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Abstract

Energy efficiency is an essential factor for promoting sustainable manufacturing. Various types of energy consumption occur in modern process
chains. This includes usage of electrical energy, e.g. for machine tools or air compression, but also energy consumption through use of resources
(such as raw materials and supplies). In this paper, a process chain from the automotive industry is considered with the purpose of identifying
energy saving potentials of various kinds. The process chain is used for the production of an axle component. In order to evaluate saving potentials,
the current state of the process chain is analyzed. Then, the impact of process parameter optimization on the energy demand is examined. It was
found that small energy savings through parameter optimization are possible. However, this can be problematic since process parameters are
closely linked to process reliability, so energy savings might be achieved at the expense of product quality. Furthermore, it turns out that the
reduction of the process energy is not sufficient for a broad energetic optimization of the process chain and base load reducing measures are
required instead. Therefore, further analysis is focused on energetic effects of such measures as machine design, recycling, adjustments of process
chain and product design. These were found to be an effective lever for minimizing energy demand of the process chain. A combination of
feasible measures adds up to a potential energy saving of 11.5% in the investigated scenario.
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1. Introduction energy demand during the use phase in the case of

automotive applications [1].

Scientific findings on the effects of industrial production
on the consumption of energy and natural resources and the
resulting climatic consequences are currently receiving more
and more attention. Additionally, the increased sensitivity of
the society to environmental issues makes it necessary to take
greater account of this topic in industrial production.

Energy demand during production processes directly
influences the environmental impact of a product. However,
the environmental footprint can be affected by upstream
phases (e.g. production of used raw material) and
downstream phases of a product (e. g. use phase). Energy
efficiency in the production of raw material has a direct
effect on the environmental impact of produced parts. Apart
from this, weight reduction can contribute to a reduced

2212-8271 © 2021 The Authors. Published by Elsevier B.V.

This paper discusses various kinds of energy saving
potentials for an exemplary process chain containing
machining processes.

First, an optimization approach to reduce the energy
demand of the process chain during production is presented
and evaluated. Subsequently, additional approaches
addressing the production as well as upstream and
downstream phases are described. The resulting energetic
saving potentials are then applied to the process chain and
the findings are discussed.

2. State of the art
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2.1 Energy consumption in machining processes

Within the manufacturing industry, machining is an
important technology due to the achievable precision, quality
and flexibility [2]. A significant share of the environmental
impact of this technology and its processes (such as milling,
turning and drilling) is determined by electric energy
consumption [3]. Even small measures to improve the energy
efficiency of a machine tool can lead to high savings over its
life cycle due to its widespread use [4].

Nonetheless, not only the machining process itself affects
the energy consumption of machine tools. Rather, a
considerable proportion of the energy required is needed for
peripheral processes [2]. Figure 1 gives an overview of the
distribution of energy consumption during an exemplary
milling process.
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Figure 1: Energy consumption during a milling process [5]

In this case, the actual machining process is responsible
for only 8% of the total energy consumption. Hence, other
consumptions account for 92% of total energy demand.
Other authors quantify the share of peripheral systems in the
total energy consumption of a machine tool at 75% [6] or
85% [7].

Thus, it can be concluded that a comprehensive view of
the manufacturing process is necessary to identify and
implement energy-efficient measures.

A renowned indicator describing processes as a whole in
terms of energy is the Cumulative Energy Demand (CED)
[8]. This approach has been proven suitable for evaluating
production processes by a multitude of authors [9, 10, 11].
Based on the CED an approach for the energy-focused
assessment of machining processes was developed [12],
which forms the mathematical basis for the present research
and will be briefly described in the following.

The CED considers the total energy demand beginning
with the production of the raw material to further processing
up to the disposal of the product [13]. In the context of this
work the CED of a single process is calculated according to
formular 1:

CED =EM+ECL+ET+EA (1)

With E); beeing the machine-related energy demand and

E, beeing the energy consumption of the cooling lubricant.
The energy demand regarding to the tool is represented by
E; . Lastly, E, completes the CED as the energy
consumption of other aggregates e.g. conveyor belts.

