
Available online at www.sciencedirect.com

Manufacturing Letters

Manufacturing Letters 35 (2023) 1303–1311

A

In
st
st
ra
sy
in
st
in
pr
w

c©
(h
Pe

K

1.

th
fi
m
th
su
m
in
of
m
li
ce

22
(h
Pe
51st SME North American Manufacturing Research Conference (NAMRC 51, 2023)

Energy Efficiency Improvement of Industrial Parts Washers Using State
Control
Alberto Loffredoa,∗, Nicla Frigerioa, Andrea Mattaa

aMechanical Engineering Department, Politecnico di Milano, Via G. la Masa 1, 20156, Milan (MI), Italy

bstract

recent years, the energy efficiency topic drastically increased its relevance in manufacturing industry management. One of the most supported
rategies to reduce the energy consumed by manufacturing equipment is the machine state control during idle periods, triggering the machine in a
andby state with low power request. This approach is aimed at reducing system energy consumption while not jeopardizing the overall production
te and it is referred to as energy efficient control (EEC). Policies implementing EEC techniques are proven to be effective in a manufacturing
stem but have been tested only for assembly and machining operations. This work is focused on industrial parts washers: widely used machines
manufacturing with significant energy consumption associated. The objective is to demonstrate the applicability and the potential of EEC

rategies when applied to washing processes. Proper EEC policies are identified for an industrial parts washer operating in a real production line
the automotive sector. Different scenarios are analyzed and the focus is placed on the effect that these energy efficient actions have on the overall
oduction system in terms of throughput and energy consumption. In this way, the industrial impact of the EEC application on the industrial parts
asher is computed by running simulation experiments.
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Introduction

Nowadays, energy efficiency is becoming a critical issue in
e industrial sector. Recent studies estimate that the industrial
eld accounts for 42% of global energy consumption, with the
ajority coming from the manufacturing sector [1]. There are
ree highly effective strategies for reducing the energy con-
mption of manufacturing equipment: (i) proper eco-design of
achine and process parameters, (ii) energy efficient schedul-
g (EES) of machines, and (iii) energy efficient control (EEC)
machines. The first approach aims at minimizing the power,

aterial, and resource demands of machine components by uti-
zing more efficient technologies and identifying proper pro-
ss parameters, thus reducing energy, resource, and material

∗ Corresponding author. Tel.: +39-02-2399-8534
E-mail address: alberto.loffredo@polimi.it (Alberto Loffredo).

consumption. This method is well-suited for designing new
machines or new production processes but it is not as effec-
tive for applying on already existing and operational systems.
When companies have already invested significantly in existing
and in-use machines in their production lines, it is important
to investigate alternative strategies that preserve these invest-
ments. In this case, implementing EES and/or EEC strategies is
a highly effective way to reduce energy consumption. EES and
EEC address the energy efficiency problem from distinct levels.
EES is connected with the production activities scheduling, i.e.
the detailed plan for the use of the machines to perform a set
of production activities called “jobs”. The scheduling plan is
typically established before it is put into action, assuming that
all relevant information is known and certain [2]. On the other
hand, EEC provides policies to be applied in real-time during
production progress, without deterministic information on the
next part arrival to the machine. EEC is focused on machine
idle periods. Machines are idle when simultaneously switched
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on but not operating on parts: high energy is consumed to main-
tain the ready-for-process conditions but no parts are produced.
EEC aims to provide effective policies for switching off the ma-
chine during idle periods and turning it on again only when pro-
duction must resume, thereby reducing machine energy con-
sumption without jeopardizing system throughput. This work
deals with the EEC approach.

According to scientific literature and industries, EEC poli-
cies are usually applied to machine tools executing machining
operations, or assembly workstations. However, industrial parts
washers are a major contributor to energy consumption in man-
ufacturing plants [3]. The operations required for the overall
washing process consume considerable amounts of power and,
thus, have a significant energy and material consumption asso-
ciated with them [4]. It must be noted that machine tools ac-
count for more than 30% of the total electricity used in an aver-
age manufacturing factory [5] and that a single industrial parts
washer has a higher energy consumption than one machine tool
[4]. Washing is a key process in any manufacturing line, and,
in particular, it becomes essential when producing high-quality
components for the automotive sector [3]. Therefore, industrial
parts washers are widely used, and reducing their energy con-
sumption could have a significant impact on the overall energy
usage of a manufacturing plant.

