Ecological and economic Assessment
of Resource Use
Cleaning Technologies in
industrial Production

October 2019

Study: Ecological and economic Assessment of Resource Use - Cleaning Technologies in
industrial Production

Authors:
Kerstin Angerer, Fraunhofer Institute for Casting, Composite and Processing Technology IGCV
Andrea Hohmann, Fraunhofer Institute for Casting, Composite and Processing Technology IGCV
Vico Seifert, Fraunhofer Institute for Casting, Composite and Processing Technology IGCV
Christoph Tammer, Fraunhofer Institute for Casting, Composite and Processing Technology IGCV
Technical contact person:
Dr.-Ing. Ulrike Lange, VDI Zentrum Ressourceneffizienz GmbH

We would like to thank for their professional support: Herrn M. Sc. Alexander Leiden and Herrn Prof. Dr.Ing. Christoph Herrmann of the Institute of Machine Tools and Production Technology of the Technische
Universität Braunschweig.
The study was funded by the National Climate Protection Initiative of the Federal Ministry for the
Environment, Nature Conservation, Construction and Nuclear Safety.

Edited by:
VDI Zentrum Ressourceneffizienz GmbH (VDI ZRE)
Bertolt-Brecht-Platz 3
10117 Berlin
Tel. +49 30-27 59 506-0
Fax +49 30-27 59 506-30
zre-info@vdi.de
www.ressource-deutschland.de

Cover: © robertsrob/panthermedia.net

VDI ZRE Publications:
Studies

Ecological and Economic Assessment of
Resource Expenditure
Cleaning Technologies in
industrial Production

CONTENTS
LIST OFILLUSTRATIONS

5

LIST OF TABLES

8

LIST OFABBREVIATIONS

10

ABSTRACT

13

1 INTRODUCTION

16

2 MOTIVATION AND OBJECTIVE FOR THE STUDY

18

3 SELECTION AND CHARACTERISATION OF THE CLEANING
TECHNOLOGY
3.1 Overview of cleaning technologies
3.2 Selection of practice-based cleaning technologies
3.2.1 Selection of the cleaning process type
3.2.2 Selection of cleaning system type
3.2.3 Factors affecting cleaning

20
20
23
23
25
28

4 METHODS AND DATA OVERVIEW
4.1 Methods of ecological and economic assessment
4.1.1 Life-cycle assessment method
4.1.2 Method of raw material criticality
4.1.3 Method of static cost evaluation
4.2 Definition of the reference use case
4.3 Definition of the functional unit
4.4 Definition of process parameters and production scenarios
4.4.1 Process parameters
4.4.2 Production scenarios
4.5 Definition of system boundaries and data collection of
relevant energy and material flows
4.5.1 System manufacturing
4.5.2 Utilisation phase
4.5.3 Recycling phase
4.6 Data collection of cost items

30
30
30
35
36
38
42
44
44
48
49
50
51
54
56

4.6.1 System manufacturing
4.6.2 Utilisation phase
4.6.3 Recycling phase

56
57
60

5 DESCRIPTION OF THE ECOLOGICAL AND ECONOMIC BALANCE
MODEL
63
5.1 LCA model
63
5.2 Cost calculation model
64
6 ECOLOGICAL AND ECONOMIC ASSESSMENT
6.1 Ecological assessment
6.1.1 Cumulative energy demand
6.1.2 Cumulative raw material demand
6.1.3 Water consumption
6.1.4 Land use
6.1.5 Global warming potential
6.1.6 Comparison of the results of the ecological assessment
6.2 Raw material criticality - supply risk
6.3 Economic assessment
6.3.1 Static cost evaluation
6.3.2 Parameter analysis

66
66
67
70
74
77
81
84
87
95
95
97

7 CONCLUSION

101

BIBLIOGRAPHY

104

APPENDIX A: LCA RESULTS

110

APPENDIX B: RESULTS OF COST EVALUATION

113

APPENDIX C: CLEANLINESS ANALYSES OF FILM CONTAMINATION
BY MEANS OF FLUORESCENCE
114
APPENDIX D: CLEANLINESS ANALYSES FOR PARTICULATE
IMPURITIES ACCORDING TO VDA VOLUME 19.1

115

List of illustrations

5

LIST OF ILLUSTRATIONS
Figure 1:

Overview of cleaning procedures

21

Figure 2:

Schematic representation of a collapsing cavitation
bubble

24

Figure 3:

Schematic diagram of a single-chamber cleaning system 26

Figure 4:

Schematic diagram of a multi-chamber cleaning system with
converter
27

Figure 5:

Factors affecting wet chemical cleaning (Sinner circle)

28

Figure 6:

Framework of an LCA according to the DIN standard
series DIN EN ISO 14040/14044

30

Figure 7:

Discrete capital reduction

37

Figure 8:

Drive sealing rings

39

Figure 9:

Cleaning process sequence

40

Figure 10:

Evaluation of component cleanliness for the baseline
scenario according to VDA 19.1

46

Assessment of component cleanliness in the “70 °C”
scenario in accordance with VDA 19.1

47

Evaluation of the component cleanliness in the “60 °C
optima” scenario according to VDA 19.1

48

Figure 13:

Graphical representation of the range of scenarios

49

Figure 14:

Definition of system boundaries

49

Figure 15:

Material and energy flows of the system manufacturing. 50

Figure 16:

Material and energy flows for the utilisation phase

52

Figure 17:

Material and energy flows of the recycling phase.

55

Figure 18:

Structure of the LCA

63

Figure 19:

Ecological assessment - parameter selection for scenario
analysis.
66

Figure 11:
Figure 12:

6

List of illustrations
Figure 20:

Cumulative energy demand (CED) per functional unit
(FU) for the entire life cycle (baseline scenario)

67

Figure 21:

Cumulative energy demand (CED) per functional unit
(FU), sub-divided by life cycle phases (baseline scenario) 68

Figure 22:

Cumulative energy demand CED) per functional unit (FU),
parameter analysis (baseline scenario).
69

Figure 23:

Cumulative energy demand (CED) per functional unit
(FU), scenario analysis (baseline scenario, “min”
scenario, “max” scenario).

70

Figure 24:

Cumulative raw material demand (CRMD) per functional
unit (FU) for the entire life cycle (baseline scenario).
71

Figure 25:

Cumulative raw material demand (CRMD) per functional
unit (FU), subdivided according to life cycle phases
(baseline scenario).
72

Figure 26:

Cumulative raw material demand (CRMD) per functional
unit (FU), parameter analysis (baseline scenario)
73

Figure 27:

Cumulative raw material demand (CRMD) per functional
unit (FU), scenario analysis (baseline scenario, “min”
scenario, “max” scenario)
74

Figure 28:

Water consumption per functional unit (FU) for the
entire life cycle (baseline scenario).

75

Figure 29:

Water consumption per functional unit (FU), subdivided
according to life cycle phases (baseline scenario).
75

Figure 30:

Water consumption per functional unit (FU), parameter
analysis (baseline scenario).

76

Water consumption per functional unit (FU), scenario
analysis, (baseline scenario, “min” scenario, “max”
scenario)

77

Figure 31:

Figure 32:

Land use per functional unit (FU) for the entire life cycle
(baseline scenario)
78

List of illustrations
Figure 33:
Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:
Figure 39:

Figure 40:
Figure 41:

7

Land use per functional unit (FU), subdivided
according to life cycle phases (baseline scenario)

79

Land use per functional unit (FU), parameter analysis
(baseline scenario).

80

Land use per functional unit (FU), scenario analysis,
(baseline scenario, “min” scenario, “max” scenario)

81

Global warming potential GWP100 per functional unit
(FU) for the whole life cycle

82

Global warming potential GWP100 per functional unit
(FU), subdivided by life cycle phases

82

Global warming potential GWP100 per functional unit
(FU), parameter analysis (baseline scenario)

83

Global warming potential GWP 100 per functional unit
(FU), scenario analysis, (baseline scenario, “min”
scenario, “max” scenario).

84

Ecological evaluation results standardised to SCS baseline scenario

85

Results of the ecological scenario analysis for the “min”
scenario, standardised to the baseline scenario

86

Figure 42:

Results of the ecological scenario analysis for the “max”
scenario, standardised to the baseline scenario
87

Figure 43:

Static cost evaluation - parameter analysis

Figure 44:

Static cost evaluation - scenario analysis

98
100

8

List of tables

LIST OF TABLES
Table 1:

Comparison of the characteristics of the system types
27

Table 2:

Categories, criteria and indicators of the criticality
dimension of supply risk
35

Table 3:

Characteristic values of the cleaning systems under
consideration
40

Table 4:

Extract of parameters in wet chemical cleaning
processes

45

Table 5:

Baseline scenario “60 °C”: Low temperature, high
mechanical impact
45

Table 6:

Scenario “70 °C”: High temperature, low mechanical
impact
47

Table 7:

Material costs for manufacturing the single-chamber
and multi-chamber cleaning systems
51

Table 8:

System states for recording both cleaning
technologies using measurement equipment

54

Table 9:

Definition of parameter variations – recycling phase
56

Table 10:

Cost items for system manufacturing

56

Table 11:

Cost items for utilisation phase

58

Table 12:

Calculation of cost rates

59

Table 13:

Cost items for recycling phase

60

Table 14:

Input data for the cost calculation model

65

Table 15:

Assessment of the criticality dimension supply risk
93

Table 16:

Static cost assessment - baseline scenario

96

List of tables
Table 17:

Static cost evaluation – parameter selection for
scenario analysis

9

99

Table 19: Ecological assessment - parameter analysis

110

Table 20:

Ecological assessment – scenario analysis

111

Table 21:

Static cost evaluation – parameter analysis

113

Table 22:

Static cost evaluation - scenario analysis

113

Table 23:

Overview of the test results regarding film
contamination

114

Table 24:

Extraction, microscopic analysis & statistics 60 °C
multi-chamber cleaning system
115

Table 25:

Image material for cleanliness analysis 60 °C multichamber cleaning system
116

Table 26:

Extraction, microscopic analysis & statistics 60 °C
single-chamber cleaning system
117

Table 27:

Image material cleanliness analysis 60 °C singlechamber cleaning system
118

10

List of abbreviations

LIST OF ABBREVIATIONS
a

Year

BGR

Federal Institute for Geosciences and Natural Resources
(Bundesanstalt für Geowissenschaften und Rohstoffe)

CML

Institute of Environmental Sciences Leiden (Centrum
voor Milieukunde Leiden)

CO2

Carbon dioxide

DERA

German Mineral Resources Agency (Deutsche
Rohstoffagentur)

DIN

German Institute for Standardisation (Deutsches Institut für Normung e. V.)

SCS

Single-chamber cleaning system

ELCD

European Reference Life Cycle Database

EN

European Standard

eq

Equivalent

FU

Functional unit

g

gram

GCEL

Global Coal Exit List

Gi

Weighting factor

GWP

Global warming potential

h

hour

HHI

Herfindahl-Hirschman Index

I0

Investment expenditure

IGCV

Fraunhofer Institute for Foundry, Composite and Processing Technology (Fraunhofer-Institut für Gießerei-,
Composite- und Verarbeitungstechnik)

List of abbreviations
ISO

International Organisation for Standardisation

IVV

Fraunhofer Institute for Process Engineering and
Packaging (Fraunhofer-Institut für Verfahrenstechnik
und Verpackung)

IZT

Institute for Future Studies and Technology Assessment gGmbH (Institut für Zukunftsstudien und Technologiebewertung gGmbH)

CED

Cumulative energy demand

kg

kilogram

kHz

kilohertz

Kj

Correction factor

SMEs

Small and medium-sized enterprises

CRMD

Cumulative raw material demand

LCA

Life-cycle assessment

m2

square metre

m3

cubic metre

MCS

Multi-chamber cleaning system

MJ

megajoule

mm

millimetre

N

Useful life

Nm3

Standard cubic metres

U

Revolution

VDA

Association of the Automotive Industry (Verband der
Automobilindustrie e. V.)

VDI

Association of German Engineers (Verein Deutscher Ingenieure e.V.)

FD water

Fully demineralised water

11

12

List of abbreviations
W

watt

WGI

World Governance Indicator

VDI ZRE

VDI Center Resource Efficiency GmbH (VDI Zentrum
Ressourceneffizienz GmbH)

µm

micrometre

Abstract

ABSTRACT
The cleanliness requirements and the associated residual dirt requirements
have risen sharply in the field of industrial parts production in recent years.
This forces companies to see the cleaning process no longer as a low-priority
part of the manufacturing chain, but rather as a processing step that creates
value. In this context, resource efficiency potentials can be tapped, which
reduce material and energy consumption and lead to cost savings at the same
time.
In most cases, increasing resource efficiency fails due to insufficient
knowledge about the factors that influence the process. In order to avoid
compromising cleaning quality, obsolete but well-established systems are often operated until either it is no longer possible to service them or media can
no longer be used because of hazardous substances regulations.
The aim of the study is to show especially SMEs what influence the choice of
the cleaning process and the adjustable process parameters can have on material and energy consumption. The results of the study should thus provide
an impetus for an in-depth analysis of the cleaning process step and raise
awareness of the potential to save resources through optimised cleaning
technology and process management.
The subject of the study is the comparison of a single-chamber and a multichamber ultrasonic cleaning system. Ultrasonic cleaning is a fast, reliable
and economical method, especially after machining work, for removing both
contaminants that form films, such as coolants, release agents and polishing
pastes, and particles or chips. For these reasons, ultrasonically assisted wetchemical cleaning processes are widely used in various industries. In addition to the ultrasonic frequency, the choice of system technology and the
loading or capacity utilisation of the system are crucial for cleanliness. 1 Taking a drive sealing ring 2 from a contaminated state after a lapping process to
a state of defined cleanliness represents the basis of the ecological and eco-

1
2

See Schulz, D. (2012), pp. 44-47.
Component made of metallic chilled cast iron, which is used to retain lubricants in a large
number of different machines and vehicles.
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Abstract
nomic evaluation of the two cleaning technologies, as the cleaning task selected. This is a "cradle-to-grave" assessment, i.e. all phases of the life cycle
from raw material extraction to disposal of the cleaning system are taken
into account.
For the ecological assessment, the method of life-cycle assessment according
to the ISO standard guideline DIN EN ISO 14040/14044 is used. The four
impact categories described in the guidelines VDI 4800 Part 1, VDI 4800
Part 2 and VDI 4600 Cumulative Energy Demand (CED), Cumulative Raw
Material Demand (CRMD), Water Consumption and Land Use are examined.
In addition, the greenhouse gas potential is determined and an analysis of
the raw material criticality in accordance with VDI 4800 Part 2 is carried out.
Static cost accounting is used for economic assessment.
The study is structured as follows: Following the introduction, chapter 2
briefly explains the motivation for the study. Chapter 3 first provides an overview of cleaning technology. Subsequently, the parameters for observation
of wet-chemical ultrasonic cleaning are defined, based on data on the relevance of individual cleaning technologies.
After a brief overview of the methods of life-cycle assessment, raw material
criticality and cost evaluation, the reference use case is defined and specified
in chapter 4 based on a real component. The functional unit was determined
to be a “clean component” and defined as follows:
"The cleaning of a component up to a fluorescence intensity at the edge
of detectability and a filter clogging after particle extraction between
0.5 and 1.5%, combined with the requirement that at most one particle
larger than 400 microns may be present."
Then the system boundaries and the relevant energy and material flows are
defined. Subsequently, production scenarios and process parameters are defined. The observation parameters include the cleaning technologies singlechamber cleaning system and multi-chamber cleaning system using the
principle of aqueous ultrasonic cleaning. In order to be able to evaluate the
dependency of the assessment of process parameters, two combinations
were identified for each system, which lead to a similar component cleanliness despite process parameter variations. Most of the datasets collected

Abstract
have been generated based on real experiments. With the help of these and
other background data, the life-cycle assessment model based on GaBi software from thinkstep is developed in chapter 4. Chapter 6 presents the results
of the ecological and economic evaluation in detail. It becomes clear that the
scenarios of the operating parameter combinations have significantly less
influence on the results than the capacity utilisation of the systems.
The results of the ecological and economic evaluation can essentially be reduced to one key statement: by far the most influential factor on resource
efficiency is the capacity utilisation of the system, if all system boundaries
are complied with and the objective of “delivering a component that meets
the cleanliness requirements” is fulfilled.
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Introduction

1

INTRODUCTION

In the field of industrial parts production, the cleanliness requirements and
the corresponding residual contamination requirements have increased
sharply in recent years. Companies are thus forced to consider the cleaning
process as a processing step that creates value and to carry out optimisations
or to consider new system concepts. This opens up opportunities to exploit
resource efficiency potential and thereby reduce material, energy and thus
costs in operation.
In view of ever stricter requirements, the system manufacturers are therefore working on solutions that can achieve higher levels of cleanliness in a
dependable, economical and environmentally friendly manner. On the one
hand, extensive basic research is required in this context. On the other hand,
technical solutions must be developed from the results obtained which can
be integrated into systems at marketable costs. There is therefore a large
demand for innovative, environmentally sound and economical cleaning
methods.
Industrial cleaning systems are used to prepare technical components for
further processing. The main task of industrial parts cleaning is to ensure
adequate part cleanliness that meets the requirements of the subsequent
process. In this process, auxiliary and operating substances (grease, oil, etc.)
required in the previous processing steps are primarily removed to allow
high-quality painting, for example, or surface finishing of the components.
Residues of oils, greases, salts and other substances would otherwise significantly compromise or prevent wet coating and adhesion of these layers on
the metallic substrate. Furthermore, particulate contaminants hinder the
functional reliability of products in end use. Particles adhering to the surface,
such as chips, abraded particles or blasting agents, can lead to blockages or
increased wear. Here it is the requirements of the vehicle industry, in particular, which are causing increasing demands for suitable cleaning methods
and systems.
In this context, system manufacturers and users alike are responsible for
designing and adjusting the cleaning process in such a way that the components can be cleaned in a way that saves resources and assures quality. This

Introduction
requires knowledge of the parameters influencing the cleaning result and
their interactions. The requirements of the cleaning results are crucial in determining the method and the cleaning effort applied.
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2 MOTIVATION AND OBJECTIVE FOR THE STUDY
Although the perception of the importance of the cleaning process step has
improved progressively in recent years, it can still be seen across sectors
that it is subordinate to others in the production process chain. The complexities and existing research issues, e.g. how other parameters in the context
of ultrasonic cleaning influence the chain of action of the ultrasound, continue to deter especially SMEs from focusing on this process step. Combined
with the increasing demands on technical cleanliness, process engineering
measures that lead to a reduction of operating costs through material and
energy savings are being implemented only slowly.
Increasing the material and energy efficiency of cleaning processes often
fails because of insufficient knowledge of the variables that affect it. Often in
industrial production outdated but well-established systems are operated beyond their specified service life or until cleaning media are no longer usable
due to hazardous substance regulations. When acquiring new system technology, the user then has to choose a manufacturer from the large market of
cleaning technology. In turn, these usually only cover small areas of the spectrum of available cleaning technology and are thus limited to certain processes from the outset. In addition to the technological range of services,
investment expenditure and operating costs are usually the key criteria here,
while the environmental effects and resource efficiency are often not considered due to a lack of information.
The aim of the study is therefore to show especially SMEs what influence the
choice of the cleaning process and the adjustable process parameters can
have on resource efficiency and company costs. The results of the study can
thus provide a decisive impetus for an in-depth analysis of the cleaning process step and raise awareness of the potential to save costs and resources
through optimised cleaning technology and process management.
In summary, the study has the following objectives:
• An application-related basis for decision-making with regard to economic
and ecological parameters for procurement of new cleaning technologies
and for optimisation of process management

Motivation and objective for the study
• Transparent presentation of economic and ecological indicators along the
life cycle of cleaning technologies (phase of system production, utilisation
phase, end-of-life phase)
• Fluctuation of the economic and ecological indicators along a defined process window and identification of the process parameters responsible for
this

19
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3 SELECTION AND CHARACTERISATION OF THE
CLEANING TECHNOLOGY
3.1 Overview of cleaning technologies
Cleaning is defined as the “removal of unwanted substances (contaminants)
from the surface of workpieces to a required, agreed or possible degree” 3.
Furthermore, "the achievable degree of cleanliness (...) depends on the cleaning method as well as on the type and nature of the contamination” 4.
Classification according to cleaning objective
Cleaning can be classified by considering the objective of cleaning: cleaning,
descaling, de-rusting, stripping, degreasing, dedusting, removing soot, sterilizing, disinfecting and decontaminating. 5 The last three cleaning objectives
are for biological or radioactive contaminants and have less relevance for
general technical applications in the manufacturing sector.
Classification according to type of cleaning procedure
Furthermore, the cleaning processes specified in DIN 8592 are assigned to
separation processes in the main group of production processes and are divided into subgroups according to the type of process. A detailed overview
of this classification according to the type of procedure is given in Figure 1
and reflects the entire scope of solutions for the design of cleaning processes.

