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Abstract

In early innovation phases, the monetary evaluation of process innovations is a challenge for companies due to a lack of
data. However, an innovation evaluation is essential in an early innovation phase to ensure that process innovations deliver
economic value added (EVA) in early innovation phases and to channel technology transfer expenditures in a goal-oriented
manner. This paper presents an approach for a semi-quantitative procedure for the monetary evaluation of process innovations
in the early innovation phase focusing on manufacturing and material costs. Exemplarily, the approach is applied to process
innovations of the Collaborative Research Center 1368 on oxygen-free production. In order to ensure the net present value
orientation within the innovation evaluation, the procedure developed is based on a driver tree of the EVA. To link value
drivers of the EVA and innovation-driven factors influencing EVA, the EVA driver tree is further systematized with a focus
on manufacturing and material costs using a literature-based impact model. Based on the last level of the impact model, a
guideline for a semi-structured expert interview is developed. Using this interview guideline, data is collected in the form
of innovation-driven influencing factors, which represent the input for the final monetary innovation evaluation. An adapted
weighted scoring model is used to draw a semi-quantitative conclusion regarding the EVA achieved by the process innovation.
The practical application of the approach developed to process innovations in oxygen-free production has shown that, in the
context of three process innovations under consideration, their implementation with the aim of achieving an EVA through
reduced manufacturing and material costs at the current innovation status is not effective. However, based on the impact
model developed, corresponding levers can be identified to positively influence the EVA and thus also the industrialization
of the process innovation. Finally, further necessary steps are identified to evolve the presented approach into a complete
method for monetary innovation evaluation in early innovation phases.

Keywords Monetary Innovation Evaluation - Process Innovation - Early Innovation Phase - Impact Modeling - Economic
Value Added - Cost Drivers

1 Introduction evaluate innovations based on corresponding criteria [5].

On the one hand, this is a task of innovation management

Innovations represent a success factor for companies. These
lead to companies being able to produce new and better
products more cost-effectively or quickly [1]. Companies
can increase their competitiveness by developing innova-
tions or implementing external innovations [2]. In both
cases, the challenge is to select those innovations within the
innovation process [3] that generate corresponding competi-
tive advantages. As the importance of sustainable corporate
activities is continuously increasing [4], it is necessary to

Extended author information available on the last page of the article

[6]. On the other hand, innovation evaluation with a focus
on sustainability requires correspondingly meaningful evalu-
ation criteria. The three pillars of sustainability, economy,
ecology and social issues are a basis for such evaluation
criteria [7].

For an economic evaluation of innovations, key figures
based on capital theory are suitable [8]. However, the quan-
titative data required for the application of these key fig-
ures are often not sufficiently available in early innovation
phases. A quantitative evaluation of innovations with a low
degree of maturity with the existing procedures for company
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value-oriented innovation decisions is therefore only possi-
ble to a limited extent. But especially in this early phase, an
assessment of the economic consequences of an innovation
is highly relevant [9], as this allows those innovations that
can generate the greatest possible economic benefit for the
company to be selected and further developed. Nevertheless,
in order to apply capital-theoretical evaluation methods, an
approach is required that helps to collect the necessary infor-
mation for the evaluation in an early development phase of
the innovation. This paper presents an approach for a semi-
quantitative evaluation method based on economic value
added (EVA), which uses an impact model and interview-
based approach for data collection. The approach is charac-
terized by the fact that the current development status of the
innovation evaluation method focusses on the evaluation of
single process innovations. Therefore, the method’s current
status considers selected cost variables that influence EVA
as the superior evaluation criterion. These cost variables
imply manufacturing and material costs as cost variables,
which are not affected by the interaction of supply chain
elements. In addition, the procedure developed for the evalu-
ation of innovations is applied to process innovations for
oxygen-free production.

2 Research methods

The research methods used to develop the procedure for
the semi-quantitative monetary evaluation of process inno-
vations in the early innovation phase are presented below.
These comprise an existing approach for developing an
approach for the monetary evaluation of process innovations,
literature-based impact modeling, expert interviews and the
weighted scoring model (WSM).

2.1 Approach for the monetary evaluation
of process innovations

Kuprat et al. [10] describe an impact model and interview-
based approach for developing a procedure for the semi-quan-
titative monetary evaluation of process innovations, compris-
ing three steps. The first step is to research possible evaluation
criteria for the evaluation of innovations on the basis of exist-
ing evaluation approaches. Thereupon, the collected evalua-
tion criteria are examined in terms of their suitability for the
intended monetary evaluation of innovations in early innova-
tion phases. Finally, based on this investigation, a superordi-
nate criterion for the monetary innovation evaluation in early
innovation phases is defined. In this context, discounted cash
flow, cash value added and EVA were examined as superor-
dinate evaluation criteria. As a result of the net present value
orientation, the common practical use, the good comprehen-
sibility as well as communication ability and connectivity,
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EVA was already selected as a monetary key figure of the
evaluation. That means, if an innovation is associated with a
positive EVA, a positive innovation decision can be drawn. In
the second step, it is necessary to identify innovation-driven
influencing factors on EVA across several levers. In order to
identify innovation-driven influencing factors, the approach
requires a literature review and expert interviews. The third
step provides the consolidation of the identified influencing
factors within an impact model. In this approach, a method
for the final semi-quantitative innovation evaluation is miss-
ing. The approach is also limited to the evaluation of single
process innovations and is therefore not applicable to process
chains. With the aim of first developing an end-to-end evalua-
tion procedure for single process innovations, the restriction to
process innovation is continued within the scope of this paper.
The extension of the procedure to process chains represents an
outlook on further research activities (see Sect. 5).
Kennemann et al. [11] systematize the correlations
between EVA and other value drivers using six levels (see
Fig. 1). At the sixth level, raw material inventories, work in
process, finished goods inventories, material costs, logis-
tics costs, manufacturing costs, delivery time and delivery
performance are listed as value drivers. The identification
of innovation-driven influencing factors at the sixth level,
which is necessary for innovation evaluation, is not possible
due to the large number of further, more detailed influencing
factors. For this reason, it is necessary to add further levels
to the existing systematization approach. Due to the above-
mentioned focus on evaluating single process innovations,
the addition of the EVA’s systematization focuses on drivers
that are not influenced by the interaction of supply chain
elements. It is therefore necessary to supplement manufac-
turing and material costs with further cost drivers to enable
the identification of innovation-driven influencing factors.

2.2 Literature-based impact modeling

The necessary extension of the existing systematization
of EVA with a focus on manufacturing and material costs
is carried out according to a literature-based impact mod-
eling. An impact model includes impact relations that exist
within the object of investigation considered [12]. In order
to holistically capture and systematize existing causal links
in connection with EVA, cost drivers of manufacturing and
material costs are identified successively and top-down by
means of a systematic literature review.

The systematic literature review is based on the circular
approach of Vom Brocke et al. [13]. One cycle comprises
of five steps, the first of which is to define the review
scope. This definition can be supported by the taxonomy of
literature review developed by Cooper [14] (see Table 1).
The second step provides the conceptualization of the lit-
erature review by defining for example relevant databases.
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Fig.1 EVA Driver Tree [11]
Table 1 Taxonomy for the Literature Review [14]
Characteristic Categories
Focus Research Outcomes Research Methods Theories Applications
Goal Integration Criticism Central Issues
Organisation Historical Conceptual Methodological
Perspective Neutral Representation Espousal of Position
Audience Specialised Scholars General Scholars Practitioners/Politicians General Public
Coverage Exhaustive Exhaustive and Selective Representative Central/Pivotal
The third step is to conduct the actual literature search, The taxonomy for the literature analysis for the literature-

while the fourth step implies the analysis and synthesis  based impact modeling of further value drivers of EVA is
of the literature searched, before the research results are ~ shown in Table 1. The systematic literature review focuses
documented in the fifth step. For the analysis, synthesis on research findings regarding the systematization of costs.
and documentation of the results a concept matrix is used  The overall objective of the literature analysis is to integrate
according to Webster & Watson [15] (see Sect. 3.1). the systematization approaches within a holistic framework

that includes causal relations between the cost drivers at the
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different levels. In this context, the relevant systematization
approaches are considered conceptually. The perspective
towards the relevant literature is neutral. Furthermore, the
target audience of this literature review comprises research-
ers in engineering as well as practitioners who make innova-
tion decisions within companies. The scope of the literature
review is limited to key papers regarding the systematization
of costs.

Table 2 below shows the procedure followed in the lit-
erature review as well as in the literature selection process.

