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ABSTRACT 

Electric motors and motor systems play a significant role in energy effi-
ciency. They account for approx. 40 % of worldwide energy consumption 
and could contribute to a doubling of the electricity consumption by 2030 if 
no further saving measures are taken.1 A regulation on the energy efficien-
cy of electric motors hence defined the well-known energy efficiency clas-
ses IE2, IE3, IE4 and IE5 and the corresponding minimum efficiencies 
based on motor output.  

Nevertheless, the power consumption differs greatly in the usually domi-
nating use phase in the end customer’s application (varying load profiles, 
speeds etc.). Moreover, for electric motors and motor systems with higher 
efficiency classes, both the cost of acquisition and the raw material ex-
penditure can be higher in the production phase. The associated ecological 
and economic effects accordingly depend on several boundary conditions. 
Here a life cycle perspective can support the selection of an adequately 
efficient electric motor or electric motor system and deliver an optimal 
result. 

In the present study the ecological and economic effects of efficient electric 
motors and motor systems with various energy efficiency classes are com-
pared by means of a resource efficiency assessment and an economic anal-
ysis. To that end three electric motors with energy efficiency classes of IE2, 
IE3 and IE4, respectively, are compared in the first scenario, –
 ‘Comparison of technologies’ – . The complexity of electric motor sys-
tems is taken into account in the consideration of four different applications 
in the second scenario, – ‘Comparison of systems’ – . The different appli-
cations combine different electric motors, efficiency classes, frequency 
converters and operating points. The first scenario (technology comparison) 
and the four applications in the second scenario (system comparison) are 
compared with one another via the indicators of cumulative energy demand 
(CED), cumulative raw material demand (CRD), global warming potential 

                                                           
1  Cf. Waide & Brunner (2011), P. 116. 
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(GWP), water consumption and land use as well as in an economic analysis. 
Additionally the criticality in the dimension of the supply risk of the raw 
materials used is examined. 

The selection of possible technical parameters for the technology compari-
son scenario and the four applications in the system comparison scenario is 
based on the results of an industry workshop, besides a literature search 
and an expert interview. Interchange with industry stakeholders ensures 
the practicality, industry relevance and applicability in SMEs of the scenar-
ios (Annex 3). From the different scenarios discussed in the industry work-
shop a final selection is made with the help of an evaluation matrix. The 
technical parameters of the scenarios are evaluated via the criteria of mar-
ket relevance, relevance for SMEs, data availability, efficiency level, suita-
bility for guidelines and industry preference. From the results of the evalu-
ation matrix arise the final technical parameters of the technology compari-
son and system comparison scenarios (Section 3). 

Section 4 ensures the greatest possible practical utility for carrying out of 
life cycle analyses on electric motors and motor systems. For approxima-
tion of the life cycle perspective the following aspects are presented in 
guideline form: 

• general procedure and conduction of a life cycle assessment based on 
the requirements of a Life Cycle Assessment according to DIN EN 
ISO 14040/44,  

• data acquisition with the help of an Ecodesign process,  

• definition of system limits in view of DIN EN 50598, ‘Ecodesign for 
power drive systems, motor starters, power electronics and their driven 
applications’,  

• functional unit for electric motor systems, 

• relationship between function, consumption and loss.  

A central result of Section 4 is the definition of the requirements, motor 
system and motor levels. At each of the three levels optimisation with a 
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scope extending beyond the pure energy efficiency class of the motor is 
possible. The effects of such optimisation on resource efficiency become 
visible through the life cycle consideration. This is especially made clear by 
the results of the four applications in the system comparison scenario in 
Section 6.1.2. 

Section 5 builds on this, defining the system limits, collecting the neces-
sary data, modelling the life cycle phases and defining the functional unit 
for each of the two scenarios. For the technology comparison scenario the 
functional unit definition is ‘supply of mechanical energy for an industry-
relevant use case (e.g. conveyor belt, pump or fan) by electric motors of 
defined rated output (1.1 kW) with three efficiency classes (IE2, IE3 and 
IE4) over a defined period of time (5,000 hours a year over 15 years) at a 
specific load point’. The functional unit for the system comparison scenario 
is ‘supply of mechanical energy for an industry-relevant use case (e.g. 
pumping of liquid solutions) by electric motor systems of defined rated 
output (18.5 kW) with two efficiency classes (IE3 and IE4) over a defined 
period of time (variable, depending on application 2,000 hours over 
15 years or 7,500 hours over 10 years) at several specific load points’. The 
operating points, system components and requirements are varied accord-
ing to the application in the system comparison scenario. Different motor 
technologies (asynchronous and reluctance motors with the same and with 
different energy efficiency classes) are compared in order to demonstrate 
the complexity of electric motor systems and provide the reader with the 
best possible understanding of the systems. 

The results of the ecological assessment of the technology comparison 
scenario in Section 6.1.1 show a similar trend for all indicators investigat-
ed. The direct effect of energy efficiency can be observed in the example of 
the global warming potential. The system operated with an IE2 motor has 
the highest emissions, at 5,238 kg CO2 eq per functional unit, followed by 
the IE3 motor with 4,274 kg CO2 eq per functional unit and the IE4 motor 
with the lowest emissions, at 3,353 kg CO2 eq per functional unit. As ex-
pected, the use phase accounts for the most emissions, at 99 %. 

The results of the ecological assessment of the four applications in the 
system comparison scenario in Section 6.1.2 also show for each application 
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similar trends for all indicators except land use. The LANCA® assessment 
method used takes into account such factors as the transformation, i.e. the 
land conversion from a starting point through to the modification of the 
land due to use as well as its potential reversal. For the transformation in 
particular, in some applications greater effects are yielded through the 
production phase than through the use phase because material-related 
mining processes (production) are counterposed with energy supply pro-
cesses (use phase). Nevertheless, the result always depends on the given 
application. No general trend can be derived.  

Overall, application 1 (operating time 2,000 h, variable operating points, 
Section 6.1.2.1) shows that, depending on the operating point and time 
intensity of the use phase, the production can by all means significantly 
contribute to the result (approx. 50 % in the example shown here). Consid-
ered over the entire life cycle, however, although the IE4 reluctance motor 
has a higher raw material expenditure, it produces less emissions 
(2,843 kg CO2 eq per functional unit) than the IE3 asynchronous motor 
(3,129 kg CO2 eq per functional unit). 

In application 2 (operating time 7,500 h, variable operating points, Sec-
tion 6.1.2.2) the positive effect of the frequency converter and the efficiency 
class at a high operating time is obvious, irrespective of the selected tech-
nologies used in the IE3 asynchronous motor with frequency converter and 
the IE4 reluctance motor2. The results of the ecological assessment are 
similar to those obtained for the technology comparison scenario despite 
the variable operating points. These are taken into account by the frequen-
cy converter. Here the use phase dominates, at 97 % for the IE3 asynchro-
nous motor with frequency converter and 94 % for the IE4 reluctance mo-
tor. 

Application 3 (operating time 7,500 h, single operating point, Sec-
tion 6.1.2.3) underlines the results of application 2, but reduces the re-
quirements profile to one operating point. It thus also resembles the tech-
nology comparison scenario. However, due to the higher use intensity and 

                                                           
2  A reluctance motor can generally only be operated with a frequency converter. 
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the higher output class the ecological effects in the use phase are greater 
than in the technology comparison scenario. The energy efficiency of each 
motor system dominates the result. 

Application 4 (operating time 7,500 h, single operating point, identical 
electric motors, one with and one without a frequency converter, Section 0) 
demonstrates the necessity of analysing a motor system at the require-
ments level. Application 4 resembles application 3 in principle, but it com-
pares two identical asynchronous motors, one with and one without a fre-
quency converter. Due to the single operating point the system with a fre-
quency converter shows more pronounced ecological effects than the sys-
tem without a frequency converter. The reason for this is that the actual 
added value of a frequency converter is comprised of the control of various 
operating points. Only the inherent loss of the frequency converter lowers 
the system efficiency and thereby increases the consumption.  

Finally, the sensitivity to a CO2-poorer electricity mix (Section 6.1.3), trans-
ports (Section 6.1.4) and necessary repairs and maintenance (Section 6.1.5) 
is examined. The analyses show that transports have hardly any effect on 
the results. The use-intensive applications likewise do not react sensitively 
to repair and service. In the case of a shorter duration of use for the electric 
motors (e.g. system comparison scenario application 1) sensitivity to 
maintenance and repair may be seen under certain circumstances. Howev-
er, this is always application-specific. For less use-intensive electric motor 
systems the repair and service in system analyses should hence not be 
excluded right from the start. The sensitivity analysis for a CO2-poorer 
electricity mix shows a high chance of sensitivity. This is directly propor-
tional to the significance of the use phase. Thus, for example, for an elec-
tricity mix with a 50 % reduction in CO2 contribution (target for energy 
systems by 2050 as stated by the European Commission) the production 
phase in application 1 of the system comparison scenario produces more 
emissions than the use phase. This is a scenario that could particularly 
affect manufacturers in the future. 

The assessment of raw material criticality follows VDI 4800 sheet 2 (Sec-
tion 6.2). As expected, the criticality reacts to the rare earths in the perma-
nent magnet of the IE4 reluctance motor and the precious metals in the 
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electronics of the frequency converter. However, this only applies to the 
geopolitical and regulatory criteria. Especially for the criterion ‘country 
concentration of production’, most raw materials have an indicator value of 
1. In this case the raw material deposits are concentrated in a few countries 
and are subject to an increased risk of politically motivated trade re-
strictions. The political risk index is also elevated for most raw materials, 
which means that access to these raw materials strongly depends on the 
political stability of the exporting country. For the economic criteria, an 
increased criticality can especially be found for the criteria of ‘substitutabil-
ity in main applications’ and ‘raw material price fluctuations’. This means 
that many of the raw materials in main applications can only be substituted 
at high cost and/or with loss of functionality or cannot be substituted at all. 
From this follows a high dependency of companies on the availability of the 
raw materials. In addition many raw materials are subject to high price 
fluctuations. This leads to a high supply uncertainty with respect to the 
corresponding raw materials on the raw material markets.  

The economic analysis (Section 6.3) examines the one-time cost of acquisi-
tion, annual energy consumption costs (operating costs) and the resulting 
time to break-even. For the examined motor output classes, both for the 
technology comparison scenario and all applications in the system compar-
ison scenario, break-even is not reached under normal lifetime conditions. 
This is due to the low cost of acquisition of the considered small electric 
motors and the insignificant differences in energy consumption. Overall, 
however, a trend in which break-even is reached faster as the electric mo-
tor or motor system output increases can be seen. Based on the selected 
examples, investment in a higher-efficiency motor before the depreciation 
period or the technical useful life has elapsed is not worth it from a finan-
cial point of view, but should always be examined on a case-by-case basis. 
An economic analysis is always recommended for new investments and 
depends, as described in the ecological part, on the individual requirements 
level and the selected motor system. 

The main results of the study can be summarised as follows and meet 
standard expectations: 
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• Energy-efficient electric motors have a much lower environmental im-
pact. The more intensive (duration of use and output class) and the more 
uniform the use phase (constant operating point), the greater the effect 
on energy efficiency. 

• Energy-efficient electric motors are only one element of complex motor 
systems that can be adjusted to reduce losses and consumption. To ana-
lyse all components in the motor system and their fulfilment of the re-
quirements level it is necessary to assess each case individually. 

• The higher the consumption is in the use phase, the more likely it is that 
economic break-even will occur for energy-efficient systems. 
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1 INTRODUCTION 

Resource scarcity, rising energy prices, the needed and demanded reduc-
tion of greenhouse gas and other emissions, and the political framework 
conditions thereby resulting are increasingly magnifying the importance of 
material and energy conservation and thus resource efficiency measures.  

An assessment of resource efficiency or an ecological assessment over the 
entire life cycle is complex, but supports the life cycle-based decision-
making process. Life cycle assessments have already been carried out and 
the results have been incorporated, for example, into regulations such as 
the energy efficiency or Ecodesign regulation and the corresponding mark-
ing obligations.3, 4, 5 A further example is the Product Environmental Foot-
print (PEF)6 of the European Commission for which the results of life cycle 
assessments serve as the basis for marking of products sold in Europe. 

Nevertheless, the life cycle assessment is not the current state of 
knowledge or common practice. Therefore it is important to obtain findings 
from suitable practical examples and real-life results in order to make the 
procedure and the added value of a life cycle assessment more widely 
available. The present study pursues this goal in a life cycle consideration 
of electric motors and electric motor systems.  

Electric motors and electric motor systems account for approximately 40 % 
of global power consumption and hence play a central role in energy effi-
ciency. They could contribute to a doubling of the electricity consumption 
by 2030 if no further saving measures are taken.7 A regulation on energy 
efficiency from the lawmakers resulted as a logical consequence of this. 
The regulation categorises the familiar energy efficiency classes IE2, IE3, 
IE4 and IE5 and the corresponding minimum efficiencies based on output. 

                                                           
3  Cf. European Parliament (2009), p. 7 and p. 11.  
4  Cf. European Commission (2018a). 
5  Cf. European Commission (2018c). 
6  Cf. European Commission (2017). 
7  Cf. Waide & Brunner (2011), P. 116. 
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3 TECHNOLOGY BASIS AND SELECTION 

This section provides the basis for selecting the electric motors and electric 
motor systems for consideration and defining a relevant industrial applica-
tion. The procedure is divided up into the following steps:  

• literature survey including, amongst other things, overview of relevant 
standards and definition of standard technologies for electric motors and 
motor systems (for details see Annexes 1 and 2),  

• interviews with manufacturers, associations and research groups (for 
details see Annex 1),  

• data evaluation and compilation of results from survey and interviews 
(for details see Annex 1 and Section 3.1),  

• workshop with the relevant stakeholders (for details see Section 3.2), 

• final selection of electric motors and electric motor systems via an eval-
uation matrix. 