3
4
5

DIN 8592:2003-09, p. 3.
DIN 8592:2003-09, p. 3.
See DIN 8592:2003-09, p. 6.
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Group 3.6 cleaning procedures
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In the case of blast cleaning (3.6.1), blasting agents are the tool accelerated
to strike the surface of the workpiece being processed (blasting material).
Contamination is removed during the process by abrasion. Air (compressed
air jets), an impeller (airless blast cleaning) and water (wet blasting) can be
used to accelerate the blasting agent. As the blasting agent itself, mineral,
organic or metallic substances are often used. 7
With mechanical cleaning (3.6.2) contaminants are removed by the effect
of objects (cleaning tools) or their movement. In addition to wiping, brushing,
sweeping, scratching, scraping, grinding and knocking out, this also includes
other methods, such as vibration cleaning or vibratory finishing. 8
Fluidic cleaning (3.6.3) is based on the effect of moving fluids (e.g. air or
water), which can bring about removal of contaminants. In wet cleaning processes, cleaning media are often added to enhance the way in which the
binding energies of contaminants dissolve and thus improve the cleaning
action.

6
7
8

See DIN 8592:2003-09, p. 7.
See Schweinstieg, S. (2012), p. 23.
See Motschmann, S. (2010).
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In addition to water-based cleaning agents, solvents are also used for cleaning purposes. These can be divided into hydrocarbons, oxygen-containing
hydrocarbons (alcohols) and chlorinated hydrocarbons. 9 The associated process is referred to as solvent cleaning (3.6.4). 10
In the case of chemical cleaning (3.6.5), acids, alkalis or chemicals that
cause a targeted chemical reaction are used for cleaning purposes. The mechanisms by which they have an effect vary significantly depending on the
substance used, so that a uniform description of the method is not possible.
In thermal cleaning (3.6.6), the impurities are vaporised, chemically converted or decomposed by high temperatures. The high temperatures are generated by different methods, such as the use of ovens, laser radiation or the
direct application of flames or hot media. 11
Classification according to cleaning process groups
In industrial applications, the cleaning technologies listed are frequently
combined with one another. Alongside the classification in Figure 2, there is
also a practice-based subdivision into the process groups of blasting processes, mechanical processes, thermal processes, wet processes, special processes and other processes. 12
While the groups blasting processes, mechanical processes and thermal processes correspond to the properties described above (3.6.1, 3.6.2, 3.6.6), the
group of wet processes primarily includes fluidic cleaning (3.6.3) and links
this through the use of different cleaning media with the characteristics of
chemical cleaning (3.6.5) and solvent cleaning (3.6.4). Thus, the use of wet
processes covers a wide range of industrial cleaning tasks. Special processes
include, for example, plasma cleaning, laser beam and electron beam cleaning, while vacuum distillation and chemical stripping, for instance, fall under
other methods.

9
10

11
12

See Schweinstieg, S. (2012), p. 27.
The work of Kreisel, G.; Wilbert, H.-P.; Goldhan, G. (1998) created a comparative life-cycle
assessment of various cleaning media that can be used to better understand the environmental
effects of cleaning media.
See Künne, B. and Richard, T. (2015).
See Bilz, M. et al. (2012), p. 7.
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3.2 Selection of practice-based cleaning technologies
3.2.1 Selection of the cleaning process type
Cleaning processes are always required when the cleanliness of parts and
components does not meet the requirements of the subsequent process or
the end use. Based on the market and trend analysis in industrial parts cleaning - carried out by the Fraunhofer Cleaning Technology Alliance - the users
of cleaning technology processes are predominantly found in the automotive,
metal and mechanical engineering sectors. 13 These industries are characterised by the use and processing of metallic materials. Processing of metals in
most cases requires the use of secondary production materials which, together with particulate contamination, leave residues on the component surfaces and create stubborn dirt. In combination with the often complex geometrical shape of the components, these contaminants are often removed by
wet-chemical cleaning processes. This is also reflected in a market share for
wet process of 59% of users, sub-divided into solvent-based and aqueous
cleaning processes. The latter offer a wider range of applications in terms of
cleaning objectives and are the most frequently used with a share of 65%. 14
In particular, ultrasonic, spray cleaning and flooding methods increase the
mechanical cleaning effect in the process. The widespread use of aqueous
immersion methods with support from ultrasound and flooding in manufacturing companies is an indication of the high practical relevance of the
procedures.
Ultrasonic cleaning
Ultrasonic cleaning is a process in which ultrasound is introduced by means
of a vibration generator mounted in the cleaning basin, which is disseminated in the form of longitudinal vibrations in the cleaning agent. Under the
influence of a local sound field in the negative pressure phase, cavities are
created in liquids, which are referred to as cavitation bubbles (Figure 3).

13
14

See Bilz, M. et al. (2012), p. 7.
See Bilz, M. et al. (2012), p. 21.
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Figure 2:

Schematic representation of a collapsing cavitation bubble 15

The cavitation bubble tends to form at interfaces that have an uneven surface. Dirt on component surfaces is usually distributed unevenly in their
structure and thus provides optimal cavitation formation properties. 16 Short,
high implosion pressures caused by the contaminants remove particles and
film contaminants from the surface of the component and these are transported away from the surface, supported by a liquid 17jet, and dissolved or
dispersed in the cleaner. Ultrasound-based methods are already widely used
in the field of industrial component cleaning. However, the design of system
technology is usually based not on a scientific analysis of the operating principle and its boundary conditions, but on subjective experience of the system
manufacturers.
Flooding
Flooding, also referred to as pressure flooding, denotes a closed immersion
process in which the mechanical cleaning effect is enhanced by nozzle systems below the bath surface. The cleaning liquid is sucked in via a pump and
pushed back into the bath at a pressure of 5 to 20 bar 18. In addition to the
high turbulence, which is generated by the prevailing pump pressures, the
component is set in relative motion during the cleaning process by rotating

15
16
17
18

See Gülich, J. (2010), p.263.
See Kahlen, I. (2012).
See VDI Technologiezentrum (2000).
See Haase, B. (1996), p. 78.
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or pivoting movements of the basket, resulting in constantly changing dynamic pressure conditions. The pressure gradients range from the overpressure to the negative pressure range (suction). The cleaning effect created by
these constant flow reversals is highly suitable for cleaning cavities, deep
holes and undercuts.

3.2.2 Selection of cleaning system type
Automated systems for wet chemical cleaning processes typically differ in
the number and equipment of the process chambers in which the components are cleaned. Decisive factors for the design of such systems, in addition
to economic and ecological aspects, include: contamination, cleaning object
and target cleanliness. There are two basic process alternatives for cleaning
systems that are intended to meet increased requirements for technical
cleanliness, which differ according to the number of process chambers.
Single-chamber cleaning systems
Single-chamber cleaning systems consist of a process chamber which, after
the items to be cleaned have been inserted, is partially or completely filled
with cleaning fluid and/or flushing medium (Figure 3). Single-chamber
cleaning systems are usually equipped with the technology for ultrasonic
and flooding procedures. The process chamber is filled via separate rinsing
and cleaning tanks, while the cleaning object remains in the chamber
throughout the entire process. This type of system is therefore primarily suitable for batch operation.

25
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Process Chamber
Ultraso

Figure 3:

Schematic diagram of a single-chamber cleaning system

Multi-chamber cleaning systems
In contrast to single-chamber cleaning systems, multi-chamber cleaning systems bring the items to be cleaned to the cleaning medium. There are typically three to six open process chambers available that already contain the
respective cleaning or rinsing medium (Figure 4). These are combined within
a closed structure. In the individual process chambers, ultrasound is usually
used as a mechanical cleaning component. Instead of flooding, the system
uses simple circulation of the medium with a very low flow rate in the foreground, which serves to treat the medium in the form of filtration and oil
separation. The items to be cleaned are moved from one chamber to the next,
reducing the amount of residual contamination on the component at each
step if the system is operated properly. Continuous treatment of the cleaning
and rinsing media makes it possible to operate such a system as a continuous
line.
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Figure 4:

Schematic diagram of a multi-chamber cleaning system with converter

Comparison of single-chamber and multi-chamber cleaning systems
Both system types have advantages and disadvantages that have an impact
on the economic and ecological balance of operations (Table 1). Due to the
structural differences of both systems already mentioned, there is also a difference in the process sequence of the cleaning. While the process of the
multi-chamber cleaning system is dictated by the sequence of the chambers,
the sequence of process steps for the single-chamber cleaning system is determined by the plant control system, thereby providing increased process
flexibility. The individual process steps are variable with regard to the operating variables and are selected so that the requirements of the cleaning task
are met.
Table 1:

Comparison of the characteristics of the system types

Characteristics
Achievable technical cleanliness
Flexibility (process adaptation)
Component throughput
Space requirements
Investment expenditure

Single-chamber
system

Multi-chamber
cleaning system

Good
Very good
Low
Low
Low

Very good
Good
High
High
High
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3.2.3 Factors affecting cleaning
The key interactions in wet chemical cleaning processes are illustrated using
the Sinner circle in Figure 5. 19

Temperature

Mechanics

Chemistry

Figure 5:

Type
State
Quantity
Shape
Roughness
Material
Time

Factors affecting wet chemical cleaning (Sinner circle). 20

This includes the three components of contamination, cleaning material and
cleaning process, the interaction of which is determined by the cleaning system. The effectors introduced in the cleaning process – temperature, chemistry, mechanics, time – form the process parameters that have to be adapted
to the given contamination and the items to be cleaned. Interactions between
the effectors also occur, so that the process influences can compensate for
one another. An exact adaption to the specific application is a prerequisite
for successful cleaning and the basis for the cost-effectiveness of the process.
This means, for example, that in order to obtain the same cleaning result
while shortening the cleaning time, the influence of at least one of the other
factors must be increased to compensate. By increasing the temperature or
using more chemicals, the cleaning time can be shortened, but the resulting
environmental and cost aspects must always be considered. Increasing the
cleaning mechanics is also limited in industrial use for reasons of system
and process technology. In addition, investment expenditure and operating

19
20

See Wildbrett, G. (1996), p. 94.
See Wildbrett, G. (1996), p. 94.
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costs are important decision-making principles in the design of the cleaning
process. In addition to the perspective of the cleaning process, requirements
of the cleaning material must also be taken into account. For example, cleaning products can be impaired by high exposure to ultrasound or temperature.
This demonstrates the complexity of wet processes and the potential of process optimisation. The selection of a suitable method and the accompanying
setting of effective parameters is based on specialist knowledge and
knowledge of the interactions that occur. A growing awareness of procedural
interactions on the part of users of cleaning technologies enables optimisation of process chains.
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4 METHODS AND DATA OVERVIEW
4.1 Methods of ecological and economic assessment
4.1.1 Life-cycle assessment method
Life-cycle assessment (LCA) refers to the systematic analysis of potential environmental impacts of products and of processes or services taking into account the entire life cycle, from the cradle to the grave. Especially in the area
of process design and optimisation, LCA results can be used e.g. as a decision-making aid for environmentally sound production, use or recycling. The
International Organisation for Standardisation (ISO) provides guidelines for
the performance of a life-cycle assessment within the framework of the
standard DIN EN ISO 14040/1404421 . This consists of four main phases, as
shown in Figure 6.

1. Definition of the objective and the scope
of the investigation

2. Life cycle inventory analysis

3. Impact assessment

4. Interpretation of results
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Figure 6:
Framework of an LCA according to the DIN standard series DIN EN ISO
14040/14044 21

These include the determination of the objective and the scope of the investigation, the preparation of the life cycle inventory analysis, the impact assessment and the evaluation and interpretation of the results. As shown in
Figure 6, the four main phases build on one another. The results of each
individual phase are taken up by the subsequent phases. The LCA is carried

21

See DIN EN ISO 14044:2006 and DIN EN ISO 14040:2009-11.

Methods and data overview
out iteratively. This allows adaptation of previous phases to the growing level
of knowledge of subsequent phases.
(1) Definition of the objective and the scope of the investigation
This phase defines not only the objective and the scope of the investigation
in connection with the system boundaries to be considered, but also the subject of investigation. This is called the functional unit (FU) and represents
the reference value for each LCA. All input and output streams and the analyses based on them are aligned or standardises in accordance with the FU.
The choice of system limits and the degree of detail depends primarily on
the objective. The breadth and depth of an LCA can vary depending on how
the objective is defined and has a significant impact on the other three
phases of the LCA.
(2) Creation of the life cycle inventory analysis
The life cycle inventory analysis includes data collection and calculation of
relevant input/output flows for each process module within the system
boundaries. In relation to the provision of data, a distinction can be made
between a technical foreground and background system. While energy and
material flows in the foreground system are described by technical intermediate products, such as energy or material consumption, the technical background system combines this data with the extracted resources and the emissions released into the environment (air, water, soil). The background data
can often be accessed using databases (ProBas, ELCD, GaBi databases, ecoinvent database, PlasticsEurope, etc.). For the foreground system, however, additional literature searches, expert surveys or measurement series are required, depending on the object under investigation. All necessary data are
finally summarised in the life cycle inventory analysis, taking into account
the functional unit, to give an overall balance. The modelling, i.e. the structure of the energy and material flow model, can be designed with the aid of
life-cycle assessment software.
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(3) Impact assessment
The impact assessment serves to identify, quantify and assess potential environmental impacts of the system under consideration. The selection of impact categories, the classification and the characterisation are classified as
obligatory by the ISO 14040 series, taking into account the selected impact
indicator.
Classification is carried out once the impact categories have been determined
depending on the environmental effects to be investigated. This step represents the classification of the LCI results into the impact categories. Classification is followed by characterisation, which describes the quantification of
environmental impacts. The life cycle inventory analysis results of the various impact categories are weighted accordingly using characterisation factors and aggregated into one impact indicator each. The calculation of the
characterisation factors depends on the environmental impact model setup
for each individual impact indicator. Further aggregation of the different impact categories is not possible due to the different environmental effects or
physical principles at work.
(4) Interpretation and evaluation of the results
The impact assessment is followed by the evaluation of the results. This includes an interpretation and critical discussion of the results from the impact
assessment, taking into account the defined objective and the investigation
framework. Sensitivity analyses are used to investigate the effects of data
uncertainties. If there is an effect, the data must be collected more accurately.
Using parameter and scenario analyses, different production scenarios can
also be presented and analysed. Based on the evaluation, conclusions, recommendations and decision-making tools are formulated.
The present study looks at a total of five impact indicators relevant to the
environmental assessment. These include the cumulative energy demand
(CED), the cumulative raw material demand (CRMD), the consumption of
blue water, the land use and the greenhouse gas potential.
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Cumulative energy demand (CED)
Calculation of the cumulative energy demand (CED) is based on VDI guideline 4600 “Cumulative energy demand (KEA); Terms, definitions, methods
of calculation” 22. This is defined as the sum of the primary energy provided
along the life cycle of the functional unit. The term primary energy stands
for the energy that is taken from the environment and fed into a technical
system here. In a broader sense, the consumption of renewable and nonrenewable energy resources is recorded. In addition to the resources of oil
and natural gas, these include renewable energies such as wind and solar
energy. The cumulative energy consumption impact indicator is given in the
unit MJ /FU, whereby the primary energy assessment is based on the calorific values (upper heating values). Basically, a distinction can be made between the two categories CED renewable and CED exhaustible.
CED renewable covers all primary energy consumption in the form of renewable energy and substance carriers. The use of primary energy in the form
of exhaustible energy and substance carriers, however, is covered by the category CED exhaustible. These include both fossil and nuclear primary energy
demand.
Cumulative raw material demand (CRMD)
The cumulative raw material demand (CRMD) is determined in accordance
with VDI Guideline 4800 Part 2 “Resource efficiency – Evaluation of raw
material demand” 23 and describes the total quantities of raw materials used
or required per functional unit. The raw materials water and air are not taken
into account. The cumulative raw material demand (CRMD) is given in kg/FU
and can be subdivided into the following four categories:
• The category CRMDeneregetic covers all energy resources used
• The category CRMDmetallic, on the other hand, covers all mineral raw materials used for the production of metals

22
23

See VDI 4600:2012-01.
See VDI 4800 Part 2:2018-03.