The literature review uses six databases: EconBiz, Spring-
erMaterials, Scopus, GENIOS Pressedatenbank, Social Sci-
ence Research Network (SSRN) and wiso Wirtschaftswis-
senschaften. The selection of suitable databases is based
on thematic conformity with the research area and on the
scientific quality of the publications included. EconBiz, Sco-
pus, SSRN and wiso Wirtschaftswissenschaften are selected
as databases because of their thematic conformity with the
field of economics. As a capacious database covering mate-
rial data and applications, SpringerMaterials is used as a
database especially with regard to material costs. In order
to be able to consider in particular also recent results with
regard to manufacturing and material costs, the literature
review is also based on the GENIOS Pressedatenbank (Eng-
lish: GENIOS Press Database). The search terms listed in
Table 2 and others are used to initiate and conduct the lit-
erature search. The selection of search terms is based pri-
marily on the two focused cost types of manufacturing and
material costs. Further search terms are derived iteratively
on the basis of previous research results and consequently
upstream systematization levels. The scientific databases

Table 2 Literature Review and Selection Process

used provide approximately 40,000,000 query results for the
defined period using the listed search terms, which comprise
the successively identified cost drivers. In order to filter the
high number of query results, contributions from the areas of
Cost Management, Accounting, Cost Estimation, Decision
Support, Cost Reduction, Cost Driver Analysis, Cost Mod-
elling, Cost System, Pricing, Policies and Regulations and
Work Organization are classified as relevant [19]. Taking
into account the requirement to incorporate generic results
related to cost systematization within the innovation evalu-
ation method and the subsequent limitation to key papers
regarding the systematization of costs, 38 relevant contribu-
tions can be identified.

2.3 Expertinterviews

The cost impact model developed based on the preceding
literature review is to be applied in connection with innova-
tions and serves to support innovation decisions based on
the innovation-driven influence on EVA. For this reason, the
challenge is to identify innovation-driven influencing factors
on EVA via the cost impact model. These influencing factors
are largely neither known nor described in the literature due
to the existing innovation character. According to [16], con-
ducting expert interviews is one way of identifying unknown
influencing factors that have not yet been described in the
literature. Therefore, semi-structured expert interviews are
used for the data collection to identify innovation-driven
influencing factors on the last level of the cost drivers of the
impact model identified by means of the literature review
(see Sect. 2.2). The term expert includes experts with regard

Literature Review Content Selection

Literature Characteristics

Query Results: Thematic Conformity: Publication
approx. 40,000,000 100 Journal:
Period: Identified Contributions: 38  Conference:
1950 till 2022 Book:
Magazine:

Scientific Databases:  Search Term:

EconBiz SpringerMa-
terials

Scopus

GENIOS Pressedaten-
bank

SSRN

wiso Wirtschaftswis-
senschaften

,-Opportunity Costs “ etc

Domain Language
English: 36

German: 2

18 Cost Management: 4
2 Accounting: 8
16 Costs Estimation: 6
2 Decision Support: 4
Cost Reduction: 2
Cost Driver Analysis: 4
Cost Modelling: 3
Cost System: 3
Pricing: 1
Policies & Regulations: 1
Work Organization: 2

,~Manufacturing Costs “ or ,,Material Costs “ or ,,Direct Manufacturing Costs * or ,,Manufacturing Overhead Costs “
or ,,Special Direct Costs of Manufacturing * or ,,Direct Material Costs *“ or ,,Material Overhead Costs “ or ,,Costs
of Labor “ or ,,Set-up Costs “ or ,,Costs of Scrap “ or ,,Research and Development Costs “ or ,,Overhead Costs *“ or
,,Costs of Tools “ or ,,Costs of Maintenance “ or ,,Costs of Taxes * or ,,Insurance Costs “ or ,,Costs of Supervision *
or ,,Costs of Management “ or ,,Costs of Models * or ,,Labor Rate *“ or ,,Costs of Labor “ or ,,Costs of Material “ or

@ Springer



Production Engineering (2024) 18:169-189

173

to the process innovation considered in the innovation evalu-
ation. This requirement ensures profound knowledge of the
innovation-driven influencing factors on manufacturing and
material costs. For example, this implies knowledge about
process times, required materials and resulting component
and tool characteristics.

Since the structure and questions formulated in the expert
interview strongly depend on the results of the literature-
based impact modeling, Sect. 3.2 provides a description of
the resulting interview guideline as part of the developed
procedure for the semi-quantitative monetary innovation
evaluation in an early innovation phase.

2.4 Adapted weighted scoring model

Following the interview-based collection of the innovation-
driven influencing factors, it is necessary to perform a final
innovation evaluation. Granig [8] classifies qualitative and
quantitative methods for evaluating innovations, e.g., check-
lists, WSM and economic calculation methods, depending
on the degree of maturity of the innovation. According to
this classification, quantitative monetary evaluation methods
are used in particular in connection with a high degree of
maturity of innovations. However, in the case of process
innovations which are the subject of this article a quantita-
tive monetary innovation evaluation is not always possible
and can be replaced by a WSM, for example [8]. The WSM
is a multi-criteria decision making method [17] as well as a
semi-quantitative evaluation method, since qualitative per-
formance characteristics are quantified [8]. In the case of m
alternatives and n criteria, the best alternative follows Eq. 1
below [18].

n

A’;VSM_SCM = mlax Z a; wj fori=1,2,3...m. (1)
j=1
A;VSM_ Seore: WSM-Score of the best option

i: Alternative

Jj: Criterion

n: Number of criteria

a;i: Actual value of the i-th alternative in terms of the j-th
criterion

w;: Weight of importance of the j-th criterion

m: Number of alternatives

Following Fishburn [18], the WSMj_,,, is calculated
according to the following Eq. 2.

WSMScore= Z {W; 2)

WSMj,.,,.. WSM-Score

Jj: Criterion

n: Number of criteria

a;: Actual value of the j-th criterion

w;: Weight of importance of the j-th criterion

In order to enable a monetary innovation evaluation
in particular in early innovation phases, it is necessary to
adapt the WSM accordingly. The adapted WSM should
therefore permit a semi-quantitative monetary innova-
tion evaluation in an early innovation phase and be based
on monetary evaluation criteria. Considering the goal of
the innovation evaluation, namely the identification of an
increase or decrease of the EVA by a cost reduction or
increase, the cost reduction and increase are defined as
the two alternatives following Eq. 1. With regard to the
defined focus of manufacturing and material costs (see
Sect. 2.1), manufacturing and material costs are defined
as the two evaluation criteria. This adaptation implies that
a WSMj,,,, has to be calculated for both the decrease and
increase of manufacturing and material costs. Compared
to Eq. 2, the Eqs. 3 and 4 represent the modified calcula-
tion of the WSMj,,, for the adapted WSM. To consider the
separate analysis of cost decrease and increase according
to the defined alternatives, the actual value of the j-th cri-
terion ¢; is also differentiated into decrease and increase.
The actual value of the j-th criterion g; represents the
number of innovation-driven influencing factors identi-
fied using the expert interviews (see Sect. 2.3) lead to a
decrease or increase in manufacturing and material costs

IF i.dec OF IFj’inc.
2
WSMScare,dec = Z IFj,deCWj (3)
j=1
2
WSMScore,inc = Z II:“j,incvvj (4‘)
=1

WSM,pre.dec: WSM-Score of cost decrease

WSM, e inc: WSM-Score of cost increase

j: Criterion

IF; 4. Number of innovation-driven influencing factors
that lead to a decrease in costs

IF;;,.: Number of innovation-driven influencing factors
that lead to an increase in costs

w;: Weight of importance of the j-th criterion

The next step is to correlate the two scores WSM, ., gec
and WSMg,,,., ...- Based on the difference between the two
scores (see Eq. 5), the Innovation Evaluation Index /EI
is used to show whether the reviewed process innovation
tends to decrease or increase costs.
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IEl = WSMScore,inc - WSMScore,dec (5)

IET: Innovation Evaluation Index
WSMy e dec: WSM-Score of cost decrease
WSM,pre.inc: WSM-Score of cost increase

A subsequent case differentiation according to Eq. 6
allows a final innovation evaluation. If the /EI is less than
zero, the process innovation results in a cost decrease due to
the innovation-driven influencing factors. If the /EI is equal
to zero, the process innovation causes no change in costs. If
the IEI is greater than zero, the process innovation causes
an increase in costs.

Decrease, IEI < 0
Costss No Change, IEI = 0 6)
Increase, IEI > 0

IEI: Innovation Evaluation Index.

3 Results

Using the procedure for systematic literature review (see
Sect. 2.2), relevant systematization approaches of costs
were identified and compared. The results of the literature
review are presented in the following Sect. 3.1 using a con-
cept matrix. Finally, the results of the literature review form
the basis for the impact modeling of the cost drivers. For
the subsequent necessary identification of innovation-driven
influencing factors by means of semi-structured expert inter-
views, Sect. 3.2 describes the structure of the expert inter-
views, based on the previously developed cost impact model.
Finally, Sect. 3.3 describes the results of the expert inter-
views, identifies the innovation-driven influencing factors
and describes the final innovation evaluation of the reviewed
process innovations.