The results of the literature survey and the information from expert inter-
views should be taken from Table 24 to Table 35 of Annex 1 and are not 
treated further here.  

3.1 Data evaluation and analysis 

On the basis of available knowledge, the results of the literature survey and 
the interviews (Annex 1) an evaluation matrix was created (Table 1). This 
matrix serves to present the acquired knowledge and offers a structured 
overview of all options, criteria and relevant input parameters. It forms the 
decision-making basis for a transparent and useful selection of the electric 
motors and the applications for the electric motor systems and significantly 
supports the selection of a suitable functional unit for the use phase. 

All electric motors and electric motor systems selected as examples are 
rated according to the evaluation matrix by means of seven criteria: 
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• Criterion 1: Market relevance 

 How big is the market for the stated electric motors and electric mo-
tor systems?  
(can be defined, e.g., by turnover (source: stakeholders), market sta-
tistics and expert estimates) 

• Criterion 2: SME relevance 

 How relevant are the stated electric motors and electric motor sys-
tems to SMEs? 
(Expert estimates should already indicate the extent to which the 
surveyed technologies are relevant to SMEs.) 

• Criterion 3: Data availability 

 To what extent are relevant data available or can relevant data be 
made available? 
(Relevant data include Bill of materials (BOMs) including material 
declaration and production processes, definition of the applications 
and/or the functional unit, electricity consumption, costs and disposal 
scenarios.) 

• Criterion 4: Efficiency level  

 Are different IE classes available for the electric motors and electric 
motor systems considered? 
(The IE classes include IE2, IE3 and IE4.) 

• Criterion 5: Suitability for representation of results in real-life applica-
tion 

 Are the electric motors or electric motor systems suitable for repre-
senting results in a comprehensible manner? 
(The project goals, results and instructions for an optimal procedure 
can be represented understandably by the selected electric motors 
and electric motor systems.) 
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• Criterion 6: Guideline suitability  

 Are the electric motors and electric motor systems suitable for creat-
ing a guideline? 
(Application-specific presentation should be possible and there should 
be an option to define a virtual application.) 

• Criterion 7: Industry preference 

 Which electric motors and electric motor systems are preferred by the 
participants of the workshop and in the interviews? 
(Here the industry preference covers the inputs of the participants 
from the workshop and the interviews.) 

In the matrix a series of electric motors and electric motor systems are 
evaluated in terms of the individual criteria. Points are given for creating a 
relative weighting that indicates the extent to which an electric motor and 
an electric motor system meets the seven criteria. Point assignments of 1, 3 
and 5 points are possible where: 

• 5 points = criterion is met very well 

• 3 points = criterion is met averagely well 

• 1 point = criterion is not met. 

The electric motors and motor systems with the most points summed over 
all criteria were prioritised for the study and presented for final approval in 
a workshop (Section 3.2) and then to the experts of the Electric Drive Sys-
tems Section of the German Electrical and Electronic Manufacturers' Asso-
ciation (ZVEI). 

Based on this, the final version of the matrix was created (Table 1). Sec-
tion 3.3 describes the examples resulting from the matrix or the evaluation 
and analysed in the course of the study. 
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The selection of electric motors and applications for electric motor systems 
made in the workshop were subsequently presented to the experts of the 
Electric Drive Systems Section of the German Electrical and Electronic 
Manufacturers' Association (ZVEI) for final confirmation of the usefulness 
of the examples and expansion of the group of possible data suppliers.  

3.3 Determination of electric motors to be examined 
and industrial applications 

The aim of the study is to make a contribution to a comparative economic 
and ecological assessment of efficient electric motors in industrial produc-
tion and point out to the reader a way of implementing it. This significantly 
influences the selection of the scenarios to be considered. The idea is to use 
the technology comparison scenario to show how an ecological and eco-
nomic assessment basically works, how data are to be prepared and how 
and to which results they are converted. Apart from that, the system com-
parison scenario should convey the idea of systems thinking and above all 
point out how the goal can be reached and the results can be presented. 
The mission of the study is derived from this: to give results-oriented life 
cycle-spanning values for various efficiency classes of electric motors 
(technology comparison) and describe instructions and aspects of the sys-
tem approach (always case-based and dependent on the set system limits) 
in the form of a guideline-like report. With respect to the latter part of the 
mission, results are delivered, but their significance is not representative 
for motor types, technology types or applications. They serve only to un-
derpin the guideline. 

In detail, the technology comparison scenario involves a direct comparison 
of asynchronous electric motors with 1.1 kW and three different efficiency 
classes IE2, IE3 and IE4 connected to the grid and operated at a 75 % load. 
Asynchronous motors make up approx. 65 – 70 % of all produced electric 
motors (for details see literature survey in Annexes 1 and 2). This applica-
tion directly compares the IE classes and addresses the motor level as de-
scribed in Section 4.5. The figures and the scope of the environmental ef-
fects are at the centre of the result and offer added value to the users of the 
study. The results are representative for the selected application.  
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The system comparison scenario considers a speed control case (use of 
converter necessary) to illustrate the system approach. For this example 
grid-operated foundation-mounted dry-pit centrifugal pumps with power 
class 18.5 kW and two different efficiency classes (IE3 asynchronous motor 
with and without frequency converter and IE4 reluctance motor with fre-
quency converter (corresponding to efficiency class IE5)) are considered. 
Section 5 describes the operating points and load–time profiles (duty cy-
cles) in detail. System requirements would be, e.g., ‘pumping of liquid 
solution or oil over a specific time of x’. Lower output classes often use 
‘standard solutions’ or simple solutions. For higher output classes such as 
those selected, individual selection and adaptation of all system compo-
nents involved are usual. The aim of this scenario is to avoid a technology 
comparison and point out to the reader that system-oriented thinking is 
more important than mere selection of the individual motor and the IE 
class. This scenario addresses the motor system level, as described in Sec-
tion 4.5. 

For further supporting the systems thinking approach, a negative scenario 
is additionally included as a sensitivity analysis. The different operating 
points and duty cycles of the system comparison scenario are changed such 
that there is a fixed operating/load–time point. This additional sensitivity 
analysis based on the scenario makes it possible to compare the asynchro-
nous motor with and the asynchronous motor without a frequency convert-
er, whereby the frequency converter has no function (static load point) and 
hence just represents an additional loss-relevant consumer in the system. 
This additional scenario addresses the requirements level, as described in 
Section 4.5. 



32 Foundations, scope definition and functional unit 

 

4 METHODOLOGICAL FOUNDATIONS, SCOPE DEFINITION 
AND THE FUNCTIONAL UNIT FOUNDATIONS, SCOPE DEFINITION AND FUNCTIONAL 
UNIT 

The following sections describe the methodological foundations of the study 
and serve the guideline idea (introduction of the life cycle assessment and 
Ecodesign, Section 4.1 and Section 4.2) as well as provide an understand-
ing and a description of the selected products and systems. The description 
includes, e.g., the description of the product systems to be investigated, 
their function(s), the functional unit and reference flows and the system 
limits, allocation procedure and cut-off criteria of the study (Sections 4.3 to 
4.5). 

4.1 Introduction to the topic life cycle assessment 

In principle, a life cycle assessment is a tool used for determination, evalu-
ation and depiction of environmental effects and forms a basis for compari-
sons, objectives or internal and external communications. According to 
ISO 140408 it covers goal & scope definition, life cycle inventory analysis, 
impact assessment and subsequent interpretation. The goal & scope defini-
tion is decisive for the further work as the system boundaries to be consid-
ered are defined here. In the subsequent life cycle inventory analysis all 
required inputs (raw material and energy flows) and outputs (waste, emis-
sions etc.) are recorded. Depending on the defined system limits, this is 
done over all life cycle phases of the product under consideration, i.e. from 
cradle to grave. In the impact assessment, environmental effects are as-
signed to every component in the life cycle inventory analysis with the help 
of impact categories (e.g. global warming potential or stratospheric ozone 
depletion). The subsequent interpretation identifies the main topics, pro-
vides recommendations for action and treats any possible limitations of the 
analysis. 

These and all further steps of the life cycle assessment are taken following 
the information set forth in DIN EN ISO 14040 ‘Life cycle assessment -- 

                                                           
8  Cf. DIN EN ISO 14040:2009-11. 
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Principles and framework’9 as well as DIN EN ISO 14044 ‘Life cycle as-
sessment — Requirements and guidelines’10.  

The goal and scope definition, for example, involves (based on 
DIN EN ISO 14044)11: 

• definition of the problem and the goal of the investigation to ensure a 
clear understanding of the content, 

• target group of the life cycle assessment results (e.g. SMEs) to clarify 
who can or should be the recipients or users,  

• description of the investigated products and the investigated system to 
give an unambiguous and clear understanding of the complexity of elec-
tric motors, 

• definition of the main functional unit or units that influence the result 
because they define how the use phase should be calculated and pre-
sented and what all the environmental impact indicators to be calculated 
refer to, 

• definition of the system limits to clarify what was considered and what 
does not contribute to the result or remains unconsidered, 

• requirements with respect to data quality, depth of detail and scope to 
give an impression of the quality and reliability of the results, 

• definition of basic assumptions, e.g. on the individual life cycle phases, 
to enable evaluation of the stability and validity of the results, 

• regional and time reference to enable evaluation of the transferability to 
other areas, 

                                                           
9  Cf. DIN EN ISO 14040:2009-11. 
10  Cf. DIN EN ISO 14044:2006-10. 
11  Cf. DIN EN ISO 14044:2006-10. 
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• dealing with data gaps, cut-off criteria, allocation methods etc. to enable 
evaluation of the quality, stability and validity of the results, 

• definition of environmental impact categories to be considered, 

• analysis methods and results presentation (amongst other things, dia-
gram types, CI formats, levels of detail etc.) to secure a better under-
standing of the results, and 

• selection of parameters and influencing factors for the sensitivity analy-
sis to enable evaluation of their relevance. 

4.2 Ecodesign 
The topic of Ecodesign plays a major role in the context of the life cycle 
environmental assessment of products. The life cycle assessment is a major 
component of Ecodesign. The following section shows this connection and 
gives a general presentation of the topic of Ecodesign in companies. It also 
offers support to actors, especially SMEs, regarding how data acquisition in 
companies can be organised. It thus offers the practical support requested 
in the workshop (see Annex 3, minutes discussion points (3) and (4)). Sec-
tions  4.3, 4.4 and 4.5 below in turn specify aspects of life cycle assessment 
and Ecodesign for electric motors. 

Ecodesign already links a series of aspects from the product design with 
the topic of the environment during the product development process to 
create added value efficiently and effectively. Some of these aspects are — 
following DIN EN ISO 1406212 — structured workflow processes in product 
development, data management (who may collect which data from whom 
and where and how may they deposit them), coordination of indicators 
used for product assessment and coordination with the communications 
department including the effect on procurement. 

Ecodesign must therefore ensure that environmental aspects are integrated 
into the development processes. This is different for each company and 

                                                           
12  Cf. ISO/TR 14062:2002-11. 
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must thus be included in the respective management system. This includes 
assigning the rights and duties of an Ecodesign officer and equipping him 
or her with appropriate resources and tools.  

Early integration of Ecodesign into the development process is advanta-
geous because it allows the corresponding measures to take effect right 
from the start. In practice, this is usually an iterative process which con-
centrates on key factors in the product development process. The Plan-Do-
Check-Act (PDCA) cycle, a tool for constant improvement of aspects, leads, 
e.g., to continuous improvement.13 

Analysis requires indicators which should take into account the following 
principles for Ecodesign to be used successfully:14 

• Assessment of the environmental effects must relate to the function or 
performance capability of the product (absolute magnitude of an indica-
tor must always be viewed as a function of the generated function). 

• Recognition of problems must lead to suggestions for follow-up 
measures. 

• Information management, tools and techniques must be available and 
the ecodesigner must have the appropriate training or experience. 

Tools for implementation of Ecodesign involve finding out and measuring 
whether and how environmental aspects and effects can be lessened 
through products and their use. This can be done qualitatively, but prefera-
bly quantitatively to enable direct comparisons to be made by means of 
indicators. 

  

                                                           
13  Cf. Vorest AG (no date). 
14  Cf. ISO/TR 14062:2002-11. 
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Possible qualitative tools are: checklists, best practice guidelines, Pareto 
charts or Strength, Weakness, Opportunities, and Threats (SWOT) analyses, 
all of which are used for brainstorming or for orientation purposes.15 

However, use of tools with quantitative assessment possibilities is indis-
pensable for allowing indicators to be generated. Here a life cycle reference 
is required in all standards and norms. This is the method of the life cycle 
assessment. Amongst the data for a life cycle assessment are foreground 
and background data:16 

• Foreground data are typically collected to specify the product, e.g. mate-
rial content in kg, energy consumption in kWh, auxiliary material con-
sumption in kg or volume or directly generated emissions at locations. 

• Background data are typically data records from life cycle assessment 
databases which offer environmental profiles for supplying specific val-
ues for life cycle stage-related resource consumption and emissions, e.g. 
based on a material such as the environmental profile of 1 kg copper, 
1 kWh electricity from a coal-fired power plant, 1 kWh electricity from 
an average electricity mix within Germany etc. 

The collection of foreground data is already a process which often delivers 
further findings on the previously defined system. It also enables known 
systems to be looked at in a new way and previously hidden improvement 
potential to be recognised. Thus additional added value is provided if this 
takes place under the responsibility of the company. The Ecodesign officer 
must have the right to collect data and access information systems through 
the management system. This right and the associated additional expendi-
ture for the company must be based on the obligation to deliver added 
value for the company and its products, decision-making processes, re-
search, development, material selection, supplier selection, energy and 
auxiliary material consumption, and internal and external communications. 

                                                           
15  Cf. ISO/TR 14062:2002-11. 
16  Cf. Klöpffer und Grahl, P. 125 et sqq. 
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For the indicators generated in the Ecodesign process to be stable and 
valuable, requirements such as quality, representativeness and complete-
ness must also be met by the background data. 