33

34

Methods and data overview
• CRMDconstruction and industrial minerals comprises the remaining mineral raw materials which are not included in the indicator CRMDmetallic
• The biotic raw materials consumed are assigned to the category CRMDbiotic
Blue water consumption
The blue water consumption includes the consumption of surface and
groundwater. It does not take into account the consumption of rainwater. The
virtual or latent water consumption is calculated. The unit of blue water consumption is defined as m3/FU.
Land use
Land use takes into account the use of different types of land over a given
period. Land is one of the natural resources and can be subdivided into arable, pasture, forestry, building, traffic or landfill sites. Land use is specified
in the unit m2*a/FU.
In order to assess land use, the land is assigned to the categories agricultural
and residential estate areas in this study.
Global warming potential
The global warming potential (GWP for short) contributes to all life-cycle assessment results that cause global warming. These include, for example, the
greenhouse gases methane, nitrous oxide and carbon dioxide. The greenhouse effect of a substance is given relative to the global warming potential
of carbon dioxide (CO2). The corresponding unit is kg CO2- equivalent/FU.
The indicator values GWP100 are taken into account in the present study.
These represent the contribution of a substance to the greenhouse effect, averaged over a period of one hundred years. The calculation of the global
warming potential is based on the environmental impact model CML 2001
January 2016.
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4.1.2 Method of raw material criticality
For assessment of raw material criticality, a criticality analysis according to
VDI 4800 Part 2 “Resource efficiency – Evaluation of raw material demand” 24 is carried out. The criticality dimension of supply risk is considered.
This takes into account the potential supply risks of a raw material. The supply risk comprises three categories, consisting of 13 indicators. An overview
of the indicators is given in Table 2.
Table 2:
risk 25

Categories, criteria and indicators of the criticality dimension of supply

Categories

Geological, technical and structural criteria

Geopolitical and
regulatory criteria

Economic criteria

Criteria

Indicator

Static range

Ratio of reserves to
global annual production
Level of companionality

Co-product/by-product dependency
Recycling
Logistic constraints
Constraints due to natural
disasters
Country concentration of
reserves
Country concentration of
production
Geopolitical risks of
global production
Regulatory situation for
raw material projects
Company concentration of
global
production
Global demand impetus
Substitutability
Raw material price fluctuations

Spread of functional end-of-life
recycling technologies
Economic viability of storage and
transport
Geographical distribution of natural deposits/growing regions
Herfindahl-Hirschmann Index of
reserves
Herfindahl-Hirschmann Index of
country concentration of production
Political country risk
Regulatory country risk
Herfindahl-Hirschmann Index of
companies
Level of demand growth
Technical and economic feasibility of substitutions in main applications
Annualised price volatility

The indicators are determined for the respective raw material to be assessed
and then allocated to the classes in the value range 0; 0.3; 0.7 or 1. Classification is carried out in accordance with the specifications of VDI Guideline
4800 Part 2. The individual indicator values are summarised below to provide an overall criticality. For this purpose, the method of degressive addition

24
25

See VDI 4800 Part 2:2018-03.
See VDI 4800 Part 2:2018-03, pp. 14 et seqq.
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is used. The indicator values for the supply risk per raw material are sorted
in descending order of size. For each indicator, a weighting factor Gi is determined according to equation (4.1) and multiplied by the respective indicator
value. The index i stands for the order rank of an indicator value.
𝐺𝐺𝑖𝑖 =

2(𝑖𝑖−1)

(4.1)

3𝑖𝑖

To standardise the weighted indicator values, they are multiplied by the correction factor K j. This is calculated using equation (4.2). The index j describes the number of indicator values which are taken into account for the
criticality evaluation.
𝐾𝐾𝑗𝑗 =

𝑗𝑗

1

(4.2)

�𝑖𝑖=1 𝐺𝐺𝑖𝑖

The sum of the standardised and weighted indicator values results in an aggregated total criticality for the supply risk per raw material.
For the sake of clarity, a detailed description of how the indicators and the
data base are determined is provided in section 6.2 in the context of the criticality assessment.

4.1.3 Method of static cost evaluation
The economic assessment is carried out on the basis of a cost comparison
calculation. The annual additional costs per component resulting from cleaning are determined for both cleaning systems under consideration.
The cost comparison calculation is based on the method of static cost evaluation. 26 The total annual costs result from the annual operating costs (Ba) and
servicing of debts (e.g. interest on loans). The operating costs include personnel, material, energy, maintenance, set-up and tooling costs. Rental costs
were also considered. Details on the calculation of operating costs are provided in section 4.6. Servicing of debt, in turn, consists of the recovery and
𝐼𝐼

the interest portion. The recovery portion � 0� stands for the depreciation of
𝑁𝑁

the initial investment expenditure I0 over the useful life N. The interest
26

See Grob, H. L. (2015); p. 22.

Methods and data overview

37

share, however, is composed of the average capital tied up multiplied by the
imputed interest rate i. In the case of investment appraisal, annual repayments at the end of the relevant operating year are often taken as the starting
point. 27 For this reason, a discrete cost reduction is assumed, which is shown
schematically in Figure 7. A reduction in value by a residual amount is not
taken into account in the study.

Figure 7:

Discrete capital reduction 28

The following equation is applied to the static cost evaluation, taking into
account a discrete capital reduction: 29
𝐾𝐾𝑎𝑎 = 𝐵𝐵𝑎𝑎 +

27
28
29

𝐼𝐼0
𝑁𝑁

+

𝐼𝐼0
2

∗

𝑁𝑁+1
𝑁𝑁

∗ 𝑖𝑖

See Poggensee, K. (2015); pp. 40 et seqq.
Based on Poggensee, K. (2015); p. 49.
See Poggensee, K. (2015); p. 52.

(4.3)
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Ka: Annual total cost
Ba: Annual operating costs
I0: Initial investment costs

N: Useful life
i: Imputed interest rate

4.2 Definition of the reference use case
In order to strengthen the general validity and meaningfulness of the study,
great importance should be placed on market needs and practical relevance
when defining both the reference application and the cleaning technology to
be investigated. In addition, the availability of data in the selection of cleaning technologies must be taken into account when carrying out a reliable and
transparent ecological and economic analysis. The following reference use
case was therefore chosen.
Reference use case
Real, industrially manufactured components (drive sealing rings) (a)
with filmic and particulate contamination are cleaned in both a singlechamber and a multi-chamber system (b) using an aqueous cleaning
process with ultrasonic and spray cleaning methods from a defined
ACTUAL component state to a defined TARGET component state (c).
The cleaning medium used for both system types is a neutral cleaner.
(a) Reference component
With regard to these aspects, a real, industrially manufactured component was selected as the reference test object. These are chilled cast metal
drive sealing rings, used to retain lubricants in a variety of different machines and vehicles. The sealing rings, shown in Figure 8, have an outer
diameter of 119 mm and a weight of 240 g. To ensure functional reliability,
high demands are placed on dimensional tolerances and the quality of the
material surface of the components. This is achieved in a processing step
involving a lapping process using a lapping paste. This manufacturing process leaves oily, sometimes slightly dried layers on the component surface,
consisting of lapping oil, abrasive grains and abraded base material. The film
and particulate contamination is a problem for further processing and ultimate fulfilment of the drive sealing rings’ function, and must therefore be
removed by a cleaning process to a defined degree.
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Figure 8:

Drive sealing rings

(b) Single chamber and multi-chamber system
As described in section 3.2, an aqueous cleaning process with ultrasonic
and spray cleaning and a slightly alkaline or pH-neutral cleaning medium is
suitable for this cleaning task. In particular with regard to the industrial and
market relevance of this method, a comparison between a multi-chamber
and single-chamber cleaning system is selected as the reference use case.
For reasons of system and data availability for a test procedure within a selected reference scenario, the study draws on two corresponding test systems 30 in the technical centre of the research institutes involved. Based on
the structural and technical differences between the two systems outlined in
section 3.2.2, there are also different process sequences for the cleaning.
While the process for a multi-chamber cleaning system is determined by the
sequence of chambers, the order of the process steps for the single-chamber
cleaning system is set by the plant control system (Figure 9).

30

Single-chamber cleaning system of the Fraunhofer IVV and multi-chamber cleaning system of the
Fraunhofer IGCV, each designed on production scale.
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Figure 9:
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Component cleaned

Single-chamber cleaning system
Component dirty
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Cleaning process sequence

The individual process steps are variable with regard to the operating variables and are selected so that the requirements of the cleaning task are met.
In Table 3, the two systems considered for this study are compared in terms
of their characteristic values.
Table 3:

Characteristic values of the cleaning systems under consideration

Characteristic
values

Single-chamber
cleaning system

Year of construction
Cleaning tanks
Rinsing tanks
Footprint
Process chamber
Cleaning medium

2016
700 litres
700 litres
3,600 mm x 2,600 mm
Max. 408 litres
Neutral cleaner (40 °C to 80 °C)

Flushing medium

Demineralised water (up to 80 °C)

Filter
Max. component dimensions (LxWxH)
Component weight
Component rotation
Ultrasonic frequency

Bag filter 10 μm fineness

Ultrasonic vibrator

5 rod vibrators

Max. power density
Nozzle arrangement
Nozzle pressure

15.8 W/l
4 registers @ 7 flat jet nozzles
4.5 bar

500 mm x 400 mm x 500 mm
Max. 50 kg
up to 10 rpm
40 kHz (alternatively 25 kHz)

Multi-chamber
cleaning system
2017
2 pieces, 72 litres each
3 pieces, 64 litres each
7,000 mm x 4,000 mm
Neutral cleaner (up to 70 °C)
Town and demineralised water (up
to 70 °C)
Cartridge filter 10 μm fineness
350 mm x 260 mm x 250 mm
Max. 15 kg
10 rpm
25, 40, 80, 120 and 150 kHz
3 plate vibrators per cleaning
chamber
15.6 W/l
-

Despite differences in the component sizes and weights that can be processed, it is evident that the systems are essentially of a comparable size. In
the interests of comparability of limit conditions, theoretical utilisation of individual parameters of the systems to their limits, such as an increase in the
number of test pieces for one of the systems or simultaneous use of several
washing baskets, was avoided.
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The installation area of the systems differs according to the system principle.
Potential dimensional restrictions may in practice limit the choice of cleaning technology, but these are not included in the study.
Drying of the components is not considered in this reference use case. The
reason for this is the simple geometric structure of the drive sealing rings
and the cleaning media temperatures necessary for cleaning. After the final
rinsing process, the components are still hot and dry under ambient conditions within the process times considered, which is why additional drying in
the reference scenario is not necessary. However, this approach means that
ambient conditions must be kept constant. It is assumed that during the
cleaning process the ambient temperature is 20 °C ± 3 K and the relative
humidity is 55% ± 10%. Likewise, the drive sealing rings are brought up to
temperature in these conditions to exclude temperature-related influences
on the cleaning.
(c) Transition from ACTUAL component state to TARGET component state
In order to define the degree or success of cleaning, the cleaning is considered to be a transition from an ACTUAL component state to a TARGET component state (see also section 4.3). The ACTUAL state is determined by the
input contamination of the drive sealing rings. This input contamination is
subject to certain fluctuations in industrial practice due to the large number
of influencing or disruptive factors within the production process chain.
Comparability of the cleaning technologies is usually achieved by falling below a defined limit of component cleanliness generated in the process. This
limit value can take a variety of forms in practice, especially in view of the
requirements of the subsequent process steps. Examples of this in relation
to film contamination include gravimetric data such as grams per square
metre or milligrams per component, but also permissible residual layer
thicknesses or the presence of fluorescent residues, or an intensity and/or
area-based limit value. With regard to particulate impurities, information
such as maximum particle size, maximum number within certain particle
size classes, filter clogging of an analytical membrane or its gravimetric evaluation are typical requirements, supported by VDA volume 19 part 1. Variations in the range of input impurities are addressed during process selection
and parameterisation by checks.
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4.3 Definition of the functional unit
For a reliable interpretation of ecological and economic indicators of the selected cleaning technologies, it must be ensured that only a comparison of
concrete products, defined by a comparable benefit and comparable boundary conditions, takes place. Specifically, this means that the technologies
must have the same function, e.g. the degree of cleaning for a defined type
of contamination and meet a specified component geometry. It must also be
possible to maintain the function defined in the context of the study even if
the process parameters vary. The functional unit (FU) represents this benchmark in the LCA. All quantified input and output flows of the system have
reference to this unit. This allows comparison of different processes or products. The defined functional unit applies to both the ecological and the economic assessment and is defined as follows:
Functional unit
The cleaning of a component in accordance with section 4.2 up to a fluorescence intensity at the edge of detectability and filter clogging following particle extraction between 0.5 and 1.5%, combined with the requirement that
at most one particle larger than 400 microns may be present. This applies
to the following boundary conditions.
In the context of the present study, a function-based functional unit has
been chosen, and therefore the technologies to be assessed must be of concrete benefit. In this case, this involves cleaning of the reference component
selected in section 4.2, taking into account the framework conditions of the
degree of contamination and degree of cleaning. In order to determine the
benefit, fixed target parameters were defined for both framework conditions,
the degree of contamination and the degree of cleaning, on which the data
collection of energy and material flows is based (section 4.5). The state
"cleaned" is specified by a defined level of technical cleanliness with regard
to film and particulate impurities. In the context of both the ecological and
the economic assessment of the two cleaning technologies under investigation, simply failing to reach a limit value for component cleanliness does not
provide a reliable data base, since, for example, the consumption of resources
is usually closely linked to the cleanliness achieved.

Methods and data overview
Requirements of the functional unit: Degree of contamination
To establish comparability, on the one hand a reduction in fluctuations on
the input variables side is required. In the reference use case, the component
removal has been defined in this connection: all 54 test components were
simultaneously lapped on a system at the supplying manufacturing company
within a process step following on directly from the production process chain
and placed in separate airtight packaging on site. After a storage period of
14 days, these were each taken out about one hour before the experiment
and positioned in the basket carrier which was used for both cleaning systems. For statistical verification, the layer thickness or distribution of the
filmic contamination was also assessed for a subset of the contaminated components by measurement of the fluorescence on site. Information on the
measurement environment and excerpts of the records can be found in Appendix C.
Requirements of the functional unit: Degree of cleaning
On the other hand, an interval to be achieved rather than a cleanliness
threshold was defined. In simple terms, the components cannot reach the
state “clean” within the scope of the comparison, since this cannot be quantified in any meaningful way in the context of the experiments. However, the
auxiliary processing material in the use case brings certain challenges: the
capacity for removal of the film components by the cleaning technology used
is much higher than that of the particulate components. A meaningful definition of an interval for the film component, the base oil of the lapping paste,
within the detection limits of common measuring methods using fluorescence therefore results in the presence of particulate residues to an impractical degree. In addition to losing any realistic reference to the requirements
of subsequent processes, the limits of correct quantifiability are exceeded for
the evaluation methods using the standard approaches of VDA Volume 19
Part 1.
Due to this divergence, the following definition and prioritisation is used with
regard to the level of technical cleanliness that can be achieved as precisely
as possible:
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Film contamination
Based on laser-induced fluorescence, a spatially resolved measurement is
carried out. The cleanliness objective is to achieve the limit of detectability
as closely as possible for the film contamination present for a given parameterisation of the test system with a high degree of sensitivity (see Appendix
C).
Particulate contamination
The measurement method is based on VDA Volume 19 Part 1. Remaining
particles are extracted in a rinsing cabinet with a solvent and collected
through a filter membrane. The flushing protocol was based on a performed
decay measurement involving
• 5000 ml spraying of component (500 ml/min) and
• 1000 ml re-spraying of the rinsing cabinet (500 ml/min).
The filter membrane obtained in this way is then analysed with regard to
particle size and type and the visible clogging of the filter membrane (see
Appendix D). Due to the very small size of the lapping grains anticipated and
the associated high number of very small particle classes, the filter is then
evaluated visually with regard to particle clogging. The goal here is to
achieve filter clogging greater than 0.5% and less than 1.5%. This is combined
with the requirement that at most one particle larger than 400 μm may be
present per component.

4.4 Definition of process parameters and production
scenarios
4.4.1 Process parameters
The cleaning technologies presented and selected in section 3.2 must be capable of meeting the stated requirements of component cleanliness for the
reference use case presented (section 4.2) and the functional unit (section
4.3). As a lever for this, the parameters shown in Table 4 are available:
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Table 4:
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Extract of parameters in wet chemical cleaning processes

Category

Parameter

Movement
Ultrasound
Temperature
Spraying
Media
Bath care
Component carrier
Times
Interlinking

Rotational speed, lifting height, stroke
Frequency, power
Temperature of cleaner, temperature of flushing medium
Pressure, nozzle, geometry, spacing
Type of cleaner, concentration of cleaner, degassing, volume flow circulation
Filtration, service life
Alignment, position, fixing
Cleaning time, ultrasonic cleaning time, rinsing time
Program sequence

Based on a typical configuration for the application, a baseline scenario was
developed which can be configured in the same way in as many aspects of
both cleaning technologies as possible and achieves the cleanliness specifications. On the basis of a statistically planned test series, the following results were obtained (Table 5).
Table 5:

Baseline scenario “60 °C”: Low temperature, high mechanical impact

Parameter
Rotational speed
Frequency
Power
Temperature of cleaner
Temperature of flushing
medium
Pressure
Type of cleaner
Type of flushing medium
Concentration of cleaner
Cleaning time 31
of which ultrasound
Flushing time

Single-chamber system
(SCS)

Multi-chamber system
(MCS)

5 rpm
40 kHz
11 W/l
60 °C

10 rpm
40 kHz
15 W/l
60 °C

60 °C
4 bar
Olschner Optimal 9.1SP-N
FD water
3%
570 s
90 s
60 s spraying

60 °C
Olschner Optimal 9.1SP-N
FD water
3%
570 s
300 s
2x 90 s 1x 60 s immersion

Starting from the lowest temperature for effective use of the cleaner (60 °C
for spray cleaning), parameters with a relatively high ultrasonic power were
used to bring the cleaning results into the required cleanliness range (Figure
10, Appendix C, Appendix D).

31

Includes auxiliary times such as emptying or draining the chamber.
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Evaluation of component cleanliness for the baseline scenario according

The influences of individual process parameters on the component cleanliness to be achieved vary greatly. As shown in Figure 5, cleaning time, ultrasonic power as a lever for the component mechanics, the cleaning medium
and the temperature have a significant effect on the achievable technical
cleanliness. In theory, the parameters can be changed to compensate for one
another with a comparable starting situation and the same cleanliness results. Comparable cleanliness results do not necessarily have a comparable
effect with regard to the use of resources, however. In addition to the assessment of the cleaning technologies with a similar constellation of parameters,
a further comparison of similar cleaning performance is therefore of particular interest. This makes it possible to determine, in particular, whether the
effect of changing the parameters within a cleaning technology is a more
important factor than the choice of technology itself.
With regard to the consumption of resources during system operation, it can
already be assumed, in view of the connected load, that the heating elements
for controlling the temperature of the media represent a significant lever.
Based on a medium temperature of 70 °C, a second operating parameter scenario (Table 6) was therefore developed, which can also achieve technical
cleanliness in the required range for a component.
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Scenario “70 °C”: High temperature, low mechanical impact

Single-chamber system
Multi-chamber system (MCS
(SCS)

Parameter
Rotational speed
Frequency
Power
Temperature of cleaner
Temperature of flushing
medium
Pressure
Type of cleaner
Type of flushing medium
Concentration of cleaner,
Cleaning time 32
of which ultrasound
Flushing time

5 rpm
40 kHz
7.4 W/l
70 °C

10 rpm
40 kHz
7.5 W/l
70 °C

70 °C
3 bar
Olschner Optimal 9.1SP-N
FD water
3%
560 s
60 s
60 s spraying

70 °C
Olschner Optimal 9.1SP-N
FD water
3%
570 s
300 s
2x 90 s 1x 60 s immersion

This parameterisation results in technical cleanliness for the component as
shown in Figure 11.
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Figure 11:
Assessment of component cleanliness in the “70 °C” scenario in
accordance with VDA 19.1

The two parameter combinations “60 °C” and “70 °C” produce comparable
cleanliness results on both systems. The focus is on comparability within the
framework of the functional unit, in order to put the subsequent assessment
on a solid footing. In addition, both systems are in principle capable of
achieving higher cleanliness requirements. As a reference, an additional scenario was developed for the multi-chamber cleaning system, which achieves
the best possible, "optimal" cleaning result (Figure 12) by exhausting the
parameters to the limit for a temperature of 60 °C.

