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Abstract

Engineer-To-Order (ETO) companies develop complex one-of-a-kind products based on specific
customer demands. Given the product uniqueness, the commissioning plays an important role in
the product development process. However, the project variety and low data availability hinder the
analysis of the commissioning processes. This paper proposes a framework for the structured
analysis of commissioning processes in ETO companies by analysing the impacts from product
requirements and design on the commissioning performance. A case study presents the practical
application of the developed framework.
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1. Introduction

In the Engineer- To- Order (ETO) business a company designs and manufactures a new product
based on specific customer requirements that demand a unique engineering design or significant
customization of proven designs. ETO products are often highly complex, produced in low volume
and developed in close collaboration with the customer. One example for ETO products are
production systems such as processing plants (Joergensen et al., 2010). Given the uniqueness of each
product, the commissioning, including the testing of sub-systems and the initial ramp-up to operation,
is an increasingly significant part of the product development process (Haller et al., 2003). In order to
evaluate the success of the product development project and to reveal best practices, it is therefore
necessary to evaluate the relation between product design and commissioning (Langowitz, 1988).

The investigation of relationships between product development and commissioning in the ETO
context proves to be difficult. Typical characteristics of ETO companies, such as the uniqueness of
each developed product, a project-based organizational structure and a challenging information
management, prevent companies from efficiently comparing product design and commissioning in
order to improve future development projects (Foehr et al., 2015; Hobday, 2000).

In order to overcome these obstacles, this article proposes a framework for the structured analysis of
the commissioning phase in product development processes. In section 2, the terminology used in the
context of this article is introduced and existing approaches are discussed. In section 3, the developed
framework is presented. Section 4 covers the application of the framework in a case study in
collaboration with a company in the ETO business. The articles concludes with a discussion of the
benefits and limitations of the proposed framework in section 5 and a conclusion in section 6.
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2. State of the art

The purpose of this article is to propose a framework for the analysis of commissioning processes in
the ETO context. The following section presents the definition of the terminology used in the context
of this article and reviews existing methods that focus on the dependencies between product design
and commissioning.

2.1. Commissioning

Literature regarding the commissioning and ramp-up of production systems shows inconsistencies in
nomenclature and definition of the terms involved. Especially the terms commissioning, start-up and
ramp-up are used differently across publications.

According to Tribe and Johnson (2008), the commissioning occurs prior to the start-up of the plant.
The commissioning phases include safety, equipment checkout and various kinds of production runs.
Yu and Wang (2010) define the phases of commissioning as preliminary test, function test and start-
up. In Wilhelm and Sastri (1979), start-up is defined as the process of starting the production in a
newly built production system, while ramp-up refers to the introduction of a new product.

In general, the process of starting up is often referred to as ramp-up in literature, independent of
whether it describes a new plant or the production of a new product in an existing production facility.
Doltsinis et al. (2013) define ramp-up as a sequence of changes to the production system, with each of
those adaptions changing the state of the system. In Terwiesch and Bohn (2001) and Schmitt et al.
(2018), ramp-up is defined to start after completion of both product and process design with the
overall aim of bringing the production system to full production capacity. In general, the objective of
plant commissioning is to test and verify its operational reliability according to the requirements and
intentions defined in the product development process (Yu and Wang, 2010).

According to Haller et al. (2003), ramp-up also includes activities for the qualification and testing of the
equipment, thereby overlapping with the aforementioned definition of commissioning.

Given the inconsistencies in literature, the terminology has to be defined. In the context of this
publication, the commissioning is defined as the interface between the installation of the production
system and its operation (see Figure 1). The commissioning process is divided into two sets of activities,
qualification of sub-systems and ramp-up, which do not necessarily have to be carried out sequentially.
The qualification aims to test and verify the state of the installed equipment, thereby ensuring its
operational reliability. The objective of the ramp-up is to put the installed equipment into operation with
the objective of achieving the pre-defined operational characteristics. In the case of commissioning of
production systems, examples for those characteristics are production capacity and product quality.