This work is focused on industrial parts washers. The goal
is to analyze whether and how EEC policies can be applied
to these machines and what are the resulting effects of this
control in terms of energy saving and system productivity. It
must be noted that the focus is placed on EEC-based strate-
gies to reduce the energy consumed by these machines since
the goal is to evaluate policies to be applied to already exist-
ing and operational industrial parts washers. Therefore, differ-
ent environmental-friendly and effective eco-strategies such as
focusing on the design of industrial parts washers process pa-
rameters to reduce the associated water depletion are not con-
sidered in this work. A real case study is analyzed: EEC is ap-
plied to one industrial parts washer operating in a powertrain
line from the automotive sector. The industrial impact of EEC
application to industrial parts washers in the real system is esti-
mated by running simulation experiments.

While operating in a production system, a machine is subject
to (i) a Base Load energy consumption to preserve the ready-
for-process conditions, as well as to (ii) a Load Dependent en-
ergy consumption to actually execute processes on the parts [6].
Base Load energy can be decreased by reducing the number and
duration of machine idle periods. This can be achieved through
the proper application of EEC policies to the machine in real-
time during production progress, without deterministic infor-
mation on the next part’s arrival to the machine [7]. A complete
and recent literature review on EEC in production systems can
be found in [8]. The direct counterpart to EEC policies is the
Always On (AOn) policy where machines are kept in ready-for-
process conditions even during idle periods, consuming unnec-
essary energy while not producing parts. Recent research in the
field of EEC demonstrates the applicability and potential of this
approach for various manufacturing equipment. The first level
of analysis considers the EEC for the simplest possible manu-

facturing system configuration, i.e. a single workstation seen as
a single buffer followed by a single machine. Initial examples of
EEC applied to the single-buffer-single-machine layout can be
found in [9, 10, 11]. Furthermore, more recent studies proposed
an adaptive EEC policy for this layout based on machine learn-
ing techniques where the EEC is able to self-adapt for vary-
ing system parameters [12]. Another related research stream is
developed still considering the EEC for the single workstation
but when the latter is composed of a common upstream buffer
followed by identical machines in parallel. Recent examples in
this field can be found in [7, 13], where the authors proposed a
model to identify EEC policies for a single parallel-machines
workstation and then applied it to more workstations of the
same production plant. Nevertheless, the main limitation of sin-
gle station-related works is that the focus is always placed on
the stand-alone workstation, and its interactions with the other
machines in the production system are not taken into account.
Hence, research also dealt with EEC for the overall production
systems where the system under control is modeled as a series
of single machines interspersed by single finite capacity buffers.
Initial literature analyzing the EEC potential for the overall pro-
duction systems includes the works developed in [14, 15]. Sub-
sequently, in [16] the authors used work-in-process informa-
tion to develop effective EEC policies for the entire production
line. Most recently, in [17] the authors developed a Gaussian
mixture model to predict machines idle periods duration and,
consequently, to be able to implement EEC actions during the
predicted idle periods. In [18], the authors evaluated the effect
of controlling different combinations of machines simultane-
ous simultaneously in a serial production line for energy effi-
ciency purposes. Furthermore, [19] presents a model to identify
a global EEC policy for the overall multi-stage production line
with parallel-machine workstations. However, all the literature
for EEC in production systems always focused on the control
of one or more workstations executing machining or assembly
operations, in order to reduce the energy consumed by such pro-
cesses. This is considered a major limitation since there are no
studies assessing the potential benefits of EEC when applied
to industrial parts washers that, on the other side, remarkably
affect the energy consumption in a manufacturing plant.