32

Including auxiliary times such as emptying or draining the chamber.
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Figure 12:
Evaluation of the component cleanliness in the “60 °C optima” scenario
according to VDA 19.1

In comparison to the baseline scenario “60 °C”, a second cleaning step was
integrated in particular. Both cleaning steps are implemented over a period
of three minutes each with ultrasonic support of the frequencies 25 kHz and
40 kHz (bath 1) as well as 80 kHz and 150 kHz (bath 2). By reducing the
rinsing steps to two of 45 s and one of 30 s, the total duration of the cleaning
process has even been reduced to eight minutes.

4.4.2 Production scenarios
In addition to the operating and process parameters, the utilization scenario
for the system in the context of production (section 4.5.2) has a major impact
on the economic and ecological assessment of the cleaning technologies. It
is based on the assumption of a common useful life for the cleaning technology of 20 years. As far as capacity utilisation of the system over this period
is concerned, the baseline scenario assumes two-shift operation on five days
a week. Since the capacity utilisation is assumed to have a large influence, a
total of four variations with the extremes 24/7 and half a day a week are
included in the analysis. The components that are introduced into the system
per washing basket and cycle can vary between three and five components.
In addition to the operating and process parameters set out in section 4.4.1,
the range of scenarios offers flexibility in terms of the recycling route. There
is a choice as to whether an oil separator should be included in the media
disposal system. Figure 13 is a graphical representation of all the scenarios
with their basic characteristics.
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Figure 13:
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Operating condition

20 years 16/5
20 years 8/5
20 years 4/1
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route
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Simple
disassembly
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Without oil
separator

Complete
disassembly

MCS: low temperature,
optimum component
cleanliness

Graphical representation of the range of scenarios

4.5 Definition of system boundaries and data collection of relevant energy and material flows
In the first step of the life-cycle assessment (Figure 6), the system boundaries
relevant for the assessment are defined in addition to the functional unit.
Building on this, the associated energy and material flows are determined,
and subsequently quantified accordingly.
Both the economic and the ecological assessment cover three phases of system manufacture, use and end-of-life phase, as shown in Figure 14.
System boundaries according to the cut-off approach
Production
of primary
material
Production
of system
components
System
utilisation

Figure 14:

System manufacturing
Production
of primary
material

Production
of secondary
material

Utilisation

Recycling phase

System
utilisation

Recycling/disposal
of waste streams

Production of
system
components

Credit

End-of-Life

Definition of system boundaries

For each of these phases, the corresponding energy and material flows were
determined, which are only shown in the following sections for each phase
in the interests of clarity. The economic and ecological assessment is subject
to the site-specific system boundary of Germany. If no country-specific modelling data were available at the time of the assessment, European input data
were used. Transport processes were not considered.
A “cut-off approach” was used to create the life-cycle assessment model
(Figure 14). Here, the focus is not on recycling at the end of the life of a
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product. Instead, the use of secondary material is taken into account in the
system manufacturing phase 33. For this reason any credit due from recycling
is not included in the assessment. An exception is the material flow “water”.
The material and energy flows of the phases of system manufacturing, utilisation and end-of-life phase are shown below.

4.5.1 System manufacturing

Production of primary
material

An overview of the energy and material flows in system manufacturing is
shown in Figure 15.

Production of secondary
material
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Steel

Electrical energy

Stainless steel
Plastic/rubber
Copper
Aluminium

Production of system
components

System
manufacturing

System

Secondary steel
Secondary
stainless steel
Secondary
copper
Secondary
aluminium

Figure 15:

Acrylic glass
Rock wool
Elektroncs

Material and energy flows of the system manufacturing

The relevant input materials and system components resulting from them
were identified for the system manufacturing phase on the basis of the available parts lists for the two cleaning systems. Especially important are different metals. These include steel, stainless steel, copper and aluminium. Also
relevant are the input variables plastic/rubber, acrylic glass, rock wool and
electronic components. Since a cut-off approach has been chosen, the use of
secondary material is also considered. For the electrical energy required to
manufacture the system components and the system itself, the German elec-

33

See Paul, S. and Wiesen, K. (2016), pp. 2 et seq.
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tricity mix was used. The manufactured system constitutes the output variable for the system manufacturing subsystem. The energy and material flows
in system manufacturing always relate to one system.
Based on the parts lists, it was also possible to determine the weight proportions of the material and component groups for the single-chamber and
multi-chamber cleaning system. Since corrosive liquids are used within the
cleaning systems, all elements which are in contact or may come into contact
with them are made of stainless steel. Individual assemblies, where the likelihood of corrosion is less, are mostly made of aluminium or coated steel.
With a share of 77% to almost 83% of the total weight, however, the stainless
steel components predominate in the case of both systems.
Table 7:
Material costs for manufacturing the single-chamber and multi-chamber
cleaning systems

Material and
component group
Stainless steel
Steel
Aluminium
Copper
Plastic/rubber
Electronic components
Stainless steel
Steel
Electronic components
Acrylic glass
Copper
Plastic/rubber

Weight

Proportion of total
weight

Single-chamber cleaning system
3849.8 kg
644.2 kg
45.0 kg
20.0 kg
10.0 kg
80.0 kg
Multi-chamber cleaning system
1569 kg
200 kg
108 kg
100 kg
30 kg
18 kg

82.8%
13.9%
1.0%
0.4%
0.2%
1.7%
77.0%
9.9%
5.3%
4.9%
1.5%
1.4%

4.5.2 Utilisation phase
The utilisation phase depicts the cleaning process. A subdivision into several
sub-steps was not carried out because the cleaning represents a self-contained process. Figure 16 shows an overview of the energy and material
flows of the utilisation phase.
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Material and energy flows directly connected to the component are not taken into account.

Figure 16:

Material and energy flows for the utilisation phase

For both cleaning technologies, electrical energy, compressed air, town water, demineralised water and cleaner are needed. The German electricity mix
is also used for the electrical energy in the utilisation phase. In addition to
electrical energy, process heat can be used to heat cleaning systems in principle. This approach is usually used in large paint shops, but is not included
in the present case.
A cleaning and a rinsing medium are used. The former is composed of town
water and cleaner, while the flushing medium consists entirely of demineralised water. The production of demineralised water is considered within the
ecological assessment separately to the city water supply. The cleaner concentration in this context is 3%; the cleaner used is Olschner Optimal 9.1SPN 34. This is suitable for spray and ultrasonic cleaning to remove oils, greases
and polishing pastes.
Another material flow is the contaminated component. Energy and material
flows directly connected to the component, e.g. in the context of component

34

Data on the composition of the cleaner was provided by Bernd Olschner GmbH and is part of the
system boundaries.
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manufacturing, are not part of the defined system boundary. All energy and
material flows refer to the functional unit of a cleaned component.
A comprehensive and exact database is required for a meaningful assessment of the utilisation phase in particular. Due to the combination of high
electrical loads and a long service life for the cleaning systems, this phase is
expected to have an enormous impact on the ecological and economic parameters. In the context of data collection for the utilisation phase, assumptions as well as literature and database values are therefore largely avoided
and real measurements from the cleaning technologies under investigation
are used. For this purpose, the systems were equipped with extensive measuring technology to determine the energy, water and compressed air consumption. For example, several mobile network analysers 35 were used to
measure electrical energy consumption. In order to comply with the system
limits or to ensure comparability, differential measurements had to be carried out as part of the data collection. For example, a demineralised water
system is integrated into the multi-chamber cleaning system, while the single-chamber cleaning system is connected to a central demineralised water
supply. The water consumption exceeding the planned new media usage (see
section 4.5.3) was calculated by the adjustment of filling levels. Tests without
components or baskets allowed further differentiation of displaced and vaporised amounts of the media. The compressed air consumption was determined by means of a flow sensor system fitted in front of the general supply
to the system for determination of the standard volume flow 36.
Unlike many other production facilities, such as machining centres, which
allow relatively rapid changes in state, cleaning systems are characterised
by a certain inertia, especially in the wet chemical field. For instance, a
change in state from standby (media temperature at room temperature) to a
cleaning process (based on 70 °C medium temperature) takes place in this
specific example over a period of two to three hours. This energy-intensive
change of state, like others, occurs with varying frequency depending on the
usage scenario. The detection of energy and material flows therefore cannot
take place only in the steady states on the basis of the operating parameter

35
36

Type “PQ-Box 100” from A. Eberle GmbH & Co. KG.
Type Flowtherm NT in conjunction with measuring tube “TA DI 27.2” from Höntzsch GmbH.
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scenarios. To record the overall usage scenarios, measurement data for various changes of state and stationary states is therefore essential. This was
recorded in test series for both cleaning technologies and systems using
measuring equipment. In addition, of course, the cleaning processes themselves were recorded over a representative period of time 37. An overview of
recorded measurement series can be found in Table 8. Appendix E shows
examples of measurement data for the single-chamber cleaning system in
the 60 °C scenario. With the exception of the cleaning process for optimum
component cleanliness in the multi-chamber cleaning system, all states were
recorded for both cleaning technologies.
Table 8:
System states for recording both cleaning technologies using measurement
equipment

System state

Description

Heating up to 60 °C
Heating up to 70 °C
Temperature held at 60 °C
Temperature held at 70 °C
Night lowering
Idle state

Heating of all baths from room temperature to 60 °C
Heating of all baths from room temperature to 70 °C
Keeping all baths at 60 °C
Keeping all baths at 70 °C
Keeping all baths at 35 °C
Stand-by mode of the system (heaters, recirculation systems &
kinematics inactive)
Targeted sequential activation of the kinematics of the system
(linear axes, rotary motors, pumps, etc.)
Cleaning process with low temperature and high
mechanical action
Cleaning process with high temperature and low
mechanical action
Low temperature cleaning and optimisations for outstanding component cleanliness

Component movements
Cleaning 60 °C
Cleaning 70 °C
Cleaning 60 °C “optimal”

Times, temperatures as well as energy and compressed air requirements
were determined for all of these states. In addition, a measurement of the
evaporation and displacement was carried out for the above system states.
The collected data serves as a basis for calculating the total energy and material flows of the scenarios, taking into account the type of system utilisation.

4.5.3 Recycling phase
The recycling phase can be subdivided into two areas: recovery of the waste
streams from the cleaning process itself and the recycling of the system to
be disposed of at the end of its maximum useful life. The material and energy

37

Approx. five to ten consecutive cleaning cycles until a steady state was reached.
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flows of the recycling phases are shown in Figure 17. Due to the selected
system limits (cut-off approach), possible recovered materials are not taken
into account in the system disposal (Figure 14).
Waste water including
cleaner (and oil residues)

Separated oil residues

Prepared water

Recycling phase

System to be
disposed of

Figure 17:

Material and energy flows of the recycling phase.

The composition of the waste water depends on the cleaning system. If an oil
separator is installed, oily contamination residues are separated out. Ideally,
the waste water is therefore only water and cleaner. In systems without an
oil separator, waste water is generated which is contaminated with both
cleaners and oil. In both cases, the water used is recycled. The maximum
capacity of the respective cleaning and rinsing basins can be used to determine the amount of demineralised water, town water and cleaners used and
thus the amount of waste water per system. Taking into account a cleaner
concentration of 3%, 1360 litres of waste water, containing 20.4 litres of
cleaner are therefore produced for the single-chamber cleaning system. For
the multi-chamber cleaning system, on the other hand, 285.84 litres of waste
water including 2.16 litres of cleaner are produced. Cleaning and rinsing
media are replaced every eight weeks in the multi-chamber cleaning system,
regardless of the system utilisation, while the change cycle for the singlechamber cleaning system is twelve weeks. Due to the higher capacity of the
cleaning system here, longer time intervals can be used. The maximum contamination per component is 1 g. 38 The amount of oil residues is accordingly
also about 1 g/FU.
In addition to the recovery of the waste streams, the disposal of the cleaning
systems at the end of their maximum useful life is considered. This includes
dismantling of the cleaning system and sorting according to the material

38

Weight difference between uncleaned and cleaned component.
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components. System disposal is considered exclusively for the economic assessment. This is ignored in terms of the ecological assessment as the systems are dismantled by hand 39. The costs taken into account for this can be
found in section 4.6.3. In total, the parameter variations for the recycling
phase listed in Table 9 were defined; the parameter selection “Dismantling
and disposal” applies only to the economic assessment.
Table 9:

Definition of parameter variations – recycling phase

Parameter

Parameter variation
with oil separator
without oil separator
Simple disassembly
Complete disassembly

Recycling route
Disassembly and disposal

4.6 Data collection of cost items
For the data collection of the cost items, public databases, literature searches,
industrial data and the internal databases of the Fraunhofer IGCV and the
Fraunhofer IVV were used. The calculation of the cost items depends on the
process parameters defined in section 4.4 and is described below for the
three phases of plant production, utilisation and recycling.

4.6.1 System manufacturing
The costs of system manufacturing are represented by the cost factor “investment expenditure”. This is included in the calculation in the form of an
annual depreciation. In static cost accounting, this is a linear amortisation
over the useful life. This is 20 years for both systems. Table 10 shows an
overview of the cost factors of the system manufacturing phase:
Table 10:

Cost items for system manufacturing

Cost item
Investment expenditure 40

39
40

Single-chamber system
(SCS)
€113,000

Multi-chamber system
(MCS)
€183,534

See Scholpp GmbH.
The investment expenditure is internal data from the Fraunhofer IGCV and the Fraunhofer IVV
and includes the purchase price as well as the transport, installation and commissioning costs.
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The cost of system manufacturing per component is calculated taking account of the investment expenditure per system as follows:
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
I0: Investment expenditure in €
N: Useful life in years
BN: Number of cleaned components per year

𝐼𝐼0

𝑁𝑁∗𝐵𝐵𝑁𝑁

(4.4)

The number of cleaned components per year BN is calculated as a function of
the process parameters “Type of plant utilisation” and “Number of components”:
𝐵𝐵𝑁𝑁 =

S∗ ℎ𝑆𝑆 ∗𝑇𝑇
𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

∗ 𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∗ 52

(4.5)

BN: Number of cleaned components per year
S: Number of shifts per day
hS: Hours per shift
T: Working days a week
tcycle: Duration of each cleaning cycle in hours
Bcycle: Number of components per cleaning cycle

In the context of static cost assessment, interest costs are also incurred,
which are calculated using a discrete capital reduction according to equation
4.6
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

I0: Initial investment costs
N: Useful life
i: Imputed interest rate

𝐼𝐼0
2

∗

𝑁𝑁+1
𝑁𝑁

∗ 𝑖𝑖

(4.6)

The imputed interest rate for the calculation year 2019 was used as the imputed interest rate. This is 5.74% and is based on the average issuing yield
of fixed income securities of domestic public issuers over the past fifty years
(1968 to 2017) 41.

4.6.2 Utilisation phase
The cost factors of the utilisation phase can be subdivided into system, personnel, energy and material costs. System costs include the cost factors of

41

See gpaNRW (2019).
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maintenance costs, set-up costs and tool costs, while energy costs are subdivided into compressed air costs and electricity costs. An overview of the cost
items used for the calculation can be found in Table 11.
Table 11:

Cost items for utilisation phase

Single-chamber system (SCS)

Cost item
System costs
Maintenance 42
Set-up costs 42
Tool costs 42
Personnel costs
Standard personnel cost rate 43
Night personnel cost rate 43
Proportional consideration 42
Energy costs
Electrical energy 44
Compressed air 45
Material costs
Cleaner 42
Water 46
Rental costs
Surface area 42
Rent per month 47

Multi-chamber system
(MCS)

€500/a
€1,459/a
€10/a

€1,450/a
€0/a
€0/a
€30/h
€38/h
25%/h

€0.19/kWh
€0.019/Nm3
€7.35 / l
€1.72/m3
10 m2

28 m2
€5.5/m2

The set-up costs for the single-chamber cleaning system refer to the ultrasonic oscillator of the system. In the case of different cleaning tasks, where
different frequencies are necessary, set-up times of four hours per month are
applied. The system costs are calculated as follows:
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =

(𝐾𝐾𝐼𝐼 +𝐾𝐾𝑅𝑅 +𝐾𝐾𝑊𝑊 )
𝐵𝐵𝑁𝑁

(4.7)

KI: Maintenance costs per year
KR: Set-up costs per year
KW: Tool costs per year
BN: Number of cleaned components per year

The personnel costs are calculated on the basis of the applicable tariffs of IG
Metall from April 2018 (43). The metal-electric sector was used, with person-

42
43
44
45
46
47

Internal data from the Fraunhofer IGCV and the Fraunhofer IVV.
See Table 12.
See Federal Association of the Energy and Water Industry (BDEW) (2019), p. 24.
See Festo AG & Co. KG (2014), p. 2.
See Federal Office of Statistics (Destatis) (2018b); Database Germany 2016.
See City of Augsburg (2014); Database for production areas/outskirts of the city/city centre/max.
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nel costs referring to salary grade 6 of level B. This applies to those employees with at least three years of relevant vocational training including an additional subject-specific qualification. It is assumed that one employee is employed 25% of each shift on the cleaning system. A distinction is made between the standard and night personnel cost rates.
Table 12:

Calculation of cost rates

Cost item

Personnel costs

Annual remuneration 48
13th monthly income (45%) 48
Performance bonus (14%) 48
Pension insurance (9.30%) 49
Statutory health insurance (7.30%) 50
Unemployment insurance (1.25%) 51
Long-term care insurance (1.53%) 52
Working hours per week 53
Standard personnel cost rate
Additional night costs (25%) 48
Night personnel cost rate

€40,344/a
€1,513/a
€5,648/a
€3,752/a
€2,945/a
€504/a
€615/a
35 h
€30/h
€8/h
€38/h

The night personnel cost rate is applies to the period from 8 p.m. to 6 a.m.
The following shift times apply - 1st shift: 6 a.m. to 2 p.m., 2nd shift: 2 pm to
10 pm and 3rd shift: 10 p.m. to 6 a.m. The total personnel costs per component are determined as follows:
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =

(𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ∗ℎ𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑟𝑟𝑟𝑟 +𝑃𝑃𝑃𝑃𝑁𝑁𝑁𝑁𝑁𝑁ℎ𝑡𝑡 ∗ℎ𝑁𝑁𝑁𝑁𝑁𝑁ℎ𝑡𝑡 )∗𝑇𝑇)∗52

𝐵𝐵𝑁𝑁
PKStandard: Standard personnel cost rate
PKNight: Night personnel cost rate
hStandard: Number of standard working hours per day (from 6 am to 8 pm)
hSpecial: Number of night working hours per day (from 8 pm to 6 am)
T: Working days a week
BN: Number of cleaned components per year

(4.8)

The cost items energy, material and rent are also collected for each scenario
for each year and divided by the number of cleaned components. The corresponding quantities for energy and material were presented in section 4.5.