Commissioning
Manufacturing & lfication of o Ooeration
Installation Qualification o amp-up p
Sub-systems

Figure 1. Commissioning

2.2. Relation between commissioning and product development

The importance of the commissioning process for the success of the product development project is
agreed upon in literature. Hence, the improvement of commissioning and ramp-up has been the focus
of many studies. Numerous studies focus on the investigation and improvement of knowledge
management in the context of ramp-up (Doltsinis et al., 2018; Oates et al., 2012; Scrimieri et al.,
2015). Others focus on improving the training of operators (Kampker et al., 2014a) or the estimation
of ramp-up cost (Winkler and Slamanig, 2008). Most of the reviewed studies focus on discrete
manufacturing and assembly industries. Kremsmayr et al. (2016) on the other hand introduces the
application of agility principles in ramp-up management in process-oriented industries.

However, the mentioned methods disregard the impact of the design of the production system on the
commissioning performance. The investigation of the dependence between the product design and the
commissioning phase has been identified as a valuable path of research (Colledani et al., 2018; Surbier
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et al., 2014; Terwiesch and Bohn, 2001), but detailed investigations into that relation are scarce.
Colledani and Yemane (2013) focus on the improvement of decisions made in the design of multi-
stage manufacturing systems. Although the purpose of the study is to overcome data uncertainty, the
proposed approach is heavily data-driven and therefore unfit to be applied in an environment
characterized by a challenging information management such as ETO businesses. Basse et al. (2014)
propose a generic approach for the design of scalable ramp-up processes, enabled by modularized
manufacturing systems. The ramp-up process is designed based on experiences from an existing
production line. Details on how to compare and analyse ramp-up process, given their one-of-a-kind
character, is missing from the publication. Hence, the development of an approach to enable the
comparison of existing production systems is necessary. Burggraf et al. (2016) follow a similar approach
by proposing the development of standardized or modular factories. The benefits of standardized
factories with regard to the ramp-up are discussed in detail. However, the publication is lacking an
approach for the definition of standardized modules and processes that is applicable to companies.

The proposed framework developed and applied in the context of this study aims to overcome the
presented shortcomings by enabling the structured comparison of the design of the production system
and its implications on the commissioning process.

3. Methodology

The following section introduces the framework developed in this study. The general structure of the
framework is presented and three kinds of insights that can be gained from the application of the
framework are introduced.

3.1. Overview of the developed framework

The objective of the developed framework is to enable an analysis of commissioning structures used in
past projects, the resulting performance and the impact from product requirements and product design.
The overall goal of the framework application is to work towards the identification of best practices in
ETO companies.

The developed framework is presented in Figure 2. The columns of the framework represent the
respective product development projects and resulting products that are selected to be part of the
analysis. It is necessary to ensure that the selected projects, despite their uniqueness and differences,
show a certain degree of similarity and are therefore qualified for the comparison with the proposed
framework. The presentation of the case study in section 4 gives an exemplary overview of the criteria
applied in this study. Given the uniqueness of projects and the vast variety of industries and
applications related to the ETO business, the criteria for project selection might differ with regard to
the characteristics of the specific case.

The rows of the matrix represent the project characteristics for the investigation. The framework
includes three characteristics for the product development project and two commissioning
performance characteristics. Approaches for the modelling and visualization for all characteristics are
presented in the context of the case study in section 4.

In order to use the framework for the analysis of commissioning processes, the commissioning
structure is selected as one characteristic. Given the uniqueness of the products, the commissioning of
the ETO product depends largely on its design. Therefore, the product structure is chosen as a second
parameter for the analysis with the developed framework. In order to account for the significant
dependency between product design and customer demands in the ETO business, the product
requirements are used as a third characteristic.

Furthermore, two performance characteristics for the commissioning processes of the product
development project are identified. Commissioning is a critical aspect to the success of the product
development, being one of the most expensive processes in the project (Elstner and Krause, 2012;
Glock and Grosse, 2015; Haller et al., 2003). Therefore, the cost of the commissioning process is
included as one performance characteristic. In addition to the cost of commissioning, Kampker et al.
(2014b) identify “time minimization” as one of the main objectives in commissioning optimization.
The time aspect of the commissioning phase is therefore chosen as a second performance
characteristic.
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Figure 2. Framework and types of insights gained from its application

3.2. Analysis of the commissioning process

The application of the framework enables three kinds of insights. First, the commissioning structure
can be compared across projects (see Figure 2 Insight 1). For example, it can be determined if certain
activities are part of all commissioning structures and what impact those activities have on the
performance of the commissioning process. The insights from that analysis can then be used to form
the stable core of activities when defining the commissioning architecture or to reveal best practices.
The second insight gained from the analysis regards the impact of the product structure on the
commissioning structure and commissioning performance (see Figure 2 Insight 2). Design choices and
their impact on the structure of the commissioning process can be investigated as well as the
consequences on the performance resulting from the decisions taken in the design process.