1.1. Contribution

The EEC is proven to be an effective way to significantly de-
crease the energy consumed in a manufacturing system. On the
other hand, industrial parts washers require a major amount of
energy in order to execute washing operations on parts. Despite
this, in the literature, there is no analysis of whether and how
the EEC can be useful when applied to industrial parts washers.
To fill this gap, this work analyzes the impact that implement-
ing EEC policies on an industrial parts washer has in terms of
throughput and energy consumption. The impact is evaluated in
a real case of manufacturing system from the automotive sec-
tor. Discrete event simulation is used to estimate the controlled
system behavior in different scenarios.
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Fig. 1. Layout of the production line under analysis: a powertrain line from the automotive sector composed of 21 workstations.

Fig. 2. Industrial parts washer to be controlled, Op.550 of the production line under study.

1.2. Paper Structure

The paper is organized as follows. In Section 2 the system
under investigation is described in detail. Moreover, this Sec-
tion also introduces the concept of EEC policy from an opera-
tional point of view, explaining how it works in practice. Sec-
tion 3 describes the framework used for the performed analy-
sis. Section 4 presents the scenarios analyzed, the simulation
model implemented, and, lastly, the numerical experiments car-
ried out, showing the resulting benefits when applying EEC to
the industrial parts washer under study. Section 5 closes the
work with the respective conclusion and further developments.

2. System Description and Control Policy

2.1. Production System

The industrial parts washer under study is part of a manufac-
turing system producing components for the automotive sec-
tor (the system layout is visible in Figure 1). A conveyor is
used to transport pallets in the production system; pallets have
the function of carrying around parts that are loaded on pal-
lets in Op.100 and unloaded from them in Op.800, at the end
of the line. Each part undergoes twenty-one total operations
performed by automated equipment. Each operation is there-
fore characterized by an upstream buffer of finite capacity col-
lecting parts and one or more machines performing the actual
part-processing. It is possible indeed to recognize workstations
with identical-parallel machines layout (e.g. Op.125, Op.310,
Op.330, and so on) while all the other workstations have a

single-buffer-single-machine configuration. In detail, Op.125,
375, 390, and 525 are machining operations and each of them
is followed by a washing operation performed in, respectively,
Op.150, 410, and 550. All system machines have stochastic pro-
cessing times. Furthermore, they are subject to failures with re-
spective stochastic time to failure (TTF) and stochastic time to
repair (TTR). First come first serve and blocking after service
rules are applied. AOn policy is actually applied on all the work-
stations.

2.2. Industrial Parts Washer Under Analysis

The focus of this work is Op.550, the washing operation per-
formed by an industrial parts washer that is referred to as tun-
nel washer. The tunnel washer performs three consecutive pro-
cesses on the part: the actual washing, the subsequent drying,
and, lastly, the chilling phase to cool down the part. Thus, the
overall machine is composed of three devices: a high-pressure
pump performing the washing, a heater for drying, and a chiller
fan for cooling down. Moreover, the overall machine requires
two additional internal buffers, one between the washing and
the drying (Bd) and another between the chilling and the drying
(Bc). Hence, each pallet entering the workstation flows through
the tunnel washer moved by an internal conveyor and performs
the three sequential processes eventually waiting in the internal
buffers if the heather or the chiller fan is busy processing an-
other item. This part flow through the workstation leads to the
tunnel washer name of the industrial parts washer. The com-
plete layout of Op.550 is shown in Figure 2. It is important to
note that the speed of the internal conveyor can be controlled
and this affects the processing time of each phase. Thus, the
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tunnel washer can work with adjustable speed. Furthermore,
both the heater and the chiller if switched off in a standby state,
require a startup time of around 30 minutes to reach the respec-
tive operating temperatures required to actually process parts
[4]. For this reason, it is unfeasible to apply any EEC policy
to the heather and the chiller, since the switch off/on approach
would lead to a production stoppage for an excessive amount
of time and a consequent significant production drop. On the
other hand, the washing phase only needs a reasonable amount
of time for the startup and, consequently, it is suitable for EEC
policy application. The focus of this work is, therefore, the anal-
ysis of the resulting benefits of EEC policies implementation on
the device for the washing phase in an industrial parts washer.
For the sake of simplicity, from now on in the paper, this wash-
ing device is referred to as “washing-phase device”.

