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Engineering Changes (ECs) are a fact of life for companies in the Engineer-To-Order (ETO) production environment. Vari-
ous Engineering Change Management (ECM) strategies, practices and tools exist, but no explicit distinction has been made
regarding ECM in different production environments. Using a multiple case study method, this article investigates how ETO
companies manage ECs and how ETO characteristics influence ECM. A generic ECM framework was developed and used
to map ECM in the cases. The study showed that ETO companies use similar practices for handling ECs, while ECM tools
are either not used by the companies or used to a very limited extent. It was found that the use of some ECM practices and
tools is complicated by specific ETO company characteristics. However, no reasons were found for the lack of computer-
based tools, change propagation and impact assessment tools, change reduction and front-loading tools, and design tools.
This suggests, firstly, that there is vast room for improvement in ETO companies when it comes to ECM; and secondly, that
the applicability of such tools should be further tested in the ETO environment. Based on the findings, some suggestions as
to how ECM can be improved in ETO companies are given to practitioners.
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List of abbreviations

BOM Bill of Material
CPM Change Prediction Method
DfC Design for Changeability
DFMA Design for Manufacturing and Assembly
DSM Design Structure Matrix
EC Engineering Change
ECM Engineering Change Management
ETO Engineer-to-Order
FMEA Failure Mode and Effect Analysis
PDM Product Data Management
PLM Product Lifecycle Management
QFD Quality Function Deployment

1. Introduction

Engineering Changes (ECs) are necessary for improving product design, adapting products to new requirements and enhanc-
ing product manufacturability (Wang and Che 2008; Reddi and Moon 2013). ECs can be understood as modifications to
the structure, behaviour and function of a technical artefact that has already been released during the design process (Ham-
raz, Caldwell, and Clarkson 2013). Fundamentally there are two types of ECs: those coming from the product itself (e.g.
mistakes and errors), and those initiated externally (e.g. customer requests), which are referred to as emergent and initiated
ECs, respectively (Jarratt et al. 2011). A single change often causes a series of changes across the company, from design
and engineering to procurement, production and post-production – often affecting the cost, scheduling and planning of the
impacted product (Jarratt, Clarkson, and Eckert 2005). Riley, Diller, and Kerr (2005) determined that the overhead costs of
handling ECs in the construction industry amounted to 15% of a project’s budget. Fricke et al. (2000) concluded that 30%
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of the daily work of engineers and managers in German companies is dedicated to EC handling. Han, Love, and Pena-Mora
(2013) discovered that ECs lead to schedule delays in construction projects despite construction managers’ efforts to deliver
projects on time.

Implementation of Engineering Change Management (ECM) has been found to reduce the negative impacts of ECs
(Jarratt, Clarkson, and Eckert 2005). In this study, ECM refers to the organisation, control and execution of ECs and covers
the entire product lifecycle, from the selection of a concept to the wind-down of production and support (Hamraz, Caldwell,
and Clarkson 2013). The goals of ECM are to reduce the number of ECs, to select ECs effectively when they occur, to
implement ECs efficiently and to continuously learn from the implementation process (Fricke et al. 2000). To achieve these
goals, a variety of ECM practices and tools have been developed. Several surveys and case studies have investigated the
extent of use of ECM practices and tools in industry (Huang, Yee, and Mak 2003; Huang and Mak 1999; Eckert et al. 2009;
Storbjerg, Brunoe, and Nielsen 2016; Tavčar, Demšar, and Duhovnik 2018). Eckert et al. (2009) mentioned that future ECM
is likely to differ along such contextual conditions as production volume, product customisation level, degree of uncertainty
and inherent product complexity. However, available studies do not explicitly distinguish between the contextual conditions
of different production environments that might influence the use of these strategies, practices and tools. Hence, the question
of whether ECM practices and tools are equally applicable in all production environments is still unanswered. This paper
seeks to address this question by investigating ECM research in the context of the Engineer-To-Order (ETO) production
environment. The paper extends previous research conducted by the authors in this area (Iakymenko et al. 2018).

In the ETO production environment, a product is designed, engineered and produced after a customer order has been
received (Olhager 2003; Gosling and Naim 2009). Customer orders in the ETO environment are usually coordinated on a
project basis (Yang 2013; Hobday 2000). ETO products are one-off by their nature, but can range from those that are built
on a base of existing sub-solutions to completely new designs (Johnsen and Hvam 2019; Willner et al. 2016; Wikner and
Rudberg 2005; Gosling, Hewlett, and Naim 2017). Existing literature agrees that the level of uncertainty is higher in ETO
comparing to the other production environments (Ghiyasinasab et al. 2020; Reid, Bamford, and Ismail 2019; Muntslag 1994;
McGovern, Hicks, and Earl 1999). Specifically, product mix, volumes and specifications are dependent on customers and
difficult to forecast (Muntslag 1994). Production processes are uncertain in terms of specifications and durations (McGovern,
Hicks, and Earl 1999; Zennaro et al. 2019). Overlap of design, engineering, purchasing, and production processes, often used
in the ETO environment to reduce the delivery time, leads to incomplete product data being exchanged between the actors
(McGovern, Hicks, and Earl 1999; Semini et al. 2014; Zennaro et al. 2019). Unlike make-to-stock and mass production
environments, where ECs are mainly managed before the start of production (changes are batched and implemented in
the next production run, on-hand inventories are gradually phased out), ETO companies cannot postpone ECs to the next
production run since the production is discontinuous (Gann and Salter 2000). This is further complicated by the fact that
ECs are implemented in an uncertain environment – with missing and incomplete information exchanged between company
functions and suppliers, and uncertain specifications of production processes and resources needed. This paper aims to
unfold this topic further by studying if (and how) the specifics of the ETO production environment influence ECM by
answering the following questions: (1) How do companies operating in the ETO production environment manage ECs, and
what ECM strategies, practices and tools are they using? (2) How do the specific characteristics of the ETO production
environment influence ECM?

The structure of the paper is as follows. In section 2, existing ECM literature is reviewed and combined into a framework
of ECM strategies, practices and tools. Section 3 outlines the study’s research methodology. In section 4, the five cases are
introduced. Section 5 analyses the cases to answer the research questions. Section 6 discusses findings and summarises
them into practical recommendations for the ETO sector. Section 7 concludes the paper and provides suggestions for further
research.