2.2 Prediction and optimization of energy consumption in
machining process chains

While the energy demand of machining operations
depends on multiple factors like machine characteristics,
process parameters influence the variable share of energy
consumption directly [14]. Cutting speed, feed rate and depth
of cut can therefore be optimized with regard to minimal
energy demand of a machining process. Different approaches
have been proposed to carry this out. This includes the use of
various algorithms like response surface methodology [15]
or metaheuristics (e. g. particle swarm optimization [16]).
However, these approaches consider electric energy demand
of the machine tool, but leave out indirect energy
consumption by tool wear or usage of cooling lubricant that
can have a relevant influence on the environmental impact of
machining processes. Moreover, the focus is on single
processes rather than process chains.

CED of process chains can be described as:

m n n
CEDp; = (1 +SR)Z(Z CED;; +ZE"i'j> )
j=1 \i=1 i=1

CED of single processes (s. Eq. 2) are summarized in the
term CED; ;. Machine idle time (E;; ;) and scrap rate (SR)
influence the CED of a process chain. These factors are
considered through terms Ej; ; and SR. The term CEDpc
indicates the energy demand of an entire process chain. A
detailed description of this approach is given in [12].

3. Case-Study

Within the present study, a real process chain to produce
a part of an axle is considered. The component is made of a
steel grade similar to C55E (1.1203). The application of the
methodology described in chapter 2.2 to this process chain is
displayed in this chapter.

3.1 Case study: Considered process chain

The process chain is depicted in Figure 2. It consists of
four machining processes, a mechanical forming process as
well as heat treatment of the machined part.
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Figure 2: Schematic representation of the investigated process chain
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The considered types of energy consumption are electric
energy (machine and aggregates) and indirect energy
consumption by tool wear as well as usage of cooling
lubricant (only in rolling process) and water.

Figure 3 shows the current status of energy consumption
in the respective process chain for a manufactured part. To
be able to compare the effects of energy saving measures, the
energy of the respective processes was measured per
component by connecting a power meter to the machines.
Further peripheral influences on the energy consumption of
the process chain were determined using Eq. 1. In addition to
direct energy consumption, energy consumption of raw
materials and supplies is also calculated here. For the
calculation of the energy demand through the use of raw
material, a recycling rate of 47% is considered, which
corresponds to the share of recycled material in steel
production in Germany [17].
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Figure 3: Environmental evaluation of considered process chain

It becomes clear that a large part of the overall energy
demand for a manufactured part relates to the extraction of
raw material. While electric energy consumption by
machines and aggregates (supply of compressed air) is a
significant factor, indirect energy consumption by tool wear
and usage of cooling lubricant and water makes up a small
proportion of the overall energy demand.

In the following, an approach for optimizing cutting speed
and feed rate of all machining processes is described.

3.2 Optimization approach

As discussed in section 2, an approach that considers
direct as well as indirect energy consumption of entire
process chains is needed. Therefore, an approach is proposed
that combines the CED of process chains with an
optimization algorithm.

The objective function is represented by the CED of the
considered process chain (Eq. 2). By using this approach,
indirect energy consumption (e. g. through tool wear) is
considered. Additionally, varying process durations and
resulting idle times of subsequent processes are included.

Due to its comparibly short calculation time, a simulated
annealing algorithm is used to perform optimization of the
process parameters for all machining processes. The used
algorithm is described in [18]. Efficient parameters for the
optimization algorithm are also based on the publication
mentioned (Table 1).

Table 1: Parameters for optimization algorithm

Parameter Value

N (maximum iterations) 1,000
qv (Parameter for visiting distribution) ~ 2.62
T (initial temperature) 5,000 K

Cutting speed and feed rate of all machining processes of
the considered process chain are passed to the optimization
algorithm. These variables are optimized in order to reach the
minimal CED of the whole process chain.

3.3 Results

The obtained results indicate that setting the maximum
possible values for cutting speed and feed rate for every
machining process leads to the minimal overall energy
demand of the process chain. It stands to reason that this is
due to the high base load of machines and aggregates relative
to the variable load of machines.