2.3. Machine States and Power Consumption in Op. 550

All three devices of Op.550, and in particular the washing-
phase device under analysis, follow the state model shown in
Figure 3.

Fig. 3. States and sub-states of the tunnel washer devices under analysis, in-
cluding the washing-phase device of Op.550 to be controlled.

In the tunnel washer, the washing, drying, and chilling devices
are characterized by three main states: working (w), standby
(sb), and startup (su). In addition, while working, each device
is busy while actually processing parts and idle when in ready-
for-process conditions but without actually operating on parts;
hence, idle (i) and busy (b) are two sub-states composing the
working state. During the working state, specifically while idle,
each device can be immediately switched off and goes into the
standby state: a lower power request state where only emer-
gency services are active. On the other hand, each device cannot
be switched off while busy, i.e. part processing cannot be inter-
rupted. From the standby state, each device can be switched on
and enters in startup state. Here the device executes procedures
to be suitable for processing so that quality and tolerance re-
quirements can be met. Examples of these operations are the
reaching of operating pressure for the washing liquid, the start-
ing phase of the pump, and so on. Once the startup phase is
over, the device is finally ready to process parts and, conse-
quently, it comes back to the working state.

To each mentioned state or sub-state s = {w, sb, su, i, b}, it is
associated with a constant and non-negative power consump-
tion ws characterizing the respective state or sub-state. This
means that ww is the power consumption associated to the work-
ing (w) state, wsb is the one associated to the standby (sb) state
and so on. In particular, ww, the power requested while in work-
ing state, is a weighted average of wb and wi depending on the
amount of time the device spends as busy or idle.

2.4. System Parameters

Evaluating system performance with and without EEC ap-
plied requires processing and energy parameters. Op.550 re-
ceives parts from Op.525 and releases parts to Op.600; hence,
to evaluate Op.550 idle periods (i.e. when the industrial parts
washer is starved or blocked) also processing parameters of
Op.525 and 600 are required (Table 1). Both Op.525 and
Op.600 have normally distributed processing times fitted from
real data provided by the company owning the industrial sys-
tem. On the other hand, the mean processing times for the three
phases of Op.550 are provided by the company, while it is as-
sumed that they are exponentially distributed due to a lack of
information about the stochasticity of these data.

Table 1. Processing parameters for Op.525, 550, and 660, useful for the EEC to
be applied.

Operation tp [s] tsu [s] Buffer K
Op.525 NORM(42,0.2) - B16 15

Op.550 - Washing EXP(36) to EXP(42) 100 Bd 3
Op.550 - Drying EXP(36) to EXP(42) ∼ 1800 Bc 3
Op.550 - Chilling EXP(36) to EXP(42) ∼ 1800 B17 8

Op.600 NORM(42,0.2) -

From an energy point of view, to evaluate the eventual saving
when EEC policies are implemented, only the energy parame-
ters of Op.550 are required (Table 2). All the reported energy
data are provided by the company owning the industrial sys-
tem under study. The remaining production system parameters
are not reported because of a confidentiality agreement with the
company.

Table 2. Energy parameters for the three devices of Op.550, useful for the EEC
to be applied.