Indicators should be produced rapidly and reliably so the mentioned PDCA 
cycle can be designed agilely. This is especially to be viewed in light of the 
fact that methodologically all required indicators are available or can be 
created. The corresponding document management or archiving rounds off 
the Ecodesign process and makes it sustainable and value-adding. 

4.3 Definition of system limits  

The definition of system limits for the electric motors follows 
‘DIN EN 50598 – Ecodesign for power drive systems, motor starters, power 
electronics and their driven applications’17 and covers  

• the upstream life cycle phase, 

• the use phase and  

• the downstream life cycle phase.  

Precise definition of the system limits is of great importance for electric 
motors in particular. DIN EN 50598 – ‘Ecodesign for power drive systems, 
motor starters, power electronics and their driven applications’ takes this 
into account by taking an extended product approach (EPA). Figure 1 illus-
trates this extended product approach in a modular fashion. 

                                                           
17  Cf. DIN EN 50598-1:2014-01, DIN EN 50598-2:2015-05 and DIN EN 50598-3:2015-09. 
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ing to DIN EN ISO 14040/4421, these iterative loops are also common in life 
cycle assessments and primarily serve to achieve the harmonised coordina-
tion of target and scope definition with the final result, which always de-
pends on the gained findings, available data and necessarily made assump-
tions. 

All results and environmental indicators of a study relate to the functional 
unit, which thus is usually a physical quantity such as 1 kg, 1 m, 1 unit or 
similar. In the case of comparative life cycle assessments, the functional 
unit is also responsible for depicting the function of both systems in a com-
parable manner. This frequently leads to problems because systems often 
perform numerous functions or additional functions which cannot be repre-
sented by a single physical quantity. For example, the torque of a motor at 
one operating point and the controlled torque of a motor at multiple operat-
ing points for identical total torques for both electric motors do not have the 
same function, but would be same functional unit. Section 4.5 treats the 
topic of the function of motor systems in greater detail; with regard to this, 
Section 5.2.2 delivers the result regarding selection of the functional unit 
for the two scenarios (technology comparison and system comparison). The 
decision of using two separate scenarios is based on, amongst other factors, 
the problem of finding a suitable functional unit for simple and complex 
motor systems. The output torque of a single motor is not always suitable 
as a functional unit for a complex motor system. What is important here is 
the requirement pertaining to the function in the use case (e.g. generated 
by the torque) and not the output torque itself. 

4.5 Function, consumption, loss 

The topics presented in the preceding sections lead to an overview of func-
tions of motor systems from which the topic of consumption and loss is 
derived. This section is intended to provide a better understanding of the 
selection of the functional unit and demonstrate the benefit of the present 
study for future application of life cycle assessments for motor systems.  

                                                           
21  Cf. DIN EN ISO 14040:2009-11 and DIN EN ISO 14044:2006-10. 
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It also includes the importance of the topic of efficiency and its connection 
with systems thinking. 

As already shown in Section 4.4, the benefit of an electric motor via a sup-
plied torque is often not sufficiently explained. Section 4.3 and 
DIN EN 5059822 exhaustively describe the consideration of a motor system 
because a single motor is often not a possible solution for complex re-
quirements. Particularly in complex or intelligently controlled systems a 
large number of functions are dependent on time, amongst other things. A 
functional unit can relate to three levels (see Sections 5 and 6): 

• the requirements level which usually describes the actual use, e.g. spa-
tial cooling to x degrees of a volume y (solution: compression and de-
compression of a refrigerant by means of a motor system), transport of a 
certain amount of a certain medium over a certain period of time or 
within a certain period of time, 

• the motor system level which represents the assembly of all necessary 
components including control system, sensors and intelligence of the 
system in order to serve the requirements level and 

• the motor level which solely considers the single motor which as the 
actuator can be the core of the system, but does not have to be, and 
whose efficiency is given by the technology and the design. 

Each of the three levels can serve as a functional unit based on one or more 
physical quantities. The simplest case is the motor level, e.g. a torque sup-
plied over a specific time. In this case loss and consumption can also be 
clearly delineated because the choice of motor defines the consumption to 
the effect that the motor is operated in a specific output class and has a 
defined efficiency dependent on the operating point. This defines the loss 
and shows that the efficiency mainly determines the loss. This forms the 
basis for the technology comparison scenario (Section 5.1.1), amongst other 
things. 

                                                           
22  Cf. DIN EN 50598-1:2014-01, DIN EN 50598-2:2015-05 and DIN EN 50598-3:2015-09. 
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Already at the motor system level a multitude of control elements can con-
tribute to ensuring that consumption and loss can only be represented in 
consideration of all system components (see EN 5059823). Depending on 
the case, the function of electric motor systems may not be able to be de-
fined via the supplied torque, but rather a variable torque must be present 
over a specific period of time. The choice of system components and the 
level of ‘intelligence’ of the system are decisive for the consumption and 
loss. The efficiency of the motor itself has a case-based influence on the 
loss which can vary from irrelevant to significant. A load peak occurring 
occasionally over a given time period is taken as an example. A rigid sys-
tem would require a motor sized to accommodate the load peak, but which 
must be regulated for the remaining time in the load profile to run efficient-
ly. An alternative could be the selection of two electric motors (if necessary 
also without control), whereby the peak load could be served through con-
nection of the second motor, with the base load being able to be covered 
sufficiently by a continuously running motor. 

The consumption and loss depend very strongly on the solution concept of 
the motor system in order for the requirement to be met and the motor 
system intelligence to fit in with the concept. The focus on motor efficiency 
is then just one aspect of many which determine the loss. The example of 
the load peak occurring over a given time period shown above is consid-
ered. Apart from the options of the choice of motor system, further 
measures are available here to provide an efficient overall concept. For 
example, there is the possibility that the load peak is yielded from the su-
perposition of two separately occurring subrequirements. They may be able 
to be separated with respect to time such that the load peak becomes un-
distorted, stretched over the time period and hence flatter in the load pro-
file. In this way the motor system size could already be decreased. This 
leads to a reduction in consumption, irrespective of the efficiency of the 
individual motor. Compared with the consumption of the solution concepts, 
the efficiency might play no role then. A similar correction of distortion of 
the load peak could also conceivably be achieved through different defini-

                                                           
23  Cf. DIN EN 50598-1:2014-01, DIN EN 50598-2:2015-05 and DIN EN 50598-3:2015-09. 
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tion of the requirement itself. For example, the requirements profile could 
be divided into subsystems distributed over time to enable the load distri-
bution to be lowered. Then the requirement could be met with a system 
with lower consumption. 

Needless to say, the examples do not cover all ways and possibilities of 
reducing consumption. However, it is clear that efficiency and loss of a 
motor or electric motor system do not always represent the best option in 
terms of consumption. From a life cycle assessment perspective, it should 
be noted that the functional unit should be chosen to take into account the 
properties and options of the application level as well as the components at 
the electric motor system level and not just the efficiency or output class of 
the individual motor. The time aspect often also plays a role. The choice of 
example cases from Section 5 and the associated results from Section 6 
provided a simple technology comparison for presenting the topic of life 
cycle assessment of different motor efficiencies in detail. In addition, a 
system comparison considering different operating points was made to 
convey the idea of systems thinking. In both scenarios the functional unit 
was selected to give due consideration to the functions of the scenarios. 
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5 DEFINITIONS FOR THE SCENARIOS 

The following sections provide an overview of the two scenarios (technolo-
gy comparison and system comparison) and are oriented towards the re-
porting structure for life cycle assessments in accordance with 
DIN EN ISO 14040/44.24 

5.1 Goals and product systems 

5.1.1 scenario ‘Comparison of technologies’ 

The goals of the technology comparison scenario are: 

• to depict the effect of higher efficiency classes in a direct comparison,  

• to depict the relationship between production and material usage (e.g. 
more copper) and use phase (less electricity consumption due to higher 
efficiency) and disposal, and 

• to evaluate whether and when a positive result over the entire life cycle 
is achieved with a higher investment. 

The technology comparison scenario is a direct comparison of grid-powered 
asynchronous electric motors with 1.1 kW and three different efficiency 
classes IE2, IE3 and IE4 operated at a 75 % load. This scenario directly 
compares the IE classes over the entire life cycle of the electric motors: 
upstream life cycle phase, use phase and downstream life cycle phase. The 
considered electric motors belong to the same product family (same tech-
nology, same output; please also see Table 1).  

The results serve to provide a better understanding of the life cycle as-
sessment and an economic assessment and are representative for the se-
lected application. 

                                                           
24  Cf. DIN EN ISO 14040:2009-11 and DIN EN ISO 14044:2006-10. 
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5.1.2 Scenario ‘Comparison of systems’  

The goal of this scenario is to demonstrate the system approach. It is cru-
cial that the application be defined to allow a requirements specification to 
be created for the corresponding selection of modules and motor systems 
components in accordance with the EPA (DIN EN 50598-125). These com-
ponents supply the respective boundary conditions for the life cycle as-
sessment according to their system-adapted parameters. 

The system comparison scenario considers an exemplary speed control 
case (use of converter necessary) to illustrate the system approach. For this 
example grid-operated foundation-mounted dry-pit centrifugal pumps with 
power class 18.5 kW and two different efficiency classes (IE3 asynchronous 
motor with and without frequency converter and IE4 reluctance motor with 
frequency converter26 (electric motor system with efficiency class IE5) and 
IE3 asynchronous motor with frequency converter versus IE3 asynchro-
nous motor without frequency converter) are considered. The requirements 
imposed on the electric motor system could be, e.g., pumping of effluent or 
chemical solutions over a specific time with a variable load. 

The system comparison scenario uses four different applications to com-
pare optional and hypothetical system solutions over the entire life cycle of 
the EPA in accordance with DIN EN 5059827: upstream life cycle phase, 
use phase and downstream life cycle phase. The considered electric motors 
represent key components of the systems. Direct comparison of technolo-
gies is not useful because the system approach involves an exemplary 
depiction of optimisation potential. 

For this an IE3 asynchronous motor with frequency converter and an IE4 
reluctance motor are compared at short operating times with variable oper-
ating points and duty cycles (application 1) and at long operating times 
with likewise variable operating points and duty cycles (application 2). For 
further supporting the systems thinking approach, a negative scenario is 

                                                           
25  Cf. DIN EN 50598-1:2014-01. 
26  A reluctance motor (permanent magnet motor) can only be operated in combination with a 

frequency converter. 
27  Cf. DIN EN 50598-1:2014-01, DIN EN 50598-2:2015-05 and DIN EN 50598-3:2015-09. 
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additionally included as a sensitivity analysis. The operating points and 
duty cycles are changed such that there is a fixed operating/load–time 
point (application 3). This additional sensitivity analysis makes it possible 
to compare an IE3 asynchronous motor with a frequency converter with 
one without a frequency converter (application 4). The frequency converter 
in the last application has no function (static load point) and just represents 
an additional loss-relevant consumer in the system. 

The results serve to provide a better understanding of the life cycle as-
sessment and an economic analysis for a system analysis. The individual 
values of the results per indicator are not representative for the selected 
application. Only an overall assessment of the system provides sufficient 
information about the life cycle assessment. Selection of the IE class in the 
system approach alone is not enough. 

5.2 Investigation scope 

The following sections describe the general investigation scope of the study 
based on the goals mentioned above. This includes, amongst other things, 
the identification of the product systems to be investigated, their func-
tion(s), the functional unit and reference flows and the system limits, allo-
cation procedure and cut-off criteria of the study. 

5.2.1 Product systems to be investigated 

5.2.1.1 Scenario ‘Comparison of technologies’ 

Due to the static operating point (pursuant to EN 5059828) in the use 
phase, the product systems to be compared solely contain the individual 
asynchronous motors and are hence directly comparable in terms of func-
tion and design of the product systems. 

The selected products only represent specific individual products within 
the multitude of electric motor types and designs. The composition (for 
BOM and materials see Annex 4) is not exactly representative in detail for 

                                                           
28  Cf. DIN EN 50598-1:2014-01, DIN EN 50598-2:2015-05 and DIN EN 50598-3:2015-09. 
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Especially for the use phase both the total consumption and the loss are 
considered. In the discussion of results only the loss is considered as a 
variable quantity. 

The reference flow is [kg] electric motor; the technology comparison sce-
nario covers an IE2 electric motor with a total weight of approx. 11 kg. 

5.2.2.2 Scenario ‘Comparison of systems’ 

Possible applications for the system comparison scenario  include pumping 
of effluent or chemical solutions. In the present case the energy conversion 
is based on asynchronous motor technology with and without a frequency 
converter as well as on permanent magnet motor technology (reluctance 
motor) which is always operated with a frequency converter. 

The functional unit is defined as follows:  

supply of mechanical energy in kWh for an industry-relevant use case (e.g. 
pumping of liquid solutions) by electric motor systems of defined rated 
output (18.5 kW) with two efficiency classes (IE3 and electric motor system 
with efficiency class IE5 (IE4 reluctance motor with frequency converter)) 
over a defined period of time (variable, depending on application 
2,000 hours over 15 years or 7,500 hours over 10 years) at several specific 
load points. Especially for the use phase both the total consumption and the 
loss are considered. In the discussion of results only the loss is considered 
as a variable quantity.  

The reference flow is [kg] electric motor; the system comparison scenario 
covers an IE3 electric motor with a frequency converter with a total weight 
of approx. 250 kg. 

5.2.3 System boundaries 

5.2.3.1 Scenario ‘Comparison of technologies’ 

The system limits for all three electric motors cover all life cycle phases of 
the product under consideration, i.e. from cradle to grave. 
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Apart from the actual use, the repair, service and maintenance should be 
scrutinised. Because these aspects generally depend on the manufacturers 
and users as well as on the individual application (location, environment, 
thermal and other loads, installation etc.), they are not considered further. 
However, in the course of a sensitivity analysis the topic is touched on in 
that, for example, the ‘worst case’ production expenditure is assumed and 
examined (see Section 6.1.5). 