48
49
50
51
52
53

See IG Metall (2019).
See German Social Code (SGB VI) (2018), § 287 SGB VI.
See Federal Ministry of Health (2018).
See Federal Ministry of Justice and Consumer Protection (2019).
See German Social Code (SGB XI) (2018), § 55 SGB XI.
See IG Metall (2017).
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𝑛𝑛 𝑚𝑚𝑖𝑖 ∗𝑝𝑝𝑖𝑖

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸/𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀/𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = ∫𝑖𝑖=1
mi: Amount of the cost factor i per year
pi: Price of the cost factor i per year
BN: Number of cleaned components per year

(4.9)

𝐵𝐵𝑁𝑁

Adding up all the cost items gives the additional costs per component in the
utilisation phase.

4.6.3 Recycling phase
In contrast to the ecological assessment, the evaluation of costs not only considered recovery of the waste streams, but also recycling of the system itself.
A list of the cost items is given in Table 13.
Table 13:

Cost items for recycling phase

Cost item
Recycling waste streams
Liquid hazardous waste 54
Waste water charge 55
Change cycle of the cleaning
and rinsing medium
Recycling of cleaning system
Simple disassembly 56
Complete disassembly 56

Single-chamber system Multi-chamber system
(SCS)
(MCS)
€0.16/l (plus €50/transport, toll, consignment note)
€2.4/m3
twelve weeks

eight weeks

€2,350
€2,870

€3,820
€4,370

Waste water, which contains only the cleaner and no oily residues from the
lapping oil, may take the standard recycling route of waste water disposal. If
the cleaning system in question has an oil separator, the current waste water
charge can be applied for the disposal of the rinsing and cleaning medium.
The waste water residues which are separated by the oil separator during
the cleaning process, however, take the special disposal route. In the case of
the multi-chamber cleaning system, the cleaning and rinsing media are
changed every eight weeks. Due to the larger capacity of the basins, a change
cycle of twelve weeks can be assumed for the single-chamber cleaning system. The €50 additional costs for special waste disposal for transport, tolls
and consignment note are incurred per collection and are based on the respective change cycle of the media. In the case of the single-chamber cleaning system, the additional costs are therefore incurred about seven times a

54
55
56

Cost estimate provided by industrial partner (industrial partner is subject to secrecy) (as of 2019).
See Federal Office of Statistics (Destatis) (2018b); Database Germany 2016.
Cost calculation provided by Scholpp GmbH (as of 2019).
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year and in the case of the multi-chamber cleaning system about four times
a year. If no oil separator is used, the entire rinsing and cleaning medium is
disposed of as special waste. The costs of disposal of the waste streams are
calculated each year and then divided by the corresponding number of
cleaned components.
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

𝑝𝑝
∗ 52
�𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ∗ 𝑝𝑝𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 +𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ∗𝑝𝑝𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
�
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝐵𝐵𝑁𝑁

(4.10)

mSpecial: Amount of oily waste water in litres
mStandard: Price for special disposal of waste water in €/litre
pSpecial: Price for standard disposal of waste water in €/litre
pStandard: Price for disposal of wastewater in €/litre
pAdditional: Additional costs for special disposal of waste water in €/collection
Cycle: Change cycle for the cleaning and rinsing medium in weeks
BN: Number of components per year

Scholpp GmbH was consulted for an estimate of the disposal costs for the
cleaning systems, by means of which an individual cost calculation was
made on the basis of empirical values for both systems. Included here are
the costs for disassembly and removal of the system and handover to the
customer in clean condition. For preparation of the cost estimate, the systems must be assessed individually. In addition to the degree of disassembly
required or desired, the local conditions in the respective factory hall must
also be taken into account. These can have a significant impact on the total
cost. Scholpp has therefore estimated the dismantling costs for simple and
for full disassembly. “Simple disassembly” is carried out when the system to
be disposed of is positioned in an easily accessible location. For example, if
the system is not located in a ground-floor, easily accessible production hall,
this increases the complexity of disassembly. This in turn has an impact on
the costs. Complex disassembly is called “full disassembly”. Not included are
the disposal costs and possible scrap proceeds. The disposal proceeds are
always based on the daily updated prices. However, these often coincide with
the expenses that cause disposal, which is why they are not included in the
static cost accounting. The additional costs per component for utilisation of
the systems are calculated analogously to the costs of the system manufacturing phase.
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𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑁𝑁∗𝐵𝐵𝑁𝑁

VSystem: Recovery costs for the system at the end of its useful life
N: Useful life in years
BN: Number of cleaned components per year

(4.11)
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5 DESCRIPTION OF THE ECOLOGICAL AND ECONOMIC
BALANCE MODEL
5.1 LCA model
On the basis of the energy and material flows presented in chapter 4, the
datasets generated from them and the background data used, the LCA model
was created using the software GaBi (Ganzheitliche Bilanzierung, LCE) (Version 8.7.0.18) from the company thinkstep.
The life-cycle assessment model consists of a main plan, which is subdivided
into three sub-plans according to the life cycle phases (Figure 18).
In the system manufacturing sub-plan, the energy and material flows are
modelled and linked to the corresponding background data required for the
production of a system. Due to the different material compositions and quantities, a subplan has been created for both the single-chamber and the multichamber cleaning systems.

Main plan
Subplan 1

•

1
N*BN

Subplan 2

System
manufacturing

Utilisation
phase

Subplan 3

Recycling
Phase

A cleaned
component
N: Useful life of the system
BN: Number of cleaned components per year
Figure 18:

Structure of the LCA

The “utilisation phase” sub-plan took into account all the energy and material
flows needed to clean a component, the FU. A proportion of the environmental effects of the system are included (Figure 18) by dividing these by the
number of components that are cleaned within the service life (see factor
1/(N*B N)).
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The energy and material flows in the utilisation phase are set up according
to parameters in order to reflect the production scenarios defined in section
4.4.
The “disposal phase" sub-plan contains the energy and material flows for two
different recycling routes. Depending on whether the cleaning system has
an oil separator or not, the waste water is disposed of or treated by means of
the standard or special recycling route. The corresponding energy and material flows are related to the FU, a cleaned component.

5.2 Cost calculation model
To carry out the static cost calculation, an Excel tool was set up in which the
individual cost items were stored as a basis for the data. The cost factors
were determined by means of public databases, literature searches, and on
the basis of industrial and internal data from the Fraunhofer IGCV and the
Fraunhofer IVV (Table 10 to Table 13), as explained in section 4.6. This, the
imputed interest rate i and the useful life N form the background data for the
calculation tool. The input data consists of the data collected in section 4.5
relating to the material and energy flows for SCS and MCS and the process
parameters “number of components”, “type of system utilisation” “recycling
route”, “dismantling and disposal”. The material and energy flows vary according to the selected operating scenario for the cleaning system. Table 14
shows a detailed list of the input data required for the cost calculation model.

Description of the ecological and economic balance model
Table 14:

Input data for the cost calculation model

Input parameter

Unit

Number of shifts
Hours per shift
Working days a week
Number of components per basket
Number of baskets per wash
Time per wash cycle
Electrical energy per wash cycle
Compressed air requirement per wash cycle
Compressed air requirement for night reduction
Compressed air requirement for heating
up
Time per heating process
Electrical energy per heating process
Output in night operation
Quantity of cleaner
Amount of water
Change of medium
Displacement/evaporation per cycle
Amount of oil residues from oil separator
Disassembly and disposal of the system

Number
h
d
Number
Number
h
kWh
Nm³/h
Nm³/h
Nm³/h
h
kWh
kW
l/change
l/change
Weeks
l/cycle
g/component
[1] Simple disassembly; [2] Full disassembly

Parameterised modelling uses the method of static cost calculation to calculate the costs of system manufacturing, the utilisation phase and the recycling phase, and the interest costs per component depending on the input
data. The utilisation phase includes the cost items system, personnel, energy,
material and rental costs.
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6 ECOLOGICAL AND ECONOMIC ASSESSMENT
6.1 Ecological assessment
The ecological assessment includes an evaluation of the baseline scenario
(section 4.4) and completion of a parameter analysis. Based on the results of
all environmental indicators, a scenario with the lowest environmental impact “min” scenario) and a scenario with the highest environmental impact
(“max” scenario) were selected for presentation and discussion of the results.
An overview of all the parameter settings considered can be found in section
4.4.2 and in Figure 13. Figure 19 shows the resulting minimum and maximum scenarios of ecological assessment.
Number of
components

Capacity
utilisation

3 components
per cycle

20 years 24/7

5 components
per cycle

MIN SCENARIO
5 Components
20 years 24/7
20 years of use
24 h operating time
7 days a week
60 °C (SCS)
70 °C (MCS)
With oil separator

Figure 19:

20 years 16/5
20 years 8/5
20 years 4/1

Operating condition

Recycling
route

High temperature, low
mechanical action

With oil
separator

Low temperature, high
mechanical action

Without oil
separator

MCS: low temperature,
optimum component
cleanliness

BASELINE SCENARIO
3 Components
20 years 16/5
20 years of use
16 h operating time
5 days a week
60 °C
With oil separator

MAX SCENARIO
3 Components
20 years 4/1
20 years of use
5 h operating time
1 day a week
70 °C (SCS)
60 °C (MCS)
Without oil separator

Ecological assessment - parameter selection for scenario analysis

The environmental indicators cumulative energy demand (CED), cumulative
raw material demand (CRMD), blue water consumption, land use and the
global warming potential (GWP) were investigated for a single-chamber
(SCS) and a multi-chamber cleaning system (MCS). A detailed overview of
the LCA results of the parameter analysis is available in Appendix A.
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6.1.1 Cumulative energy demand
The calculation of the cumulative energy demand took place according to
VDI Guideline 4600 “Cumulative energy demand (KEA); Terms, definitions,
methods of calculation” 57. Figure 20 shows the total energy demand for the
baseline scenario of the single-chamber and multi-chamber cleaning systems, divided into CED renewable and CED exhaustible.
9

CED,regenerativ
regenerative
KEA,

8
7

MJ-eq/FU

6

KEA,
CED,erschöpflich
exhaustible
2,47

2,24

5
4
3

5,07

5,41

2
1
0
EA
SCS

MA
MCS

Figure 20:
Cumulative energy demand (CED) per functional unit (FU) for the entire
life cycle (baseline scenario)

CED regenerative and CED exhaustible have a comparatively higher value
for the multi-chamber cleaning system. The difference from the single-chamber cleaning system is 9.3% (CED regenerative) and 6.3% (CED exhaustible),
in both cases the energy consumption in the utilisation phase being the main
influencing factor. Although the multi-chamber cleaning system itself has a
lower energy consumption during cleaning, the power requirement for maintaining the lower temperature outside of the operating times is significantly
higher. In the baseline scenario (16/5), this situation means that the pro-rata
power consumption per cleaned component in the MCS is higher than in the
SCS, which also has an effect on the cumulative energy demand. In Figure
21 the cumulative energy demand is also subdivided according to the life
cycle phases.

57

See VDI 4600:2012-01.
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System manufacturing
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Figure 21:
Cumulative energy demand (CED) per functional unit (FU), sub-divided by
life cycle phases (baseline scenario)

Due to the high number of cleaned components per useful life (SCS: 63,737
and MCS: 59,038 components per year), neither the system manufacturing
phase with an average share of 2.3% nor the recycling phase with an average
share of 0.4% has a significant influence on the total energy consumption
over the entire life cycle. The influence of the utilisation phase clearly predominates. On average, this accounts for a share of the total energy expenditure of 97%. A parameter analysis was used to determine the influence of
different production parameters on the baseline scenario (0% line in Figure
22). A positive percentage change corresponds to an increase in the cumulative energy demand.
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Recycling route

Figure 22:
Cumulative energy demand CED) per functional unit (FU), parameter
analysis (baseline scenario)

The type of system utilisation has the greatest influence on the primary energy demand. This mainly depends on the energy used to heat up the system,
which must be done every day, except for continuous operation, as well as
the energy used to maintain the reduced temperature outside the operating
hours. With lower system utilisation, these environmental effects are distributed over a smaller number of cleaned components. Furthermore, the power
consumption for maintaining the reduced temperature in the multi-chamber
cleaning system plays a bigger part than it does in the single-chamber cleaning system. Continuous operation (24/7, no night temperature reduction)
therefore leads to a higher reduction potential in the multi-chamber cleaning
system.
By cleaning several components at a time (three instead of five), the CED can
be reduced by an average of 41%. The reason for this is, among other things,
the fact that the energy and material flow in the utilisation phase are almost
entirely independent of the number of components cleaned simultaneously
and are therefore distributed over several components. Increasing the operating temperature while reducing the mechanical impact, however, leads to
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a 37% higher primary energy consumption in the SCS. By contrast, the operating status of the MCS has hardly any influence. Nor does the use of an oil
separator lead to a significant change in the cumulative energy demand.
All parameters that led to a reduction were brought together in a “min” scenario. In the same way, the “max” scenario includes all production settings
that caused an increase. Figure 23 shows the maximum fluctuation range of
the cumulative energy demand. The horizontal bar corresponds to the environmental effects of the baseline scenario.
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Cumulative energy demand
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60
40
20
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0

1,90
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MCS

EA
SCS

„max“ scenario

baseline scenario

„min“ scenario

Figure 23:
Cumulative energy demand (CED) per functional unit (FU), scenario
analysis (baseline scenario, “min” scenario, “max” scenario)

The “min” scenario allows a 62% reduction in the cumulative energy demand
per FU compared to the baseline scenario for the single-chamber cleaning
system. With regard to a multi-chamber cleaning system, the primary energy
demand can be reduced by 75% to 1.9 MJ-eq per cleaned component and is
thus lower than the CED of the single-chamber cleaning system. If the scenario “max” is chosen, an average increase of 982% of the baseline scenario
occurs.

6.1.2 Cumulative raw material demand
The calculation of the cumulative raw material demand was carried out in
accordance with VDI Guideline 4800 Part 2 "Resource efficiency - Evaluation
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of raw material demand” 58. Figure 24 shows the total raw material consumption of the single-chamber and multi-chamber cleaning system for the baseline scenario defined in section 4.4.
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1,0
0,5
0,0

Figure 24:
Cumulative raw material demand (CRMD) per functional unit (FU) for the
entire life cycle (baseline scenario)

CRMD biotic and CRMD Construction and industrial minerals have a negligible impact on
total raw material consumption, whereas CRMD metallic predominates. This
applies to both the single-chamber and the multi-chamber cleaning system,
with the cumulative raw material demand for the former being about 8.4%
lower. To demonstrate the relevance of the individual life cycle phases, the
cumulative raw material demand is divided in Figure 25 according to the
phases system manufacturing, utilisation and recycling phases.

58

See VDI 4800 Part 2:2018-03.
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Figure 25:
Cumulative raw material demand (CRMD) per functional unit (FU),
subdivided according to life cycle phases (baseline scenario)

As with the CED, the utilisation phase predominates in terms of cumulative
raw material demand with an average share of 97.6%. The impact of system
manufacturing on the CRMD, with an average share of 2.3%, is just as negligible as the impact of the recycling phase. A parameter analysis was used to
determine the influence of different production parameters on the baseline
scenario (0% line in Figure 26). A positive percentage change corresponds to
an increase in cumulative raw material demand.
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Figure 26:
Cumulative raw material demand (CRMD) per functional unit (FU),
parameter analysis (baseline scenario)

If the system is in continuous operation (24/7), there is a reduction in the
total raw material consumption by an average of 41% compared to the baseline scenario. If the plant is operated in single shift operation (8/5) or even
half a shift per week (4/1), the CRMD increases by up to 748% for SCS and
1137% for MCS compared to the baseline scenario. This is due to the fact
that, with a low system utilisation, the environmental pollution caused by
heating the plant and maintaining the reduced temperature outside the operating times is distributed over a smaller number of cleaned components. If
five components are cleaned per cycle instead of three, the cumulative raw
material demand for both cleaning systems can be reduced on average by
about 40% compared to the baseline scenario. By contrast, a change in the
operating state for the single-chamber cleaning system to a higher process
temperature of 70 °C with a simultaneous lower mechanical action leads to
an increase in the CRMD of 37% compared to the baseline scenario. The
change in the operating state in the case of multi-chamber cleaning system
has a negligible impact, however. Likewise, the use of an oil separator does
not lead to any significant changes in the CRMD.
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The scenarios “min” and “max” result in the maximum fluctuation ranges
shown in Figure 27. The horizontal bar corresponds to the environmental
effects of the baseline scenario.
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Figure 27:
Cumulative raw material demand (CRMD) per functional unit (FU),
scenario analysis (baseline scenario, “min” scenario, “max” scenario)

The “min” scenario leads to an overall reduction in cumulative raw material
demand of 62% (SCS) and 75% (MCS) respectively. By contrast, the scenario
“max” results in an increase in environmental impact of 800% for the singlechamber cleaning system and 1130% for the multi-chamber cleaning system.