Operation wb [kW] wi [kW] wsu [kW] wsb [kW]
Op.550 - Washing 56.25 6.90 8.90 0.50
Op.550 - Drying 59.50 31.10 51.50 25.20
Op.550 - Chilling 33.00 26.15 42.27 0.75

Op.525 is composed of 6 identical parallel machines execut-
ing machining operations; when all the 6 machines work at full
pace, the processing time tp of the whole workstation is stochas-
tic and follows a normal distribution with mean parameter equal
to 42 seconds, and variance equal to 0.2. The tunnel washer has
an upstream buffer B16 with finite capacity K equal to 15 plus
the two internal buffers Bd and Bc, both with a finite capac-
ity equal to 3. In nominal conditions, the internal conveyor of
Op.550 is adjusted to the maximum speed, leading to an expo-
nentially distributed tp with mean of 36 seconds for each of the
three working phases of Op.550. On the other hand, if the in-
ternal conveyor of Op.550 is adjusted to the minimum speed,
the three phases have a tp that follows an exponential distribu-
tion with mean 42 seconds. Moreover, the washing phase has
a startup time of tsu = 100 seconds, while both the drying and
chilling phase have a tsu = 30 minutes (1800 seconds). In addi-
tion, the power requested in the various states or sub-states for
each Op.550 phase (ws = {wb,wi,wsu,wsb}) are reported in Ta-
ble 2. All the phases have remarkable and high power requests
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in all the states. Lastly, Op.600 is an assembly workstation with
an upstream buffer (B17) of capacity 8 and one single machine
that has a normally distributed processing time with mean and
variance equal to, respectively, 42 and 0.2 seconds.

2.5. Energy Efficient Control Policies

EEC policies are applied to the washing-phase device of
Op.550. All the policies used in this work are buffer and thresh-
old based: the EEC of the washing-phase device is based on its
upstream and downstream buffers and, in particular, the device
switch off/on is triggered by specific buffers level values. To
clarify, this means that each EEC policy is composed of 4 pa-
rameters: (i) a threshold defined as no f f

u indicating that when
the upstream buffer B16 reaches this level the washing-phase
device must be switched off, (ii) the dual threshold defined as
non

u indicating that when B16 is at this level the washing-phase
device must be switched on again and, similarly, (iii-iv) two
threshold levels (no f f

d and non
d ) on the downstream buffer Bd

with the same function but looking at the Bd level. A graph-
ical overview of how a buffer and threshold based EEC pol-
icy works is shown in Figure 4: the washing-phase device is
switched off when B16 level is equal to no f f

u and switched on
again only when B16 level reaches non

u ; similarly, the washing-
phase device is switched off when Bd level corresponds to no f f

d
and switched on again when Bd level reaches non

d . It must be
noted that no f f

u must be lower than non
u while no f f

d > non
d . This

choice allows one to switch off the washing-phase device when
the latter is or might be soon idle (i.e. starved because B16 is
empty or with few parts or blocked because Bd is full or with
many parts) and to switch on again the washing-phase device
when the production must resume (B16 is becoming full or Bd
is becoming empty).

3. Procedure Used for the Analysis

To assess how the EEC affects the performance of the indus-
trial parts washer under study, analysis is performed with the
following steps:

Step 1: Different scenarios are identified, modeling differ-
ent working conditions of Op.550 in the production
system (details in Section 4.1).

Step 2: For each scenario, all the possible buffer and thresh-
old based EEC policies for Op.550 are generated.
This means that all the possible combinations of
[no f f

u , non
u , n

o f f
d , n

on
d ] based on B16 and Bd capacity

are identified (details in Section 4.1).
Step 3: For each generated policy of each scenario, discrete

event simulation is used to estimate the Op.550
performance when this policy is applied. Matlab
(Mathworks, US) software is used for the simula-
tion experiments.

Step 4: Numerical results of each experiment are compared
with the performance of the system with AOn policy

Fig. 4. Graphic example of how a buffer and threshold based EEC policy works
in practice. The washing-phase device is switched off once B16 level reaches
no f f

u and is switched on again when it is equal to non
u . Similarly, the washing-

phase device is switched off when the Bd level reaches no f f
d and switched on

again when it is equal to non
d .

implemented, assessing the EEC impact (details in
Section 4.2).

All the experiments are characterized by the evaluation of two
KPIs: the throughput loss (referred to as “∆TH” in this paper)
and energy saving (referred to as “∆EN” in this paper). For each
case, ∆TH is evaluated as the difference between the system
throughput when the AOn policy is applied and when the EEC
is implemented. Similarly, ∆EN is the difference between the
Op.550 energy consumption when the AOn policy is applied
and the same indicator when the EEC is implemented.