3.1 Development of the impact model

The concept matrix (see [19]) contains the results of the
literature review. Using this matrix, the concepts identified
in the relevant literature are summarized based on the goal
and the cost drivers listed in the papers. In the concept
matrix, the impact of each cost driver on the cost driver of
the next higher level is shown with a plus or minus. Cost
drivers marked with a plus lead to an increase of the cost
driver of the next higher level. A marking with a minus
symbolizes a decrease of the cost driver of the next higher
level by the respective cost driver considered. In order
to systematize the cost drivers identified at the various
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impact model levels, a numbering system is used based
on the Supply Chain Operations Reference Model [20].
Cost drivers listed in the concept matrix that have an ID
assigned are part of the impact model developed for the
innovation evaluation. Cost drivers that do not have an ID
assigned are not included in this impact model. In accord-
ance with the cyclical procedure according to Vom Brocke
et al. [13] (see Sect. 2.2), the concept matrix is succes-
sively expanded to include further impact model levels.
The starting point for the impact model is represented by
manufacturing and material costs (see Sect. 2.1). A cost
path is completed as soon as technology experts can iden-
tify influencing factors on the cost driver of the last level.
The cost drivers identified in the literature review that have
an ID in the concept matrix, are systematized in the fol-
lowing Tables 3, 4, 5, 6. In addition, the systematization
approaches used in the literature are applied to cost drivers
for which no other explicit systematization is described in
the literature. Table 3 includes cost drivers up to the third
level. Table 6 contains the last level of the respective cost
paths. Those tables finally represent the impact model to
be developed for the monetary innovation evaluation.

3.2 Structure of the expert interviews

The semi-structured expert interviews conducted to iden-
tify innovation-driven influencing factors are based on an
interview guideline (see [21]). This guideline is based on
the previous systematization of cost drivers (see Tables 3
and 4). To identify innovation-driven influencing factors, the
cost drivers of the last impact model level are queried in the
expert interviews. In terms of manufacturing costs, for exam-
ple, these are the main and secondary time (1.1.1.2.2.1.1 and
1.1.1.2.2.1.2), which influence manufacturing costs via the
total activity time (1.1.1.2.2.1), basic time (1.1.1.2.2), part
production time (1.1.1.2), costs of labor (1.1.1) and direct
manufacturing costs (1.1). The guideline alternately queries
the status with regard to the cost drivers to be queried in
connection with the current process and with the implemen-
tation of the process innovation. Table 7 shows an excerpt
from the interview guideline for identifying innovation-
driven influencing factors on the main and secondary time.
In total, the interview guideline contains 357 questions.
Since the developed guideline is about conducting semi-
structured expert interviews, the total of 357 questions
represents a maximum list. This means that the complete
questionnaire can be used to query all innovation-driven
influencing factors that were previously identified (see
Tables 3, 4, 5, 6). If influences of the process innovation
under consideration on certain types of costs are excluded
in the course of the interview, the interview questions listed
below do not have to be asked or answered by the process
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Table 3 Cost Impact Model for Extending the EVA Driver Tree up to the Third Level

ID  Cost Drivers Impact ID  Cost Drivers Impact ID Cost Drivers
1 Manufacturing Costs ~ + 1.1 Direct Manufacturing Costs + 1.1.1  Costs of Labor
+ 1.1.2  Costs of Set-Up
+ 1.1.3  Costs of Scrap
+ 1.2 Manufacturing Overhead Costs + 1.2.1  Indirect Labor Costs
+ 1.2.2  Costs of Tools
+ 1.2.3  Costs of Maintenance
+ 1.2.4  Employee Benefit Costs
+ 1.2.5  Costs of Taxes, Rent and Insurance
+ 1.2.6  Capital Costs
+ 1.2.7  Costs of Supervision and Management
+ 1.2.8  Research and Development Costs
+ 1.2.9  Costs of Central Electronic Data Processing
+ 1.2.10  Costs of Quality Assurance
+ 1.3 Special Direct Manufacturing Costs ~ + 1.3.1  Costs of Special Tooling
+ 1.3.2  Costs of Models
+ 1.3.3  Costs for Data Preparation
+ 1.3.4  Costs of Royalties
+ 1.3.5  Costs for Nummeric Control Programming
2 Material Costs + 2.1 Direct Material Costs + 2.1.1  Costs of Purchased Materials
+ 2.1.2  Costs to Inspect Materials
+ 2.2 Material Overhead Costs + 2.2.1  Costs of Operating Supplies
+ 222 Costs of Utilities
+ 2.2.3  Ordering Costs
+ 2.2.4  Costs of Occupational Safety

expert. Consequently, the number of interview questions
to be asked in a specific expert interview depends on the
existing influencing factors that are achieved by the process
innovation under consideration.

3.3 Identification of innovation-driven influencing
factors of oxygen-free production

Using the interview guideline exemplary, the aim is to ana-
lyze which changes in manufacturing and material costs
result from process innovations in terms of oxygen free
production. In its current funding period, the Collaborative
Research Center (CRC) 1368 on oxygen-free production
focuses on research on fundamental processes and mecha-
nisms in manufacturing, assembly and handling technology
processes. In two different sub-project areas, the processing
of deoxidized semi-finished products and the processing of
oxidized semi-finished products in the extreme-high-vac-
uum-adequate (XHV-adequate) atmosphere are investigated.
In this context, the XHV-adequate atmosphere corresponds
to the same oxygen content as in an XHV but is differenti-
ated by the normal pressure present. Given that the research
activities take place in a development environment, neither
assessable process nor supply chains are available, which are

necessary for a comprehensive evaluation of the economic
application of new findings in practice. Based on the inno-
vation process according to Cooper [22], the CRC 1368 is
thus in an early phase of the innovation process. In order to
identify innovation-driven influencing factors by means of
the semi-structured interviews, three process innovations of
the CRC were selected. These include extrusion with deoxi-
dized semi-finished products, additive manufacturing in an
XHV-adequate atmosphere, and machining with oxidized
semi-finished products in an XHV-adequate atmosphere.
Regarding the selection of the process innovations to be
evaluated, not only the different experimental environments
and thus the possibility of identifying different innovation-
driven influencing factors were taken into account, but the
projects also differ regarding the batch sizes present under
normal conditions in economic operation. Extrusion repre-
sents a process that is economical for the production of large
batches. In comparison, batch sizes for machining and addi-
tive manufacturing vary between medium batch sizes down
to size one. In the course of expert interviews, relevant influ-
encing factors on manufacturing and material costs relating
to oxygen-free production are to be identified. The scientists
who develop the respective process innovations for oxygen-
free production are consulted as process experts. In addition
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Table 4 Cost Impact Model for Extending the EVA Driver Tree from the Third up to the Fifth Level

1D Cost Drivers Impact ID Cost Drivers Impact ID Cost Drivers
1.1.1  Costs of Labor + 1.1.1.1 Labor Cost Rate
+ 1.1.1.2  Part Production Time + 1.1.1.2.1 Recovery Time
+ 1.1.1.2.2  Basic Time
+ 1.1.1.2.3  Allowance Time
1.1.2 Costs of Set-Up + 1.1.2.1 Costs of Labor + 1.1.2.1.1 Labor Cost Rate
+ 1.1.2.1.2  Set-Up Distribution Time
+ 1.1.2.1.3  Set-Up Recreation Time
+ 1.1.2.1.4 Set-Up Basic Time
+ 1.1.2.2  Material Costs + 1.1.2.2.1 Quantity Required Per Unit of
Set-Up
+ 1.1.2.2.2  Costs Per Unit of Quantity
+ 1.1.2.3  Costs of Tools + 1.1.2.3.1 Quantity Required Per Unit of
Set-Up
+ 1.1.2.3.2  Costs Per Unit of Quantity
+ 1.1.2.4  Costs of Other Input Factors + 1.1.2.4.1 Quantity Required Per Unit of
Set-Up
+ 1.1.2.4.2  Costs Per Unit of Quantity
+ 1.1.2.5 Opportunity Costs + 1.1.2.1.2  Set-Up Distribution Time
+ 1.1.2.1.3  Set-Up Recreation Time
+ 1.1.2.1.4 Set-Up Basic Time
1.1.3  Costs of Scrap + 1.1.3.1 Material Costs + 1.1.3.1.1 Quantity Per Part
+ 2.1.1.2  Costs Per Unit of Quantity
+ 1.1.3.2  Throughput Costs of Material + 1.1 Direct Manufacturing Costs
Flow Before Arising as Scrap 4 1.2 Manufacturing Overhead Costs
+ 1.1.3.3 Disposal Costs + 1.1.3.3.1 Costs Per Unit of Quantity
+ 1.1.3.4 Opportunity Costs + 1.1.3.1.1 Quantity Per Part
+ 1.1.1.2 Part Production Time
1.2.2  Costs of Tools + 1.2.2.1 Quantity of Tools Used per Unit
of Time
+ 1.2.2.2  Costs of Tools per Unit of
Quantity
1.2.3  Costs of Maintenance + 1.2.3.1 Costs of Inspection + 1.2.3.1.1 Costs of Labor
+ 1.2.3.1.2 Costs of Material
+ 1.2.3.1.3 Costs of Tools
+ 1.2.3.1.4 Costs of Other Input Factors
+ 1.2.3.1.5 Opportunity Costs
+ 1.2.3.2  Costs of Service + 1.2.3.2.1 Costs of Labor
+ 1.2.3.2.2  Costs of Material
+ 1.2.3.2.3  Costs of Tools
+ 1.2.3.2.4 Costs of Other Input Factors
+ 1.2.3.2.5 Opportunity Costs
+ 1.2.3.3 Costs of Repair + 1.2.3.3.1 Costs of Labor
+ 1.2.3.3.2 Costs of Material
+ 1.2.3.3.3 Costs of Tools
+ 1.2.3.3.4 Costs of Other Input Factors
+ 1.2.3.3.5 Opportunity Costs
1.3.1 Costs of Special Tooling + 1.3.1.1 Quantity Required Per Part
+ 1.3.1.2  Costs Per Unit of Quantity
1.3.2  Costs of Models + 1.3.2.1 Quantity Required Per Part
+ 1.3.2.2  Costs Per Unit of Quantity
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Table 4 (continued)