This effect is not neutralized by higher indirect energy
consumption due to rising tool wear. Changing idle times
caused by machines waiting for longer lasting processes also
do not counteract the effect. The CED including direct and
indirect energy consumption for one representative process
(turning) of the process chain is shown in Figure 4. A
common range of process parameter values for the
considered material is displayed with the expected CED. The
grayscales indicate the level of the CED.
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Figure 4: CED of turning process

It is apparent that with rising values of cutting speed and
feed rate, the potential for energy savings decreases. The
increase of process parameter values is limited by a number
of factors. High values for feed rate might affect the final
surface quality of manufactured parts [19]. For processes that
do not influence the final surface of a manufactured part,
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limitations regarding maximum feed rate values can arise
due to acceptable surface conditions for downstream
processes.

The results show the overall tendency that in
consideration of process stability and workpiece quality,
short process times lead to an energy efficient process chain.
A reduction of the process time must however be coordinated
across the entire process chain. Otherwise idle state of
machines might occur, which leads to reduced energy
savings.

These findings encourage the importance of alternative
approaches to advance energy efficiency in process chains
that include machining operations.

4 Further levers for energy optimization

The attempt to minimize the CED of a process chain
described in 3.3 showed a relatively small potential to lower
the energy demand. Consequently, three promising further
levers for energy optimisation from the literature are applied
to the considered process chain in order to allow an impact
assessment.

4.1 Machine design

Some authors have already discussed that the properties
of a machine tool have a decisive influence on the energy
consumption of the process step [20, 21, 22, 23]. As part of
a literature research, the following measures including their
impact on energy consumptions have been identified (Table
2).

Table 2: Selected energy savings measures

Measures Description

1. Design One way to reduce the energy consumption of
improvements machine tools is to make design improvements,
24, 4] such as the use of direct drives or the optimization

of power transmission. Here, a reduction of the
total energy consumption of a machine tool by up
to 27% is possible.

2. Standby- Machine tools usually have a high base load,

measures [25] which leads to a corresponding energy
consumption. By using the stand-by mode during
downtime, the energy consumption of a plant
could be reduced by 23%.

3. Twin Twin production in this context means

production [26] simultaneous parallel machining with several
spindles. This can significantly reduce the total
machining time required to produce the same
output.  Theoretically, a reduced energy
requirement of up to 60% can be achieved,
however, this measure depends heavily on the
machine used and the machining process.

4. Oversizing of Planning of a manufacturing process is usually
machine tools done under uncertainty. If a machine tool is
[21, 24] oversized according to its actual use, a higher

energy requirement is the result due to the higher
base load. In the literature, a reduction of the
energy consumption by 10% is proven, provided
that oversizing can be avoided.

The previous approaches to optimizing the energy
consumption of machine tools were considered to be the
most effective in relation to the present case study.

Figure 5 illustrates the savings potential of three
approaches with the biggest impact on base load (design
improvements, standby measures and oversizing) for the
considered process chain.

Effects of additional energy saving potentials

Energy demand Design
improvements Stand-by-
(38.6 %) - measures

(47 %)

Oversizing of
machine tools
(14.4 %) RY105778 © IFW

Figure 5: Effects of additional energy saving potentials

In summary, it can be stated that a consideration of the
machine tool design within the process chain planning phase
is energetically relevant. The purchase of machine tools has
to be planned carefully to avoid oversizing, which would
lead to higher energy consumption. Later energy measures
can only be achieved at great expense. All in all, the result is
an energy saving of more than 3.5% of the total energy
consumption of the present process chain. These savings can
be achieved with comparatively small effort, since the
process chain itself does not have to be adjusted.

4.2 Recycling

When applying the CED in order to evaluate the
environmental impact of a product, the material can have a
significant impact on the result. In the considered process
chain, the recycling rate of the used workpiece material has
the potential to lower the CED by a greater margin than the
previously discussed measures.

While it is difficult to specify exact values for the energy
demand of steel production (values differ for different steel
types, time periods, regions and used processes), general
reference values exist. Current values are in the range of
4.9 - 5.6 kWh per kg steel [8, 27]. Information about energy
demand of steel recycling is limited, available values are in
the range of 2.5 - 3.5 kWh per kg steel [28].