The third insight can be determined by analysing the impact of the product requirements on the
commissioning structure and performance (see Figure 2 Insight 3). Specific requirements that lead to
delays or cost overruns can be identified and used in order to improve future product development
projects in general and commissioning processes in particular.

4. Case study

In order to investigate the feasibility of the proposed framework a case study is conducted. The case
company is introduced and the selection criteria for the projects that are part of the framework
application are presented. Furthermore, the application of the proposed framework and a preliminary
result of the analysis are presented. Due to confidentiality, the number and extent of results shown in this
publication are limited. Therefore, a fictional case is imagined to illustrate the results (see section 4.3.1).

4.1. Case company

The case company develops and builds complex one-of-a-kind production systems and their components
for customers by following the ETO approach. Each customer order is managed as a product
development project. The product requirements that result from specific customer demands are used as
foundation for the design process. Business processes in the product development include sales, design
and engineering, procurement, installation and commissioning. A successful commissioning leads to the
handover of the production system to the customer, who will then be responsible for its operation. The
product development process of a whole production system usually takes between two and five years
between order signature and handover of the production system to the customer.
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4.2. Project selection

The first step of applying the proposed framework is to select the projects that should be in scope of
the analysis. The following subsections present the selection criteria applied in the context of this
study. Depending on the company and product, those selection criteria might have to be adapted to the
specific use case.

Despite their uniqueness, the product development projects and respective products included in the
analysis have to be similar to a certain degree. It is therefore recommended to only include products
that belong to the same product family. In this study, expert interviews in the case company are
conducted to identify the product family that is considered to be most significant to fulfil future
customer demands as subject of the framework application.

Given the ETO approach, the scopes of the projects executed in the case company differ significantly,
from designing single components for one customer to developing and erecting whole production
systems for others. To ensure comparability of the projects, it needs to be ensured that all projects
cover the same scope. In this study, only projects with the objective of developing and building whole
production systems are included.

Technologies and customer demands evolve over time. It is therefore necessary to limit the range of
projects to a certain period of time in order to ensure comparability. In this case study, the projects
have been executed over a period of 11 years.

4.3. Application of the developed framework

The framework presented in section 3 is applied to the range of projects selected based on the criteria
in section 4.2. The following subsections present the determination of each of the product
development and performance characteristics described in section 3.1. Depending on the specific use
case of the framework, different approaches might be undertaken in order to determine and visualize
the characteristics. For the approaches chosen in this study the used documentation is listed and the
visualization to illustrate the characteristic is selected. Furthermore, a fictional case is introduced to
clarify the approach undertaken in the case study.

4.3.1. Exemplary results

Given the confidentiality of the case study, only generic case study results can be presented in this article.
In order to support the reader in understanding the application of the framework and the methods
developed in the context of the case study, a fictional ETO company “Heat Inc.” is imagined. Heat Inc.
produces customized district heating substations for multi-apartment buildings based on customer
requirements. District heating substations connect to the general heat distribution network and realize the
supply of heat and/or hot water to the apartments of the customer’s building. In the following subsections,
the results gained from the application of the developed framework to the case company are presented in
generic form and expanded with the replication of the results for the fictional case of Heat Inc.

4.3.2. Product requirements

The product requirements for the development project are based on the customer demands. Contractual
documentation such as tenders and orders are used to extract the product requirements for each product.
Expert interviews with design experts in the case company are conducted to identify key requirements
with influence on product design and/or commissioning execution to be included in the analysis.

A radar chart is chosen to visualize the product requirements that result from customer demands (see
Figure 3.a). The axis scales of the radar chart do not necessarily have to be identical. However, in order
to ensure comparability, it is necessary to have the same chart axes for all products in the scope of the
analysis. For each product, the respective requirements are plotted onto the radar chart (see Figure 3.a).
This provides an overview that is easy to comprehend and compare across projects.