Transport for disposal 

Transport of decommissioned electric motors for disposal is not considered 
due to the negligible environmental impact associated with it. This assump-
tion is subjected to a sensitivity analysis and described in detail in Sec-
tion 6.1.4. 

Disposal 

The downstream life cycle phase considers the following process steps 
(based on the results of the workshop) which are carried out under Europe-
an framework conditions:  

• mechanical separation of the main modules (e.g. housing, stator, rotor, 
shaft), 

• comminution/shredding of the components (e.g. housing, stator, rotor, 
shaft), 

• material separation according to physical properties (aluminium, copper, 
steel, plastic), 

• incineration of plastic fractions and  

• landfill.  

Credits are not considered because here too the so-called cut-off principle is 
applied (Section 5.2.5). Further details on the above-mentioned process and 
the modelling can be obtained from the contractor. 
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Use 

The following sections describe the operating parameters defined for the 
different applications in the system comparison scenario. This includes the 
load, the annual operating time and the efficiency of the overall system 
(motor and frequency converter) at the respective operating point. The 
overall efficiency η of a motor system is calculated as the ratio of output 
power to input power29:  

𝜂𝜂 =
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑖𝑖

=
𝑃𝑃𝑖𝑖𝑖𝑖 − 𝑃𝑃𝑝𝑝𝑝𝑝
𝑃𝑃𝑖𝑖𝑖𝑖

= 1 −
𝑃𝑃𝑝𝑝𝑝𝑝
𝑃𝑃𝑖𝑖𝑖𝑖

 

• Pout: output power [W] 

• Pin: input power [W] 

• Ppl: absolute power loss [W] 

• Ppl/Pin: relative power loss [-] 

The power loss of a motor system is calculated in accordance with 
DIN EN 50598 sheet 2 as the sum of the power losses of the individual 
system components (e.g. motor and frequency converter)30. The overall 
efficiency of a system can then be calculated using the overall power loss. 
The use phase occurs in Europe and is characterised by the following oper-
ating profiles for four different applications. 

Application 1: short operating time, variable operating points (OPs) 

The pump use for the effluent systems is characterised by a relatively short 
operating time of 2,000 h. An IE3 asynchronous motor with a frequency 
converter and an IE4 reluctance motor (system IE5) are considered at sev-
eral different operating points with various loads (Table 4). 

                                                           
29  Cf. Klähn (2018). 
30  Cf. DIN EN 50598-2:2015-05, see Annex A, p. 64, p. 65 and Table G.3 – Results of CDM – 

Calculation according to the mathematical model, p. 118. 
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Table 4: Operating points/load–time profile for the scenario ‘Comparison of systems’ 
application 1 

Operating 
points 

Load [%] Time [%] Time 
[h/year] 

Overall system 
efficiency [%] 

IE3 asynchronous motor with frequency converter 
OP1 85 2 40 93 
OP2 42 19 380 93 
OP3 0 79 1,580 93 

IE4 reluctance motor with frequency converter 
OP1 85 2 40 95 
OP2 42 19 380 95 
OP3 0 79 1,580 95 

Application 2: long operating time, variable operating points (OPs)  

The pump use in a chemical plant is characterised by a relatively long 
operating time of 7,500 h. An IE3 asynchronous motor with a frequency 
converter and an IE4 reluctance motor (system IE5) are considered at sev-
eral different operating points with various loads (Table 5). 

Table 5: Operating points/load–time profile for the scenario ‘Comparison of systems’ 
application 2 

Operating 
points 

Load [%] Time [%] Time [h/year] Overall system 
efficiency [%] 

IE3 asynchronous motor with frequency converter 
OP1 85 12.5 937.5 93 
OP2 77 83.3 6,247.5 93 
OP3 0 4.2 315 93 

IE4 reluctance motor with frequency converter 
OP1 85 12.5 937.5 95 
OP2 77 83.3 6,247.5 95 
OP3 0 4.2 315 95 

Application 3: long operating time, one operating point (OP) 

The continuous pump use in a plant is characterised by a relatively long 
operating time of 7,500 h. An IE3 asynchronous motor with a frequency 
converter and an IE4 reluctance motor (system IE5) are considered at one 
operating point with a continuous load (Table 6). 
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gible relevance of the transports, these expenditures are not considered. In 
cases in which no suitable inventories are available for representing an 
input or output, expert estimates based on conservative assumptions of 
environmental impact are used.  

5.2.6 Selection of impact assessment methodology and indi-
cators 

The indicators for the assessment of results of the resource efficiency as-
sessment for the two scenarios (technology comparison and system com-
parison) are given below. 

• Cumulative energy demand (CED) as an assessment indicator for energy 
expenditure: the assessment is carried out in accordance with the VDI 
guideline VDI 4600. 

• Cumulative raw material demand (CRD) as an assessment indicator for 
raw material (including water) expenditure: the assessment is carried 
out in accordance with the VDI guideline VDI 4800 sheet 2. 

• Greenhouse gas emissions in CO2 equivalents: the assessment is carried 
out in accordance with the 2013 IPCC report.  

• Land use: this is based on the LANCA® method in which the land use 
and the land transformation are considered.  

• Water: the term ‘blue water’ refers to the used surface water and 
groundwater. Rainwater is hence excluded in this definition. In a GaBi 
software life cycle assessment the terms ‘blue water use’ and ‘blue water 
consumption’ can be understood as follows: 

 ‘blue water use’ = blue water removal = water (river water) + water 
(lake water) + water (groundwater) + water (fossil groundwater) 

 ‘blue water consumption’ = blue water use - blue water-free released 
by the technosphere = blue water use + water (contained in the prod-
uct inputs) - water (contained in the product outputs) - water vapour - 
water (blue water released into the sea). 
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To supplement this, an assessment of the disposal criticality of the raw 
materials and materials surveyed in the life cycle inventory analysis is 
carried out. The assessment is carried out in accordance with the VDI 
guideline VDI 4800 sheet 2. 

5.2.7 Software and databases 

The LCA model for both scenarios was created using the GaBi 7 software 
from thinkstep AG. The GaBi 2017 databases31 supply the life cycle inven-
tory analysis data for the background systems. The GaBi website provides 
details about the modelling principles and the Data/quality requirements32.  

5.2.8 Economic assessment 

The following provides a description of the procedure for an economic as-
sessment of the two scenarios ‘Comparison of technologies’ and ‘Compari-
son of systems’. This covers the selection and calculation of cost items, 
which are identical for both scenarios.  

5.2.8.1 Selection of cost items 

The cost calculation relates solely to the use phase of the electric motor or 
electric motor system at the user site, i.e. a small or medium-sized industri-
al enterprise. Service costs incurred over the use phase of the electric mo-
tor usually make up only a small share of the total costs (between 1 % and 
3 %)33 and are hence not considered further in this study. A detailed cost 
consideration for the production and the disposal phase is also not con-
tained in this study.  

The definition and quantification of the cost items and the associated data 
collection take place via Sina Save. Sina Save is an online tool provided by 
Siemens for determining energy savings potential and time to break-even 
for drive systems (pump and fan drive systems) based on individual appli-

                                                           
31  Cf. thinkstep GaBi (2017a). 
32  Cf. thinkstep GaBi (2017b) and thinkstep GaBi (2017c). 
33  Cf. De Almeida et al. (2008), S. 77, ATG:Motor (2015), P. 14 and EMERSON Industrial Automation 

(2014), P. 18. 
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cation conditions.34 The investment costs are taken from manufacturers’ 
websites and the efficiencies set forth in the standard DIN EN 60034-30-
135. This allows the time to break-even to be determined and the main costs 
that will be considered in an economic assessment to be recorded: 

• one-time cost of acquisition for the electric motors to be compared and 

• annual energy consumption costs (operating costs). 

5.2.8.2 Calculation of cost items 

The surveyed average investment costs for the electric motors with differ-
ent output and energy efficiency classes as well as for the frequency con-
verters are based on the data sheets supplied by Siemens36 (for electric 
motors) and Fiehn Gebäudeautomation37 (for frequency converters) as well 
as on statements made by the workshop participants. The determined in-
vestment costs for the electric motors and the frequency converters are 
listed in Table 8. 

Table 8: Determined investment costs for electric motors with/without frequency 
converters 

Motor output [kW] Efficiency class Investment costs [€] 
Electric motors in the technology comparison scenario 

1.1 IE2  580 
1.1 IE3 700 
1.1 IE4 1,000 

Electric motors in the system comparison scenario 
18.5 IE3  4,500 
18.5 IE4 5,400 
18.5 Frequency converter 2,600 

18.5 IE3 with frequency 
converter 7,100 

18.5 IE4 with FU (= IE5) 8,000 

 

                                                           
34  Cf. Siemens AG (2018). 
35  Cf. DIN EN 60034-30-1:2014-12. 
36  Cf. Siemens (2016), complete catalogue.  
37   Cf. Fiehn Gebäudeautomation GmbH (2017), pp. 1 – 6. 
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The formula for calculating the annual energy consumption of an electric 
motor for a specific operating point was supplied by a pump manufacturer 
and is as follows:  

𝐸𝐸 =
𝑃𝑃
𝜂𝜂

 ∙ 𝐿𝐿 ∙ 𝑡𝑡𝐵𝐵 

• E: annual energy consumption of the electric motor [Wh/year] 

• P: rated output [W] 

• η: efficiency at 100 % load [-] 

• L: load at a specific operating point [-] 

• tB: annual operating time at a specific operating point [h/year]. 

In addition, the annual energy losses (EL) in the electric motors were calcu-
lated using the following formula:  

𝐸𝐸𝑉𝑉 =
𝑃𝑃
𝜂𝜂

 ∙ (1 − 𝜂𝜂) ∙ 𝐿𝐿 ∙ 𝑡𝑡𝐵𝐵 

The electric motor efficiency values η required for the calculation were 
taken from the Almeida study in accordance with DIN EN 60034-30-1 and 
are shown in Table 9. 38 

Table 9: Determined efficiencies of electric motors with/without frequency converters 

Efficiency class Output [kW] Efficiency [%] 
Scenario ‘Comparison of technologies’ 

IE2 1.1 81  
IE3 1.1 84 
IE4 1.1 87 

Scenario ‘Comparison of systems’ 
IE3 without FU 18.5 94.4 
IE3 with frequency converter 18.5 93 
IE4 with FU (= IE5) 18.5 95 

 

                                                           
38  Cf. De Almeida A. T. (2016), P. 2. 
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The annual operation-related energy costs CE are calculated according to 
the following formula:  

𝐾𝐾𝐸𝐸 = 𝑆𝑆 ∙ 𝐸𝐸𝐿𝐿 

• KE: annual energy costs [€/year] 

• S: average European electricity price: € 0.114 per kWh in first half of 
2017 for commercial customers39 

• E: annual energy consumption [kWh/year]. 

The time to break-even indicates the time that must elapse before the cost 
of acquisition of a higher-efficiency motor is recovered through the energy 
savings realised. It is calculated as the ratio of the one-time cost of acquisi-
tion for the higher-efficiency motor to the annual energy cost savings. If the 
time to break-even is longer than the life tl of the electric motor, investment 
is usually not worthwhile from an economic point of view.  

𝐴𝐴 =
𝐾𝐾𝐼𝐼
∆𝐾𝐾𝐸𝐸

 

• A: time to break-even [years] 

• KI: investment costs [€] 

• ΔKE: annual energy savings [€/year]. 

 

                                                           
39  Cf. Eurostat (2017). 
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The cumulative raw material demand (CRD) in kg per functional unit is also 
dominated by the use phase and shows the lowest overall results for the 
IE4 asynchronous motor. In the subdivision of the CRD the mass fractions 
in the ‘metals, minerals’ group, which also includes overburden and dead 
rock, are dominant and occur both in ore bodies and in energy raw materi-
als such as coal in mining. 

The land use confirms the picture drawn above with the smallest area used 
for the IE4 reluctance motor. The use phase has a share of more than 98 %. 
In the detailed consideration of the two subcategories of settlement and 
agricultural land, in particular the high land requirement of the agricultural 
area in the use phase is based on the biomass fraction in the selected elec-
tricity mix (Section 6.1.1.1). 

In the consideration of water consumption in the overall results for all 
electric motors, this is here too the highest in the use phase. The provision 
of energy, e.g. for the required cooling water, contributes significantly to 
this.  

The corresponding graphs showing the results for the indicators (CED, 
CRD, land use and water consumption) can be found in Annex 5. The 
graphs are similar to those of the CO2 emissions. They are hence not shown 
here. 

6.1.1.1 Land use impact/LANCA® 

To be able to evaluate the increasing sealing of land as well as its agricul-
tural, forestry, infrastructural and industrial use, it is necessary to extend 
established methods such as the life cycle assessment to include aspects of 
land use. The LANCA® (Land Use Indicator Value Calculation in Life Cycle 
Assessment) was developed at the University of Stuttgart for this purpose 
(for details see Annex 6). 