2. Theoretical framework for engineering change management

On a general level, ECM includes five strategies aimed to reduce the negative aspects and maximise the positive aspects
of ECs. For each strategy, a range of practices and tools exist. This section outlines the ECM strategies, practices and
tools described in the literature and structures them into a theoretical framework by linking each practice and tool to the
corresponding ECM strategy.

2.1. ECM strategies

The most comprehensive list of ECM strategies was developed by Fricke et al. (2000) and consists of five strategies: ‘less’,
‘earlier’, ‘effective’, ‘efficient’ and ‘better’. The ‘less’ strategy (S1) aims at reducing the number of ECs. The ‘earlier’
strategy (S2, also referred to as front-loading) aims at early detection and implementation of changes and is motivated by
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the fact that the later a change is implemented, the higher the cost of its implementation. The ‘effective’ strategy (S3) aims
at accurate assessment of ECs to ensure that they are necessary and beneficial. Here, uneconomic and senseless changes
should be filtered out. The ‘efficient’ strategy (S4) aims at the implementation of ECs by making the best use of resources.
The ‘better’ strategy (S5) aims at reviewing and evaluating ECs after they have been implemented – assessing whether the
initial impact estimation was correct, identifying mistakes made at each ECM stage, and preventing similar mistakes in the
future.

2.2. ECM practices

The scientific literature recommends that companies have a clear process of organising EC activities (Jarratt et al. 2011;
Wickel et al. 2015) and suggests steps that companies should follow when implementing ECs. These steps are (1) raise an
EC request, (2) identify possible solutions to the EC request, (3) assess the impacts of possible solutions, (4) select and
approve a solution, (5) implement the solution and (6) perform an EC post-implementation review. First, a request for the
change must be made, and all necessary information about the change needs to be captured. Next, possible solutions to the
change request must be identified, and the impact of each solution in terms of cost and time must be assessed. Based on this,
the best solution can be chosen and approved.

Stevens and Wright (1991) suggested using change categorisation (often monetary) to allow decision making about EC
implementation at the lowest possible level in the organisation for the efficient use of human resources. When it comes to
efficient EC implementation, two main strategies are suggested: implementation of ECs by urgency, and EC batching. For
example, Barzizza, Caridi, and Cigolini (2001) differentiated between ‘scrap’, ‘rework’ and ‘use as-is’ changes to suggest
the appropriate timing for EC implementation in production. Nadia, Gregory, and Vince (2006) suggested implementing
ECs in batches rather than immediately after their occurrence. At the final step of the EC process, the implemented EC
should be formally reviewed to assess whether the initial estimations were correct, and the knowledge gained during the EC
implementation process should be gathered and centrally stored for analysis and use in future EC implementations. Further-
more, it is important to make information available not only after the EC is implemented but also during the EC assessment
and implementation process. A major challenge in EC implementation is to ensure that only the current documentation
is available to all functions and departments. Hence, it is important that information about ECs is properly documented,
centrally stored and readily available to all concerned parties (Morris et al. 2016; Sivanathan, Ritchie, and Lim 2017).

The importance of integration between design, engineering and production, as well as integration with suppliers, has
been highlighted in the literature (e.g. Dekkers, Chang, and Kreutzfeldt (2013); Lau, Yam, and Tang (2010)). It has been
shown that successful integration helps to reduce, front-load and implement changes more effectively and efficiently (Lau,
Yam, and Tang 2010; Swink, Talluri, and Pandejpong 2006; Rauniar et al. 2008; Rouibah and Caskey 2003). Among the
‘soft’ practices recommended here are the involvement of the production function early in the design and engineering
processes for change reduction and front-loading (Huang and Mak 1999; Jarratt et al. 2011), the involvement of suppliers
early in the EC process, employing a cross-enterprise EC process to communicate on EC issues for change front-loading
and its effective and efficient implementation (Wasmer, Staub, and Vroom 2011; Rouibah and Caskey 2003; Morris et al.
2016; Tavčar, Demšar, and Duhovnik 2018), and the establishment of cross-functional teams to work on ECs. These teams
should consist of representatives from different disciplines, such as design, engineering, production, purchasing, planning
and sales. These teams should have a responsible coordinator of EC activities and separate meetings dedicated to working
on ECs (Huang and Mak 1999; Sjögren et al. 2018).

2.3. ECM tools

In addition to the ECM practices described above, a range of ‘hard’ tools exist to support ECM. These tools can be
divided into four groups: computer-based support tools, change reduction and front-loading tools, design tools, and change
propagation and impact assessment tools.

Computer-based tools to support ECM range from dedicated ECM systems developed by academia or industry (Chen
et al. 2015; Sivanathan, Ritchie, and Lim 2017) to large, commercially available configuration management systems (Whyte,
Stasis, and Lindkvist 2016), as well as Product Data Management (PDM) and Product Lifecycle Management (PLM)
systems (Wu et al. 2014; Do 2015). Such systems are used to track and document changes throughout the product life-
cycle, support EC-related documentation flow, capture and reuse knowledge on ECs, support inter- and intra-company
communication and collaboration on ECs, and virtually test products under occurring changes.

Tools such as Quality Function Deployment (QFD) and Failure Mode and Effect Analysis (FMEA) are used by compa-
nies for EC reduction and front-loading (Huang and Mak 1999). Eckert et al. (2009) argued that many changes occur not
because of new customer requirements but rather because the company did not understand their requirements in the first
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place. To avoid these kinds of changes, QFD can be used, as it helps translate customers’ wants and needs into engineering
characteristics of the product. FMEA is a method that identifies, prioritises and reduces potential problems in the given
product (Braaksma, Klingenberg, and Veldman 2013). If carried out early in the design process, FMEA reduces the number
of internal ECs occurring due to errors (Eckert et al. 2009).