ID Cost Drivers Impact ID Cost Drivers Impact 1D Cost Drivers
1.3.3  Costs for Data Preparation + 1.3.3.1 Costs of Labor + 1.3.3.1.1 Labor Cost Rate
+ 1.3.3.1.2 Distribution Time
+ 1.3.3.1.3 Recreation Time
+ 1.3.3.1.4 Basic Time
+ 1.3.3.2 Costs of Material + 1.3.3.2.1 Quantity Required Per Unit of
Preperation
+ 1.3.3.2.2  Costs Per Unit of Quantity
+ 1.3.3.3 Costs of Tools + 1.3.3.3.1 Quantity Required Per Unit of
Preperation
+ 1.3.3.3.2 Costs Per Unit of Quantity
+ 1.3.3.4 Costs of Other Input Factors + 1.3.3.4.1 Quantity Required Per Unit of
Preperation
+ 1.3.3.4.2 Costs Per Unit of Quantity
+ 1.3.3.5 Opportunity Costs + 1.3.3.1.2 Distribution Time
+ 1.3.3.1.3 Recreation Time
+ 1.3.3.1.4 Basic Time
1.3.4  Costs of Royalties + 1.3.4.1 Quantity Required Per Part
+ 1.3.4.2  Costs Per Unit of Quantity
1.3.5 Costs for Nummeric Control ~ + 1.3.5.1 Costs of Labor + 1.3.5.1.1 Labor Cost Rate
Programming + 1.3.5.1.2  Distribution Time
+ 1.3.5.1.3 Recreation Time
+ 1.3.5.1.4 Basic Time
+ 1.3.5.2 Costs of Material + 1.3.5.2.1 Quantity Required Per Unit of
Programming
+ 1.3.5.2.2 Costs Per Unit of Quantity
+ 1.3.5.3 Costs of Tools + 1.3.5.3.1 Quantity Required Per Unit of
Programming
+ 1.3.5.3.2 Costs Per Unit of Quantity
+ 1.3.5.4 Costs of Other Input Factors + 1.3.5.4.1 Quantity Required Per Unit of
Programming
+ 1.3.5.4.2 Costs Per Unit of Quantity
+ 1.3.5.5 Opportunity Costs + 1.3.5.1.2 Distribution Time
+ 1.3.5.1.3 Recreation Time
+ 1.3.5.1.4 Basic Time
2.1.1 Costs of Purchased Materials + 2.1.1.1 Quantity Required Per Part
+ 2.1.1.2  Costs Per Unit of Quantity
2.2.1 Costs of Operating Supplies ~ + 2.2.1.1 Quantity Required Per Part
+ 2.2.1.2  Costs Per Unit of Quantity
2.2.2  Costs of Utilities + 2.2.2.1 Quantity Required Per Part
+ 2.2.2.2 Costs Per Unit of Quantity
2.2.4 Costs of Occupational Safety + 2.2.4.1 Costs of Material + 2.2.4.1.1 Quantity Required Per Part
+ 2.2.4.1.2 Costs Per Unit of Quantity
+ 2.2.4.2 Costs of Other Input Factors + 2.2.4.2.1 Quantity Required Per Part
+ 2.2.4.2.2 Costs Per Unit of Quantity
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Table 5 Cost Impact Model for Extending the EVA Driver Tree from the Fifth up to the Seventh Level

1D Cost Drivers Impact ID Cost Drivers Impact 1D Cost Drivers
1.1.1.2.1 Recovery Time + 1.1.1.2.1.1 Time for Recreational Breaks
1.1.1.2.2 Basic Time + 1.1.1.2.2.1 Total Activity Time + 1.1.1.2.2.1.1 Main Time
+ 1.1.1.2.2.1.2 Secondary Time
+ 1.1.1.2.2.2 Waiting Time + 1.1.1.2.2.2.1 Time for Process-related
Interruptions
1.1.1.2.3  Allowance Time + 1.1.1.2.3.1 Factual Allowance + 1.1.1.2.3.1.1 Time for Additional
Activities
+ 1.1.1.2.3.1.2 Time for Disruption-
related Interruptions
+ 1.1.1.2.3.2 Personal Allowance + 1.1.1.2.3.2.1 Time for Personally
Related Interruptions
1.1.1.2  Part Production + 1.1.1.2.1 Recovery Time + 1.1.1.2.1.1 Time for Recreational
Time Breaks
+ 1.1.1.2.2 Basic Time + 1.1.1.2.2.1 Total Activity Time
+ 1.1.1.2.2.2 Waiting Time
+ 1.1.3.4.23 Allowance Time + 1.1.1.2.3.1 Factual Allowance
+ 1.1.1.2.32 Personal Allowance
1.2.3.1.1 Costs of Labor + 1.23.1.1.1 Labor Cost Rate
+ 1.2.3.1.1.2 Distribution Time
+ 1.2.3.1.1.3 Recreation Time
+ 1.23.1.1.4 Basic Time
1.2.3.1.2 Costs of Material + 1.23.1.2.1 Quantity Required Per Unit of
Inspection
+ 1.2.3.1.22 Costs Per Unit of Quantity
1.2.3.1.3 Costs of Tools + 1.2.3.1.3.1 Quantity Required Per Unit of
Inspection
+ 1.2.3.1.32 Costs Per Unit of Quantity
1.2.3.1.4 Costs of Other Input  + 1.23.14.1 Quantity Required Per Unit of
Factors Inspection
+ 1.2.3.14.2 Costs Per Unit of Quantity
1.2.3.1.5 Opportunity Costs + 1.2.3.1.1.2 Distribution Time
+ 1.23.1.1.3 Recreation Time
+ 1.2.3.1.1.4 Basic Time
1.2.3.2.1 Costs of Labor + 1.2.3.2.1.1 Labor Cost Rate
+ 1.2.3.2.1.2 Distribution Time
+ 1.23.2.1.3 Recreation Time
+ 123.2.14 Basic Time
1.2.3.2.2 Costs of Material + 1.23.2.2.1 Quantity Required Per Unit of
Service
+ 123222 Costs Per Unit of Quantity
1.2.3.2.3 Costs of Tools + 1.2.3.2.3.1 Quantity Required Per Unit of
Service
+ 123.2.32 Costs Per Unit of Quantity
1.2.3.2.4 Costs of Other Input + 1.23.2.4.1 Quantity Required Per Unit of
Factors Service
+ 123.2.4.2 Costs Per Unit of Quantity
1.2.3.2.5 Opportunity Costs + 1.23.2.1.2 Distribution Time
+ 1.2.3.2.1.3 Recreation Time
+ 123.2.14 Basic Time
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Table 5 (continued)

ID Cost Drivers Impact ID Cost Drivers Impact ID Cost Drivers
1.2.3.3.1 Costs of Labor + 1.2.3.3.1.1 Labor Cost Rate
+ 1.2.33.1.2 Distribution Time
+ 1.2.3.3.1.3 Recreation Time
+ 1.2.3.3.14 Basic Time
1.2.3.3.2 Costs of Material + 1.2.3.3.2.1 Quantity Required Per Unit of
Repair
+ 1.2.3322 Costs Per Unit of Quantity
1.2.3.3.3 Costs of Tools + 1.2.3.3.3.1 Quantity Required Per Unit of
Repair
+ 1.2.3.3.3.2 Costs Per Unit of Quantity

Quantity Required Per Unit of

1.2.3.3.4 Costs of Other Input + 1.2.3.34.1
Factors Repair
+ 1.2.3.34.2 Costs Per Unit of Quantity
1.2.3.3.5 Opportunity Costs + 12.3.3.1.2 Distribution Time
+ 1.23.3.1.3 Recreation Time
+ 1.2.3.3.14 Basic Time

to their knowledge of process-related features, the respec-
tive scientists are also characterised by their knowledge of
the resulting part and tool characteristics. For each of the
three process innovations considered, one process expert
was interviewed in a semi-structured interview using the
developed guideline (see Sect. 3.2). The innovation-specific
results from the expert interviews are presented below.