Figure 7 shows the land use impact according to LANCA® for the technol-
ogy comparison scenario for the IE2, IE3 and IE4 asynchronous motor for 
the phase of occupation for the five environmental impact categories of 
erosion resistance, mechanical filtration, physicochemical filtration, 
groundwater regeneration and biotic production. In the presentation the 
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Table 14: Overview of results for the indicators in the scenario ‘Comparison of systems’ 
application 4 

Indicators Results per life cycle phase 
 Class Manufacture Use Disposal 

Cumulative 
energy 
demand 
(CED) 
[MJeq/FU] 

CED, 
renewable 

IE3, 18.5 kW with 
frequency converter 

2,139 235,566 352 

IE3, 18.5 kW without 
frequency converter 1,182 185,658 336 

CED, non-
renewable 

IE3, 18.5 kW with 
frequency converter 15,060 690,960 1,328 

IE3, 18.5 kW without 
frequency converter 8,632 544,570 1,174 

Cumulative 
raw material 
demand 
(CRD) 
[kg/FU] 

Metals, 
minerals 

IE3, 18.5 kW with 
frequency converter 12,692 170,701 377 

IE3, 18.5 kW without 
frequency converter 8,245 134,535 360 

Energy 
raw 
materials 

IE3, 18.5 kW with 
frequency converter 490 19,031 46 

IE3, 18.5 kW without 
frequency converter 307 14,999 42 

Land use 
[m2·year/FU] 

Settlement 
areas 

IE3, 18.5 kW with 
frequency converter 1.3 2.5 0.07 

IE3, 18.5 kW without 
frequency converter 0.95 2.0 0.07 

Agricultural 
land 

IE3, 18.5 kW with 
frequency converter 60.0 4,050.5 7.9 

IE3, 18.5 kW without 
frequency converter 33.5 3,192.3 7.6 

Global warming potential 
GWP100 [kg CO2 eq/FU] 

IE3, 18.5 kW with 
frequency converter 1,212 39,671 110 

IE3, 18.5 kW without 
frequency converter 745 31,266 92 

Water consumption[kg/FU] 

IE3, 18.5 kW with 
frequency converter 6,394 335,919 466 

IE3, 18.5 kW without 
frequency converter 3,064 264,750 385 

 

6.1.2.5 Land use impact/LANCA® 

Comparable to the procedure in Section 6.1.1.1, Figure 16 shows the land 
use impact for application 1 of the system comparison scenario for the IE3 
asynchronous motor with frequency converter and the IE4 reluctance mo-
tor. The occupation is presented for the five environmental impact catego-
ries of erosion resistance, mechanical filtration, physicochemical filtration, 
groundwater regeneration and biotic production. Annex 6 contains the 
results for the occupation and the transformation for all other applications 
in the system comparison scenario. The presentation shows the environ-
ment effects for the phases of production, use and recycling. The environ-
mental loads of the IE3 asynchronous motor thereby represent 100 % of the 
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6.1.3 Sensitivity analysis: C02-poor electricity mix 

In the context of the climate and energy policy for 2030 the European 
Commission pursues three main goals: 

• to lower greenhouse gas emissions by at least 40 % (from the status as of 
1990), 

• to increase the share of renewable energy sources to at least 27 % and 

• to increase the energy efficiency by at least 27 %.40 

Through these political framework conditions, energy savings and energy 
efficiency measures are becoming increasingly important.  

As already mentioned in the introduction, electric motors and motor sys-
tems are responsible for a significant share of global energy consumption. 
If no further energy savings measures are taken, the global electricity con-
sumption could double by 2030.  

For the purpose of clarifying this situation, a sensitivity analysis was car-
ried out within the scope of this study with the predicted average electricity 
mix for Europe. These predictions are available for the years 2020, 2030, 
2040 and 2050 and are based on a European Commission publication ad-
dressing trends in energy, transport and greenhouse gas emissions up to 
2050.41 Table 15 shows the scenarios and the future global warming poten-
tial . 

                                                           
40  Cf. European Commission (2018). 
41  Cf. European Commission (2016): 
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Table 15: Future global warming potential in kg CO2 eq/kWh 

Indicator 

EU-28 
electricity 
mix–basis  

2013 

EU-28 
electricity 

mix  
scenario 

2020 

EU-28 
electricity 

mix  
scenario 

2030 

EU-28 
electricity 

mix  
scenario 
2040 

EU-28 
electricity 

mix  
scenario 

2050 
GWP per 
1 kWh  
[kg CO2-eq] 

0.45 0.37 0.28 0.23 0.22 

Based on the assumptions made in the above-mentioned study, the green-
house gas emissions associated with the European electricity mix are pre-
dicted to halve by 2050.  

If these results are transferred to the scenarios and applications treated 
here, it can be seen that global warming potential in the use phase of elec-
tric motor systems could also halve in the future. Depending on the applica-
tion (please especially see application 1 in the system comparison scenar-
io), this development would considerably magnify the importance of the 
environmental impact in the production phase of the systems. This would 
shift the individual components and their environmental effects into the 
focus of possible optimisation measures.  

6.1.4 Sensitivity analysis: Transport 

As shown in Section 5.2.3, the expenditures during transport of the electric 
motors and motor systems are negligible during the use phase and are 
hence not included in the assessment. The transports are subjected to a 
sensitivity analysis in the following for the purpose of investigating this 
assumption in detail. 

For this it is assumed that the electric motors and electric motor systems 
are transported with a standard lorry over a distance of 1,000 km. A diesel-
operated EURO 6 lorry weighing 34 to 40 t is assumed. The entire band-
width was covered through the assumption of one-time transport of one 
electric motor from the technology comparison scenario and one electric 
motor from the system comparison scenario. Table 16 shows the results of 
this analysis for the global warming potential. 
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effects in the production phase, a complete replacement of the electric 
motor is more relevant. A doubling of the global warming potential in the 
production phase for the IE3 asynchronous motor and the IE4 reluctance 
motor would lead to the ecological effects in the production phase clearly 
superimposing the respective ecological effects in the use phase. If in this 
case the CO2 emissions produced over the life cycle for both electric motors 
were to be compared, both electric motor systems would have approximate-
ly the same global warming potential.  

With regard to the sensitivity analysis for the repair, service and mainte-
nance for application 1, a similar conclusion as that described in Sec-
tion 6.1.3 can be drawn: If in the present application one complete re-
placement of the electric motor system is necessary over the considered 
life, the individual components of the electric motor systems can come into 
the focus of possible optimisation measures. 

6.2 Assessment of supply criticality  

For evaluation of the supply criticality for the raw materials used in the 
electric motors and the frequency converters, an analysis according to 
VDI 4800 sheet 2 is carried out. This aims to ‘[…] identify the raw materials 
of a raw material-using system (reference system) that serve essential 
functions for this system while their supply is associated with risks’42. The 
criticality analysis makes it possible to evaluate the vulnerability of a refer-
ence system (e.g. an enterprise) in relation to disruptions in supply for 
specific raw materials. The analysis thereby considers geological, economic, 
social, political and technical aspects. Differentiation is made between 
exogenous and endogenous criteria: 

• Exogenous criteria are supply- and demand-side aspects which cannot 
be influenced by the raw material-using system (e.g. enterprise). 

                                                           
42  VDI 4800 Sheet 2:2018-03, P. 14. 
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• Endogenous criteria include organisation-specific criteria which can 
directly affect the enterprise43. 

Because the aim of the present study does not cover enterprise-specific 
analysis of the raw material criticality, solely exogenous criteria of the raw 
material criticality (criticality dimension ‘supply risk’) are investigated in 
the following.  

The evaluation of the criticality of a particular raw material is given by 
standardised indicators which are divided up into the classes of 0, 0.3, 0.7 
and 1. An indicator value of 0 corresponds to a low criticality and an indica-
tor value of 1 corresponds to a high criticality of the raw material under 
consideration for a specific criterion. The exogenous criteria described in 
VDI 4800 sheet 2 are described briefly below.44 

(4) Geological, technical and structural criteria 

(a) Static ratio: this is the ratio of global reserves to annual production 
of the raw material. The indicator is a measure of the necessity of 
expanding the supply through new exploration or secondary raw 
materials. 

(b) Companionality: if a raw material is produced as a by-product or co-
product, its availability depends on the supply or demand of the 
primary product. The indicator specifies the fractions made up by 
the primary product and the by-product or co-product in the produc-
tion of a raw material.  

(c) Recycling: The supply with secondary raw materials conserves re-
sources and hence has a positive effect on the supply situation. The 
indicator is a measure of the penetration rate for functional end-of-
life recycling technologies for the raw material under consideration. 

                                                           
43  Cf. VDI 4800 Sheet 2:2018-03. P. 15 and 16. 
44  Cf. VDI 4800 Sheet 2:2018-03. pp. 17 et sqq. 
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(d) Logistic constraints: are often significant in pricing and hence a risk 
to supply (e.g. transport distances and storage possibilities). The in-
dicator gives the economic efficiency of storage and transport.  

(e) Constraints due to natural disasters: the availability of raw materials 
can be affected by natural disasters. Because no adequate database 
exists yet for the quantification of the sensitivity of the raw material 
to natural disasters, for biotic raw materials a standard value is de-
fined according to the growing region. For mineral and fossil raw 
materials the sensitivity is low and the standard value for these 
groups is 0. The indicator is a measure of the penetration rate for 
natural deposits and growing regions. 

(5) Geopolitical and regulatory criteria 

(a) Country concentration of reserves: when the reserves are distribut-
ed over a greater number of countries, the risk of exploitation of 
market power is reduced. The Herfindahl–Hirschman index (HHI) is 
an indicator for the absolute degree of concentration of a reserve. It 
is defined as the sum of the squared fractions of reserves of all mar-
ket participants. At least 80 % of the global reserves must be taken 
into account in the calculation. 

(b) Country concentration of production: concentration of the raw mate-
rials production over a smaller number of countries increases the 
risk of politically motivated trade restrictions for traded raw materi-
al quantities and can thus negatively impact the raw material avail-
ability. The Herfindahl–Hirschman index (HHI) is also taken as an 
indicator here and is formed from the sum of the squared fractions 
of the production quantities of all market participants. Here too at 
least 80 % of the global production must be taken into account. 

(c) Geopolitical risks of global production: access to raw materials is af-
fected by the political stability of the exporting countries and ex-
traction regions. The political country risk is calculated via the two 
World Bank indicators of ‘Voice and Accountability’ and ‘Political 
Stability and Absence of Violence’.  
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significant environmental effects and are hence investigated in the criticali-
ty analysis.  

The aluminium heat sink, the copper cables and the polymer housing make 
up approximately 93 % of the total mass of the frequency converter. The 
electronics (assembled PCB) only make up a small part of the overall mass 
of the frequency converter, but they contain a series of valuable metals 
with a high environmental impact. They are hence included in the assess-
ment of raw material criticality. The determined results for the criticality 
indicators based on the selected raw materials are listed in Table 18. 
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Table 18: Evaluation of criticality dimension ‘supply risk’ for raw materials in electric 
 motors and frequency converters 

 Indicator Al Cr Co Dy Fe Cu Nd Ni Pd Ag Si Ta Ti Zn Sn 
G

eo
lo

gi
ca

l, 
te

ch
ni

ca
l a

nd
 s

tr
uc

tu
ra

l i
nd

ic
at

or
s 

Ratio of reserves 
to global annual 
production 

0 1 0.3 0 0.3 0.7 0 0.7 0 1 0 0.3 0 1 1 

Level of co-
production/  
by-products 

0 0 0.7 0.7 0 0.3 0.7 0.3 0.7 0.7 0 0.3 0 0.3 0 

Spread of func-
tional end-of-life 
recycling 
technologies 

0.3 0.3 0.7 0.7 0.3 0.3 0.7 0.3 0.7 0.3 0.7 0.7 0.3 0.7 0.7 

Economic viability 
of storage and 
transport 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Geographical 
distribution of 
natural reserves/ 
growing regions 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

G
eo

po
lit

ic
al

 a
nd

 r
eg

ul
at

or
y 

cr
ite

ri
a Herfindahl–

Hirschman index 
of reserves 

0.7 1 0.7 1 0.3 0.3 1 0.7 1 0.3 0.3 0.7 0.7 0.3 0.7 

Herfindahl–
Hirschman index 
of country  
production 

1 1 1 1 1 0.7 1 0.3 1 0.3 1 0.7 1 1 1 

Political  
country risk  0.7 0.7 0.7 0.7 0.7 0.3 0.7 0.3 0.7 0.7 0.7 0.7 0.7 0.7 0.7 

Regulatory  
country risk 0.3 0.3 0.7 0.7 0.3 0.3 0.7 0.3 0.7 0.3 0.7 0.7 0.7 0.3 0.7 

Ec
on

om
ic

 c
ri

te
ri

a 

Herfindahl–
Hirschman index 
of companies 

0.3 0.7 0.3 1 0.3 0.3 1 0.3 0.7 0.3 0.3 0.7 0.3 0.3 0.3 

Level of demand 
growth 0 0.3 0.3 0.7 0 0.3 0.7 0.3 0.3 0.3 0 0.3 0 0 0.3 

Technical feasibil-
ity and economic 
feasibility of 
substitutions in 
main applications 

0.7 1 1 0.7 0.7 0.7 0.7 1 0.7 0.7 0.7 0.3 0.3 1 0.7 

Annualised price 
volatility 0.7 0.7 1 1 0.7 1 0.3 1 1 1 0.7 1 1 1 1 

 

Aggregation 
through  
degressive 
addition 

0.77 0.93 0.90 0.94 0.73 0.73 0.91 0.79 0.91 0.82 0.78 0.78 0.83 0.92 0.91 
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As can be seen in Table 18, the criticality indicators for the raw materials 
determined via degressive addition are in a relatively critical range of 0.7 to 
0.9.  

A higher raw material criticality can be derived for the geopolitical and 
regulatory criteria. Here criticality indicators of 0.7 and 1 are frequently 
found. Especially for the criterion ‘country concentration of production’, 
most raw materials have an indicator value of 1. These raw materials are 
concentrated in a few countries and show a high risk of politically motivat-
ed trade restrictions. This is especially the case for the rare earths in the 
permanent magnet because they do not occur in Europe and hence have to 
be imported. The Political country risk is also elevated for most raw materi-
als because access to these raw materials strongly depends on the political 
stability of the exporting country.  

For the economic criteria, an increased criticality can especially be found 
for the criteria of ‘Technical feasibility and economic feasibility of substitu-
tions in main applications’ and ‘Annualised price volatility’. Many of the 
raw materials in main applications can only be substituted at high cost 
and/or with loss of functionality or cannot be substituted at all. Companies 
are hence highly dependent on the availability of the raw materials. In 
addition many raw materials are subject to strong price fluctuations, which 
means a high supply uncertainty with respect to the corresponding raw 
materials on the raw material markets.  