Different product design tools can be used to reduce the number of ECs, front-load them and reduce their propagation.
These include Design for Manufacturing and Assembly (DfMA), Design for Changeability (DfC) and design freeze. Often,
after design drawings are passed to the production and assembly engineers, design problems are encountered, thereby
requiring changes to be made. DfMA prevents the occurrence of such emergent changes at late stages of the product lifecycle
(Huang and Mak 1999; Jarratt et al. 2011). DfMA was created as an approach aimed at designing products for easy and
economical manufacturing and assembly (Battaïa et al. 2018; Xie et al. 2003; Das and Kanchanapiboon 2011). There are
many approaches to DfMA, with one common feature being the integration of manufacturing and assembly requirements
early in the design process (Xie et al. 2003; Das and Kanchanapiboon 2011; Boothroyd 1994).

DfC is aimed towards designing systems and products such that future configuration changes can be easily and rapidly
implemented or avoided altogether (Ross, Rhodes, and Hastings 2008). According to Fricke and Schulz (2005), change-
ability can be reached through the three basic principles of simplicity, independence and modularity. Modular design, in
which modules are interconnected through a set of standard interfaces or rules, is probably the most widespread approach
(Ethiraj and Levinthal 2004; Baldwin and Clark 1997; Wu et al. 2016). As long as designers obey these rules and do not
change interfaces, they have substantial freedom to try out different designs inside the module (Baldwin and Clark 1997).
This means that modules can evolve autonomously, without altering the whole system, making systems more robust to
change propagations (Sanchez 1999; Jarratt et al. 2011). Another important approach enabling changeability is platform
design (Fricke and Schulz 2005). A product platform is defined as a set of constant parameters, features and components,
from which a stream of derivative product variants can be efficiently produced and developed (Galizia et al. 2020; Simpson,
Maier, and Mistree 2001). Platform is engineered or produced to stock, and differentiated features and parts are added when
the order is known (Galizia et al. 2020), which reduces the number of ECs initiated by customers.

Finally, design freeze can be used to limit the number of changes that occur (Eger, Eckert, and Clarkson 2005; Dieter
2000). Design freeze is a point in the design activity when a formal stop is placed on the evolution of the design. After that,
the design is handed over to production, and the product can be built with no further changes. In addition, some parts and
systems can be frozen before the overall design freeze. This is done, for example, when purchased items with long lead
times require the definition of dependencies between parameters (Eger, Eckert, and Clarkson 2005).

Change propagation and impact assessment tools are intended to identify dependencies in a system in order to assess
the impact of change propagation. Several tools have been proposed in this area, most of which include a model (matrix,
network, graph) to represent dependencies between components of a product, as well as a technique to predict or analyse
the impact of a change propagation. The most established method is the Change Prediction Method (CPM) proposed by
Clarkson, Simons, and Eckert (2004). The CPM is used to break up a product into subsystems in order to create a Design
Structure Matrix (DSM). Further, experts estimate a change propagation between subsystems and assess both its likelihood
and impact. Researchers have developed this approach further, attempting to address its limitations by adding functional
linkages between components (Hamraz et al. 2015), adding cost-based analysis for different solutions (da Cunha Barbosa
and de Souza 2017), and automating the subjective estimations of experts (Zheng, Chen, and Shang 2019).

Table 1 summarises the described practices and tools and links each of them to the corresponding ECM strategies.

3. Research methodology

Since the aim of this study was to obtain an in-depth understanding of ECM strategies, practices and tools in the ETO
context and to answer ‘how’ questions using contextual data collected from directly involved actors, a case study approach
was chosen (Yin 2014; Barratt, Choi, and Li 2011; Eisenhardt 1989). In order to create a more robust theory, strengthen
external validity and protect against observer bias, multiple case studies in ETO companies were conducted (Eisenhardt
1989; Yin 2014). A total of five case studies were chosen to balance between the depth of the study (greater for fewer cases)
and the generalisability of the results (better for a larger number of cases) (Voss, Tsikriktsis, and Frohlich 2002). Generally,
between four to ten cases work well, according to Eisenhardt (1989).

Prior to conducting the case studies, a literature review was carried out. The aim of the literature review was to identify
ECM strategies, practices and tools mentioned in the literature. These were used as a guide both when creating the case
study protocol and interview guide and when analysing the results by assessing the degree of use of the different ECM
strategies, practices and tools.

The research process is presented in a flowchart in Figure 1 and is further described in sections 3.2 and 3.3.
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Table 1. Theoretical framework for ECM.

ECM strategies

Less Earlier Effective Efficient Better
ECM practices and tools S1 S2 S3 S4 S5

ECM practices P1 – Establishment of a clear
ECM process

� � �

P2 – Appointment of a
coordinator of EC activities

� �

P3 – Establishment of a cross-
functional team to work on
ECs

� � �

P4 – Separate meetings to work
on ECs

� �

P5 – Development of several
solutions to ECs

� �

P6 – Involvement of production
early in the design and
engineering process

� �

P7 – Involvement of the suppliers
early in the EC assessment and
implementation process and
cross-enterprise ECM process

� � �

P8 – Assessment of EC impacts
on time and cost

�

P9 – Documentation and
centralised access to EC status
and history

� � �

P10 – Formal post-
implementation review
of ECs

�

P11 – Making decisions
regarding ECs at the lowest
possible level

�

P12 – EC implementation by
urgency

�

P13 – Batch implementation of
ECs

�

Computer-based tools to support
ECM

T1 – Dedicated IT systems for
ECM

� � �

T2 – Configuration Management
Systems

� � � �

T3 – PDM/PLM systems � � �
Change reduction and front-

loading tools
T4 – Quality Function

Deployment (QFD)
� �

T5 – Failure Mode and Effect
Analysis (FMEA)

� �

Design tools T6 – Design for Manufacturing
and Assembly (DfMA)

� �

T7 – Design for Changeability
(DfC)

� �

T8 – Design freeze �
Change propagation and impact

assessment tools
T9 – Change Prediction Methods

(CPMs) and Design Structure
Matrices (DSMs)

� �

3.1. Unit of analysis and case selection

The unit of analysis in this study was a single company operating in the ETO production environment. The selection of cases
was guided by theoretical interests rather than statistical sampling logic (Eisenhardt 1989). In particular, literal replication
logic was used to select cases that would potentially yield similar results (Yin 2014). Production companies operating in the
ETO production environment were targeted. The companies were sampled using the following criteria: First, the company
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Figure 1. Research process.

must produce customised products, meaning that design and engineering activities are performed for each new customer
order. Second, the company must be vertically integrated, performing design, engineering, procurement and production
processes in-house. The inclusion of vertically integrated companies allowed the researchers to study all ECM strategies,
practices and tools without the involvement of supply chain partners in the research. Third, the company must allow for
changes to the product after the design and engineering drawings have been released to production. This allowed for the
inclusion of late disruptive ECs requiring the implementation of various ECM practices and tools, as opposed to early
ECs, often called design iterations, for which a limited number of ECM practices and tools is necessary. The selected case
companies were known to the authors from previous research collaboration.