In general, to achieve an oxygen-free production in XHV-
adequate atmosphere, a gas mixture of 98.5 vol.-% argon and
1.5 vol.-% silane is implemented in a process chamber as
part of the investigated process innovations. When applying
this method, the oxygen-containing air is substituted by the
inert gas argon, and the residual oxygen content reacts with
the silane to form silica, thus achieving a practical oxygen-
free production [23].

3.3.1 Extrusion

The aim of this process innovation is to develop material
compounds with high thermal conductivity using the exam-
ple of extruded heat exchangers made of aluminum and cop-
per. These can be used for example to dissipate heat losses
from power electronics, since modern electronic components
such as high-power LED or the components installed in elec-
tric vehicles require efficient cooling due to their high power
density [24]. Compounds made of copper and aluminum
ideally combine the advantages of both metals. For example,
the heat generated can be quickly absorbed by the copper
component and quickly dissipated from the heat source due
to its high conductivity. By contrast, aluminum has a much
lower density and is more attractively priced than copper.

Due to its higher specific heat capacity compared with cop-
per, it can absorb the heat loss well and dissipate it to the
environment over a large component surface. The quality
of the bond between the two materials, which is influenced
by the number of interfacial defects, is decisive for the heat
transfer efficiency. For example, the air gaps often present
in the joint zone of commercial Al-Cu heat sinks, which
are attributed to inadequate bonding, increase the thermal
resistance between the materials and result in thermal con-
ductivities, which at approx. 30 W/(m K) are about an order
of magnitude lower than the minimum desired thermal con-
ductivity of pure Al for the intended application [25].

Joining by solid forming processes such as extrusion
already offers the possibility of realizing intimate contact
between different materials in normal atmospheres [26].
However, oxide layers in particular are critical for the pro-
duction of a high-quality bond with good thermal conductiv-
ity, since the native metal oxides present on the base materi-
als under normal conditions prevent wetting as well as the
necessary diffusion processes, and thus, a cohesive bond is
not possible. This is the starting point for this process inno-
vation, investigating the extent to which surface treatment
of the extrusion billets in an XHV-adequate atmosphere ena-
bles realizing material compounds with interfaces of high
thermal conductivity in normal atmospheres by subsequent
co-extrusion in an industrial facility.

The semi-finished products for the deoxidized extrusion
billets are first produced by machining from bar stock of pure
aluminum and pure copper as concentric tube bodies. The
two semi-finished products are then degreased and deoxi-
dized by polishing in a glove box with an XHV-adequate
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Table 6 Cost Impact Model for Extending the EVA Driver Tree from the Seventh up to the Eighth Level

1D Cost Drivers Impact ID Cost Drivers
1.1.1.2.2.1 Total Activity Time + 1.1.1.2.2.1.1 Main Time

+ 1.1.1.2.2.1.2 Secondary Time
1.1.1.2.2.2 Waiting Time + 1.1.1.2.2.2.1 Time for Process-related Interruptions
1.1.1.2.3.1 Factual Allowance + 1.1.1.2.3.1.1 Time for Additional Activities

+ 1.1.1.2.3.1.2 Time for Disruption-related Interruptions
1.1.1.2.3.2 Personal Allowance + 1.1.1.2.3.2.1 Time for Personally Related Interruptions

Table 7 Excerpt from the Interview Guideline for the Main and Secondary Time [21]

Manufacturing Costs

1.1.1.2.2.1.1 Main Time
4

00 N N W

Why do these differences occur?
1.1.1.2.2.1.2 Secondary Time

How long does it take to carry out this/these activity/ies?
What activities have to be executed that directly contribute to fulfill the innovative manufacturing process?
How long does it take to carry out this/these activity/ies?

In the case of different activities and/or times between the conventional and innovative manufacturing process:

9 What activities have to be executed that indirectly contribute to fulfill the conventional manufacturing process?
10 How long does it take to carry out this/these activity/ies?

11 What activities have to be executed that indirectly contribute to fulfill the innovative manufacturing process?
12 How long does it take to carry out this/these activity/ies?

13 In the case of different activities and/or times between the conventional and innovative manufacturing process:

Why do these differences occur?

atmosphere. The aluminum semi-finished product is then
heated to 500 °C for 30 min to shrink it onto the copper
semi-finished product. Due to the machining pre-machining,
an interference fit H8/ x 8 resulted during shrink-fitting and
thus, a close contact between the copper and aluminum sur-
faces to be joined. After cooling, the Al-Cu extrusion billet
is discharged from the glove box and heated to extrusion
temperature (380 °C/4 h) together with the extrusion die in a
conventional forced-air furnace in a normal atmosphere. The
extrusion is carried out on a 2.5 MN press, also in a normal
atmosphere, using a die with rotating mandrel to produce a
seamless Al-Cu tube with an extrusion ratio of 41.5:1. The
punch speed is 0.27 mm/s.

As shown by the experimental investigations, the deoxi-
dized extrusion billets can be used to produce an Al-Cu com-
pound profile by conventional co-extrusion, which with the
exception of a short run-in area has a macroscopically com-
plete bond between aluminum and copper. Based on light
and electron microscopic analyses, an intermetallic phase
seam of the Al,Cu, type was observed in sections, which can
be interpreted as evidence of successful material bonding.

The innovation-driven influencing factors of extrusion
identified in the course of the interview are presented below.
Regarding manufacturing costs, the process of extrusion in
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an XHV-adequate atmosphere has an effect on costs of labor
(1.1.1). More precisely, the secondary time (1.1.1.2.2.1.2)
is extended due to the necessary feeding and discharging of
the parts into the process chamber. The secondary time is
further negatively affected by increasing manual handling
times. The reason for this is the wearing of a glove, which
allows the system operator to reach into the process cham-
ber without opening it. This circumstance affects not only
the secondary time but also the time for disruption-related
interruptions (1.1.1.2.3.1.2). The correlation results from the
increased handling times, which can lead to longer times to
resolve malfunctions. The necessary purging of the process
chamber with the argon-silane gas mixture results also in an
increase in secondary time and consequently in manufactur-
ing costs.

Regarding the costs of scrap (1.1.3), the low oxygen con-
tent during shrinkage of the two materials has the potential
to reduce scrap quantities by increasing part quality due to
the reduced number of oxides in the XHV-adequate atmos-
phere, resulting in fewer defects on the interfaces. This has a
positive effect on the thermal conductivity of cooling tubes,
for example. In addition, this means that if necessary the
carcinogenic, germ cell mutagenic and reproduction-toxic
hazardous substances can be dispensed with when brazing



Production Engineering (2024) 18:169-189

181

cooling tubes. In addition to this positive influence, the
improved material bond resulting from the reduced oxide
count in the XHV-adequate atmosphere has a negative effect
on the recycling properties of the manufactured parts. A
monetary consequence of this reduced recycling property is
the increased costs of scrap due to increased disposal costs
(1.1.3.3). Furthermore, the time for additional activities
(1.1.1.2.3.1.1) increases due to the increased control effort
in XHV-adequate atmospheres, e.g. the increased control
effort of the oxygen content or the dust formation due to
the reaction of silane with oxygen to silica (silicon dioxide,
Si0,). In this context, the control effort regarding dust for-
mation would be omitted, provided that it can be ensured
that the facility is completely sealed against oxygen ingress.

In the context of manufacturing overhead costs (1.2),
the silane used in shrinking the materials in XHV-adequate
atmosphere can lead to faster wear of the furnace used and
consequently an increased costs of tools (1.2.2).

The increased machine requirements regarding tightness,
required decoupling mechanisms and safety aspects among
other things can further lead to increased research and devel-
opment costs (1.2.8) or capital costs (1.2.6).

Due to the required use of the argon-silane gas mixture
to realize the XHV-adequate atmosphere, the material costs
increase due to the increased costs of utilities (2.2.2) based
on the additional use of the gas mixture as another fuel.

3.3.2 Machining

Machining is decisive for the shaping of components within
modern process chains. Machining processes are character-
ized by high mechanical and thermal stresses on the tool,
part and chip. In particular, materials that are difficult to
machine such as titanium cause very high temperatures in
the area of contact between the machining tool and the part
due to their low thermal conductivity. Due to the presence
of oxygen, a variety of chemical interactions such as oxy-
gen diffusion and oxidation occur during machining. This
affects the boundary zone properties of the part, chips and
tool wear. In order to quantify the influence of oxygen taking
into account the machining process and its process param-
eters, different target variables are compared under conven-
tional air and XHV-adequate atmosphere.