Figure 6 shows the CED of a produced part for different
recycling rates. The used values include an added reference
value [7] for the forging process to take into account that the
used blanks are delivered in forged condition by the supplier.
Possible calculation errors due to the range of values for
energy demand of steel production are displayed. The current
recycling rate (47%) is indicated by the vertical line. While
the CED is 9.23 kWh at the current recycling rate, a recycling
rate of 60% during steel production would lower this value
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to 8.7 kWh.
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Figure 6: Influence of material recycling rate on CED

It should be noted that this measure can only be
approached in the overall industrial context. Production
companies cannot directly influence the share of material
that is produced by recycling. However, companies can
consider the recyclability of products in the design phase.
High recyclability of products can lead to a smaller amount
of needed primary produced material and hereby to a smaller
average energy demand during material production.

4.3 Production and use phase

A key factor in optimizing energy consumption is the
efficient use of resources [11]. On the one hand, primary
energy, which would be necessary for the production of the
raw material, can be saved [29]. Feasible adjustments to the
process chain are the omission of one milling process (hard
machining) and the hardening process in certain sections of
the workpiece. As compensation for this, a rolling process is
added to the process chain. The described adjustments along
the process chain correspond to energy savings of 0.232
kWh/part (milling and hardening processes). The additional
rolling process reduces the total energy saving to 0.207
kWh/part. The following assumptions were made (Table 3:):

Table 3:: Assumptions

Parameter Value

Energy savings of process chain 0.207 kWh/part
adjustments (assumed):

Parts per vehicle: 2

Energy demand per kg vehicle mass 0.000047 kWh/kg/km

(assumed):
Annual vehicle mileage [30]: 13.727 km/year
Lifetime of the vehicle [31]: 18 years

CED of raw material [8,27,28,17]: 4.43 kWh/kg

As an alternative to adjustments of the process chain to
manufacture a part, reduced weight of vehicles leads to lower
energy requirements in the use phase [32]. At this point, the
aim is to compare the energetic effects of small weight

reductions in the use phase with the described adjustments to
the process chain. The reduction in component weight has
two consequences. Firstly, primary energy for the production
of the raw material can be saved. Secondly, less energy is
emitted in the use phase. Thus, a reduction in component
weight has energetically a high saving potential. The
foundation for an energy-efficient product can already be
laid in the product development phase. To illustrate the
setting lever, Figure 7 compares the effects of these two
measures with the previously described energy savings
achieved by adjusting the process chain. With the help of the
assumptions in Table 3:, a kind of break-even point can be
determined.

This emphasizes the importance of energy saving over the
entire life cycle. Even a weight reduction of 0.0045 kg leads
to equivalent energy savings over the entire life cycle of the
car as compared to a single saving of 0.207 kWh per part by
adjusting the manufacturing process chain.
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Figure 7: Comparison of the effects of energy optimization in the process
chain and through weight reduction

Thus, the aspect of downsizing represents an effective
alternative to the adjustment of the process chain. However,
it has to be stated that energy savings by adjusting the
product design come at the expense of high organisational
effort.

5 Conclusion

The responsible use of resources and energy is more
important than ever. However, as shown in Figure 3, the
potential for savings is limited, since about 87% of the
energy consumed by a manufactured part is contained in the
production of used raw material. In the context of this paper
a comparison between production-oriented energy
optimization and other levers was made. These aim at the
reduction of the material used, the relevance of an optimal
machine design and the effects of using recycled material.
Within the scope of this study, the other levers were
examined, since it could be shown that the production-
oriented optimization offers only a limited savings potential
(e. g., due to the high base load).

The results of these three different approaches indicate the
importance of downstream and upstream processes when
optimizing a process chain energetically. For the considered
use case, even a small reduction in the amount of raw
material used can have a significant impact on energy
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consumption in the later use phase. In the present use case,
energy savings in the use phase increase with every kilometer
driven. Moreover, an additional energy saving through
adjusted machine design was pointed out. Finally, the use of
recycled material has a significant impact on energy savings.
The primary energy input can be reduced by higher recycling
rates in the production of raw material, resulting in a
reduction in energy requirements in the upstream process
steps of the actual process chain. A combination of the
presented measures results in a potential energy saving of
11.5% compared to the current state of the process chain.
Future research topics are the development of an
automated energy monitoring system for process chains
based on the readout of axis and spindle currents of the
respective machine tool to monitor the effect of base load
reducing measures. Furthermore, the recycling of energy-
intensive materials has turned out as an enormous lever to
increase the energy efficiency along an entire process chain.
High recycling rates of such materials will be examined.