6.1.3 Water consumption
Water consumption was assessed according to the definition of blue water
consumption. Actual consumption was considered. This includes only the
proportion of water that cannot be recycled. For this reason and despite the
cut-off approach, recovery of the water in the course of treatment is taken
into account, which is why the recycling phase can have negative values for
blue water consumption. Figure 28 shows an overview of the water consumption for the single-chamber and multi-chamber cleaning system.
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Figure 28:
Water consumption per functional unit (FU) for the entire life cycle
(baseline scenario)

In contrast to the CED and CRMD, the multi-chamber cleaning system has a
lower value in terms of water consumption than the single-chamber cleaning
system. There is a difference of 0.07 m3/FU. This corresponds to a percentage
deviation of about 4%. The reason for this is the lower capacity of the cleaning
and rinsing basins. Figure 29 also shows water consumption, subdivided according to the individual life cycle phases.
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Figure 29:
Water consumption per functional unit (FU), subdivided according to life
cycle phases (baseline scenario)

An average of 9% of the water is consumed in system manufacturing, while
the utilisation phase accounts for an average of 103%. In the recycling phase,
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on the other hand, an average of 12% can be recovered. This reduces the
actual water consumption over the entire life cycle. The parameter analysis
based on the defined baseline scenario shows the dependence of water consumption on various parameter variations (Figure 30; 0% line corresponds to
the base scenario). A positive percentage change corresponds to an increase
in blue water consumption.
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Water consumption per functional unit (FU), parameter analysis
(baseline scenario)

The greatest influence on the water consumption is utilisation of the system.
If system utilisation is low, consumption can only be distributed over a small
number of components, since the frequency of the water change is largely
independent of system utilisation. If five rather than three components are
cleaned at the same time, the water consumption per FU will decrease on
average by 40% compared to the baseline scenario. If, on the other hand,
system utilisation drops to one shift per day (8/5) or even to half a shift per
week (4/1), the water consumption per FU increases considerably. Compared to the baseline scenario, an increase of up to 833% for SCS and up to
1169% for MCS is possible. While variation in the operating state for MCS
shows only a small effect, with the SCS a higher operating temperature of
70 °C leads to an increase in water consumption of 34% compared to the
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baseline scenario. By contrast, use of an oil separator does not have any significant influence on water consumption.
The maximum fluctuation ranges for the blue water consumption are shown
in Figure 31. The horizontal bars correspond to the environmental effects of
the baseline scenario.
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Figure 31:
Water consumption per functional unit (FU), scenario analysis, (baseline
scenario, “min” scenario, “max” scenario)

The maximum reduction in water consumption from the baseline scenario is
62% (SCS) or 75% (MCS). The overall increase in the “max” scenario is 911%
(ECS) and 1169% (MCS) respectively.

6.1.4 Land use
For the assessment of land use, the area required for the provision of raw
materials was taken into account. The classification of different types of land
as settlement areas and agricultural areas was carried out as described in
section 4.1.1. Land use over the entire life cycle is shown in Figure 32 for
the single-chamber and multi-chamber cleaning systems.
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Land use per functional unit (FU) for the entire life cycle
(baseline scenario)

Land use is dominated by the impact of the use of agricultural land. The SCS
also has a slightly lower demand, with a difference from the multi-chamber
cleaning system of about 0.004 m2 a/FU. This corresponds to a percentage
deviation of 9%. For clarification, a differentiation was made in the life cycle
phases of system manufacturing, utilisation and recycling phase (Figure 33).
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Figure 33:
Land use per functional unit (FU), subdivided according to life cycle
phases (baseline scenario)

The impact of the recycling phase is negligible in terms of land use with an
average of 0.04%. The same applies to system manufacturing, which contributes an average of 0.8% to total land use. By contrast, the utilisation phase
accounts for approximately 99% in each case. The main factors affecting land
use were determined by means of a parameter analysis. The results are
shown in Figure 34, where the 0% line represents the baseline scenario and
a positive percentage change represents an increase in land use.
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The type of system utilisation also has a considerable influence on land use.
In a similar way to the environmental indicators CED and CRMD, the environmental effects are distributed over a small number of cleaned components at low system utilisation.
If five components are cleaned instead of three per cycle, land use per
cleaned component can be reduced by an average of 40% compared to the
baseline scenario. On the other hand, a reduction in system utilisation results
in a significant increase in land use per FU. If the cleaning system operates
for only one shift per day (8/5) or half a shift per week (4/1), land use will
increase by up to 714% for SCS and up to 1130% for MCS compared to the
baseline scenario.
If the operating state of the SCS is changed to a higher operating temperature
with low mechanical action (operating state “70 °C”), this results in an increase in land use of 37% in relation to the base scenario. In contrast, a
change in the operating state of the MCS only results in a small variation in
land use compared to the base scenario. At the same time, the use of an oil
separator has no significant effect on the environmental impact per FU for
both systems.
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The maximum fluctuation range which results from a combination of the parameters investigated is shown in Figure 35. The horizontal bar corresponds
to the environmental effects of the baseline scenario.
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Figure 35:
Land use per functional unit (FU), scenario analysis, (baseline scenario,
“min” scenario, “max” scenario)

For the “min” scenario, there is an overall reduction in land use compared to
the baseline scenario of 62% (SCS) and 76% (MCS). The “max” scenario
shows an increase of 835% (SCS) and 1137% (MCS) respectively compared
to the baseline scenario.

6.1.5 Global warming potential
Calculation of the global warming potential is based on the CML 2001
method (as of January 2016). In Figure 36, the global warming potential GWP
100 for the single-chamber and multi-chamber cleaning systems is shown
for the entire life cycle.
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MCS

Global warming potential GWP100 per functional unit (FU) for the whole

The global warming potential of the single-chamber cleaning system is 0.03
kg CO2-eq/FU higher than the multi-chamber cleaning system. The difference corresponds to a percentage deviation of around 7%. Figure 37 shows
an analysis of the global warming potential, subdivided according to the life
cycle phases of system manufacturing, utilisation and recycling.
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Figure 37:
Global warming potential GWP100 per functional unit (FU), subdivided by
life cycle phases

System manufacturing accounts for 3.7% (SCS) and 2.2% (MCS) of the total
global warming potential, while the utilisation phase accounts for 95.3%
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(SCS) and 97.6% (MCS) respectively. By contrast, the impact of the recycling
phase is extremely low with respect to global warming potential at 0.9%
(SCS) and 0.3% (MCS). The results of the following parameter and scenario
analyses show the influence of individual (Figure 38) and combined (Figure
39) parameter variations on the total global warming potential per functional
unit. In Figure 38, the 0% line represents the baseline scenario; parameters
leading to an increase in global warming potential result in a positive percentage change in global warming potential.
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Figure 38:
Global warming potential GWP100 per functional unit (FU), parameter
analysis (baseline scenario)

As with the previous impact categories, system manufacturing has the greatest impact on global warming potential. If system utilisation is low, the environmental impact per component is distributed over a smaller number of
components. This is mainly due to the energy used to heat up the system,
which must be done every day unless the system is in continuous operation,
and the energy consumption to maintain the reduced temperature outside
operating hours.
Increasing the number of components per cleaning cycle from three to five
reduces the global warming potential by about 40% compared to the baseline
scenario. On the other hand, if system utilisation decreases, this leads to an
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increase in environmental impact of up to 752% (SCS) or 1142% (MCS) respectively.
Variation of the operating state has a significant effect on the single-chamber
cleaning system only. In the case of a higher operating temperature with a
simultaneously lower mechanical impact per FU, the global warming potential increases by 36% compared to the baseline scenario.
By contrast, the use of an oil separator has negligible effects on the global
warming potential per cleaned component.
Figure 39 shows the maximum fluctuation range of the global warming potential.
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Figure 39:
Global warming potential GWP 100 per functional unit (FU), scenario
analysis, (baseline scenario, “min” scenario, “max” scenario).

The “min” scenarios leads to a decrease in the global warming potential per
functional unit of 62% (SCS) or 75% (MCS). The “max” scenario, however,
results in an 838% increase over the baseline scenario for the single-chamber
cleaning system and 1142% for the multi-chamber cleaning system.

6.1.6 Comparison of the results of the ecological assessment
In order to be able to compare the single-chamber and multi-chamber cleaning systems for the baseline scenario clearly for all environmental indicators
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considered, the results of the ecological assessment for each indicator were
standardised to the indicator value for the single-chamber cleaning system
(Figure 40).
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Figure 41 shows that the multi-chamber-cleaning system has a higher environmental impact for the environmental effects considered, with the exception of water consumption. The difference to the single-chamber cleaning
system is 8 to 9%, depending on the environmental indicator. The reason for
this is the proportionately higher energy consumption of the multi-chamber
cleaning system per FU. This is mainly caused by a higher power requirement during the night temperature reduction. By contrast, the single-chamber cleaning system has a higher water consumption compared to the multichamber cleaning system due to the larger capacity of the cleaning and rinsing basins.
Figure 41 and Figure 42 show a comparison of the fluctuation ranges
(min/max) for all environmental impacts. For a clear presentation, the environmental indicators of both scenarios were standardised according to the
baseline scenario for the SCS and MCS respectively. The comparison of the
“min” scenario with the baseline scenario shows that a greater reduction of
the environmental impact is possible for the multi-chamber cleaning system.
For example, CED for SCS accounts for only 38% of the environmental impact
per FU of the baseline scenario. This results in a reduction of CED by 62%.
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This also applies to the other environmental indicators. In general, a reduction of around 75% can be achieved for the multi-chamber cleaning system,
while the single-chamber cleaning system offers a reduction of 62% compared to the baseline scenario.
In the case of the “min” scenario, the multi-chamber cleaning system consequently has lower environmental impacts. The reason for this is the type of
energy consumption of the two systems. If continuous system utilisation
(24/7) is chosen, the total energy consumption is determined solely by the
energy requirements of the cleaning process. While the single-chamber
cleaning system has a lower energy requirement in terms of night temperature reduction, its energy consumption in relation to the heating phase and
the cleaning process itself is higher than the multi-chamber cleaning system.
Since the impact categories considered are primarily influenced by the electricity demands, lower environmental impact can be achieved in the “min”
scenario for the multi-chamber cleaning system than for the single-chamber
cleaning system.
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Figure 41:
Results of the ecological scenario analysis for the “min” scenario,
standardised to the baseline scenario

Figure 42 illustrates, however, that in comparison to the “min” scenario, the
"max" scenario results in a significant increase in environmental impacts for
all environmental indicators. The reason for this is primarily a very low system utilisation (4/1), which has a greater influence on the multi-chamber
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cleaning system than on the single-chamber cleaning system. This is due to
the higher energy consumption during the night temperature reduction,
which, in the case of a system utilisation of half a shift per week, dominates
the total energy demand per FU.
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Figure 42:
Results of the ecological scenario analysis for the “max” scenario,
standardised to the baseline scenario

6.2 Raw material criticality - supply risk
For assessment of raw material criticality, a criticality analysis according to
VDI 4800 Part 2 “Resource efficiency - Evaluation of raw material demand” 59
was carried out. Here, the raw materials which play a major role in system
manufacturing were taken into account. These include steel and stainless
steel with the most frequently used alloy elements (chromium, nickel, molybdenum, tungsten, vanadium, silicon, manganese, phosphate, titanium
and niobium) 60, and the metals aluminium and copper. In view of the use of
some plastic elements, such as seals, the fossil resource crude oil was also
considered. Furthermore, the ecological assessment shows that the utilisation phase or the electricity demand plays a central part in the resulting environmental impacts. The energy raw materials coal, natural gas and uranium are therefore also a focus of the criticality assessment. The cleaner used

59
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See VDI 4800 Part 2:2018-03.
See Informationsstelle Edelstahl Rostfrei.
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is not relevant in terms either of quantity or of the ecological and economic
assessment, and therefore its constituents have not been considered here. In
order to understand the assessment, a brief explanation of the supply risk
indicators is provided first.
(1) Geological, technical and structural criteria
Static range
The static range represents the relationship between the available global reserves and the annual production of the raw material:
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =

Global reserves

Annual production of the raw material

(6.1)

The term reserve refers to the subset of geological resources the mining of
which is economically and technologically feasible at a given time. To calculate the static range of the metallic raw materials, the raw material data of
the US Geological Survey was used. In each case, the annual production and
the reserve availability as of 2018 were taken into account 61. For the remaining raw materials, the database of the World Energy Council was used (as of
2016) 62.
Combined production/auxillary production

If a raw material is obtained as a by-product or co-product, there is a dependence on the supply of or demand for the main product. For this reason, a
classification is made according to the "degree of combined/secondary production”. The database for the assessment was provided by a study on raw
material criticality by the Institute for Future Studies and Technology Assessment (IZT) 63. VDI standard values were taken into account and expert
knowledge was also used.

61
62
63

See U.S. Geological Survey (USGS) (2019).
See World Energy Council (2016).
See Institute for Future Studies and Technology Assessment (IZT) (2011).
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Recycling
The criterion of recycling considers the material recycling of end-of-life
waste. If established recycling technologies are available, natural resources
can be saved and the entire supply of raw materials can be extended by secondary raw materials. The more established recycling technologies are available and the lower the degree of downcycling, the more positive the impact
is on raw material criticality. Material recycling is not possible in the case of
fossil fuels, which is why they have been set to indicator 1 (recycling not
established). The database for the assessment of the remaining raw materials
was provided by a study on raw material criticality by of the Institute for
Future Studies and Technology Assessment (IZT).
Logistic constraints
The parameter “economic efficiency of storage and transport” takes into account the transport distances, trade links and shelf life of a raw material. The
database was derived from default values in the VDI guideline and on expert
estimates. The classification of uranium took into account the risk of radioactive radiation.
Constraints due to natural events
This indicator relates mainly to biotic raw materials, the availability of some
of which can be affected significantly by natural events (e.g. drought, flood
and pest infestation). Susceptibility to natural events is low for the extraction
and mining of mineral and fossil resources. For this reason, the VDI guideline
uses a default value of 0 here.
(2) Geopolitical and regulatory criteria
Country concentration of reserves
If there is a high distribution of reserves across several countries, there is
less risk of exploitation of existing market power. The country risk for the
reserves was determined using the Herfindahl Hirschmann Index (HHI). This
is defined as the sum of the squared share values xi of all market participants
n.
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(6.2)

The calculation must include at least 80% of the total reserves. The basis for
the calculation was the same database as used for the static range.
Country concentration of production
The indicator "Country Concentration of Production" also serves to assess
the distribution of market power. The Herfindahl-Hirschmann Index (HHI)
was also used as the calculation method, using the databases for the “static
range” and the “country concentration of reserves”.
Geopolitical risks of global production
The political stability of a country can significantly affect access to raw materials. This includes, in particular, countries in which there are ongoing political and military conflicts. The political risk was calculated on the basis of
the indicators “voice and accountability” and “political stability and absence
of violence”. Both indicators are included in the assessment for the entirety
(at least 80%) of all mining and exporting countries. Both of these are compiled annually by the World Bank as part of the World Governance Indicators
(WGI) for a total of 215 countries. The data was based on the year 2017 64.
Regulatory situation of raw material projects
In addition to political stability, the availability of raw materials is also influenced by the economic, fiscal and environmental conditions of the mining
and exporting countries. The regulatory situation of commodity projects is
taken into account in the criticality assessment by the indicator “regulatory
country risk”. The four World Bank indicators “rule of law”, “regulatory quality”, “control of corruption” and “government effectiveness” of at least 80%
of the raw material mining and exporting countries were used for the calculation. The database was also for the reference year 201764.
(3) Economic criteria

64

See World Bank Group (2019).
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Company concentration of global production
Raw material prices and supply can be influenced significantly by companies, which is why a low concentration of companies has a critical impact on
supply risk. In line with the country concentration of reserves and production, the corporate concentration of global production is also calculated using
the Herfindahl-Hirschmann Index (HHI). The database for determination of
the corporate concentration of the raw materials iron, uranium and coal was
the information on the annual production volume of the World Steel Association (as of 2017) 65, the database of the World Nuclear Association (as of
2017) 66 and the Global Coal Exit List (GCEL) (as of 2018) 67. For the metallic
raw materials, the corresponding values were taken from the DERA raw material information in the category “Concentration of companies” 68 and from
the raw material economic profile of the Federal Institute for Geosciences
and Natural Resources (BGR) 69. For the raw materials crude oil and natural
gas, however, the standard values according to the VDI guideline are taken
as the basis.
Global demand impetus
Innovative technological leaps or changes in technology can bring about a
disruptive increase in demand. In the wake of a strong increase in demand,
the risk of price increases rises depending on whether a simultaneous expansion of production can be achieved. Any resulting influence on raw material criticality is taken into account by the indicator “level of demand
growth”. As far as possible, standard values according to the underlying VDI
guidelines were used for the evaluation of raw material criticality, supported
by experts' estimates.
Substitutability
Functional substitution of raw materials may be feasible from a technological
and functional point of view, but entails high costs. For this reason, the sub-

65
66
67
68
69

See World Steel Association (2017).
See World Nuclear Association (2019).
See Urgewald.
See German Mineral Resources Agency (DERA) (2014).
See Federal Institute for Geosciences and Natural Resources (BGR).
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stitutability of a raw material is evaluated in the context of resource-criticality by means of categories. The classification ranges from complete substitutability without major effort or performance losses through to technically
and/or economically unacceptable substitution. For the assessment of raw
material criticality, standard values according to the VDI guideline or expert
estimates were used, in the same way as the indicator “level of demand
growth”.
Raw material price fluctuations
The fluctuation ranges within a given period of raw material prices are calculated using the “annualised price volatility” indicator. In this case, the period from February 2018 to January 2019 was taken into account. “Annualised price volatility” for the raw materials coal, natural gas, uranium and iron
was determined on the basis of the present daily closing prices 70. For the
other raw materials, the values of the Volatility Monitor 2019 of the German
Mineral Resources Agency (DERA) 71 were used.
(4) Summary
The results of the raw material criticality assessment for the supply risk are
shown in Table 15. The criticality values of the individual indicators and the
aggregated total criticality are shown. For a better overview, the raw materials are arranged in descending order of total criticality.

70
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See finanzen.net.
See German Mineral Resources Agency (DERA) (2019).
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Based on aggregate total criticality, the raw materials vanadium, chromium,
cobalt and tungsten are the most critical, followed by molybdenum, phosphate and uranium. With the exception of uranium, these are alloy components of steel and stainless steel metals. Above all, chromium is used very
frequently and in higher concentrations. Depending on the alloy, it may contain over 28% chromium 72. The use of coal and natural gas as fossil energy
sources and the use of crude oil for the production of plastic, however, is
considered to be uncritical in terms of raw material criticality.
If the individual indicator values are considered, it can be seen that, above
all, the “country concentration of reserves” and the “country concentration
of annual production” are to be regarded as critical or highly critical for the
majority of the raw materials considered, with a criticality value of 0.7 or 1.
This also applies to the “political country risk”, since all raw materials, with
the exception of niobium, have a criticality of 0.7. By contrast, the “regulatory
country risk” and the “company concentration of global production” have
only a moderate criticality value of 0.3 for a large number of raw materials.
In the case of metallic raw materials, the “logistic constraints” and the “constraints due to natural events” are also non-critical. In the case of natural
gas, crude oil and uranium, on the other hand, the “logistic constraints” is
not negligible. In particular, transport and storage of uranium are classified
as critical due to the risk of radioactive radiation and the associated costs.
In summary, it can be stated that, in contrast to the ecological assessment, it
is the system manufacturing that plays the central role in terms of the criticality assessment. This is due to the use of steel and stainless steel with the
corresponding alloy elements. The use of copper and aluminium and the use
of crude oil for the production of plastics, however, can be classified as relatively uncritical. This also applies to the use of the raw materials coal and
natural gas for power generation, which is required in the utilisation phase
for cleaning of the components.
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See Informationsstelle Edelstahl Rostfrei (ISER).
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6.3 Economic assessment
The economic assessment includes an evaluation of the baseline scenario, a
parameter analysis and a scenario analysis in the same way as in the ecological assessment. For the scenario analysis, a minimum and a maximum cost
scenario were defined. However, this does not correspond to the minimum
and maximum environmental scenario, as it was based on the results of the
ecological parameter analysis. In the case of the economic assessment, the
scenario analysis is based on the economic parameter analysis. The method
of “static cost evaluation” (section 4.1.3) was used for the evaluation.

