient management. In particular, when facing the same inefficiency
issue, a plant manager in Germany should be able to invest 2.52 times
the budget of his colleague in Sweden. Statistical analyses, which are
outside of the scope of this paper, should be performed to investigate
the impact of the cost of energy on inefficiency.

5. Conclusion and outlook

Energy efficiency is an important challenge in the WWTP domain
and, the energy-saving in pump systems can produce relevant results
from an economic and environmental perspective. The availability of
on-line sensors can provide support for a better understanding of pump
system operational performance and for the decision-making process.
Nevertheless, in current practice, plant managers assess their pump
system using insufficient information. In this paper, we proposed an
innovative and highly-performing data-driven methodology able to
produce a detailed pump system assessment and support the plant
managers in saving energy. This approach is able to: separately identify
and analyse long-term phenomena and short-term phenomena, produce
a user-friendly performance index, identify potential failures at an early
stage, extract useful information from the database and provide solu-
tions that can be selected according to economic criteria.

This methodology is highly replicable in domains in which the only
available information is the energy cost and the inflow.
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