Acknowledgements

The authors thank the Federal Ministry for Economic
Affairs and Energy (BMWi) for its financial and
organizational support of the project “Powertrain2025”
(03ET1531A).

References

[1] Serrenho AC, Norman JB, Allwood JM: The impact of reducing car
weight on global emissions, The future fleet in Great Britain,
Philosophical transactions of the royal society A 375 (2017)

[2] Triebe, MJ, Mendis GP, Zhao F, Sutherland JW: Understanding energy
consumption in a machine tool through energy mapping, 25th CIRP Life
Cycle Engineering (LCE) Conference, April 30 - May 2, 2018,
Copenhagen, Denmark, p. 259-265

[3] Dahmus JB, Gutowski TG: An environmental analysis of machining,
2004 ASME International Mechanical Engineering Congress and
RD&D Expo, November 13-19, 2004, Anaheim, USA, p. 1-10

[4] Thiede S: Energy Efficiency in Manufacturing Systems, Springer
Verlag, Berlin Heidelberg 2012

[5] He Y, Liu F, Wu T, Zhong FP, Peng B: Analysis and estimation of
energy consumption for numerical control machining, Journal of
Engineering Manufacture 226 (2012) 2, p. 255-266

[6] Li W, Zein A, Kara S, Herrmann C: An Investigation into Fixed Energy
Consumption of Machine Tools, Proceedings of the 18th CIRP
International Conference on Life Cycle Engineering, May 2-4, 2011,
Braunschweig, Germany, p. 268-273

[7] Gutowski T, Murphy C, Allen D, Bauer D, Bras B, Piwonka T, Sheng
P, Sutherland j, Thurston D, Wolff E: Environmentally benign
manufacturing: Obeservations from Japan, Europe and the United
States, Journal of Cleaner Production 13 (2005) 1, p. 1-17

[8] Wirtschaftsvereinigung Stahl: Fakten zur Stahlindustrie in Deutschland,
https://www.stahl-online.de/wp-
content/uploads/2019/09/WVStahl_Fakten_zur_Stahlindustrie 2019.p
df, accessed on 22.07.2020

[9] Neugebauer R, Gotze U, Drossel WG: Energetisch-wirtschaftliche
Bilanzierung und Bewertung technischer Systeme, Erkenntnisse aus
dem Spitzentechnologiecluster eniPROD, 2013, Auerbach, Germany,
p. 145-158

[10] Rohrlich M, Mistry M, Martens PN, Buntenbach S, Ruhrberg M,
Dienhart M, Briem S, Quinkertz R, Alkan Z, Kugeler K: A method to
calculate the cumulative energy demand (CED) of lignite extraction, The
International Journal of Life Cycle Assessment 5 (2000), p. 269-373

[11] Stoffels P, Vielhaber M: Decision Support for Energy Efficient
Production in Product and Production Development, Procedia CIRP 40
(2016), p. 530-535

[12] Denkena B, Dittrich MA, Onken L: Environmental evaluation of
process chains, Part of special issue: 13th CIRP Conference on
Intelligent Computation in Manufacturing Engineering, Gulf of Naples,
Italy, July 17-19, 2019, p. 265-269

[13] VDI-Gesellschaft Energie und Umwelt: VDI4600 — Kumulierter
Energieaufwand (KEA), Beuth Verlag, Berlin 2012

[14] Mativenga PT, Rajemi MF: Calculation of optimum cutting parameters
based on minimum energy footprint, CIRP Annals 60 (2011) 1, p. 149-
152

[15] Bhushan RK: Optimization of cuttng parameters for minimizing power
consumption and maximizing tool life during machining of Al alloy SiC
particle composites, Journal of Cleaner Production 39 (2013), p. 242-
254