6.3.1 Static cost evaluation
Using the “static cost assessment” method, the additional costs per component incurred during cleaning were determined for a useful life of 20 years.
Due to different cycle times, the total cost of the single-chamber cleaning
system (ten minutes and 59 seconds) can be reduced to 63,737 components,
the total cost of the multi-chamber cleaning system (twelve minutes and 41
seconds) to only 59,038 components. Table 16 shows the results of the cost
evaluation for the baseline scenario for the single-chamber cleaning system
and multi-chamber cleaning system as defined in section 4.4.
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Table 16:

Static cost assessment - baseline scenario

Cost factor

Single-chamber
system
Propor€/FU
tion

Multi-chamber system
€/FU

Proportion

System manufacturing
Depreciation costs
Subtotal

€0.09
€0.09

9.12%
9.12%
Utilisation phase

€0.16
€0.16

13.60%
13.60%

System costs
Maintenance costs
Set-up costs
Tool costs
Personnel costs
Energy costs
Electrical energy
Compressed air
Material costs
Costs of cleaner
Costs of water
Rental costs
Rental costs
Subtotal

€0.03
€0.01
€0.02
€0.00
€0.51
€0.21
€0.17
€0.04
€0.06
€0.06
€0.00
€0.01
€0.01
€0.82

3.18%
0.81%
1.36%
0.02%
52.64%
21.8%
17.67%
4.13%
6.14%
6.09%
0.05%
1.04%
1.04%
84.80%
Recycling phase

€0.02
€0.02
€0.00
€0.00
€0.55
€0.23
€0.19
€0.04
€0.05
€0.05
€0.00
€0.03
€0.03
€0.88

2.15%
2.15%
0.00%
0.00%
48.32%
19.73%
16.22%
3.51%
4.47%
4.43%
0.04%
2.74%
2.74%
77.42%

Disassembly and disposal
Cost of waste water disposal
Subtotal

€0.00
€0.00
€0.01

0.19%
0.39%
0.58%
Interest costs

€0.00
€0.01
€0.01

0.28%
0.50%
0.78%

Imputed interest costs
Subtotal
Total

€0.05
€0.05
€0.97

€0.09
€0.09
€1.14

8.20%
8.20%
100.00%

5.50%
5.50%
100.00%

Overall, the total costs are dominated by the utilisation phase. On average,
this accounts for a share of 80%. The costs of the utilisation phase are in turn
mainly caused by personnel and energy costs. Around 50% of the total costs
are for personnel and around 20% for energy. In comparison, the costs per
component resulting from the utilisation phase are negligible.
The cleaning costs per component are about 17.5% higher for the multi-chamber cleaning system than for the single-chamber cleaning system. This corresponds to an absolute amount of €0.17. However, the single-chamber
cleaning system has lower investment expenditure, personnel and rental
costs. The lower personnel and energy costs for the single-chamber cleaning
system are primarily due to the different cycle times of the systems. The
equipment and material costs for the single-chamber cleaning system, however, are comparatively higher. Depending on the system, the material costs
per component amount to between 4.5 and 6% and are made up of almost

Ecological and economic assessment
100% of the cleaning costs. The reason for the higher material costs of the
SCS is the higher capacity of the cleaning basin. With an identical detergent
concentration of 3%, the cleaning medium of the single-chamber cleaning
system contains approximately 90% more cleaner. In the economic assessment, however, it was considered that, due to the larger capacity of the basin,
the rinsing and cleaning medium only needs to be changed every twelve
weeks instead of every eight weeks. This in turn has a positive effect on the
material costs of the single-chamber cleaning system, which is why the difference between the systems is minimal.

6.3.2 Parameter analysis
For the parameter analysis of the economic assessment, the number of components that can be cleaned at the same time, the type of system utilisation,
the operating status and the type of waste water treatment in the system
were analysed in the same way as in the ecological assessment. In addition,
two different options for disassembly and disposal of the system were considered. Figure 43 shows the results of the parameter analysis for the singlechamber and multi-chamber cleaning systems. In each case, the change in
the cleaning costs per component compared to the baseline scenario (0% line)
is shown.
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In a similar way to the ecological assessment, the type of system utilisation
also has a considerable impact on the costs of cleaning. If utilisation is lower,
the energy costs of the night temperature reduction and the material costs
(cleaner) in particular are distributed over just a few components.
Increasing the number of components per cleaning cycle can reduce the cost
per component by an average of 40% compared to the baseline scenario. If,
on the other hand, system utilisation changes to one shift per day or even
half a shift per week, the total cost per component increases by up to 735%
(SCS) or 843% (MCS) compared to the base scenario. An increase in the operating temperature with a simultaneous reduction of the mechanical action
leads on average to 3% higher costs. If the parameter variation “60 °Coptimal”
is applied to the MCS, the costs can be reduced by 2.6% due to shorter cycle
times (12 minutes, 19 seconds) and lower energy consumption during the
cleaning process.
With regard to the recycling phase, although higher cost rates are used for
full disassembly and a system without an oil separator (Table 17), this has
no significant impact on the cleaning costs per component.
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Based on the results of the parameter analysis, a minimum (min) and maximum (max) cost scenario were defined in addition to the baseline scenario.
An overview of the parameter variations for all three scenarios can be seen
in Table 17.
Table 17:

Static cost evaluation – parameter selection for scenario analysis

Parameter
Number of components per
cleaning cycle
Type of
plant utilisation
Operating condition
Recycling route
Disassembly and
disposal

“Min” scenario

Baseline scenario

“Max” scenario

5 components

3 components

3 components

20 years 24/7
20 years of useful life
24 h operating time
7 days a week
60 °C (SCS)
60 °Coptimal (MCS)
with oil separator
Simple disassembly

20 years 16/5
20 years of useful life
16 h operating time
5 days a week
60 °C

20 years 4/1
20 years of useful life
4 hour operating time
1 day a week
70 °C

with oil separator
Simple disassembly

without oil separator
Complete disassembly

The cleaning costs were calculated using the static cost assessment for the
“min” and “max” scenarios and compared to the baseline scenario. This does
not correspond to the minimum and maximum environmental scenario, as it
was based on the results of the ecological parameter analysis. In the case of
the economic assessment, however, the scenario analysis is based on the
economic parameter analysis. REF _Ref7088237 \h Figure 44 shows the results of the scenario analysis, i.e. the maximum fluctuation range of the
cleaning costs.
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6,0 €
12,0
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10,97

10,0
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kgCO2-eq/FU

100

8,53

8,0 €
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3,0
4,0 €
2,0
2,0 €
1,0
1,0 €

0,97

0,0 €
0,0
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EA
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1,14

0,46

baseline scenario

0,51
MCS
MA
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Compared to the baseline scenario, for the “min” scenario a total cost reduction per component can be achieved of €0.51 to €0.46 (SCS) or €0.64 to €0.51
(MCS). The percentage cost reduction is 52% for the single-chamber cleaning
system and 56% for the multi-chamber cleaning system. The cost increase in
the case of the “max” scenario amounts to €7.56 (€8.53) or €9.83 (€10.97)
per component. This represents an increase of 778% (SCS) or 860% (MCS). A
detailed overview of the parameter analysis and scenario analysis can be
found in Appendix B.

Conclusion

7 CONCLUSION
In the context of the study, the ecological and economic indicators for determining the resource consumption for two ultrasonic cleaning systems were
determined and compared. For the baseline scenario (Figure 13), the singlechamber cleaning system has a lower cumulative energy demand and raw
material consumption, lower land use and a lower global warming potential
than the multi-chamber cleaning system. The cleaning costs are also slightly
lower. Only the water consumption is higher in the single-chamber cleaning
system than in the multi-chamber cleaning system. This is due to the higher
capacity of the cleaning and rinsing basin.
Furthermore, the influence of various cleaning parameters on resource consumption was surveyed. In particular, system utilisation has had a significant impact on the results of both systems studied. In addition to an increase
in the number of components to be cleaned simultaneously in the wash basket, continuous use of the system can lead to a significant reduction in costs
and/or environmental impacts of up to 50% compared to the baseline scenario. On the other hand, if the cleaning system is only used to a small extent,
the resource utilisation and the cleaning costs incurred during the heating
processes or when the reduced temperatures are maintained are distributed
over only a few components. From this, three findings can be derived for
plant operation and plant dimensions:
• An existing system should always be used with the maximum number of
parts that can be accommodated in the basket or workpiece carrier
• Grouping washing jobs together makes sense to reduce heating processes
• A new system design should be adapted in terms of dimensions as accurately as possible to the number of parts to be cleaned
For cleaning systems in small and medium-sized enterprises, flexible use of
the systems, for example across several product lines, should be explored
continuously in order to achieve optimal utilisation.
The cleaning parameters, the operating condition and the use of an oil separator, on the other hand, have hardly any influence on the use of resources.
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Conclusion
Only with the single-chamber cleaning system does a higher operating temperature lead to higher environmental impact (by up to 36%). This is due to
the higher energy consumption during the heating processes and during operation. In the multi-chamber cleaning system, the energy consumption is
accounted for mainly by maintaining the reduced temperature (at night), so
that a higher operating temperature affects the result only slightly. Optimisation of the system parameters (temperature reduction from 70 °C to 60 °C
for the multi-chamber cleaning system) has also shown that technical cleanliness can be improved significantly (Figure 10 and Figure 12). As a result,
even cleaning costs are reduced by 3% and resource costs by 4% on average,
compared to the baseline scenario. This shows that the implementation of
higher cleanliness requirements does not always go hand-in-hand with a
higher demand for resources as long as this can be achieved by adjusting the
parameters of the existing cleaning technology.
A combination of all cleaning parameters in a minimum and maximum scenario has shown that with a high plant utilization, the multi-chamber cleaning system leads to lower environmental impacts. In a three-shift operation
with seven days per week, no night temperature reduction is required. However, the power requirement for this is significantly higher for the multichamber cleaning system than for the single-chamber cleaning system. On
the other hand, the energy consumption for the cleaning itself is lower. In
continuous operation, therefore, a multi-chamber cleaning system should be
used, while in case of low utilisation, the single-chamber cleaning system is
preferable.
However, this does not apply to the economic assessment. In contrast to the
ecological assessment, the influence of energy consumption is significantly
lower here. Rather, the key factor affecting costs is personnel. However, the
multi-chamber cleaning system always has higher cleaning costs, regardless
of the scenario. This is a consequence of higher investment expenditure and
longer cleaning cycles compared to a single-chamber cleaning system. It was
not considered that in the multi-chamber cleaning system components can
be cleaned continuously, while the single-chamber cleaning system represents a batch process. Multiple cleaning chambers thus have the advantage
that during a running cleaning cycle, cleaning of other components can be

Conclusion
started. The number of components per cycle increases compared to the single-chamber cleaning system, the influence on the energy and material
flows, however, is low. Doubling the number of components per cycle thus
leads to a reduction of around 50%. In the case of the baseline scenario, this
could reduce cleaning costs by about 40% compared to the single-chamber
cleaning system. The multi-chamber cleaning system should therefore be
chosen exclusively from an economic point of view, if the advantage of several cleaning chambers can be exploited to the full.
In summary, it should be emphasised that purchasing and operating a cleaning system with low utilisation is unprofitable from both an ecological and
an economic point of view. A solution that would be profitable for small and
medium-sized companies, at least within the system boundaries considered
here, could be commissioning of contract cleaning service providers. These
can usually make effective utilisation of system capacities by combining orders. In this case, however, the effect of an essential transport journey for
implementing the cleaning process should be taken into account.

103

104

Bibliography

BIBLIOGRAPHY
Bilz, M.; Motschmann, S.; Mankiewicz, J. (2012): Markt- und Trendanalyse der industriellen Teilereinigung 2012. Fraunhofer IPK, Berlin, ISBN:
978-3-98814405-8-4.
Bundesanstalt für Geowissenschaften und Rohstoffe (BGR) (2014):
Phosphat – Rohstoffwirtschaftliche Steckbriefe [online]. Bundesanstalt für
Geowissenschaften und Rohstoffe (BGR) [retrieved on 13 March 2019],
available at: http://www.bgr.bund.de/DE/Themen/Min_rohstoffe/
Downloads/rohstoffsteckbrief_phosphat2014.pdf?__blob=publicationFile&v=2
Bundesanstalt für Geowissenschaften und Rohstoffe (BGR) (2016): Silizium – Rohstoffwirtschaftliche Steckbriefe [online]. Bundesanstalt für Geowissenschaften und Rohstoffe (BGR) [retrieved on 13 March 2019],
available at: https://www.bgr.bund.de/DE/Themen/Min_rohstoffe/
Downloads/rohstoffsteckbrief_si_2016.pdf?__blob=publicationFile&v=3
Bundesanstalt für Geowissenschaften und Rohstoffe (BGR) (2017): Nickel – Rohstoffwirtschaftliche Steckbriefe. Bundesanstalt für Geowissenschaften und Rohstoffe (BGR) [retrieved on 13 March 2019], available at:
https://www.deutsche-rohstoffagentur.de/DE/Themen/Min_rohstoffe/
Downloads/rohstoffsteckbrief_ni.pdf?__blob=publicationFile&v=3
Bundesministerium der Justiz und für Verbraucherschutz (2019): Verordnung über die Erhebung von Beiträgen zur Arbeitsförderung nach einem niedrigeren Beitragssatz für die Kalenderjahre 2019 bis 2022 (Beitragssatzverordnung 2019 – BeiSaV 2019) [online]. Bundesministerium
der Justiz und für Verbraucherschutz [retrieved on 18 March 2019],
available at: https://www.gesetze-im-internet.de/beisav_2019/__1.html
Bundesministerium für Gesundheit (2018): Beiträge und Tarife [online].
Bundesministerium für Gesundheit [retrieved on 18 March 2019], available
at: https://www.bundesgesundheitsministerium.de/themen/krankenversicherung/online-ratgeber-krankenversicherung/krankenversicherung/beitraege-und-tarife.html

Bibliography
Bundesverband der Energie- und Wasserwirtschaft (BDEW) (2019):
BDEW-Strompreisanalyse Januar 2019 [online]. Bundesverband der Energie- und Wasserwirtschaft (BDEW) [retrieved on 18 March 2019], available
at: https://www.bdew.de/media/documents/190115_BDEWStrompreisanalyse_Januar-2019.pdf
Deutsche Rohstoffagentur (DERA) (2015): DERA-Rohstoffliste 2014 - Angebotskonzentration bei mineralischen Rohstoffen und Zwischenprodukten
[online]. Deutsche Rohstoffagentur (DERA) [retrieved on 13 March 2019],
available at: www.bgr.bund.de/DERA/DE/Rohstoffinformationen/
Deutsche Rohstoffagentur (DERA) (2019): Volatilitätsmonitor Januar
2019 [online]. Deutsche Rohstoffagentur (DERA) [retrieved on 13 March
2019], available at: www.bgr.bund.de/DERA/DE/Rohstoffinformationen/
DIN 8592:2003-09: Fertigungsverfahren Reinigung – Einordnung, Unterteilung, Begriffe. Beuth Verlag GmbH, Berlin.
DIN EN ISO 14040:2009-11: Umweltmanagement – Ökobilanz – Grundsätze und Rahmenbedingungen. Beuth Verlag GmbH, Berlin.
DIN EN ISO 14044:2006: Umweltmanagement – Ökobilanz – Anforderungen und Anleitungen. Beuth Verlag GmbH, Berlin.
Festo AG & Co. KG (2014): White Paper – Energiekosten in Druckluftsystemen bis zu 60 % senken [online]. Festo AG & Co. [retrieved on 18 March
2019], available at: https://www.festo.com/net/SupportPortal/Files/300856/WhitePaper_EnergySavingServices_DE.pdf
finanzen.net (2019): Rohstoffpreise [online]. finanzen.net [retrieved on 13
March 2019], available at: www.finanzen.net
gpaNRW (2019): Kalkulatorischer Zinssatz 2019 [online]. gpaNRW [retrieved on 15 March 2019], available at: https://gpanrw.de/de/aktuelles/aktuelle-meldungen/hinweise-zum-kalkulatorischen-zinssatz2019/6_175.html
Grob, H. L. (2015): Einführung in die Investitionsrechnung – Eine Fallstudiengeschichte. 5th edition, Verlag Franz Vahlen, München, ISBN: 978-38006-5073-6.

105

106

Bibliography
Gülich, J. F. (2010): Saugverhalten und Kavitation. In: Gülich, J. F. (ed.):
Kreiselpumpen: Handbuch für Entwicklung, Anlagenplanung und Betrieb.
Berlin, Heidelberg: Springer Berlin Heidelberg, ISBN 978-3-642-05479-2, S.
259–338.
Haase, B. (1996): Bauteilreinigung – Alternativen zum Einsatz von Halogenkohlenwasserstoffen. Expert Verlag, Malmsheim, ISBN 978-3-81691467-9.
IG Metall (2017): Tarifbindung – Was sie bringt, wem sie nutzt [online].
IG Metall [retrieved on 18 March 2019], available at:
https://www.igmetall.de/tarif/besser-mit-tarif/tarifbindung-was-sie-bringtwem-sie-nutzt
IG Metall (2019): Metall- und Elektroindustrie [online]. IG Metall [retrieved on 18 March 2019], available at: https://www.igmetall.de/tarif/tariftabellen/wie-viel-gibt-es
Informationsstelle Edelstahl Rostfrei (ISER) (o. J.): Werkstoff-Datenblätter [online]. Informationsstelle Edelstahl Rostfrei (ISER) [retrieved on 13
March 2019], available at: https://www.edelstahlrostfrei.de/page.asp?pageID=25
Institut für Zukunftsstudien und Technologiebewertung (IZT) (2011):
Kritische Rohstoffe für Deutschland – Identifikation aus Sicht deutscher
Unternehmen wirtschaftlich bedeutsamer mineralischer Rohstoffe, deren
Versorgungslage sich mittel- bis langfristig als kritisch erweisen könnte
[online]. KfW Bankengruppe [retrieved on 13 March 2019], available at:
www.umweltpakt.bayern.de/abfall/publikationen/987/kritische-rohstoffedeutschland
Kahlen, I. (2012): Untersuchung des Reinigungseffektes von Ultraschall
auf Oberflächen von Chirurgie-Instrumenten und dessen prototypische Umsetzung in ein Dekontaminationsverfahren. Dissertation, Technische Universität Berlin.