Capacities of B16 and Bc are equal to, respectively, 15
and 3; this leads to 846 different possible combinations of
[no f f

u , non
u , n

o f f
d , n

on
d ] while ensuring no f f

u < non
u and no f f

d > non
d ,

and to the same number of possible EEC policies for the
washing-phase device. Consequently, for each scenario, 846



A. Loffredo et al. / Manufacturing Letters 35 (2023) 1303–1311 1308

different experiments are performed and compared with the
same scenario but with AOn policy applied to the washing-
phase device. In all the experiments, AOn policy is implemented
on Op.525, Op.600, and both the drying and chilling phases of
Op.550. The simulation model is consistent with the system de-
scribed in Section 2.

The simulation length is the same for all the experiments,
corresponding to the production period required to produce
15000 items. The same transient period is imposed for each
experiment, corresponding to the production period required
to produce 5000 items: this represents an overestimation, for
computational-accuracy reasons, of the transient period identi-
fied with the Welch method [20]. A single replication is used
to estimate the performance of the controlled system at steady
state and the Pareto frontier is found by a complete enumeration
of candidate solutions. The experimental campaign is carried
out on a laptop with 4.90GHz i7 Intel Core and 16GB RAM.

4. Numerical Experiments

4.1. Design of experiments

Six scenarios are studied to assess the effect of EEC applica-
tion on Op.550. The varying parameters in the different scenar-
ios are the Op.550 internal conveyor speed and the number of
functioning machines in Op.525. A complete overview of the
analyzed scenarios is shown in Table 3.

Table 3. The 6 identified scenarios, modeling different working conditions of
Op.550, where to assess the effect of EEC application.

Scenario Op.550 Speed Nr of Working
Conveyor Speed Machines in Op.525

1 Maximum All (6/6)
2 Medium All (6/6)
3 Minimum All (6/6)
4 Maximum 5/6
5 Medium 5/6
6 Minimum 5/6

In scenarios 1,2, and 3, all 6 machines of Op.525 are ac-
tually working, leading to a processing time for this worksta-
tion reported in Table 1 (i.e. normally distributed with mean 42
and variance 0.2 seconds). On the other hand, in scenarios 4,5,
and 6, only 5 machines over 6 in Op.525 are actually work-
ing, meaning that one machine in the station is under mainte-
nance or because Op.525 is not required to work at full pace for
some production periods. In this situation, the processing time
of Op.600 follows a normal distribution with a mean of 50.5
and a variance of 0.5 seconds. These values are obtained by
fitting from real data provided by the company. For which con-
cerns Op.550, in scenarios 1 and 4, the internal conveyor is set
to the maximum speed (exponentially distributed tp with mean
36 seconds for each of the three working phases), in scenarios 2
and 5 the conveyor speed is at the medium level (exponentially
distributed tp with mean 39 seconds for the three phases), and,
lastly, in scenarios 3 and 6 the conveyor flows at its minimum

speed (exponentially distributed tp with mean 42 seconds for
each phase). The mean processing time values associated with
the three conveyor speeds are provided by the company while
the exponential distributions are selected as assumptions due
to a lack of information about the stochasticity of these data.
Lastly, it must be noted that scenario 1 represents the nominal
case, i.e. when the internal conveyor of Op.550 is adjusted to
the maximum speed and all 6 machines in Op.525 are working.

In all the scenarios the saturation level of Op.550 is signifi-
cantly varied. From the literature, it has been proven that EEC
leads to higher savings when applied to machine tools char-
acterized by low saturation [19]. Therefore, one of the scopes
of this numerical analysis is to assess if similar results can be
achieved also for the saturation of industrial parts washers. On
the other hand, other insights from the literature related to the
EEC of machine tools can be directly applied to the EEC of in-
dustrial parts washers. Indeed, studies related to machine tools
reveal that higher savings can be achieved through EEC with
machining workstations characterized by: (i) high power con-
sumption, (ii) short startup time, and (iii) high buffer capacity
[19]. Since these parameters are not strictly related to the ma-
chining process but also characterize the industrial washing op-
eration, it is possible to affirm that similar conclusions also hold
for industrial parts washers.