Particularly for the geological, technical and structural criteria, the criticali-
ty indicators are usually low to mid-range. Especially for the two criteria of 
‘Logistic constraints’ and ‘Constraints due to natural disasters’, the criticali-
ty indicators are minimal, i.e. all raw materials can be stored and trans-
ported and their sensitivity to natural disasters is low. 

6.3 Economic assessment  

6.3.1 Scenario ‘Comparison of technologies’ 

The results for energy consumption, losses, -costs and time to break-even 
for the technology comparison scenario are given in Table 19. They were 
calculated on the basis of the formulae from Section 5.2.8.  



Comparative ecological and economic assessment 89 

 

Table 19: Calculation of energy costs for the scenario ‘Comparison of technologies’  

Parameter Scenario ‘Comparison of technologies’ 
 IE2 IE3 IE4 

Rated output P [kW] 1.1  1.1 1.1 
Efficiency η [-] 0.81 0.84 0.87 
Load L [-] 0,75/0 0,75/0 0,75/0 
Operating time to [h/year] 4,000/1,000 4,000/1,000 4,000/1,000 
Life tl [years] 15 15 15 

Energy calculation 
Energy consumption E 
[MWh/year] 4.07 3.93 3.79 

Energy loss El [MWh/year] 0.77 0.63 0.49 
Cost calculation 

Energy costs Ce [€/year] 464 448 432 
Time to break-even TBE [year] - 42 65 

The calculations for the technology comparison scenario yield annual ener-
gy costs of € 464 for the IE2 asynchronous motor, € 448 for the IE3 asyn-
chronous motor and € 432 for the IE4 asynchronous motor.  

The differences in costs of energy consumption are thus very small. This 
can be explained by the extremely similar efficiencies of the electric mo-
tors, resulting in similar consumption levels. In addition the energy con-
sumption levels are generally low overall due to the low output of the elec-
tric motors. Only low cost savings can thus be achieved with higher-
efficiency electric motors.  

The times to break-even are hence 42 years for the IE3 asynchronous motor 
and 65 years for the IE4 asynchronous motor. Because for the electric mo-
tors the life is only 15 years, from an economic point of view investment in 
a higher-efficiency motor before the depreciation period or technical useful 
life elapses is not worthwhile.45  

6.3.2 Scenario ‘Comparison of systems’ 

The results for energy consumption, losses and costs as well as the time to 
break-even for the four applications in the system comparison scenario are 
given in Table 20 to Table 23 below. They were calculated on the basis of 
the formulae from Section 5.2.8.  

                                                           
45  Rising energy prices are not taken into account in the calculation. 
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Table 21: Calculation of energy costs for the scenario ‘Comparison of systems’ – 
application 2 

Parameter Application 2 
 

IE3 with frequency  
converter 

IE4 with frequency 
converter 

Rated output P [kW] 18.5 18.5 
Efficiency η [-] 0.93 0.95 
Load L [-] 0,85/0,77/0 0,85/0,77/0 
Operating time to [h/year] 937/6,248/315 937/6,248/315 
Life tl [years] 10 10 

Energy calculation 
Energy consumption E 
[MWh/year] 111.55 109.20 

Energy loss El [MWh/year] 7.81 5.46 
Cost calculation 

Energy costs Ce [€/year] 12,716.25 12,448.54 
Time to break-even TBE [year] - 30 

The annual energy costs run to € 12,716.25 for the IE3 asynchronous mo-
tor with frequency converter and € 12,448.54 for the IE4 reluctance motor 
with frequency converter. Thus € 268 can be saved per year. 

The energy costs are considerably higher than in application 1. This is due, 
for one thing, to the much longer operating time of 7,500 hours a year. For 
another thing, the motor runs for 95 % of the time at higher loads (85 % and 
77 %), driving the energy requirements much higher.  

Due to the higher energy savings of the IE4 reluctance motor the time to 
break-even is shortened to 30 years. For a life of 15 years, however, from 
an economic point of view this does not represent a worthwhile investment 
before the depreciation period or technical useful life elapses.  

Table 22: Calculation of energy costs for the scenario ‘Comparison of systems’ – 
application 3 

Parameter Application 3 
 

IE3 with frequency  
converter 

IE4 with frequency 
converter 

Rated output P [kW] 18.5 18.5 
Efficiency η [-] 0.93 0.95 
Load L [-] 0,85/0 0,85/0 
Operating time to [h/year] 7,500/0 7,500/0 
Life tl [years] 10 10 

Energy calculation 
Energy consumption E 
[MWh/year] 126.81 124.14 

Energy loss El [MWh/year] 8.88 6.21 
Cost calculation 

Energy costs Ce [€/year] 14,456.85 14,152.50 
Time to break-even TBE [year] - 26 
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6.3.3 Conclusion from the economic assessment 

The results of the economic assessment show that the early replacement of 
a motor in the investigated output classes with a motor with a higher ener-
gy efficiency before the depreciation period or technical useful life has 
elapsed cannot be supported by argument. This finding extends across 
most of the scenarios because the economic time to break-even for the 
higher-efficiency electric motors is in most cases longer than the assumed 
electric motor life. However, there are still many old electric motors without 
efficiency classes in use in industry. Replacement of these motors with 
efficient electric motors can result in times to break-even that are shorter 
than the lives of the old electric motors.46 

In contrast, application  4 showed how important it is to consider the over-
all requirements of the system when selecting an electric motor. For exam-
ple, a comparison between two IE3 asynchronous motors, one with and one 
without a frequency converter, at the static continuous load point resulted 
in an increase in energy consumption costs without any additional benefit 
from the use of the frequency converter. 

                                                           
46  Cf. Volz (2010), P. 8. 
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Application 4 in turn takes up the two above-mentioned findings. The 
planned application and the consideration of the components individually 
are important. In this case the system of the asynchronous motor is operat-
ed in one case with and in another case without a frequency converter. 
Doing without the frequency converter results in a 40 % reduction in envi-
ronmental impact during production for the global warming potential alone. 
In addition this leads to a 22 % reduction in greenhouse gas emissions in 
the use phase for the selected application.  

With respect to the economic results for the examined motor output clas-
ses, for the technology comparison scenario break-even is not reached 
under normal lifetime conditions. This is due to the low cost of acquisition 
of the considered small electric motors and the insignificant differences in 
energy consumption.  

For application 1 in the system comparison scenario first a very long time 
to break-even results for the more efficient system. This can be explained 
by the short running time of the systems and the high acquisition costs. In 
the other applications the time to break-even shortens dramatically and in 
application 2 is already about 50 % lower than in the technology compari-
son scenario.  

Thus an overall trend in which break-even is reached faster as the electric 
motor or motor system output increases can be seen. Auer et al. confirm 
this with powerful electric motors with more than 110 kW for which, de-
spite higher investment costs, the break-even is already achieved in ap-
proximately five years.47  

In summary, in line with the standard expectations, the following conclu-
sions can be derived from the investigation of the systems: 

• The more intensive (in terms of time and output class) and the more 
uniform the use phase (constant operating point), the lower the envi-
ronmental impact for energy-efficient electric motors. 

                                                           
47  Cf. Auer et. al. (2017), P. 8. 
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• At a static continuous load, use of a frequency converter does not repre-
sent any added value in terms of energy efficiency, but leads as an addi-
tional consumer in the system to an increase in energy consumption 
costs as well as environmental impact.  

• Energy-efficient electric motors are one element of complex motor sys-
tems that can be adjusted to reduce losses and consumption. 

• Electric motor systems have additional possibilities besides the efficien-
cy class of the motor for reducing losses and consumption, e.g. via intel-
ligent control, various load profiles or optimal sizing of the motor or mo-
tor system. 

• The land use produces results that deviate in part from those of the other 
indicators selected for the study, especially in terms of individual results 
(depending on the given material type) in relation to individual types of 
energy in the selected electricity mix. 

• The higher the consumption is, the more likely it is that economic break-
even will occur for energy-efficient systems. 

• The criticality is in the middle of the range and even with respect to the 
rare earths and precious metals exhibits no notably significant criticality 
except the economic criticality concerning the substitution problem and 
price volatility. 
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 DIN EN 50598-2 – Energy efficiency indicators for power drive sys-
tems and motor starters: defines the efficiency classes of motor sys-
tems and drive controllers at eight application-relevant operating 
points and describes methods of measuring and calculating losses. It 
also describes the determination of the efficiency classes according to 
which comparable classification can be made. 

 DIN EN 50598-3 – Quantitative Ecodesign approach using life cycle 
assessment including product category rules and content of environ-
mental declarations: defines the life cycle assessment procedure for 
an environmental declaration for drives. This approach enables the 
energy efficiency to be considered and especially all environmental 
effects in the product life cycle to be quantified by means of a life cy-
cle assessment. 

• VDI 4600 – Cumulative energy demand: describes the procedure as well 
as the calculation methods for the determination of the cumulative ener-
gy demand (CED) on the basis of examples. 

• VDI 4800 – Resource efficiency:  

 Sheet 1 – Methodological foundations, principles and strategies: pro-
vides a coordinated method of assessing the resource efficiency and 
defines and explains key terms, framework conditions and methodo-
logical foundations and treats possible conflicting targets. 

 Sheet 2 – Assessment of raw material expenditure: supplies an opera-
tionisable method of quantifying, evaluating and comparing the over-
all expenditures for raw materials, water and land associated with an 
enterprise as well as their relative scarcity.  

 Sheet 3 – [in preparation] Indicators for assessment of impact catego-
ries: offers a decision basis for resource efficiency measures in an en-
terprise. It describes how environmental effects should be estimated 
comprehensively and offers a method of quantifying environmental 
effects and interpreting the results. 
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For the study the electric motors were divided up into two superordinate 
classes:  

• DC motors and  

• AC motors.  

In industry AC motors primarily dominate because they are preferred espe-
cially due to their simplicity, low costs and high robustness compared with 
DC motors.50 

Figure 17 divides AC motors into asynchronous motors (also known as 
induction motors) and synchronous motors. Asynchronous motors are not 
physically connected to an external circuit, which means that the magnetis-
ing current is induced via a magnetic field. In synchronous motors the 
magnetising current is guided directly over brushes or slip rings to the 
rotor. Due to their simple design, robustness, low costs and long life, asyn-
chronous motors are widespread. Synchronous motors show some useful 
advantages and are used in specialised applications.51 

AC motors can be operated with single- or multiple-phase alternating cur-
rent. Single-phase motors are most frequently found and are mainly used in 
domestic and commercial applications. However, single-phase AC motors 
are less efficient than comparably sized three-phase AC motors. For this 
reason primarily three-phase AC motors are used in industrial applications. 
They often operate continuously and achieve high efficiencies with positive 
torque and current characteristics.52 

Figure 17 also shows that asynchronous motors can be divided into single-
phase and three-phase induction motors. Synchronous motors can likewise 
be divided into single-phase and three-phase synchronous motors. Single-
phase synchronous motors include, for example, reluctance motors, sub-
synchronous reluctance motors, hysteresis motors and stepper motors. The 

                                                           
50  Cf.U.S. Department of Energy (2014). 
51  Cf.U.S. Department of Energy (2014). 
52  Cf.U.S. Department of Energy (2014). 





Annex 1: Literature survey 107 

 

The main aim of the interviews is the preparation of the workshop and a 
preliminary discussion about the definition of a suitable application. It 
should include the following aspects: 

• cover a wide variety of technology options, 

• enable a meaningful comparison with focus on the use phase and 

• apply DIN EN 5059855 to enable comparisons to be made.  

This yields another decision-making aid for definition of a meaningful func-
tional unit as well as applications and motor pairs as preparation for the 
workshop.  