[16] Li C, Chen X, Tang Y, Li L: Selection of optimum parameters in multi-
pass face milling for maximum energy efficiency and minimum
production cost, Journal of Cleaner Production 140 (2017) 3, p. 1805-
1818

[17] Bundesanstalt fiir Geowissenschaften und Rohstoffe: Deutschland —
Rohstoffsitutation 2018, Hannover 2018

[18] Xiang Y, Sun DY, Fan W, Gong XG: Generalized simulated annealing
algorithm and its application to the Thomson model: Physics Letters A
233 (1997) 3,p. 216 — 220

[19] Helu M, Behmann B, Meier H, Dornfeld D, Lanza G, Schulze V:
Impact of green machining strategies on achieved surface quality, CIRP
Annals 61 (2012) 1, p. 55-58

[20] Denkena B, Abele E, Brecher C, Dittrich MA, Kara S, Mori M: Energy
efficient machine tools, CIRP Annals (2020)

[21] Hermann C, Thiede S: Process chain simulation to foster energy
efficiency in manufacturing, CIRP Journal of Manufacturing Science
and Technology 1 (2009) 4, p. 221-229

[22] Bohner J, Hamacher M, Reger A, Steinhilper R: Derivation of
measures for energy efficient machine design by evaluating energy
consumption data, Procedia CIRP 15 (2014), p. 437-442

[23] Zein A, Li W, Herrmann C, Kara S: Energy Efficiency Measures for
the Design and Operation of Machine Tools: An Axiomatic Approach,
Proceedings of the 18th CIRP International Conference on Life Cycle
Engineering, May 2-4, 2011, Braunschweig, Germany, p. 274-279

[24] Hansen C: Planung energieeffizienter Mehrachstrajektorien unter
Ausnutzung elektrischer Antriebskopplung, Dr.-Ing. Diss., Leibniz
Universitidt Hannover, 2020

[25] Hiilsemeyer L: Energieeffizienz spanender Werkzeugmaschinen und
bedarfsgerechter Betriecb am  Beispiel der inneren Kiihl-
schmierstoffzufuhr, Dr.-Ing. Diss., Leibniz Universitidt Hannover, 2016

[26] Braun S, Maier W, Zirkelbach S: Intelligent produzieren, Springer
Verlag, Berlin Heidelberg 2010

[27] World Steel Association: Sustainable Steel — Indicators 2019 and the
steel supply chain, https://www.worldsteel.org/
publications/bookshop/product-details~Sustainable-Steel--Indicators-
2019-and-the-steel-supply-chain~PRODUCT~sustainable-steel-
2019~ .html, accessed on 23.07.2020

[28] Yellishetty M, Mudd GM, Ranjith PG, Tharumarajah A:
Environmental life-cycle comparisons of stell production and recycling:
Sustainability issues, problems and prospects, Environmental science
and policy 14 (2011), p. 650 — 663

[29] Allwood JM, Ashby MF, Gutowski TG, Worrell E: Material efficiency:
Providing material services with less material production, Philosophical
transactions of the royal society A 371 (2013), p. 1-15

[30] Kraftfahrtbundesamt: Verkehrt in Kilometers — Inldnderfahrleistung,
https://www.kba.de/DE/Statistik/Kraftverkehr/VerkehrKilometer/vk_in
laenderfahrleistung/vk_inlaenderfahrleistung_inhalt.html;jsessionid=B
E2DCDCOBCA4B25E81BBA43A9C17DDED.livel 1291?nn=235153
6, accessed on 05.08.2020

[31] Entsorgund.de: Typische Lebensdauer von Autos in Deutschland nach
Automarken, https://de.statista.com/statistik/daten/studie/316498
/umfrage/lebensdauer-von-autos-deutschland/, accessed on 05.08.2020

[32] Dhingra R, Das S: Life cycle energy and environmental evaluation of
downsized vs. lightweight material automotive engines, Journal of
Cleaner Production 85 (2014), p. 347-358

This is a resupply of March 2023 as the template used in the publication of the original article contained errors. The content of the article has remained unaffected.