3.2. Data collection

The primary source for empirical data collection were interviews. During the interviews, participants were asked to describe
the ECM processes in their companies, the procedures that each EC undergoes, the departments and responsible people
involved in the change-handling process, and any practices, tools or IT systems used to support the management of ECs.
Questions regarding specific practices and tools were not asked at this stage to avoid yes-saying behaviours (Bryman and
Bell 2003). Such questions at this stage would also have restricted the exploratory research to only those practices and
tools identified in the literature review. Next, the interview participants were asked to identify what factors and specific
characteristics of their companies they thought influenced the implementation and use of existing ECM practices and tools.
The researchers sought to avoid leading questions at this stage of the interviews in order to potentially discover new insights
about the management of ECs in the case companies. At the last stage of the interviews, the participants were presented
with the ECM practices and tools available in the literature but not used in their companies and asked whether they believed
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Table 2. Sources of data.

Interviews

Company Respondents Researchers present Duration
Company’s internal

documents Additional sources

A Two project managers,
project planner, deputy
CEO/chief market and
innovation

Main author 3 hours Change management
procedure description,
change order request
form, change evaluation
spreadsheets

Plant tour, company
website, company
presentations, reports
from previous projects
with the company
conducted in the
research group

B Two project managers Main author 3 hours Change request and
implementation
procedure description,
change order request
form

Plant tour, company
website, company
presentations, reports
from previous projects
with the company
conducted in the
research group

C Vice president project,
project manager/senior
order coordinator,
master planner

Main author, senior
researcher, junior
researcher

2.5 hours Change-handling
procedure description,
change order request
form

Plant tour, company
website, reports from
previous projects with
the company conducted
in the research group

D Technical manager Main author, junior
researcher

3 hours Change-handling
procedure description

Plant tour, company
website

E Project manager,
purchasing manager and
engineer, production
manager, sales engineer

Main author, senior
researcher, junior
researcher

2 hours Change-handling
procedure description

Plant tour, company
website, reports from
previous projects with
the company conducted
in the research group

that these practices and tools could be valuable for managing ECs in their companies – and if not, why. Answers to the final
part of the interviews were limited since the participants were reluctant to make definitive statements about practices and
tools they had never used.

The companies’ internal documents supporting ECM processes were collected during the interviews – descriptions of
the change management procedures extracted from the companies’ quality systems, examples of change order forms and
change evaluation spreadsheets from past projects.

The procedure for identifying and obtaining interview participants was as follows. The contact person, typically the
managing director or a senior project manager, was approached first for assistance in identifying key informants. Project
managers are typically responsible for EC implementation, as they have the most comprehensive view of the process and
are able to reflect on dependencies between the company’s environment and ECM. When needed, project managers direct
the researchers to engineers, planners and purchasers for additional information. In Company D, the technical manager was
responsible for EC implementation due to a recent company downsizing. Table 2 outlines details of the interviews and the
data sources for each case company.

The first author carried out all the interviews and, to the extent possible, the same questions were asked to all participants
to increase the reliability of the collected data (Matthews and Ross 2010). The interview questions were first tested with a
project manager in Company A and were subsequently modified. All interviews were recorded, transcribed and sent to the
respective interviewees for review and confirmation to ensure the construct validity of the results (Yin 2014). All unclear
issues and requests for additional information were followed-up by phone calls and e-mails. Collected company documen-
tation, plant tour notes, company websites and reports from previous projects with companies were used for triangulation
purposes (Yin 2014; Miles, Huberman, and Saldana 2014) (see Table 2).

3.3. Data analysis

For data analysis, recommendations made by Eisenhardt (1989), and Miles, Huberman, and Saldana (2014) were followed.
NVivo software was used to store the data and facilitate the analysis. Initially, individual reports, including interview tran-
scripts and field notes, were prepared for each case and checked with the informants. Next, codes were assigned deductively
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to interview transcripts, field notes and collected documents using the identified ECM strategies, practices and tools as a
codebook. The use of ECM practices and tools in the cases was compared to the description of practices and tools in theory,
thereby providing the answer to research question one.

At the next stage, inductive coding was conducted to identify the company characteristics influencing ECM practices and
tools and to answer research question two. Since no codebook was used here, first-order coding was done first to describe
and summarise the data. This was followed by second-order coding to reduce the data by grouping separate codes and
aligning codes across different cases. Next, the data from each case were combined in an Excel spreadsheet and compared
by looking at the commonalities and differences in case dimensions with regard to the practices and tools used and to the
company characteristics influencing these practices and tools. The results of this part of the analysis also provided answers
to research question two.

4. Description of cases

The research was conducted in collaboration with five companies in the Norwegian ETO section that, respectively, produce
ships (Company A), power electronic equipment (Company B), propulsion systems, vessel positioning and manoeuvring
(Company C), pressure vessels (Company D) and hydraulic systems (Company E). A summary of the case company
characteristics is presented in Table 3.

5. Results

The results of the study are presented in the following two sections. Section 5.1 answers research question one: How
do companies operating in the ETO production environment manage ECs, and what ECM strategies, practices and tools
are they using? Section 5.2 answers research question two: How do the specific characteristics of the ETO production
environment influence ECM?