For this purpose, the above mentioned gas mixture of
argon and silane is implemented in a process chamber inside
a vertical lathe as part of this process innovation from the
CRC on oxygen-free production. In order to minimize the
silica dust produced, a purging process is first carried out
with pure argon before the argon-silane mixture is intro-
duced. Due to this strategy, the implementation of the XHV-
adequate atmosphere requires at least 15 min. However, the
pre-purge with argon is necessary to reduce the oxygen

content to such an extent that the introduction of the argon-
silane mixture produces as little silica as possible.

The use of an essentially oxygen-free atmosphere during
machining results in potentials for the use of uncoated car-
bide in the machining of the titanium alloy Ti-6Al-4 V. In
the external longitudinal turning process, the carbide tools
and essentially oxygen-free atmosphere can be used up to
170% longer than under similar conditions in air.

The following section presents the innovation-driven
influencing factors of machining identified in the course of
conducting the semi-structured interview.

Compared to turning in a normal atmosphere, wear on
uncoated carbide tools can be significantly reduced when
turning titanium by using an XHV-adequate atmosphere.
Studies on machining in an XHV-adequate atmosphere
have shown that tool life is increased by up to 170%. On
the one hand, this can be used for longer tool operating
times with the same process parameters, or on the other
hand, by selecting larger feeds, cutting depths and cutting
speeds, a larger metal removal rate and thus significantly
higher productivity can be achieved. Thus, the use of an
XHV-adequate atmosphere offers the potential to reduce the
main time (1.1.1.2.2.1.1) and thus also to contribute to a
reduction in manufacturing costs (1.1). However, the cur-
rent turning process in XHV-adequate atmosphere causes
an increase in secondary time (1.1.1.2.2.1.2). Due to the
use of an additional process chamber to generate the XHV-
adequate atmosphere, higher assembly times occur once.
Another aspect that leads to an increase in secondary time is
the necessary purging process with argon and silane to create
the XHV-adequate atmosphere inside the process chamber.
If parts have to be loaded or unloaded into or from the XHV-
adequate atmosphere, an increase in secondary time results
from the more difficult handling within the process chamber,
the checking of the oxygen content in the process cham-
ber and the possibly necessary post-purge with argon and
silane to re-establish the XHV-adequate atmosphere. One
approach to preventing secondary time increase is the use
of exchange boxes containing the desired atmosphere. This
technology is already established in additive manufacturing
and can prevent purging and post-purging times when trans-
ferred to machining. The feed rates, which are limited by
the design of the experimental plant, have a negative effect
on the secondary time. The rate of increase in volume of
the process chamber volume caused by the traverse move-
ment must not exceed the supplied protective gas volume
flow. Increasing the supplied shielding gas volume flow can
therefore also increase the traverse speed in non-production
time and reduce the increase in secondary time. In addition
to the main and secondary time, turning in XHV-adequate
atmosphere also leads to an increase in time for additional
activities (1.1.1.2.3.1.1). Additional activities here include
increased testing efforts due to checking the partial pressure,
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the traverse movements and the gas density of the process
chamber. Silica which can possibly be formed within the
process by the reaction of silane with oxygen also increases
the amount of damage to the sealing material used. It can
be deduced that the time for disruption-related interruptions
(1.1.1.2.3.1.2) increases in connection with turning in XHV-
adequate atmosphere. The damage to the sealing material
further leads to the fact that the damaged and thus leaky
sealing material requires extraction of the escaping gases
and reconstruction of the XVH-adequate atmosphere in the
process chamber. The increased testing effort in particular
the checking of the gas density of the process chamber, as
well as the increased tool and part change times justified
by the more difficult handling lead to extended set-up basic
time (1.1.2.1.4) in the context of turning in XHV-adequate
atmosphere. All these points can be justified by the use of
an additionally installed process chamber in already existing
machine tools. Direct integration into the machine concept
as well as integrated automatic handling offer the potential to
optimize the process with regard to basic setup times. Since
the setup process in the XHV-adequate atmosphere takes
longer and an additional measuring device for the oxygen
content is also used, the material costs (1.1.2.2) caused by
the setup also increase. Regarding the costs of scrap (1.1.3),
the low oxygen content during machining leads to better
recyclability of the chips. The limits of oxygen dissolved in
the Ti-6Al-4 V during machining under air lead to the result
that the chips can only be recycled to a very small extent.
The absence of oxygen as a result of machining under XHV-
adequate atmosphere prevents oxide formation on the chip
surface, so that the oxygen limits for recycling the titanium
chips are not exceeded. This results in a reduction of scrap
costs due to lower disposal costs (1.1.3.3).

The silica generated during machining in XHV-adequate
atmosphere leads to an increased cleaning effort and con-
sequently an increased maintenance effort compared to
machining in normal atmosphere. This results in higher
costs of maintenance (1.2.3) and thus higher manufacturing
overhead costs (1.2). However, machining in XVH-adapted
atmosphere also offers the potential to reduce manufacturing
overheads. The 170% increase in tool life leads to a reduction
in costs of tool (1.2.2) and thus also in manufacturing over-
heads. The silica particles produced by the reaction of silane
with oxygen also lead to increased costs of maintenance
(1.2.3). This manifests itself in the form of greater inspec-
tion or wear monitoring, maintenance and repair efforts. In
particular, filters, hoses and flow meters as machine com-
ponents are associated with inspection or wear monitoring,
maintenance and repair. The increased costs of maintenance
due to silica particles generated are influenced by the tight-
ness of the plant, in line with its dependence on oxygen. Fur-
thermore, the process control has a significant influence on
the resulting repair effort. By using a mixture of argon and

@ Springer

silane adapted to the task, the amount of silane and thus the
amount of silica particles produced can be reduced to such
an extent that the resulting maintenance intervals are greatly
extended. However, the increased machine requirements in
terms of tightness, necessary decoupling mechanisms and
safety aspects among other things can also lead to increased
capital (1.2.6) and research or development costs (1.2.8).

The necessity of the two gases argon and silane, which
are required to realize the XHV-adequate atmosphere in the
process chamber, leads to an increase in the costs of utili-
ties (2.2.2) compared to machining in normal atmosphere.
This increased costs of utilities finally results in increased
material overhead costs (2.2). The material overhead costs
are also negatively affected by increased costs of occupa-
tional safety (2.2.4) within the XHV-adequate atmosphere,
which results from the process-related potential for silica
formation.

3.3.3 Additive manufacturing

The additive manufacturing process under consideration
focuses on the laser-based powder bed fusion (PBF-LB) of
the titanium alloy Ti-6Al-4 V. Titanium is known for its
high oxygen affinity, which causes a limitation in the addi-
tive manufacturing process. Even low residual oxygen con-
tents of around 1000 ppm typical for industrial machines
[27] are sufficient to cause critical oxidations in reactive
materials like Ti-6Al-4 V. These oxidations lead to oxygen
take-up into the built part during the process and the risk
that industrial specifications (e.g., F1472-14) cannot be met.
Furthermore, unmelted powder that is repeatedly heated up
during the process and recycled afterwards also experiences
oxygen enrichment. This leads to a limitation of the powder
recyclability and therefore reduced resource efficiency of
this manufacturing technique. The innovative approach of
the CRC 1368 is to add small amounts of the reactive gas
silane to the argon processing atmosphere to eliminate the
residual oxygen. It is to be investigated how a silane-doped
argon atmosphere affects the process and the part quality,
and whether there are any effects on the recyclability of the
Ti-6Al-4 V powder. However, the reaction of silane with
oxygen leads to the formation of gaseous hydrogen and solid
amorphous silica that is generated in the form of nanopar-
ticles [28].

To meet the special requirements for generating and
maintaining the silane-doped atmosphere and handle the
byproducts, a special laboratory machine has been devel-
oped [29]. The conventional PBF-LB process takes place in
this laboratory machine. The build plate is lowered by the
amount of the desired layer thickness, and a layer of powder
is deposited on the build plate and subsequently selectively
melted by the laser beam, which is guided by the scanner
unit. This cycle repeats until the part is finished. Prior to and
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during this building process, the whole machine is purged
with argon and if an XHV-adequate atmosphere is to be cre-
ated also with a pre-diluted argon-silane mixture. During
the process, the gas circulates permanently and is cleaned
of entrained powder particles and silica particles by cyclone
separators and high efficiency particulate air (HEPA) filters.
Excess powder during the process and unfused powder after
the process are collected in a collection container and can
then be recycled.

Regarding this innovative laboratory system, the main
differences between a conventional argon atmosphere and a
silane-doped atmosphere in the process are a longer flood-
ing time and increased cleaning effort for the silane-doped
atmosphere. The generated silica nanoparticles represent a
contamination of the powder. In addition, these nanoparti-
cles settle on the laser protection glass, impair the laser beam
and must therefore be removed.

The innovation-driven influencing factors of additive
manufacturing identified in the course of conducting the
semi-structured interview are presented below.