4.2. Experimental Results

An EEC policy is said to be effective when leading to a neg-
ative ∆EN, i.e. a positive energy saving, with respect to the AOn
policy. Therefore, the first result to be shown regards how many
effective EEC policies is possible to identify for each scenario.
Considering as example scenario 1, in Figure 5 it is possible
to see the resulting ∆EN and ∆TH for all the 846 EEC poli-
cies when applied in this scenario: each point corresponds to
one combination of control thresholds, i.e. one of the 846 tested
cases where a different EEC policy has been applied. Figure 5
also highlights section where these effective EEC policies are
present and how many they are. Similar considerations can be
extracted for all the other scenarios and an overview of the num-
ber of effective EEC policies in each case is reported in Table
4.

Table 4. Number of effective EEC policies for all the 6 scenarios analyzed.

Scenario Number of Percentage of
Effective EEC Effective EEC

1 413 48.76%
2 341 40.26%
3 284 33.53%
4 476 56.20%
5 605 71.86%
6 499 58.91%

Furthermore, for each scenario, it is possible to extract the
respective Pareto front minimizing energy and maximizing pro-
duction rate. The 6 Pareto fronts of all the scenarios analyzed
are reported in Figure 6. In each Pareto front, two particular
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solutions can be identified: (i) the minimum energy consump-
tion case, i.e. the one leading to the maximum energy saving
(minimum ∆EN), and, (ii) the best constrained solution, i.e. the
one leading to the maximum energy saving while guaranteeing
a maximum production rate loss of no more than 1% (i.e., ∆TH
of -1%) since the goal is to not jeopardize the system productiv-
ity. A summary of the resulting energy savings and throughput
losses for the minimum energy consumption cases and best con-
strained solutions of each scenario are reported, respectively, in
Tables 5 and 6. The tables also show the corresponding yearly
absolute energy saving in gigajoules (GJ) and “Barrels of oil
equivalent” (or “BOE”) for the production system. It must be
noted that, only for these 12 instances (i.e. 6 minimum energy
consumption cases plus 6 best constrained solutions), each ex-
periment is replicated (20 replications), and both KPIs ∆EN and
∆TH extracted with a 90% confidence level on the mean value.

Table 5. Experimental results for the minimum energy consumption cases.

Scenario ∆EN [%] Yearly Yearly ∆TH [%]
Sav. [GJ] Sav. [BOE]

1 −3.55 ± 0.05 67.7 ± 0.9 11.07 ± 0.14 −2.77 ± 0.01
2 −2.29 ± 0.02 45.9 ± 0.2 7.50 ± 0.03 −1.97 ± 0.03
3 −1.40 ± 0.01 41.2 ± 0.1 6.74 ± 0.02 −2.42 ± 0.02
4 −5.27 ± 0.12 84.1 ± 1.3 13.74 ± 0.21 −2.59 ± 0.07
5 −4.83 ± 0.02 76.4 ± 0.2 12.49 ± 0.03 −2.39 ± 0.04
6 −2.78 ± 0.01 57.6 ± 0.1 9.46 ± 0.02 −2.61 ± 0.02

Table 6. Experimental results for the best constrained solutions.