 

                                                           
55  Cf.  DIN EN 50598-1:2014-01, DIN EN 50598-2:2015-05 and DIN EN 50598-3:2015-09. 
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ANNEX 2: CLASSIFICATION OF STANDARD ELECTRIC 
MOTORS 

Standard electric motors are classified according to application type and 
technology type in Table 24 to Table 35 below. Various sources were con-
sidered in the survey.56 

Table 24: Technical information on three-phase AC motors 

Motor types Important aspects Applications 

Three-phase 
asynchronous 
machine 
(also known as 
‘induction 
machine’) 

Excitation (magnetising) current not via electric circuit, 
but induction by a magnetic field;  
runs more slowly than stator rotating field (slip), slip 
increases with increasing load, division into squirrel-
cage motors and slip ring motors, robust, low-cost, low-
maintenance and long life  
Squirrel-cage motor: low-cost, low-maintenance, high 
reliability, large range of torque and slip values 
Slip ring motor: can control speed and torque via 
resistors in rotor circuit  
Advantages: good speed control, high starting torque, 
low starting current, can effect multiple starts and stops 
Single-phase asynchronous motors are capacitor motors, 
split-pole motors and starting motors 

Fans,  
blowers,  
compressors,  
pumps,  
conveyor drives,  
drills, hoists 

Three-phase 
synchronous 
machine 

Magnetising current is guided directly into the rotor via 
brushes and slip rings; rotor magnetic field rotates 
synchronously with stator rotating field (at the same 
speed); expensive to operate, high expenditure  
Advantage: low-maintenance  
Distinction between non-salient pole rotors, salient pole 
rotors and permanent magnet motors 

Main application: 
three-phase alternators 
in power stations; in 
addition, drives for 
blowers, pumps, 
compressors, vehicles, 
ships and trains  
Non-salient pole 
rotors: in thermal 
power stations and 
turbo generators 
Salient pole ma-
chines: in hydroelec-
tric power stations as 
generators 

Cascade 
machine 

Two types: (1) cascade doubly-fed induction generator 
(CDFIG) and (2) self-cascaded machine (SCM); low 
converter and maintenance requirements, high reliabil-
ity, complicated control 

Design: combination of 
two asynchronous 
machines with con-
nected rotors, as 
generators in wind 
turbines 

 

                                                           
56  Cf. Schröder (2013), Johnson Electric (no date), Dummeier (no date), Graf (no date), Ott GmbH 

(2007) and SEW Eurodrive (no date). 
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Motor types Important aspects Applications 

Stepper motor 

Synchronous motor in which the rotor can be 
turned by a minimum angle or a multiple 
thereof. Also exist in the form of linear motors, 
higher number of pole pairs; only functions 
with a corresponding actuator  

Printers, especially matrix 
printers 
Drive of write/read head in floppy 
disk drive, 
computer controlled machine 
tools for positioning of tools 
Motor vehicles: actuation of flaps 
in heating and air-conditioning 
systems 

Brushless DC 
motor (= 
universal 
motor) 

Don’t be fooled by the name: is operated with 
three-phase current, control behaviour similar 
to DC machine, design like a three-phase 
synchronous machine with excitation by 
permanent magnets  
Advantages: long life, only limited by bearing 
wear, fast acceleration and braking possible 
Disadvantages: Sparks arising with the 
brushes (brush sparking) Main cause of 
high-frequency interference, maximum 
rotational speed limited by heated brushes 

Small fans, 
drives in the floppy disk drive, 
compressors, 
video recorders, 
model planes, 
servomotors, 
drive systems for machine tools 
such as lathes 

 

 

Table 25: Market-relevant information on three-phase AC motors 

Motor types Output class Energy efficiency Market size 
Three-phase  
asynchronous 
machine  
(also known as 
‘induction ma-
chine’) 

0.09 kW – 225 kW; 
to 20 MW as MV 
motor 

IE0 to IE2 replaced 
by/available as IE3 and 
IE4 designs as highly 
efficient/most efficient 
drive 

65 – 70 % of all produced 
electric motors are 
asynchronous motors, 
most common industrial 
motor is the squirrel-cage 
motor 

Three-phase  
Synchronous 
machine 

Non-salient pole 
rotors: to 
2,000 MVA  
(apparent power) 
Salient pole ma-
chines: to1000 MVA 

Can achieve 1 – 2 % 
higher efficiency than 
asynchronous motors, 
highest efficiency of all 
electric motors at 90 % 

Only rarely used 

Cascade machine 
No information  
(10 – 100 kW for a 
specific project) 

No information No information 

Stepper motor 

Can be used econom-
ically efficiently to 
1 kW 

The efficiency is of 
subordinate importance 
because drive power is 
unimportant; a low 
efficiency is often accept-
ed.  

No information 

Brushless DC 
motor (= universal 
motor) 

To 0.3 – 2 kW  
(can also deliver 
higher powers, e.g. 
to 30 kW)  

High efficiency, also in 
the part load range; can 
reach over 90 % (e.g. for 
rated output of 2 – 3 kW, 
but depends on the 
model) 

No information 
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Table 26: Technical information on alternating current motors 

Motor 
types Important aspects Applications 

Capacitor 
motor 

Particularly suitable for drives directly supplied by 
low-voltage grid (230 V); long-lived, no sparking in 
the motor 
Advantages: low-maintenance, long life 
Disadvantages: higher mass, low starting torque, 
capacitor additionally required 

Large refrigeration machines, 
tubular motor for roller shutter 
and awning drives, lawnmow-
ers, 
bench grinders, large fans, 
circulation pumps in heating 
systems 

Split-pole 
motor 

Advantages: simple design, inexpensive, low-
maintenance, long life, self-starting 
Disadvantages: low efficiency, only usable for 
small outputs, low power density 

Household area, especially for 
short-time duty, fan motor for 
electric heaters, pump in 
washing machine and dryers, 
drive motor for cooling units 
and freezers, spin dryers  

Synchro-
nous 
motor/ 
single-
phase 
asynchro-
nous motor 

Can be operated with single-phase alternating 
current or three-phase current, moves synchro-
nously to alternating voltage 
Rotor: permanent magnet or electromagnet, needs 
starting assistance for starting  
Advantages: low operating and maintenance costs, 
no wear of brushes and higher efficiency  
Disadvantages: undesired rotational losses in rotor 
and difficult self-starting on three-phase grid, needs 
starting assistance 

Is suitable for applications in 
which load-independent, stable 
number of revolutions is 
demanded: 
electric clocks, 
programmable controllers,  
time delay relays,  
drive for recording instruments 

Reluctance 
motor 

Torque in the rotor is generated by reluctance force 
(minimum magnetic resistance) and not by Lorentz 
force; i.e. contains no permanent magnets or 
electrical windings at rotor, no wear-susceptible 
slip rings and brushes, rotor consists of a permea-
ble, soft magnetic material such as electrical steel 
Advantages: economical, robust, losses only in 
resting stator, tolerant to short-time overload 
Disadvantages: low torque density, high noise 
load, relatively high apparent power, distinction 
between synchronous reluctance motor, asynchro-
nous motor with reluctance torque, switched 
reluctance machine and reluctance stepper motor 

For medium-sized drives with 
low switch-on times, suitable 
for rugged environments 
Compressors and machine tools 
(for such applications higher 
efficiency than asynchronous 
motors with the same output) 
Textile industry: washing of 
yarn, 
switched reluctance motors in 
hybrid electric vehicles as 
parallel hybrid drive, 
Large household appliances: 
washing machines, cleaning 
pumps 

Magnet 
motor 

Wet rotor whose rotating parts rotate in the liquid 
conveyance medium; functions according to the 
principle of the reluctance or synchronous motor, 
permanent magnet rotor on a shaft rotates in a 
plastic tube (with liquid) between the poles of an 
AC-powered stator magnet, special form of robust 
asynchronous motors with rotors in the form of 
water-cooled cage rotors 
Advantages: higher efficiency than asynchronous 
motor, high torque at low starting current 
Disadvantage: drying leads to contaminants 
jamming the shaft and the tube such that the shaft 
can no longer rotate 

Circulation pump and drain 
pump in washing machine and 
dishwasher 
Pre-feed pump in fuel tanks 
Pump for chemicals and food 
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Table 27:  Market-relevant information on alternating current motors 

Motor types Output class Energy efficiency Market size 

Capacitor motor 

To 300 W No information Widespread (see 
applications) in con-
struction machines 
(concrete mixers), 
agriculture, hand tools, 
white goods etc.  

Split-pole motor To 300 W At 30 %, very poor efficien-
cy 

No information 

Synchronous 
motor/single-
phase asynchro-
nous motor 

Used in industrial 
application to approx. 
10 kW (in another 
source: 75 kW; 
1400 MW for syn-
chronous turbo 
generator in a steam 
power station) 

Permanent synchronous 
motors: up to IE4, efficiency 
to 96 % 

No information 

Reluctance 
motor 

To 400 kW Higher efficiency at low 
speeds; up to 94 % possible; 
operation at part load very 
efficient; 
Synchronous reluctance 
motors: IE4 or higher 
(however, only with higher 
current and low power 
factor, which can affect size 
and costs) 

No information 

Magnet motor 
No information 50 – 60 % No information 

 

 

Table 28: Technical information on direct current motors 

Motor types Important aspects Applications 

Permanent 
magnet DC 
motor 

The stator magnetic field is often gener-
ated by permanent magnets for small 
motors. The magnets have become 
increasingly more powerful and would 
also permit the building of larger motors. 
However, the costs of large permanent 
magnets are too high; very high switch-
on currents  
Advantage: no energy necessary for the 
production of the magnetic field, with 
which the overall efficiency improves 
Disadvantage: limited speed variation. 

Ideal for small-scale applications: 
mainly as drive for fans, also as 
starters in vehicles 
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Motor types Important aspects Applications 

Electrically 
excited DC 
motor 

Stator field is generated by an electro-
magnet (electrical excitation); if the 
excitation winding is independent of the 
armature circuit it is called ‘external 
excitation’, if rotor and stator windings 
are connected differentiation is made 
between:  
Series wound machine: excitation and 
armature windings connected in series, 
also known as ‘universal motor’ (see 
below), can be operated with alternating 
current, for alternating voltage operation 
smaller switch-on current than shunt or 
permanent magnet motors, briefly supply 
a very high starting torque for which 
reason they are used in starters, tram 
vehicles and electric locomotives 
Shunt wound machine: excitation and 
armature windings connected in parallel, 
no alternating voltage operation possible, 
especially suitable for applications in 
which the load torque fluctuates but the 
speed is to remain constant (e.g. convey-
or belt, hoists) 
Compound wound motor: combination 
of series and shunt wound machines, 
depending on the design the compound 
wound motor has different operating 
characteristics 

Series wound machine: 
used, e.g., in older electric locomo-
tives, in different household appli-
ances (vacuum cleaner, food proces-
sors), hand power tools such as drills, 
starters for large combustion motors 
as in lorries 
 
Shunt wound machine: 
conveyor belts 
hoists 
 
Compound wound motor: 
mainly used in  
dynamic inverters 
 

DC motor 

operated with direct current, can start 
under load and speed can be changed 
easily  
Characteristic feature: commutator 
with which a speed-independent alternat-
ing current is generated in the rotor, 
sliding contacts on the commutator 
change the polarity during the turn 
Advantage: favourable in application, 
good controllability. Distinction between: 
Electrically excited DC motor: 
stator is electromagnet 
Distinction between series wound 
machine (excitation and armature 
windings connected in series), shunt 
wound machine (excitation and armature 
windings connected in parallel) and 
compound wound motor (combination of 
series and shunt wound machines), 
Separately excited machine: armature 
and excitation windings fed from two 
different and separately adjustable DC 
choppers, speed can be increased to 
above rated speed 

Direct current motors being replaced 
by three-phase motors, but there are 
some niches in which they are used: 
especially in drive technology, use as 
servomotors in control engineering 
(e.g. automotive area: windshield 
wipers, blower and actuation mo-
tors), machine tools, conveyors and 
rolling mills, stepper motors in 
robots and printers, toys, remote-
controlled vehicles, boats or aircraft, 
actuators, blowers, radiator fans, 
electric drive on bicycles 
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Table 29: Market-relevant information on DC motors 

Motor types Output class Energy efficiency Market size 

DC motor 

To 10,000 kW; 
permanent magnet 
DC motors to 100 W 
for vehicles are 
widespread 

No information Not very widespread 

Permanent 
magnet DC 
motor 

No information No information No information 

Electrically 
excited DC 
motor 

No information No information In the 1980s the only way of 
inexpensively achieving the 
speed (several 10,000s per 
year) 
With the triumphant ad-
vance of the IGBT into the 
frequency converter, was 
replaced by the three-phase 
induction motor on the 
frequency converter because 
now the motor could also be 
built to be low-maintenance, 
only used today in > 1 MW 

Table 30: Technical and market-relevant information on linear motors 

 Linear motor 

Important aspects 

Unlike the rotating machines, a linear motor causes the objects driven by it to 
undergo not rotational motion, but rather linear motion (translational motion). 
Was invented before the rotary motor and was intended to drive locomotives. 
Advantage: high acceleration and traversing speeds. Disadvantage: Reaction 
forces must be taken up by the machine base; machine designs differ fundamen-
tally between rotational and translational 

Applications 

Machine tools 
Positioning systems 
Handling systems in machining centres which handle the material flow from or 
to a point of action (industrial robots) 
Use in positioning devices, acoustic microscopes, plasma cutting machines, laser 
cutting machines, water jet cutting machines 
Pumps for liquid metals 
Railway drives 
Electric toothbrushes, electric shavers, oral irrigators 

Output class No information 

Energy efficiency No information 

Market size No information 
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Table 31: Technical and market-relevant information on transverse flux machines 

 Transverse flux machine 

Important aspects 

Usually designed as permanent magnet synchronous machines (single- or multi-
phase), but also possible as asynchronous machines. Advantages: Decoupling of 
magnetic and electric circuits, independent sizing. Disadvantages: Complex 
mechanical design and high torque ripple. 

Applications No information 

Output class To 30 kW or more 

Energy efficiency Efficiency greater than 97 % possible 

Market size No information 

Table 32: Technical and market-relevant information on repulsion motors 

 Repulsion motor 

Important aspects 

Special design of the single-phase asynchronous motor in which the brush 
positions can be adjusted for the purpose of setting the speed and torque. There 
are repulsion motors with one and two pairs of brushes. The latter enable finer 
speed adjustment and have a somewhat higher efficiency, but twice the mainte-
nance costs due to the higher wear. Advantage: Smooth starting at high load 
torques, simple speed control, low wiring complexity, robust, fine speed control 
possible. Disadvantage: High starting currents, low efficiency, high reactive 
current load in grid, wear of coal brushes and thus high-maintenance, complex 
design 

Applications 

Use wherever smooth, but powerful starting is required (in low and medium 
output ranges), e.g.:  
electric locomotives 
spinning mills 
printing machines 
machines used in textile manufacture 
crane systems 
grinding machines 
honey extractors 
automation engineering 

Output class Use primarily for low and medium outputs  
No more detailed information found 

Energy efficiency Low efficiency 

Market size Increasing encroachment by three-phase induction machines with frequency 
converters 

 



Annex 2: Classification of standard electric motors 115 

 

Table 33: Technical and market-relevant information on universal motors 

 Universal motor 

Important aspects 

Also known as single-phase series wound motors. Can be operated with direct or 
alternating current. Principle of operation is the same as for the DC motor. 
Advantages: good speed adjustment, high torque at low speed, lower iron and 
copper masses than in asynchronous motors Disadvantages: higher manufac-
turing costs than for asynchronous machines, control required for constant 
speed, brush unit and commutator require maintenance 

Applications 

Railway traction motors 
Drive for power tools (e.g. hand drills, angle grinders, circular saws) 
In nearly all household electric appliances (e.g. washing machines, vacuum 
cleaners, mixers, model railways) 

Output class Small motors: to 3 kW 

Energy efficiency Efficiency between 40 % and 70 % 

Market size Considered amongst the most important small motors (see brushless DC motor) 

 
Table 34:  Technical information on electric motors of no commercial relevance  

Motor types Important aspects Applications 

Ball bearing 
motor 

Consists only of a ball bearing and a 
voltage source. Ball bearing must be made 
to spin by hand to get it started. Current 
through ball bearing is so high that the 
balls heat up and deform thermally 

No practical applications due to the 
very low efficiency 

Unipolar 
machine 

Is a generator; generates a high direct 
current with a low voltage  

Only of minor practical importance 
because powerful rectifiers are 
available and the efficiency of 
generators such as synchronous 
generators or asynchronous genera-
tors delivering alternating voltages 
is much higher  

Homopolar 
motor 

Commutator-less DC motor based on the 
unipolar machine, such motors are 
composed only of a single current loop; 
generate only low torques 

Technical application severely 
limited because such motors only 
generate low torques. 