Concerning the direct manufacturing costs (1.1), additive
manufacturing in XHV-adequate atmosphere results in an
extended secondary time (1.1.1.2.2.1.2). The extension of the
secondary time is partly due to the extension of the purging
process with argon and silane. Purging with argon requires a
purging time of approx. 30 min, whereas purging with argon
and silane requires a purging time of approx. 60 min. Fur-
thermore, compared to additive manufacturing in a normal
atmosphere, it requires flooding back to argon through the
corresponding purging with argon, so that no silane flows
out of the process chamber during component removal. This
further purging process takes about 20 min. Compared to the
secondary time, additive manufacturing in XHV-adequate
atmosphere does not affect the main time (1.1.1.2.2.1.1),
since variables influencing the main time significantly among
others the scanning speed and the laser power do not have to
be adapted to the XHV-adequate atmosphere. Furthermore,
the time for additional activities (1.1.1.2.3.1.1) increases,
since the control effort in XHV-adequate atmosphere is
increased by the increased control effort of the oxygen con-
tent or the dust formation due to the reaction of silane with
oxygen to form silica, for example. In this context, the control
effort with respect to dust formation would be eliminated,
provided that it can be ensured that the facility is completely
sealed against oxygen ingress. The time for disruption-related
interruptions (1.1.1.2.3.1.2) also increases in the context of
additive manufacturing in the XHV-adequate atmosphere,
since filters and feed lines can clog more quickly due to the
silica. Lower oxygenation of the powder in XHV-adequate
atmosphere also means that the powder can be reused more
often, so that the material costs (1.1.3.1) are reduced by the
reduction of powder quantity per part (1.1.3.1.1). Regard-
ing the high material costs of the powder, this influencing

variable represents a significant potential of additive manu-
facturing in XHV-adequate atmosphere. The positively influ-
enced reusability of the powder is also an important starting
point regarding the aspects of recycling management and cli-
mate neutrality. Additive manufacturing in an XHV-adequate
atmosphere also offers the potential of lower scrap volumes
(1.1.3.1.1) and consequently lower costs of scrap (1.1.3).
The reason for these interactions is the lower oxygen content
in connection with the part processing, so that fewer pores,
better roughness, fewer flaws in the component and better
mechanical properties of the component can be expected.

In the context of manufacturing overhead costs (1.2), the
silane used within additive manufacturing in XHV-adequate
atmosphere can lead to faster wear of tool components and
consequently increased costs of tools (1.2.2). Within the
downstream processing steps such as sawing to separate the
additively manufactured parts, the lower oxygen content in
the XHV-adequate atmosphere and consequently within the
additively manufactured parts leads to reduced hardness.
This leads to correspondingly reduced tool wear of the saw
and thus reduced costs of tools (1.2.2). The silica particles
produced by the reaction of silane with oxygen also lead
to increased costs of maintenance (1.2.3). This manifests
itself in the form of greater inspection or wear inspection,
maintenance and repair effort. In particular, filters, hoses
and flow meters as machine components are associated with
inspection or wear monitoring, maintenance and repair. The
increased costs of maintenance due to silica particles gen-
erated are influenced by the tightness of the plant, in line
with its dependence on oxygen. The increased machine
requirements for among other things, tightness decoupling
mechanisms required and safety aspects can further lead to
increased capital (1.2.6) and research and development costs
(1.2.8).

With respect to material overhead costs (2.2), the longer
purging processes in XHV-adequate atmosphere can be
identified as influencing increased costs of utilities (2.2.2)
due to a corresponding increase in energy consumption per
part (2.2.2.1). Increased gas consumption per part (2.2.2.1)
due to purging of the process chamber with argon prior to
part removal and with silane to achieve the XHV-adequate
atmosphere also leads to increased costs of utilities (2.2.2).
The potential for increased dust formation due to the forma-
tion of results in increased consumption of cleaning agents
such as isopropanol per part (2.2.2.1). An increase in mate-
rial overhead costs (2.2) is also caused by increased costs for
occupational safety (2.2.4) due to the necessary use of fire
extinguishers in XHV-adequate atmospheres.

3.3.4 Derivation of influencing factors

The innovation-driven influencing factors identified using
the impact model (see Sect. 3.1) and the interview derived
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from it (see Sects. 3.1.1, 3.3.2, 3.3.3) are summarized in
Fig. 2. The influencing factors shown thus imply parameters
that affect cost variables and overriding the EVA with the
implementation of extrusion, machining and additive manu-
facturing in XHV-adequate atmosphere.

From the innovation-driven influencing factors described
in Sects. 3.1.1, 3.3.2, 3.3.3, it is evident that in connection
with machining and more specifically external longitudinal
turning in XHV-adequate atmosphere, the one-sided part
clamping without tailstock due to the design of the process
chamber leads to an increase in manufacturing costs via the
increase in secondary times. Similarly, the limited traverse
movements and reduced traverse speeds due to the machine
design result in extended main and secondary times when
machining in an XHV-adequate atmosphere, thus increas-
ing manufacturing costs. In addition, when machining in
an XHV-adequate atmosphere, system components in the
form of filters, hoses and flow meters are added, which lead
to greater inspection and wear monitoring, maintenance and
repair requirements. Consequently, manufacturing costs are
increased via increased costs of maintenance. Extrusion
and machining in an XHV-adequate atmosphere also lead
to longer secondary times due to more difficult handling,
caused by the machine design, as well as the times for dis-
ruption-related interruptions. There are increased machine
requirements in all three processes investigated within the
XHV-adequate atmosphere, namely extrusion, machining
and additive manufacturing. Among other things, these
relate to leak tightness, decoupling mechanisms required
of the different atmospheres, and safety. The associated
increased research and development costs lead to higher
manufacturing costs via increased special direct manufac-
turing costs.

In all three processes investigated in XHV-adequate
atmospheres, the necessary purging processes with argon
and silane to achieve the XHV-adequate atmosphere lead to
extended secondary times. The resulting increase in direct
manufacturing costs leads to an increase in manufactur-
ing costs. The argon and silane used for purging resulted
in increased material costs. The XHV-adequate atmosphere
produced also leads to increased testing and inspection
efforts in all three processes investigated. In connection
with related costs, the increased testing and control efforts
as described in Sects. 3.1.1, 3.3.2, 3.3.3 lead to increased
manufacturing costs. The use of additional measuring equip-
ment required for this purpose reinforces this influence on
manufacturing costs via increased energy costs. In the con-
text of extrusion, machining and additive manufacturing,
another influencing factor on the cost variables is silica,
which is formed within the XHV-adequate atmosphere in
combination with oxygen. The increased cleaning, inspec-
tion or wear monitoring, maintenance and repair efforts as
well as increasing times for disruption-related interruptions
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and occupational safety requirements cause increased manu-
facturing costs via increased direct manufacturing costs and
manufacturing overhead costs. The oxygen content also has
an influence on cost variables in the three processes investi-
gated. The increased lifetime and better recyclability of chips
due to the oxygen content as well as the associated potential
for reducing scrap quantities lead to reduced manufacturing
costs.

The influencing factors identified based on the expert
interviews that provide the general procedure for monetary
innovation evaluation (see Sect. 2.1) are finally summa-
rized as the main influencing factors of machine design and
XHV-adequate atmosphere. The influencing factors of part
clamping, traverse movements and speeds, machine compo-
nents, handling and machine requirements are assigned to
the machine design. Influencing factors related to the XVH-
adequate atmosphere are the purging processes, the checks
or inspections, the silica, the oxygen content and the process
requirements.

3.3.5 Adapted weighted scoring model for the final
innovation evaluation

The results presented show that nine of ten identified influ-
encing factors increase the manufacturing costs. Only the
influencing factor of the oxygen content leads to a reduc-
tion in manufacturing costs. As a result, the final innovation
assessment and consequently the initial innovation decision
in the early innovation phase cannot be made due to the
heterogeneous effect of the influencing factors on manufac-
turing and material costs. Nevertheless, in order to support
an initial innovation decision in an early innovation phase,
the adapted WSM presented below (see Sect. 2.4) is to be
applied within entrepreneurial practice. An exemplary appli-
cation of the adapted WSM is shown in Table 8 for the pro-
cess innovations under consideration.