Figure 3b shows the product requirements for the fictional case of Heat Inc. Exemplary requirements
for the development of a district heating substation could be the number of apartments that have to be
supplied with heat and hot water, parameters such as pressure and temperature and customer’s design
demands like the tank capacity.
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Figure 3. Visualization of product requirements (a. Case study, b. Fictional result Heat Inc.)
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4.3.3. Product structure

The product structure represents a decomposition of the physical subsystems and components that
constitute the product. The objective of including this characteristic in the analysis is to identify
similarities and differences in the product structure across products and their potential influence on the
commissioning. As stated before, given the uniqueness of products in the ETO business a comparison
of product composition is difficult. Nevertheless, when following the criteria for project selection
described in section 4.2, the comparison of the product structure on a high level is possible. Therefore,
only the main components of the product are included in this study. The identification of the key
components or subsystem is executed based on the insights from expert interviews with designers and
project managers in the case company. Furthermore, one level of detail can be added to the analysis by
including the main sizes of each component in the product structure. In this case study, the product
structure is determined based on process calculations and technical drawings of components.

The product structure is visualized as shown in Figure 4.a. In this graph, each block represents a main
component. Interfaces between the components are visualized with a line. In cases where the direction
of the interface is important, arrows can be used instead of lines. The main sizes of the components
can be added to each block to enrich the analysis.

e o District heating substation
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' Hot water
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Subsystem Subsystem ; et <— Connection < Cold water

Comp./ Comp./
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Heat i i
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Heat supply ====>"Connection — Connection —> Heat supply
' i

Heat

Exchanger

i i
Heat return <—+—Connection <— Connection <~ Heat return

Figure 4. Visualization of product structure (a. Case study, b. Fictional result Heat Inc.)

A fictional example for the product structure of a district heating substation designed by Heat Inc.
based on the customer requirements presented above is shown in Figure 4.b. The arrows between the
blocks represent the flow of hot and cold water between the components. Furthermore, the flow
between the product and its environment, namely the heat distribution network on the left side of the
product and the apartments to the right, is visualized. The electrical interfaces between the controller
and the connection subsystems, including valves and pumps, are represented as well.

4.3.4. Commissioning structure

The commissioning structure represents a decomposition of the activities and tasks that have to be
carried out in order to bring the production system into operation. Since the commissioning is highly
dependent on the product design, unique products lead to unique commissioning processes. A
comparison of commissioning structures across projects is therefore difficult. However, the underlying
principle is comparable on a high level if the projects are selected carefully as described in section 4.2.
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In this case study, two dimensions of the commissioning process are taken into account: its scope
and the activities that are carried out. The scope describes what aspects of the commissioning
process are mentioned in the planning documentation. Examples for those aspects are conditions
for the start of commissioning, different testing sequences, product sequences and operator
training. Furthermore, the level of detail for each of these aspects is noted to investigate what
scope the focus of the commissioning project is on. One example for levels of detail can be: the
commissioning documentation mentions “testing of components” (low level of detail) or it
mentions the different tests for different components individually (high level of detail). In
addition to the scope, the activities that are carried out during the commissioning process are
listed. Depending on the level of detail in the data, the duration of each activity can be included to
enrich the analysis. The information necessary to get an overview of scope and activities is taken
from commissioning and planning documentation.

The visualization shown in Figure 5.a is chosen in order to illustrate the commissioning structure
with the two dimensions presented above. It consists of two lists, describing the scope and
activities respectively.

Figure 5.b shows a fictional example for the commissioning structure of one district heating
substation designed by Heat Inc. The activities listed in the commissioning plans for the specific
product are marked and their estimated durations are noted. The aspects of “Testing utilities”,
“Heat testing” and “Hot water testing” are not part of the commissioning documentation for this
specific product despite their relevance for other products in the scope of the framework
application and therefore not coloured in Figure 5.b.
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Figure 5. Visualization of commissioning structure (a. Case study, b. Fictional result Heat Inc.)

4.3.5. Commissioning time

In order to analyse the performance of the commissioning process in regards to time, both the estimated
and actual commissioning duration have to be taken into account. The originally estimated commissioning
duration is extracted from orders, the actual duration is based on planning documentation. Depending on
the level of detail in the gathered data, the total commissioning duration can be divided into components.
One example is the split of the commissioning process into qualification of subsystems and ramp-up as
defined in section 2 (see Figure 1).

In order to visualize the time aspect of the commissioning phase, a stacked bar chart is chosen
(see Figure 6.a). The initial delay of the start of the commissioning phase is calculated as the
difference between actual and estimated start of commissioning. The final delay is calculated
using the end of commissioning respectively. In order to simplify readability, the horizontal axis
of the graph should be scaled identically for all projects in the scope of the analysis.
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Figure 6. Visualization of commissioning time (a. Case study, b. Fictional result Heat Inc.)
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Figure 6.b shows the corresponding visualization of the commissioning time for the district heating
substation developed by Heat Inc. based on the fictional results presented in the previous section. An
initial delay of 2.5 days is added to the estimated commissioning time, as well as a delay of 1 day for
the testing of components and subsystems, resulting in a 3.5 days final delay.