Barlow’s wheel Is a homopolar motor No longer used 

 

Table 35:  Market-relevant information on electric motors of no commercial relevance  

Motor types Output class Energy efficiency Market size 
Ball bearing motor No information Very low efficiency Not widespread 
Unipolar machine No information No information Not widespread 
Homopolar motor No information No information Not widespread 
Barlow’s wheel No information No information Not widespread 
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ANNEX 3: MINUTES AND RESULTS OF WORKSHOP 

Agenda and minutes of workshop ‘Comparative ecological and economic 
assessment of efficient electric motors in industrial production’ 

When: Wednesday, 13.09.2017, 10.00 am – 4.30 pm 

Where: thinkstep AG, Hauptstraße 111 – 113, 70771 Leinfelden-
Echterdingen 

8 participants 

Agenda  

TOP 1 Greeting of participants including brief round of introductions 

TOP 2 Presentation of aim and desired results of the workshop  

TOP 3 Summary of project including brief introduction to life cycle as-
sessments (LCA)  

TOP 4 Lunch 

TOP 5 Presentation of individual examples and contributions from partic-
ipants with emphasis on: 

 Personal conceptions or wishes regarding the project 

 Type and characteristics of the envisaged motor/motor system 

 Possible application (loss, efficiency, motor system, motor technolo-
gies, use profile, operating/load points, scenarios etc.); if applicable, 
also with additional system components such as frequency converter, 
start–stop, gearbox etc. 

 Data situation, availability for production, use, disposal for environ-
mental assessment with life cycle assessment as well as for the life 
cycle cost analysis 
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TOP 6 Discussion and decisions regarding the selection including align-
ment with objective from the morning 

TOP 7 Summary  

TOP 8 End 

 

Minutes 

TOP 5 details 

ebm-papst  

(examples made available because not personally present) 

 Situation 1: centrifugal fans in cooling tower, driven by a motor  

 Situation 2: new version instead uses four smaller motors with higher 
efficiency 

 Comparison of the single- with the four-motor solution by means of 
consumption values etc. 

SEW Drives 

Example: production line, effiDrive 

 Example 1: supply air system 

– Original state: four motors with only two operating points  

– Possible solutions: frequency converter + energy saving function + 
energy saving motor 

– 14 % costs saved 

 Table with other examples and comparison values, e.g. required oper-
ating hours for saving 1 kWh 
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 Example 2: smart control/coupling of driving and lifting drive for high 
bays for compensating/avoiding peak loads 

– In the case without any modification of components; existing in-
ventory management computer was optimised 

– Hurdles: e.g. service contract with (original) manufacturers 

 Presentation of project planning tool 

– Input of all necessary values for application possible  

– In addition, which type of motor, gearbox etc. 

 Difficulty in finding a suitable reference that is so general that the 
reader can identify with it 

Siemens 

Example: screw compressor drive 

 Comparative consideration of drive systems with asynchronous and 
reluctance technologies 

– Both motors with frequency converters 

– No IE class defined, asynchronous could, however, be assigned to 
class IE3 and reluctance motor to class IE4  

– Special feature: reluctance motors do not have permanent magnets 

– Both motors 33 kW 

– Representation of torque, power in load profile, including operating 
time 

– Consideration of efficiency: reluctance motor has higher efficiency 

– Consideration of system losses: depending on the operating point, 
losses can be reduced by 400 W to 1 kW with the reluctance mo-
tor. 
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you from having to acquire data for every single product and enables easy 
scaling for individual products within a product group. 

Conclusion: As far as possible these simplifications or scaling options will 
be addressed. However, because the field is very wide, future/internal or 
standardised analyses must be referred to. At the standardisation level it’s 
going in this direction (for example, DIN EN 50598-3 Annex B). 

(6) Discussion – Functional unit 

Participant 3: EPA from DIN EN 50598 does not define any functional unit 
in the sense of ‘supply of torque x over time period y’. 

Participant 1: Every motor supplies a torque. 

Participant 3: Make sure that in the definition of a torque a correspondingly 
large number of applications can be considered. 

Conclusion: The functional unit to be selected should, depending on the 
application, exhibit technical quantities (see summary under point 1); the 
application should be described accordingly clearly and comprehensibly. 
The operating points (OPs) from DIN EN 50598-3 must be clearly defined. 

(7) Discussion -- Matrix criteria and definition of examples 

Question from thinkstep AG: Are there applications in which permanent 
magnets are used? 

Participant 1: Mechatronic system with integrated electronics, gearbox etc. 

thinkstep AG: Is the same system also available with IE2 and IE3 plus 
frequency converter?  Yes, but not common/approach is different, is 
meant by customer to be solution, not in alternative systems 

1. Proposal following discussion:  

• IE2 asynchronous,  

• IE3 asynchronous,  
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• IE4 reluctance motor,  

• IE(4)5 reluctance motor with permanent magnet 

Thus the result would initially be according to expectations (energy con-
sumption dominates and determines the result). 

Participant 1: Would illustrate the trap that many customers fall into: sys-
tem approach forgotten; see example above with smart control 

2. Proposal:  

• Use two application examples for motors above.  

Participant 5: Difficult, ensure mutual comparability 

Participant 1: Functional unit prescribes tolerance range or can prescribe it. 

Participant 2: Cubic metres of air from the compressor per hour as possible 
application?  

Participant 1: Baseline study should cover a relatively broad application 
(volume m3 of air, e.g.) --> performance characteristics  

Draw on Almeida study as a basis for defining clusters 

Participant 2: Useful life relevant for high outputs (because more energy 
consumption overall) 

Conclusion: After further discussions the following resolution was yielded: 

(1) ‘Comparison of technologies’ scenario with comparison of various 
output classes according to Almeida: 1.1 kW, 11 kW and 110 kW out-
put classes, asynchronous, grid-operated, at 100 % load  

(a) See source Auer and Meincke (2017), Siemens, motor comparison 
110 kW, derivation of the procedure for 1.1 kW or 11 kW 

(b) ZVEI should have data on motors available (better to receive input 
data than take them from Almedia study) 
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Presentation of the results of the workshop to ZVEI on 19.09.2017 

Mr Herrmann was able to present the results elaborated in the workshop to 
the German Electrical and Electronic Manufacturers' Association (ZVEI) 
and used the opportunity to hold a discussion with other industry experts 
and call for additional input data. The following points can be highlighted: 

• Complex systems: Cascade scenario would be good; two motors in order 
to support load range with peaks 

• IE2 + frequency converter and IE3 were skipped as development steps 
for pumps. Today speed-controlled permanent magnet motors common 
(typically IE4); speed control has the greatest potential for pumps, result 
could thus incorrectly be transferred to all motor applications. 

• For other applications, often very individual solutions and/or optimisa-
tion measures: see examples, such as four fans rather than one very 
large one on cooling tower systems (similar to cascades) or smart control 
for overlapping start–stop sequences in non-coupled actuators to avoid 
load peaks 

• ZVEI helps in the provision of suitable data for complex and simple 
cases (e.g. raw data for Almeida study). 

• Representatives from industry could possibly provide data on use pro-
files. 

ZVEI will make the minutes and slides available for section members with 
the possibility of providing input. This should take place bilaterally with 
thinkstep AG. Apart from BOMs/material compositions of motors (c.f. per-
manent magnet-based motors) the definition of suitable operating points in 
the use phase for the complex case would be helpful. 
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ANNEX 4: BOMS 

In the follow-up to the workshop data were acquired from four different 
sources comprising of industry representatives and associations which in 
accordance with nondisclosure agreements are not mentioned further. 

The technology comparison scenario compares grid-powered asynchronous 
electric motors with 1.1 kW and three different efficiency classes IE2, IE3 
and IE4 operated at a 75 % load. The simplified BOMs for the three electric 
motors are shown in Table 36, Table 37 and Table 38. 

Table 36: Simplified BOMs for the technology comparison scenario (asynchronous 
electric motor with 1.1 kW, efficiency class IE2) 

Efficiency class Output class Composition 
IE2 1,1 kW Mass percentages in relation to 

total mass of product without 
packaging 

Electrical steel  approx. 51,4 % 
Other steel materials approx. 10,8 % 
Grey cast iron  0,0 % 
Aluminium approx. 19,9 % 
Copper approx. 12,8 % 
Insulation material approx. 0,6 % 
Packaging material  0,0 % 
Impregnation resin approx. 1,0 % 
Varnish / paint approx. 0,8 % 
Other materials approx. 2,8 % 

 

Table 37: Simplified BOMs for the technology comparison scenario (asynchronous 
electric motor with 1.1 kW, efficiency class IE3) 

Efficiency class Output class Composition 
IE3 1,1 kW Mass percentages in relation to 

total mass of product without 
packaging 

Electrical steel  approx. 53,8 % 
Other steel materials approx. 10,2 % 
Grey cast iron  0,0 % 
Aluminium approx. 20,6 % 
Copper approx. 11,0 % 
Insulation material approx. 0,6 % 
Packaging material  0,0 % 
Impregnation resin approx. 0,8 % 
Varnish/paint approx. 0,6 % 
Other materials  2,3 % 
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Table 38: Simplified BOMs for the ‘technology comparison’ scenario (asynchronous 
electric motor with 2.2 kW, efficiency class IE4) The values for the life cycle assessment 
calculation were scaled down to 1.1 kW. 

Efficiency class Output class Composition 
IE4 2,2 kW Mass percentages in relation to total 

mass of product without packaging 
Electrical steel  approx. 60,2 % 
Other steel materials approx. 9,1 % 
Grey cast iron  0,0 % 
Aluminium approx. 16,6 % 
Copper approx. 10,9 % 
Insulation material approx. 0,4 % 
Packaging material  0,0 % 
Impregnation resin approx. 0,6 % 
Varnish/paint approx. 0,5 % 
Other materials approx. 1,7 % 

The system comparison scenario considers a grid-operated foundation-
mounted dry-pit centrifugal pumps with power class 18.5 kW and two 
different efficiency classes (IE3 asynchronous motor with and without 
frequency converter versus IE4 reluctance motor with frequency converter 
(electric motor system with efficiency class IE5)). The simplified BOMs for 
the two electric motors are shown in Table 39 and Table 40. 

Table 39: Simplified BOM for the system comparison scenario (asynchronous electric 
motor with 18.5 kW and with frequency converter, efficiency class IE3).  

Efficiency class Output class Composition 
IE3 18,5 kW Mass percentages in relation to total 

mass of product without packaging 
Electrical steel  approx. 38,5 % 
Other steel materials approx. 10,4 % 
Grey cast iron approx. 33,7 % 
Copper approx. 5,5 % 
Aluminium approx. 1,9 % 
Insulation material approx. 0,6 % 
permanent magnet  0,0 % 
Packaging material  0,0 % 
Frequency converter approx. 9,4 % 
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Table 40: Simplified BOM for the ‘system comparison‘ scenario (reluctance motor with 
18.5 kW and with frequency converter, efficiency class IE4).  

Efficiency class Output class Composition 
IE4 18,5 kW Mass percentages in relation to total 

mass of product without packaging 
Electrical steel  approx. 36,4 % 
Other steel materials approx. 10,9 % 
Grey cast iron approx. 35,4 % 
Copper approx. 5,3 % 
Aluminium  0,0 % 
Insulation material approx. 0,6 % 
permanent magnet approx. 1,6 % 
Packaging material  0,0 % 
Frequency converter approx. 9,9 % 

 



























http://ibp-gabi.de/index.php?article_id=90&clang=1
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Table 41: Land use impact for transformation in scenario ‘Comparison of technologies’ 

Transformation Life cycle phase 
Criterion  Manufacture Use Recycling 

Biotic production 
[kg] 

IE2 with 1.1kW 14 % 86 % 0,03 % 

IE3 with 1.1kW 17 % 70 % 0,03 % 

IE4 with 1.1kW 14 % 55 % 0,03 % 

Erosion resistance 
[kg] 

IE2 with 1.1kW -2 % 102 % 0,03 % 

IE3 with 1.1kW -3 % 83 % 0,04 % 

IE4 with 1.1kW -2 % 65 % 0,03 % 

Groundwater regen-
eration [m³] 

IE2 with 1.1kW 104 % -4 % 0 % 

IE3 with 1.1kW 132 % -3 % 0 % 

IE4 with 1.1kW 91 % -3 % 0 % 

Mechanical filtration 
[m³] 

IE2 with 1.1kW 0 % 100 % 0,03 % 

IE3 with 1.1kW 1 % 80 % 0,04 % 

IE4 with 1.1kW 0 % 64 % 0,03 % 

Physicochemical 
filtration [mol*year] 

IE2 with 1.1kW 1 % 99 % 0,03 % 

IE3 with 1.1kW 1 % 80 % 0,04 % 

IE4 with 1.1kW 0 % 63 % 0,03 % 
 
 

  

Figure 38: Land use impact for transformation in scenario ‘Comparison of 
technologies’ 
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