The weighting of manufacturing and material costs
is based on the assumption of a low-wage country and a
product with high material costs. Therefore, the impact on
manufacturing costs is weighted at 20% and on material
costs at 80%. According to Egs. 3 and 4, the adapted WSM-
Scores awarded correspond to the number of influencing
factors that lead to an increase or decrease in manufacturing
and material costs. Regarding all three process innovations
considered, only the reduced oxygen content in the XHV-
adequate atmosphere leads to a reduction in manufacturing
costs. A reduction in material costs is not achieved with any
of the three process innovations at the current stage, result-
ing in a sum of 0.2 with respect to the cost reduction and
all three process innovations. An increase in manufacturing
costs is caused in connection with additive manufacturing by
increased machine requirements, necessary purging opera-
tions, increased testing and inspection efforts, the emergence
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Fig.2 Innovation-Driven Influencing Factors of Process Innovations Concerning Oxygen-Free Production

of silica and increased process requirements. In the context
of extrusion, these five influencing factors are supplemented
by more difficult handling. Machining in an XHV-adequate
atmosphere also results in part clamping, reduced traverse
movements and speeds, and additional machine components
as three further influencing factors. In all three process inno-
vations, an increase in material costs is caused by the use
of argon and silane required for the purging processes. In
connection with extrusion, a sum of 2.0 results. The analysis
yields a sum of 2.6 regarding machining and 1.8 regarding
additive manufacturing. The application of Eq. 5 leads to
an /EI greater than zero in connection with all three pro-
cess innovations considered. Taking into account the case
differentiation according to Eq. 6, the process innovations
considered—extrusion, machining and additive manufactur-
ing in XHV-adequate atmosphere—are associated with an
increase in costs.

The results related to the developed approach of a method
for monetary innovation evaluation and its application to
the three process innovations for oxygen-free production are

discussed in the following Sect. 4 with regard to their mana-
gerial and research implications.

4 Discussion

In this section, the results are discussed regarding their
application in the entrepreneurial and scientific context.
Section 4.1 presents the application and benefits of the
approach developed within the entrepreneurial practice.
This is followed in Sect. 4.2 by an outline of the underlying
assumptions and further use of the approach in the context
of scientific research.

4.1 Managerial implications

The evaluation of innovations in early innovation phases is
useful but poses a challenge caused by a lack of quantitative
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Table 8 Adapted WSM

. J w Decrease Increase IEI
Concerning Oxygen-Free
Production IF Sub-Result IF Sub-Result
Extrusion
Manufacturing Costs 0.2 0.2 6 1.2 -
Material Costs 0.8 0 0.0 0.8 -
Adapted WSM,,. - - 0.2 - 2.0 1.8
Machining
Manufacturing Costs 0.2 1 0.2 9 1.8 -
Material Costs 0.8 0 0.0 1 0.8 -
Adapted WSM,., . - - 0.2 - 2.6 24
Additive Manufacturing
Manufacturing Costs 0.2 0.2 5 1.0 -
Material Costs 0.8 0 0.0 0.8 -
Adapted WSM,,,. - - 0.2 - 1.8 1.6

Jj: Criterion

w: Weight of importance

IF: Number of innovation-driven influencing factors

IEI: Innovation Evaluation Index

data (see Sect. 1). However, an evaluation of innovations is
necessary within the entrepreneurial practice to ensure an
EVA by implementing innovations according to capital-the-
oretical approaches and optimize an organization’s competi-
tiveness and profitability. This occurs if an EVA greater than
zero can be realized with the implementation of an innova-
tion. In order to evaluate innovations in early innovation
phases despite little or no quantitative data, the approach
presented represent a solution to this problem.

The approach presented is based on the extended EVA
driver tree and was applied to three production processes of
extrusion, machining and additive manufacturing in XHV-
adequate atmospheres (see Sect. 3). Based on the relations
described between the drivers of manufacturing and material
costs and the influencing factors identified (see Sect. 3), the
evaluation regarding the EVA is carried out with the aid of
the adapted WSM.

The results of the adapted WSM (see Sect. 3.3.5) show
that at the current innovation status, an implementation
of the process innovations with the aim of an EVA is not
effective. This is justified by the negative correlations
between the identified and innovation-driven influenc-
ing factors and cost drivers of the EVA (see Sect. 3). The
innovation evaluation procedure provides companies with
an opportunity to evaluate process innovations regard-
ing the EVA in early innovation phases. In addition, the
semi-quantitative approach requires relatively little effort
compared to other methods for the quantitative innova-
tion evaluation. The initial innovation evaluation based
on the adapted WSM also takes into account the strategic
orientation of companies, which can have a cost or dif-
ferentiation focus [30], for example. This consideration
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takes place via the weighting of the evaluation criteria
of manufacturing and material costs. In the case of a cost
focus, the reduction of manufacturing and material costs is
in the foreground. If competitive advantages can be gained
through material-driven differentiation, the focus is placed
on reducing manufacturing costs. In addition to the ini-
tial innovation evaluation, the procedure presented also
enables levers for generating an EVA. In the case of pro-
cess innovations in the context of oxygen-free production,
the influencing factors identified and described in Sect. 3
therefore represent levers for positively influencing the rel-
evant cost drivers and consequently generating an EVA.
These can be used by companies to effectively continue
development activities. The early targeted development
of innovations regarding a positive EVA offers companies
a time advantage in today's volatile competitive environ-
ment. The procedure presented is also suitable for cyclical
application, enabling companies to apply the procedure
cyclically to successively eliminate influencing factors that
have a negative impact on the EVA or reduce their negative
impact on the EVA. If influencing factors are eliminated,
a correspondingly increased benefit regarding the genera-
tion of an EVA can be determined based on the updated
adapted WSM. In addition, the cyclical application of the
procedure also offers an adaptation to a changed strategic
orientation via the correspondingly adjusted weighting of
the evaluation criteria. The fact that innovation-driven cost
changes can be identified at an early stage through the
application of the procedure also supports the planning
of future costs within companies. In the case of process
innovations that require the deployment of specialists, this
necessity is identified using the procedure presented. In
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this paper, the procedure for the early innovation evalua-
tion is applied to innovations in the context of oxygen-free
production. However, the procedure is also suitable for use
in connection with other process innovations.

5 Research implications

The presented approach implies a cost impact model that
shows the correlations between the cost types of manufac-
turing and material costs and more detailed cost drivers at
eight levels. These correlations can also be transferred to
another application scope in addition to innovation evalu-
ation. For example, the correlations depicted can support
the allocation of costs within cost controlling or cost-cut-
ting projects. As already mentioned in the context of cor-
porate research and development activities, the approach
presented can also be applied to the further development
of innovations carried out by research institutions. In
this way, research institutions are enabled to accelerate
research and development activities in early innovation
phases with the aim of achieving corresponding indus-
trialization by generating an EVA. In this context, the
influencing factors identified by the approach on the cost
drivers of manufacturing and material costs in particular
can also be continuously addressed in the research and
development activities through regular recording of the
influencing factors. Today's volatile competitive environ-
ment and ever-shorter product life cycles are increasing the
demands on production processes and higher-level supply
chains. Against this background, the importance of pro-
duction logistics targets is also growing. The presented
impact model based on the EVA enables further cost and
performance indicators such as logistics performance and
logistics costs to be included in the impact model. The
approach developed for monetary innovation evaluation
not only offers users of a specific process innovation an
instrument with which levers for the industrialization of
process innovations can be identified but is also suitable
for a wide range of process innovations due to the generic
impact modeling.

6 Conclusions and research agenda

In the present paper, the approach of Kuprat et al. [10]
for semi-quantitative monetary innovation evaluation was
further developed. This enhancement includes the addi-
tion of cost drivers of manufacturing and material costs
within the systematization of EVA based on a systematic
literature review on up to eight additional levels. Based on
this extended impact model, an interview guideline was

developed and presented to identify innovation-driven
influencing factors on manufacturing and material costs.
To complete the semi-quantitative monetary innovation
evaluation, the IEI was introduced. This index enables a
semi-quantitative innovation evaluation under considera-
tion of innovation-driven influencing factors on manufac-
turing and material cost using an adapted WSM. Finally,
the enhanced procedure for semi-quantitative monetary
innovation evaluation was exemplarily applied to process
innovations for oxygen-free production.

With the aim of first developing an end-to-end evalua-
tion procedure for single process innovations, the presented
approach is limited to single process innovations and conse-
quently to manufacturing and material costs. The extension
of the procedure to process chains represents further research
activities. The approach developed has to be enhanced and
validated in terms of the EVA’s other value drivers. A purely
monetary evaluation of innovations is not sufficient for ensur-
ing and increasing the competitiveness of companies, since
for example the implementation of an innovation in industrial
applications may require different lead times or batch sizes.
This can have significant effects on a company’s logistical per-
formance. Therefore, these aspects should also be included in
the evaluation of an innovation at an early stage. Consequently,
it is necessary to supplement the monetary innovation evalua-
tion with production logistics evaluation criteria in the further
course of research activities. In view of the increasing impor-
tance of production logistic target variables, the EVA driver
tree can be further built upon in this context by systematizing
drivers of logistics performance and logistics costs variables
analogously to manufacturing and material costs. In line with
this extension, it is also necessary to adapt the procedure for
the practical user with the aid of expert interviews for identi-
fying influencing factors and the adapted WSM for the inno-
vation evaluation. In addition to the extension of production
logistical cause-effect relations, the expansion of the procedure
for innovation evaluation of process innovations to include
ecological evaluation criteria also represents a further need for
research. In order to obtain an evaluation result in the context
of innovation evaluation that is increasingly based on quantita-
tive data as the process innovation progresses, a corresponding
quantification of the cause-effect relations is necessary.
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