4.3.6. Commissioning cost

The evaluation of the performance of the commissioning process in regard to cost requires the
consideration of both estimated and actual cost. The relevant data is gathered from cost estimations,
budgets and employee hour registrations. In this study, expert interviews are conducted in order to
identify the different aspects that influence the commissioning cost. Furthermore, a process analysis
based on historical company data is carried out. Two main dimensions are identified to describe the
impact each cost factor has on the overall commissioning cost: Location and responsible party. Each
of these dimensions can be characterized in two ways (see Figure 7). Each cost unit with impact on
commissioning can therefore be classified in one of four categories. The total commissioning cost
calculates as the sum of the four cost categories.

Location
On-Site Off-Site
The labour or material is used or produced in | The labour or material is used or produced in
the production system that is to be the office, workshop etc.
commissioned.
Internal
The company responsible for
the commissioning of the Internal Internal
production system is On-Site Cost Off-Site Cost
responsible to provide the
Responsible labour or material.
Party
External
An external company is External External
responsible to provide the On-Site Cost Off-Site Cost
labour or material.

Figure 7. Decomposition of commissioning cost

The financial performance of the commissioning is visualized with a stacked bar chart (see Figure
8.a). The scale of the horizontal axis should be normalized across products in the analysis in order to
simplify readability. In regard to the commissioning of the fictional district heating substation
produced by Heat Inc., the described delays lead to increased internal off-site cost and external on-
site cost (see Figure 8.b). Due to the nature of the fictional case, no external off-site cost occur.

e Il B Internal On-Site Cost c

B W Internal Off-Site Cost
M External On-Site Cost
External Off-Site Cost Estimated

Il B internal On-Site Cost
I W Internal Off-Site Cost
M External On-Site Cost

Estimated

Actual Actual

Commissioning Cost

Figure 8. Visualization of commissioning cost (a. Case study, b. Fictional result Heat Inc.)

Commissioning Cost [€]

4.4. Preliminary result

The framework has been applied in collaboration with the case company as described in the
previous sections. Due to confidentiality, the amount of results presented in this section is limited
and no details can be disclosed. Nevertheless, this section presents an exemplary result from the
preliminary analysis in the case company, demonstrating what can be expected when applying the
developed framework.
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The high-level commissioning structure is analysed across multiple projects (see Figure 2 Insight 1). It is
determined that certain commissioning activities are part of all commissioning processes in the scope of
the analysis. This indicates that these activities are essential to any commissioning project in that product
family. Furthermore, it can be seen that some activities only occur if the product structure includes certain
components. This indicates that the proposed framework can be used to classify commissioning activities.

5. Discussion

The feasibility of the framework application in the ETO context has been indicated with the conduction
of the case study. The study demonstrates that commissioning processes can be compared on a high level
despite the uniqueness of products and processes across ETO projects. The identification of patterns
across projects reveals the impact of product requirements and design decisions on the commissioning of
the product and its performance. Furthermore, the visual character of the framework enables an
uncomplicated communication of the identified patterns to practitioners. Nevertheless, the case study
shows that the benefits gained from the framework application depend largely on the available data. The
value of the insights gained from the analysis is linked to the level of detail in the data. Hence, in order to
mitigate poor data quality and data unavailability that is typical for the ETO business (Hobday, 2000),
the collection and structuring of the data necessary to perform an analysis such as the approach presented
in this paper has to be further investigated.

6. Conclusion

Due to the uniqueness of products and product development projects in the Engineer-To-Order
(ETO) business, companies often face difficulties when comparing products and projects in order to
identify best practices. This article proposes a framework for the analysis of the commissioning
process in the ETO business. The framework aims to analyse the structure of commissioning
processes across complex one-of-a-kind products. The evaluation of the commissioning process is
enabled by including the product requirements, product design and two performance characteristics
in the framework.

A case study was conducted in collaboration with a company from the ETO industry. The case study
shows the feasibility of the application of the framework in the ETO context. The application of the
framework supports ETO companies in analysing historical product and project data and thereby
identifying potential future improvements in regard to product and process design.
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