5.1. Engineering change management in the case companies

5.1.1. ECM practices

The ECM processes in the case companies are based on the ISO9000 standard and are described in their internal quality
systems (P1). In all the companies, this process is slightly different from the one described in the theory (section 2.2) and
consists of the following steps: (1) raise an EC request, (2) assess the impacts of the EC, (3) send a Change Order Request
(COR) to get confirmation and (4) implement the EC. The ECM process typically begins when the project manager is
notified about a needed change. The project manager then coordinates the EC activities (P2). In response to the change
request, the EC coordinator makes a rough estimation of the EC either individually or with a project team. None of the
companies develop several solutions to the required change (P5) either due to time pressures or because the solution is
obvious. Depending on the potential disciplines affected, relevant project team representatives are brought in to work on
the EC. The team might consist of representatives from design, engineering, production, planning, purchasing and sales
departments (P3). Based on the output from the project team, the EC coordinator creates a formal COR, which is then
sent to the customer for confirmation. Only Company A reported holding separate meetings dedicated to working on an
EC. The other companies discussed ECs as a part of status meetings or did not include ECs in any meetings at all, instead
discussing them informally by e-mail, phone calls and/or one-to-one meetings (P4). The COR describes both the change and
its consequences, such as delivery time and contract cost. Time and cost are estimated based largely on the project team’s
experience rather than any structured assessment approach (P8). After the COR is confirmed by the customer, the relevant
departments are notified about the EC, and drawings, material lists and production plans are updated in the respective IT
systems. If relevant departments are not involved in the change assessment process, they are notified about the EC only
after it has been confirmed by the customer. The case companies apply the formal EC process only to large ECs initiated
by customers. ECs caused by internal mistakes and errors in engineering and production are typically fixed locally by the
affected disciplines, not documented as change orders, and hence are not available for future use. Even though ECs caused
by customer requirements are formally documented, information on such ECs is not necessarily easily accessible. The
project manager and the project team use Excel and Word files to calculate the impact of ECs and store them locally on their
PCs. Companies B and D use cloud solutions to store final EC assessment documents after the ECs have been implemented.
EC tracking and status updates are not available in these solutions (P9).

Suppliers are involved in the EC implementation process only if they provide customised components that are affected
by the EC (P7). In this case, they are asked to provide information on the cost and time needed to modify the component.
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Table 3. Characteristics of case companies.

Case company

Case company characteristics A B C D E

Products Ships Power electronic
equipment (propul-
sion, uninterruptible
power supply,
and low voltage
distribution systems)

Systems for propul-
sion, positioning
and manoeuvring of
vessels

Pressure vessels Hydraulic systems

Customers Ship owners or
investors operating
in the offshore
market

Oil and gas, and
shipbuilding
industry

Ship owners and
shipbuilding
companies

Offshore, onshore,
chemical and
process industries

Offshore, maritime
and land-based
industries

Company size (number of employees) Large (600) Large (275) Large (318) Small (48) Medium (79)
Production volume per year < 1 50 200–300 20 300
Project delivery time, month 24 4–6 2.5-3 2–12 1–6
Number of ECs per project up to 1000 up to 10 2 < 1 < 1
Number of ECs per year ≈ 500 ≈ 500 ≈ 400–600 ≈ 20 ≈ 300
End product complexitya High Medium Medium Low Low
End product customisation levelb High Medium Medium Medium-Low Medium-Low
Type of procured components Both standard and

customised. Main
equipment (engines,
propellers, thrusters,
on-deck equipment)
is procured from
suppliers and
customised for each
vessel.

Both standard and
customised. 80%
of procured parts
and components are
customised.

Both standard and
customised. Steel
plates for big
thrusters, gearboxes
and hydraulic
cylinders are
customised.

Both standard and
customised. Most
procured parts
and components
(steel plates
and segregation
equipment) are
customized.

Purchased components
are mostly standard.

(Continued).



InternationalJournalofP
roduction

R
esearch

4515

Table 3. Continued.

Case company

Case company characteristics A B C D E

Production processes Mostly assembly
processes.Some
areas in the facility
are dedicated
to making sub-
assemblies and
components,
using jobbing and
batching methods.

Mostly assembly
processes, where
several products are
being assembled
at the same
time.Some areas
in the facility are
dedicated to making
sub-assemblies
and components,
using jobbing and
batching methods.

Single product is
moved between
partially automated
stations (steel
cutting, bending,
welding, heat
treatments, painting,
machining) to the
assembly hull,
where mechanical
and electrical
components are
added.Some areas
in the facility are
dedicated to making
sub-assemblies
and components,
using jobbing and
batching methods.

Single product is
moved between
partially automated
stations (plate
cutting, welding,
heat treatment) to
the assembly hull,
where mechanical
and electrical
components are
added.Some
parts are pro-
duced in batches
using dedicated
machinery.

Single product is
moved between
partially auto-
mated stations
(cutting, milling,
honing, grindings,
machining, welding,
surface treatment)
to the assembly,
where all pur-
chased components
are added.Some
parts are pro-
duced in batches
using dedicated
machinery.

Production process uncertaintyc High High Medium Medium-Low Medium-Low

aDetermined as a number of BOM levels in the final product: High > 1000, Medium 500–1000, Low < 500.
bAll companies have a segment of standard products, but only customised products were considered in the study. The degree of customisation is characterised as (Zorzini et al. 2008):
Low – different configurations of common parts with some limited customisation; Medium – some truly customised parts (largely based on previous projects); High – a completely
new design.
cEstimated and qualitatively based on plant tour observations: High uncertainty – mainly assembly or jobbing, highly labour-intensive processes; Medium uncertainty – equal amount
of assembly, jobbing and batch processes, dedicated machinery and manual labour are used equally; Low uncertainty – mainly batch processes with dedicated machinery.
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The case companies do not differentiate between changes based on the urgency with which they must be implemented,
and they do not batch them (P12, P13). All changes are assessed and implemented immediately. However, monetary differ-
entiation of ECs is used in all companies to make decisions about ECs at the lowest possible level (P11). For example, in
Company B, all changes below 500,000 NOK can be internally approved by the project manager. Only changes above this
cost must be approved by the head of the division.

There is no formal EC post-implementation review performed by the companies (P10). Companies D and E stated
that there was no need for formal reviews since they were confident that their initial EC impact estimates were correct.
Companies A, B and C agreed that such reviews can be advantageous but expressed concern that measuring the exact EC
impacts even after implementation might be difficult (this is further discussed in section 5.2).