Scenario ∆EN [%] Yearly Yearly ∆TH [%]
Sav. [GJ] Sav. [BOE]

1 −3.36 ± 0.02 45.8 ± 0.2 7.49 ± 0.04 −0.88 ± 0.01
2 −2.09 ± 0.01 33.1 ± 0.2 5.41 ± 0.04 −0.97 ± 0.03
3 −1.35 ± 0.01 23.8 ± 0.1 3.89 ± 0.02 −0.85 ± 0.02
4 −4.87 ± 0.09 62.1 ± 1.0 10.15 ± 0.16 −0.88 ± 0.05
5 −4.66 ± 0.11 59.5 ± 1.2 9.73 ± 0.19 −0.85 ± 0.05
6 −2.61 ± 0.03 38.5 ± 0.3 6.29 ± 0.05 −0.95 ± 0.03

In all the scenarios it is possible to identify a great number
of effective EEC policies, indicating that this approach is able
to significantly reduce energy consumption also for industrial
washing operations. Furthermore, looking at the Pareto fronts,
it may be noted how by allowing slight productivity drops,
the corresponding saving strongly increases. Considering the
remarkable and high power requests for all the phases of the
overall washing operation (Table 2), it is important to underline
how even a small percentage of saving leads to a significantly
reduced consumption in absolute terms for the production sys-
tem. This is confirmed by all the best constrained solutions,
showing how while allowing a maximum of 1% decrease in
terms of productivity, several tens of gigajoules can be saved.
Furthermore, if the maximum 1% throughput decrease is not
considered and the minimum energy consumption cases are ob-
served, the absolute yearly saving strongly increases. As ex-
pected, the saving is higher in scenarios 4,5, and 6, since only 5

machines in Op.525 are functioning. This increases the prob-
ability of having Op.550 starved (i.e. idle) and allows more
chances to carry out the switch off/on control on the washing-
phase device. Moreover, saving also enhances as long as the
internal conveyor speed increases: the faster the conveyor, the
faster the three phases of Op.550, the higher the probability
of having Op.550 starved or blocked (i.e. idle), the higher the
number of switch off/on control actions on the washing-phase
device. From a practitioner’s point of view, the higher the differ-
ence in processing time between an industrial parts washer and
the upstream/downstream operations, the higher the benefits in
terms of energy to be saved. Therefore, this analysis confirms
that for industrial parts washers the lower the workstation sat-
uration level the higher the energy savings (as in scenarios 4,5,
and 6).

5. Conclusions and Further Developments

In this work, the goal is to analyze possible strategies to im-
prove the energy efficiency of industrial parts washers. There-
fore, buffer and threshold based EEC policies have been ap-
plied to the washing-phase device of an industrial parts washer
operating in the automotive sector. The goal of the analysis is to
assess the industrial impact that this energy efficient action has
on the system. Numerical results are presented, showing that
it is possible to identify effective EEC policies for the indus-
trial parts washer in different working conditions. This demon-
strates the applicability and potential of EEC strategies also to
industrial parts washers. Moreover, if properly selected, it is al-
ways possible to identify EEC policies able to decrease energy
consumption without jeopardizing the production rate. Finally,
from a practitioner’s point of view, the higher the probability
of having the washing device starved or blocked, i.e. idle, the
higher the impact in terms of energy saving.

The principal limitation of this work is related to the sta-
tionary system dynamics and the absence of focus on the inter-
actions of the analyzed operations with the surrounding shop
floor. To extend this work, an interesting study could be per-
formed by inserting non-stationary system dynamics, i.e. with
time-varying behavior. In this case, the introduction of ma-
chine learning techniques might be required, to adapt the con-
trol to the non-stationary dynamics. Another further develop-
ment could be the joint control of more workstations in the
production systems, assessing the EEC impact when a wider
production system, also including industrial parts washers, is
controlled. Moreover, it might be also interesting to analyze the
patterns present in the obtained solutions for each scenario (as
in Figure 5) and to understand what are the causes leading to
these patterns and, consequently, which insights might be ex-
tracted from them. Lastly, it might be interesting to carry out
a sensitivity analysis to deeply assess if there are other input
washing-phase device parameters that have the most significant
influence on the resulting savings and throughput when EEC is
implemented on the industrial parts washers.
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Fig. 5. Resulting energy saving and throughput loss in respect to the AOn policy for Scenario 1 analyzed, results for all possible 846 EEC policies are shown.

Fig. 6. Pareto fronts of resulting energy saving and throughput loss in respect to the AOn policy for all 6 Scenarios.
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