Bibliography
Kreisel, G.; Wilbert, H.-P.; Goldhan, G. (1998): Ganzheitliche Bilanzierung/Bewertung von Reinigungs-/Vorbehandlungstechnologien in der
Oberflächenbehandlung [online], Institut für Technische Chemie der FSU
Jena, Cleaner Production Germany (CPG), Portal zum Umwelttechnologietransfer, Umweltbundesamt [retrieved on 3 May 2019], available at:
https://www.cleaner-production.de/index.php/de/themen/energie-und-materialeffizienz/metall/1129-ganzheitliche-bilanzierung-bewertung-von-reinigungs-vorbehandlungstechnologien-in-der-oberflaechenbehandlung
Leudolph, J.; Sommer, J. (1998): Grundsätzliches zur wässrigen Teilereinigung, JOT – Journal für Oberflächentechnik, 38(4).
Motschmann, S.; Bilz. M. (2010): Technologie und Anwendung für die
Reinigung – Strahlende Gewinner, WB – Werkstatt und Betrieb, 143(10).
Poggensee, K. (2015): Investitionsrechnung – Grundlagen – Aufgaben –
Lösungen. 3rd edition, Springer Gabler; Wiesbaden, ISBN: 978-3-65803090-2.
Paul, S.; Wiesen, K. (2016): Einsatz von Sekundärmaterial vs. recyclinggerechtes Design – Diskussion verschiedener End-of-Life-Allokationen unter Berücksichtigung der europäischen Abfallhierarchie. In: uwf UmweltWirtschaftsForum. Springer Professional, 1st edition/2016, 24. Jahrgang,
pages 7-13, DOI: 10.1007/s00550-016-0395-6.
Schulz, D. (2012): Ultraschall als Problemlöser: Reinigung großer Mengen
zerspanter Teile. JOT – Journal für Oberflächentechnik, 52(8).
Schweinstieg, S. (2012): Technische Sauberkeit in der Refabrikation (Fortschritte in der Konstruktion und Produktion). 1st edition, Shaker, Aachen,
ISBN: 978-3844014181.
Statistisches Bundesamt (Destatis) (2018b): Wasserwirtschaft – Entgelt
für die Trinkwasserversorgung in Tarifgebieten nach Tariftypen 2014 bis
2016 [online]. Statistisches Bundesamt (Destatis) [retrieved on 18 March
2019], available at: https://www.destatis.de/DE/ZahlenFakten/
GesamtwirtschaftUmwelt/Umwelt/Wasserwirtschaft/Tabellen/Tw_06_Entgelt_Trinkwasserversor_Tarifgeb_nachTariftypen2014_2016_Land_Bund.html

107

108

Bibliography
Statistisches Bundesamt (Destatis) (2018a): Entgelte nach Tariftypen im
Abwasserbereich. Ausgewählte Entgelte für die Abwasserentsorgung in Tarifgebieten nach Tariftypen in Deutschland 2014 bis 2016 [online]. Statistisches Bundesamt (Destatis) [retrieved on 18 March 2019], available at:
https://www.destatis.de/DE/ZahlenFakten/GesamtwirtschaftUmwelt/
Umwelt/Wasserwirtschaft/Tabellen/Entgelte_Tariftypen.html
Stadt Augsburg (2014): Mietpreiserhebung gewerblicher Immobilien in
Augsburg 2014 [online]. Stadt Augsburg [retrieved on 18 March 2019],
available at: http://www.standort-augsburg.de/Mietpreise-Gewerbeimmobilien.31.0.html
Sozialgesetzbuch (SGB VI) (2018): Sechstes Buch – Gesetzliche Rentenversicherung [online]. Bundesministerium für Justiz und für Verbraucherschutz [retrieved on 18 March 20192019], available at: https://www.sozialgesetzbuch-sgb.de/sgbvi/1.html
Sozialgesetzbuch (SGB XI) (2018): Elftes Buch – Soziale Pflegeversicherung [online]. Bundesministerium für Justiz und für Verbraucherschutz
[retrieved on 18 March 2019], available at: https://www.sozialgesetzbuchsgb.de/sgbxi/55.html
Umweltbundesamt (UBA) (o. J.): Gefährliche Abfälle – Altöl [online]. Umweltbundesamt (UBA) [retrieved on 19 March 2019], available at:
https://www.umweltbundesamt.de/themen/abfall-ressourcen/abfallwirtschaft/abfallarten/gefaehrliche-abfaelle/altoel
Urgewald (o. J.): Database: Global Coal Exit List (GCEL) [online]. Urgewald
[retrieved on 13 March 2019], available at: www.coalexit.org/
U.S. Geological Survey (USGS) (2019): Mineral Commodity Summaries
2019 [online]. U.S. Geological Survey (USGS) [retrieved on 13 March 2019],
available at: www.minerals.usgs.gov/minerals/pubs/commodity/
VDI 4600:2012-01: Kumulierter Energieaufwand (KEA) – Begriffe, Berechnungsmethoden. Verein Deutscher Ingenieure e.V., Beuth Verlag, Berlin.
VDI 4800 Blatt 1:2016-02: Ressourceneffizienz – Methodische Grundlagen, Prinzipien und Strategien. Beuth Verlag GmbH, Berlin.
VDI 4800 Blatt 2:2018-03: Ressourceneffizienz – Bewertung des Rohstoffaufwands. Beuth Verlag, Berlin.

Bibliography
VDI Technologiezentrum (2000): Technologiefrüherkennung: Technologieanalyse von der Kavität zur Sonotechnologie. Abteilung Zukünftige
Technologien des VDI-Technologiezentrums, Düsseldorf, ISSN: 1436-5928.
Verband der Automobilindustrie (2015): Prüfung der technischen Sauberkeit – Partikelverunreinigung funktionsrelevanter Automobilteile. 2nd
revised edition, Qualitätsmanagement in der Automobilindustrie, volume
19.1.
World Bank Group (2019): The Worldwide Governance Indicators (WGI)
[online]. World Bank Group [retrieved on 13 March 2019], available at:
http://info.worldbank.org/governance/wgi/index.aspx#home
World Energy Council (2016): Energy Resources [online]. World Energy
Council [retrieved on 13 March 2019], available at: www.worldenergy.org/data/resources/
World Nuclear Association (2019): World Uranium Mining Production
[online]. World Nuclear Association [retrieved on 13 March 2019], available
at: http://www.world-nuclear.org/
World Steel Association (2017): 2017-2016 ranking: companies with
more than 3 million tonnage [online]. World Steel Association [retrieved on
13 March 2019], available at: www.worldsteel.org/steel-by-topic/statistics/top-producers

109

110

Appendix A: LCA results

APPENDIX A: LCA RESULTS
Table 18: Ecological assessment - parameter analysis

Appendix A: LCA results

111

Absolute values

GWP

CED

CRMD

Water

Surface
area

Single-chamber cleaning system SCS
Base
Components
Plant utilisation
Operating condition
Recycling
route

Base
3 components
5 components
24/7
16/5
8/5
4/1
70 °C
60 °C
60 °C optimal
with oil separator
without oil separator

0.39
0.39
0.23
0.24
0.39
0.60
3.29
0.53
0.39

7.31
7.31
4.39
4.65
7.31
11.20
61.50
9.99
7.31

2.49
2.49
1.50
1.57
2.49
3.85
21.15
3.41
2.49

1.78
1.78
1.07
1.14
1.78
2.77
16.60
2.38
1.78

0.04
0.04
0.02
0.03
0.04
0.06
0.33
0.06
0.04

0.39
0.39

7.31
7.31

2.49
2.49

1.78
1.78

0.04
0.04

Multi-chamber cleaning system MCS
Base
Components
Plant utilisation
Operating condition
Recycling
route

Base
3 components
5 components
24/7
16/5
8/5
4/1
70 °C
60 °C
60 °C optimal
with ÖA
without ÖA

Changes in comparison to the
base
Base
Components
Plant utilisation
Operating
condition
Recycling
route
Base
Components
Plant utilisation
Operating
condition
Recycling
route

Table 19:

0.42
0.42
0.25
0.23
0.42
0.72
5.18
0.39
0.42
0.40
0.42
0.42

7.88
7.88
4.73
4.35
7.88
13.60
97.50
7.32
7.88
7.55
7.88
7.88

2.73
2.73
1.64
1.50
2.73
4.70
33.73
2.53
2.73
2.61
2.73
2.73

1.71
1.71
1.02
0.94
1.71
2.95
21.70
1.61
1.71
1.64
1.71
1.71

0.04
0.04
0.03
0.02
0.04
0.08
0.54
0.04
0.04
0.04
0.04
0.04

GWP

CED

CRMD

Water

Surface
area

0.00%
0.00%
-39.89%
-35.96%
0.00%
55.62%
832.58%
33.71%
0.00%

0.00%
0.00%
-40.0%
-35.86%
0.00%
52.41%
713.50%
37.40%
0.00%

0.00%
0.00%

0.00%
0.00%

0.00%
0.00%
-40.35%
-44.80%
0.00%
72.51%
1169.01%
-5.85%
0.00%
-4.09%
0.00%
0.00%

0.00%
0.00%
-40.00%
-44.65%
0.00%
71.86%
1129.69%
-7.15%
0.00%
-4.10%
0.00%
0.00%

Single-chamber cleaning system SCS
Base
0.00%
0.00%
0.00%
3 components
0.00%
0.00%
0.00%
5 components
-39.90%
-39.95%
-40.0%
24/7
-36.79%
-36.39%
-36.96%
16/5
0.00%
0.00%
0.00%
8/5
54.15%
53.21%
54.37%
4/1
752.33%
741.31%
747.90%
70 °C
36.27%
36.66%
36.58%
60 °C
0.00%
0.00%
0.00%
60 °C optimal
with oil separator
0.00%
0.00%
0.00%
without oil separator
0.00%
0.00%
0.00%
Multi-chamber cleaning system MCS
Base
0.00%
0.00%
0.00%
3 components
0.00%
0.00%
0.00%
5 components
-40.05%
-39.97%
-40.00%
24/7
-44.84%
-44.80%
-44.84%
16/5
0.00%
0.00%
0.00%
8/5
72.42%
72.59%
72.24%
4/1
1142.21% 1137.31% 1137.30%
70 °C
-6.95%
-7.11%
-7.35%
60 °C
0.00%
0.00%
0.00%
60 °C optimal
-4.08%
-4.19%
-4.10%
with ÖA
0.00%
0.00%
0.00%
without ÖA
0.00%
0.00%
0.00%

Ecological assessment – scenario analysis
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Appendix A: LCA results
Absolute values
“Min” scenario
Baseline scenario
“Max” scenario

GWP

CED

CRMD

Single-chamber cleaning system SCS
0.15
2.79
0.02
0.39
7.31
0.04
3.62
67.80
0.37

Water

Surface
area

0.68
1.78
18.00

0.94
2.49
23.32

Multi-chamber cleaning system MCS
“Min” scenario
Baseline scenario
“Max” scenario

Changes in comparison
to the base
“Min” scenario
Baseline scenario
“Max” scenario
“Min” scenario
Baseline scenario
“Max” scenario

0.10
0.42
5.18

GWP

1.94
7.88
97.50

0.01
0.04
0.54

0.44
1.71
21.70

0.66
2.73
33.73

CED

CRMD

Water

Surface
area

-61.69%
0.00%
911.24%

-62.18%
0.00%
834.78%

-74.50%
0.00%
1169.01%

-75.65%
0.00%
1137.30%

Single-chamber cleaning system SCS
-61.92%
-61.83%
-61.51%
0.00%
0.00%
0.00%
837.82%
827.50%
800.15%
Multi-chamber cleaning system MCS
-75.30%
-75.38%
-75.42%
0.00%
0.00%
0.00%
1142.21%
1137.31%
1129.69%
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APPENDIX B: RESULTS OF COST EVALUATION
Table 20:

Static cost evaluation – parameter analysis
Additional costs per component

Absolute values
Base
Components
Plant utilisation
Operating condition
Recycling
route
Disassembly
and disposal

Single-chamber
cleaning system SCS

Base
3 components
5 components
24/7
16/5
8/5
4/1
70 °C
60 °C
60 °C optimal
with oil separator
without oil separator
Simple disassembly
Complete disassembly

Changes in comparison to the
base in percent
Base
Components
Plant utilisation
Operating condition
Recycling
route
Disassembly
and disposal

Table 21:

Base
3 components
5 components
24/7
16/5
8/5
4/1
70 °C
60 °C
60 °C optimal
with oil separator
without oil separator
Simple disassembly
Complete disassembly

Multi-chamber cleaning system MCS

€0.00
€0.00
€-0.39
€0.16
€0.00
€0.36
€7.14
€0.04
€0.00

€0.00
€0.00
€-0.46
€-0.23
€0.00
€0.49
€9.63
€0.01
€0.00
€-0.03
€0.00
€0.00
€0.00
€0.00

€0.00
€0.00
€0.00
€0.00

Additional costs per component
Single-chamber
cleaning system SCS

Multi-chamber cleaning system MCS

0.00%
0.00%
-39.99%
-16.59%
0.00%
37.18%
735.18%
4.12%
0.00%

0.00%
0.00%
-39.99%
-19.86%
0.00%
42.96%
842.63%
1.20%
0.00%
-2.56%
0.00%
0.31%
0.00%
0.04%

0.00%
1.48%
0.00%
0.00%

Static cost evaluation - scenario analysis
Additional costs per component

Scenario

Single-chamber cleaning system SCS

Multi-chamber cleaning system
MCS

Absolute values
“Min” scenario
Baseline scenario
“Max” scenario

€0.00

€0.00

€-0.51

€-0.64

€7.56

€9.83

Changes in comparison to the base in percent
“Min” scenario
Baseline scenario
“Max” scenario

0.00%

0.00%

-52.99%

-55.69%

778.34%

860.19%

114 Appendix C: Cleanliness-analyses of film contamination by means of
fluorescence

APPENDIX C: CLEANLINESS-ANALYSES OF FILM
CONTAMINATION BY MEANS OF FLUORESCENCE
Table 22:

Overview of the test results regarding film contamination

Process
parameters

Images of laser-induced fluorescence

Samples before
cleaning process

System type

SCS

MCS

“60 °C”

“70 °C”

System: F-Scanner (Fraunhofer IPM)
Power: 300 mW; Resolution: 500 μm; Amplification: 80%
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APPENDIX D: CLEANLINESS ANALYSES FOR
PARTICULATE IMPURITIES ACCORDING TO VDA
VOLUME 19.1
Scenario 60 °C multi-chamber cleaning system
Table 23:
system

Extraction, microscopic analysis & statistics 60 °C multi-chamber cleaning

Extraction & gravimetry
Method:
Flushing liquid:
Quantity [ml]:

Spraying
Haku 1025-921
6000 ml

Number of parts:
Filter type:
Weight [mg]:

1
Cellulose 5 μm
n. determined
44

Microscopic analysis
Scale

X:4.3µm/Pxl
Y:4.3 µm/Pxl

Evaluation - Ø [mm]:

Filter clogging

0.70508

Permitted clogging

Largest metallic particle
Largest non-metallic particle

74

Stretched length of the longest fibre

Length
[μm]:
Length
[μm]:
Lstr [µm]:

236
445
4909

1.5% (cellulose), 3%
(nylon)
Width 73
22
[μm]:
Width
25
[μm]:
Total
24.7
[mm]:

Detailed statistics
Length

Code

[µm]
> 3000
2000...3000
1500...2000
1000...1500
600...1000
400…600
200…400
150…200
100...150
50...100
25...50
15...25
5...15

73
74

N
M
L
KL
J
I
H
G
F
E
D
C
B

On filter
membrane
Total
0
0
0
0
0
1
11
14
88
980
4984
9378
18735

Metallic

per component
Total

Metallic

0
0
0
0
0
0
2
1
13
155
401
223
79

0.0
0.0
0.0
0.0
0.0
1.0
11.0
14.0
88.0
980.0
4984.0
9378.0
18735.0

0.0
0.0
0.0
0.0
0.0
0.0
2.0
1.0
13.0
155.0
401.0
223.0
79.0

Particle widths are always measured in this report as a vertical section.
Counted particles without fibres; fibre criterion: non-metallic, ratio Lstr / surface diameter > 20
and surface diameter ≤ 50 μm.
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Table 24:
system

Image material for cleanliness analysis 60 °C multi-chamber cleaning

Largest metallic particle
236 μm x 22 μm

Second largest metallic particle
224 μm x 96 μm

Largest non-metallic particle
445 μm x 25 μm

Second largest non-metallic particle
291 μm x 24 μm

Filter overview
0.71% clogging in Ø = 44 mm

Longest fibre
Feretmax = 2036 µm / Lstr = 4609 µm
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Scenario 60 °C single-chamber cleaning system
Table 25:
system

Extraction, microscopic analysis & statistics 60 °C single-chamber cleaning

Extraction & gravimetry
Method:
Flushing liquid:
Quantity [ml]:

Spraying
Haku 1025-921
6000 ml

Number of parts:
Filter type:
Weight [mg]:

1
Cellulose 5 μm
n. determined
44

Microscopic analysis
Scale

X:4.3µm/Pxl
Y:4.3 µm/Pxl

Evaluation - Ø [mm]:

Filter clogging

0.704751

Permitted clogging

Largest metallic particle
Largest non-metallic particle

76

Stretched length of the longest fibre

Length
[μm]:
Length
[μm]:
Lstr [µm]:

269
419
3107

1.5% (cellulose), 3%
(nylon)
Width 75
58
[μm]:
Width
33
[μm]:
Total
16.9
[mm]:

Detailed statistics
Length

Code

[µm]
> 3000
2000...3000
1500...2000
1000...1500
600...1000
400…600
200…400
150…200
100...150
50...100
25...50
15...25
5...15

75
76

N
M
L
KL
J
I
H
G
F
E
D
C
B

On filter
membrane
Total
0
0
0
0
0
1
8
13
93
1057
5860
9948
19951

Metallic

per component
Total

Metallic

0
0
0
0
0
0
1
4
33
274
607
343
125

0.0
0.0
0.0
0.0
0.0
1.0
8.0
13.0
93.0
1057.0
5860.0
9948.0
19951.0

0.0
0.0
0.0
0.0
0.0
0.0
1.0
4.0
33.0
274.0
607.0
343.0
125.0

Particle widths are always measured in this report as a vertical section.
Counted particles without fibres; fibre criterion: non-metallic, ratio Lstr / surface diameter > 20
and surface diameter ≤ 50 μm.
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Table 26:

Image material cleanliness analysis 60 °C single-chamber cleaning system

Largest metallic particle
269 μm x 58 μm

Second largest metallic particle
186 μm x 26 μm

Largest non-metallic particle
419 μm x 33 μm

Second largest non-metallic particle
390 μm x 53 μm

Filter overview
0.70% clogging in Ø = 44 mm

Longest fibre
Feretmax = 708 µm / Lstr = 3107 µm
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