Finally, Companies A and C stated that they had attempted to involve representatives of production early in the design
and engineering process to ensure that there would be no problems in making a product (P6). However, such attempts were
done sporadically and without any consistent approach or strategy.

5.1.2. ECM tools

While the use of ‘soft’ ECM practices is quite extensive, ‘hard’ tools are used to a much lesser extent. There are no dedicated
IT systems for ECM (T1), and ECM modules within PLM software are either not used or not installed (T3). Companies A,
B and C do have PDM/PLM software, but they do not use it for ECM support. All companies have simple configurators
(T3), but these are used only by the sales department for product price calculations. Configurators are sometimes used to
retrieve costs of parts and components affected by an EC, but they do not have a virtual testing functionality that can be
used to simulate and test ECs.

DfMA (T6) and DfC (T7) are used to a very limited extent by some companies. As previously stated, Companies A
and C tried to include production early in design and engineering processes as a part of DfMA, but with no structured and
consistent approach. Company A has developed a product platform for the vessels in their standardised segment, where the
platform is used to configure individual vessels based on customer requirements. Some degree of customisation is offered
with this approach, typically in the form of modular designs, where the customer is given several options for each module.
This approach is not extended to their customised segment. Company C modularised their design on a high level, where a
product consists of seven big modules: control cabinet, main panel, electric motor, thruster section, elastic coupling unit,
pump unit and pressure tank. Further modularisation is difficult due to the complex interrelationships between components
within these modules. Company E was able to implement modular design to a very limited extent; only special bearings on
both sides of the cylinder are modularised, while the cylinder itself (main part of the product) is designed using an integral
architecture approach.

Even though design freeze (T8) is used by the companies, it is mainly used internally to settle on design drawings and
restrict further changes, while external customer changes are accepted even after the freeze.

Finally, QFD (T4), FMEA (T5), CPM and DSM (T9) tools are not used by the case companies (Table 4).

5.2. Relationship between ETO characteristics and ECM practices and tools

In this section, the findings on the relationships between the ECM practices and tools and ETO characteristics are presented,
thus answering research question two. Table 5 sums up the practices and tools that are influenced by the specific character-
istics in the cases. Practices and tools that were found to be independent of the ETO context are not included. Examples of
the specific relationships between ETO characteristics and ECM practices and tools in the cases are provided in Appendix 1.

5.2.1. ECM practices

The study found relationships between ECM and case company characteristics with regard to practices P5, P7, P8 and P10
and tools T7 and T8.

P5 – Development of several solutions to an EC is not performed by any of the companies. Companies B, C and D stated
that their customers are industrial buyers who have a high level of technical expertise and who are able to both translate their
functional requirements into technical specifications and communicate these specifications directly to the company. In this
situation, the solution to the EC is given by the customer. In contrast, the main customers of Company A are shipowners,
who often do not have such deep technical knowledge and therefore only provide general descriptions of the change, such
as ‘longer vessel’, ‘higher speed’ or ‘add a helicopter deck’. Customers of Company E range from oil companies, which
provide exact specifications concerning the required change, to fish boat owners, who only provide general descriptions,
like in the situation for Company A.
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Table 4. Use of strategies, practices and tools for management of ECs in the case companies.

Use of ECM practices and tools in the case companies

ECM practices and tools Company A Company B Company C Company D Company E

ECM practices P1 – Establishment of
clear ECM process

Yes, based on ISO standard.

P2 – Appointment of
coordinator of EC
activities

Yes, project manager is appointed as coordinator of EC activities.

P3 – Establishment of
cross-functional teams
to work on ECs

Partially. Project manager involves project team representative if s(he) deems it necessary.

P4 – Separate meetings
to work on ECs

Yes Partially. Engineering
changes are discussed
during the project
status meetings.

No No

P5 – Development of
several solutions to
ECs

No No No No No

P6 – Involvement of
production early
in the design and
engineering processes

To a very limited extent.
Some attempts were
made to involve
production, but
without any deliberate
approach.

No To a very limited extent.
Some attempts were
made to involve
production, but
without any deliberate
approach.

No No

P7 – Involvement of
the suppliers early
in EC assessment
and implementation
process and cross-
enterprise ECM
process

Partially. Suppliers are contacted if the change propagate to purchased components. No cross-enterprise EC process.

P8 – Assessment of EC
impacts on time and
cost

Yes, assessment is largely based on the experience of the project manager and project team.

P9 – Documentation and
centralised access to
EC status and history

No common database Partially. Common cloud
storage shared folder
for EC documents. No
EC tracking and status
updates.

No common database Partially. Common cloud
storage shared folder
for EC documents. No
EC tracking and status
updates.

No common database

P10 – Formal post-
implementation
review of ECs

No, but ECs are sometimes discussed during the final project meeting.

(Continued).
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Table 4. Continued.

Use of ECM practices and tools in the case companies

ECM practices and tools Company A Company B Company C Company D Company E

P11 – Making decisions
regarding ECs at the
lowest possible level

Yes. Decisions regarding ECs are made on different managerial levels depending on the monetary size of the change.

P12 – EC imple-
mentation by
urgency

No No No No No

P13 – Batch imple-
mentation of
ECs

No No No No No

Computer-based tools to
support ECM

T1 – Dedicated IT
systems for ECM

No No No No No

T2 – Configuration
Management Systems

To a very limited extent. Product configurator is used to find prices of different parts, components and systems.

T3 – PDM/PLM systems No. PLM software is used
by the company,
but without ECM
functionality.

No No

Change reduction and
front-loading tools

T4 – Quality Function
Deployment (QFD)

No No No No No

T5 – Failure Mode
and Effect Analysis
(FMEA)

No No No No No

Design tools T6 – Design for
Manufacturing and
Assembly (DfMA)

To a very limited extent.
Some attempts were
made to involve
production, but
without any deliberate
approach.

No To a very limited extent.
Some attempts were
made to involve
production, but
without any deliberate
approach.

No No

T7 – Design for
Changeability (DfC)

Partially. Product
platform is developed
for the standardised
ship segment.

No Yes. Product is modular. No

Partially. Modular
design is used, but
not for the main

part of the product.

T8 – Design freeze Partially. ECs from customers accepted after the design freeze.
Change propagation and

impact assessment
tools

T9 – Change Prediction
Methods (CPMs)
and Design Structure
Matrices (DSMs)

No No No No No
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Table 5. ETO characteristics influencing ECM practices and tools.

ECM practice or tool
Influencing company

characteristics Description Case observations

P5 – Development of
several solutions to EC

Level of customers’
technical expertise

Characterises technical expertise of customers
as their ability to translate their requirements
into technical specifications

High in cases B, C, DLow
in cases A, E

Time pressures Characterises pressures due to time-limited
projects, constantly advancing project
activities and project team involvement in
several parallel projects

All cases

P7 – Involvement of
the suppliers early in
EC assessment and
implementation process
and cross-enterprise
ECM process

Nature of relationships
with suppliers

Represents the cooperativeness and power
balance in relationships between a
production company and its suppliers

All cases

P8 – Assessment of EC
impacts on time and
cost

Overlapping design,
engineering, production
and procurement
activities

Characterises the extent to which design,
engineering, production and procurement
activities are performed simultaneously to
shorten delivery times

All cases

Product complexity Characterises the depth of product structure,
determined as the number of levels in a
product’s bill of material

High in case AMedium in
cases B, CLow in cases
D, E

Product customisation
level

Characterises the extent to which a product is
tailored to a customer’s requirements

High in case A,Medium in
cases B, CMedium-Low
in cases D, E

Production process
uncertainty

Represents uncertainty of production process
specifications and durations due to
production methods used and production
labour intensity

High in cases A,
BMedium in case
CMedium-Low in cases
D, E

Nature of relationships
with suppliers

Represents the cooperativeness and power
balance in relationships between a
production company and its suppliers

Cases A, B, C and D

Customisation level of
procured components

Characterises the extent to which an externally
procured component is tailored to a
customer’s requirements

High in cases A, B, C,
DLow in case E

Experience of a project
team

Characterises the ability of project team
members to implement ECs effectively and
efficiently

All cases

P10 – Formal post-
implementation review
of ECs

Production process
uncertainty

Represents uncertainty of production process
specifications and durations due to
production methods used and production
labour intensity

High in cases A,
BMedium in case
CMedium-Low in cases
D, E

T7 – Design of
Changeability (DfC)

Product complexity Characterises the depth of product structure,
determined as the number of levels in a
product’s bill of material

High in case AMedium in
cases B, CLow in cases
D, E

Production volume Specifies the number of products the company
produces per year

All cases

T8 – Design freeze Business strategy Characterised by the company’s desire and
ability to satisfy customer requirements
at any stage of the project as a part of the
services provided

All cases

Another influencing characteristic is time pressures. ETO projects are limited in time and, as a project is progressing,
the later an EC is implemented, the more rework and expenses it often requires. In addition, if the change occurs after
the engineering work is finished, designers and engineers must be relocated from other projects to work on the change,
potentially delaying those projects as well. Consequently, only one solution to an EC is developed to save time.

P7 – Involving suppliers early in EC assessment and implementation and cross-enterprise ECM process. The case
companies involve their suppliers at the EC impacts assessment stages to make sure that any increased costs and delays on
the supply side are accounted for in the COR. However, the establishment of one common ECM process across the supply
chain is not achievable since relationships with some suppliers are often established only for the duration of one project.
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P8 – Assessment of EC impacts on time and cost. The difficulty of performing EC impact analysis in the case companies
can be explained by several of the company characteristics. Firstly, all case companies have some overlap between the
design, engineering, production and procurement activities. A bigger overlap means that even ECs at the early stages of
engineering would require drawings to be recalled from production or suppliers to introduce necessary changes, which
would consequently lead to a longer EC assessment process with higher administrative expenses. Secondly, high product
complexity and customisation level means that even experienced engineers cannot always correctly and fully predict all
EC propagations. Companies A, B and C stated that due to the high customisation and complexity level of their products,
some EC propagations are often overlooked, whereas Companies D and E are quite confident that all propagations are taken
into account since their products are relatively simple, with few bill-of-material levels. Further, the case findings indicate
that production process uncertainty makes EC assessment difficult. Companies A and B, where highly labour-intensive
assembly and jobbing production methods prevail, have higher levels of production process uncertainty. Both companies
reported that these characteristics make EC impact assessment challenging, leading to potential assessment errors. Company
C also reported that ECs at the assembly stage are much more difficult to assess compared to changes that happen before
assembly. Next, the nature of the relationships with suppliers and the customisation level of procured components appear to
influence P8. When an EC propagates to a procured part or component, it is necessary to assess when the procured part can
be delivered and at what price. If this part is standard and not available from stock, companies place a new order on standard
terms with predetermined price and delivery times. However, if the procured part is customised, supplier participation in
the ECM process is needed, requiring prompt responses from suppliers related to the development and assessment of an EC
solution, as well as to EC implementation. Such a response will depend on supplier cooperativeness and the power balance
between the company and the supplier. Company E is nearly unaffected by these characteristics, since most of the externally
procured components are standard and available from stock for use across projects. Finally, all the companies stated that
reliance on the experience of a project team is both an advantage and disadvantage when it comes to an EC assessment.
Experienced and knowledgeable project team members are often able to make an accurate EC assessment. However, this
also means that less experienced members lack tangible historic data on which to rely when making such assessments,
leading to erroneous time and cost estimations.

P10 – Formal post-implementation review of ECs is not performed by any of the case companies. Companies D and E
stated that they are confident in their initial estimations and do not see a need for a formal review. This statement should be
treated with caution since no numbers are available to validate whether the companies estimations are correct. Companies
A, B and C noted that such a review would generate benefits only if they were able to know the exact impacts of the EC.
Such impact assessment is challenging due to production process uncertainty. EC impact assessment remains challenging
even after an EC has been implemented, as an exact estimation would require considerable administrative effort by both
shop-floor workers and managers. The interviewees expressed concern about whether such tracking would yield financial
benefits for their companies.

5.2.2. ECM tools

T7 – Design for Changeability (DfC). The application of DfC tools is very limited – relatively few attempts have been made
by the companies to modularise products. Two factors that could potentially explain this situation are product complexity
and production volume. Product complexity implies that there are extensive relationships between product components, and
modularity might potentially limit the linking of components across the system. Production volumes are low in the case
companies, especially in Companies A, B and D. Hence, there are few projects to share the costs of developing a platform
or a modular system, which consequently stops the companies from developing such designs.

T8 – Design freeze. All companies are familiar with design freeze, and all companies use it to a certain extent. However,
due to the case companies’ business strategy – to be able to implement new customer requirements at any stage of the
project – design freeze does not apply to external changes initiated by customers.

6. Discussion

The results show that most efforts in the case companies are directed towards the ‘effective’ (S3) and ‘efficient’ (S4) ECM
strategies – practices addressing these two strategies are applied either in full or in part. This could be motivated by the
companies’ goal of implementing ECs without reducing project profit margins. The prevalence of these strategies could be
explained by the fact that most of the EC ‘soft’ practices suggested in theory support the S3 and S4 strategies (see theoretical
framework in Table 1). These practices do not require costly investments and are easy to implement, and many of them are
required by the ISO certification.
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The ‘efficient’ strategy (S4) is somewhat less covered than the ‘effective’ (S3) strategy. This might be because most
of the established practices do not provide clear-cut suggestions on how to best implement an EC, except for practices for
implementing ECs by urgency or in batches, which were found to not be applicable in ETO.

The lack of change reduction efforts (S1) in the case companies can be partially explained by their business strategy,
which is to be able to implement any customer requirements at any stage of the project, provided they are profitable.
Reduction of customer-initiated ECs in this situation is regarded as undesirable. However, this does not explain the absence
of the ‘less’ strategy (S1), which is aimed at the reduction of internal ECs caused by problems arising during the design and
engineering processes. Neither does the business strategy explain the absence of ‘earlier’ strategies (S2), which are aimed
at the front-loading of ECs to earlier stages of the project, where ECs would cause less disruptions.

The ‘better’ strategy (S5) was found to be almost non-existent in the case companies, which could be explained by the
expensive and laborious process of documenting EC impacts in production.

The application of specific practices and tools in the ETO production environment are discussed and summarised below
via some practical suggestions.

6.1. ECM practices

Some ECM practices (P1, P2, P11) are well established in the case companies. Others are less so, and these are discussed
below.

There do not appear to be any barriers to implementing the P6 and P9 practices in the ETO environment. The companies
should involve the production function early in the design and engineering processes, as this practice has been proven to
reduce a number of emergent ECs (Swink, Talluri, and Pandejpong 2006; Rouibah and Caskey 2003) and contribute to
the almost absent ‘less’ (S1) strategy. Next, instead of storing data about ECs on personal computers, a common database
for EC status and history should be created. This does not necessarily involve purchasing costly IT systems; relatively
cheap and convenient cloud solutions are available for storing, sharing and updating EC information among the involved
parties. This would both strengthen the ‘effective’ (S3) and ‘efficient’ (S4) strategies and help to establish the ‘better’
(S5) strategy. Information on previous EC implementation processes would be available to less experienced project team
members, contributing to effective EC assessment. Early notification to production and purchasing about potential ECs
would enable the shift of production activities to other parts of the product and to the postponing of the procurement of
affected parts and components to avoid reworking and scrapping, thereby contributing to efficient implementation. The
proper documentation and access to EC history would ensure easy post-implementation analysis by permitting the tracking
and documentation of the EC implementation process.

The establishment of a cross-functional team (P3), as well as separate meetings to work on ECs (P4), might not always
be feasible, especially for small changes – where involving many people would potentially be more expensive than the cost
of the change itself. However, bigger changes should be added to the agenda of the project status meetings, or separate
meetings could be held with a team established to work on ECs.

The development of several solutions to the EC (P5) is challenging due to time pressures, but it should not be discarded
altogether. Rather, how much time is available should be determined – and if permissible, different solutions should be
discussed by the project team. These solutions might speed up EC implementation at later project stages, thus contributing
to more efficient implementation of the change.

Cross-enterprise ECM processes (P7) are difficult to establish due to the temporary nature of relationships with suppliers.
Simultaneously, ETO companies often have long-term relationships with some of their suppliers, especially suppliers of
standard parts and components. Cross-enterprise ECM processes between companies should be established in this case
if the number and frequency of changes that are occurring are high enough to justify the effort needed to establish such
processes.

The practice of assessing EC impacts on time and cost (P8) is given the most attention, and this practice is also the
one most affected by the specific characteristics of the ETO production environment. The implementation of practices and
tools for an ‘effective’ strategy (S3) would considerably ease the EC assessment process. In addition, it is important that the
involved parties keep in mind all the factors that might contribute to an erroneous assessment of ECs and ensure that these
factors are considered during the assessment – overlapping project stages might prolong the process; product complexity
and the customisation of products and components might contribute to unnoticed propagations; suppliers might take longer
to deliver a new component if it is highly customised; and if the power balance is with the supplier, a novice project team
member might not possess the level of expertise needed to assess the change correctly.

Finally, a formal post-implementation review of ECs (P10) should be established. Again, for small ECs, this might be
not feasible; but for bigger changes, such a process would contribute to the learning process, reducing the time and cost
needed for future ECs.
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6.2. ECM tools

As opposed to ‘soft’ practices, ‘hard’ ECM tools are nearly unused in the case companies. IT systems (T1-3) are an expen-
sive investment. When the number of ECs occurring in the company is low, the purchase of dedicated IT systems or ECM
modules for PLM or PDM systems is not practical. However, when a large number of big changes are occurring in projects,
investment in such systems can be of great value – they can support change documentation and traceability; generate a clear
view of the data, people and processes impacted by the change; ensure the timely notification of all involved parties at every
stage of the change implementation; facilitate change impact assessment; and complete the traceability of the change for
post-implementation audits. The implementation of IT support should be considered by companies experiencing large and
frequent changes, especially companies that already have PLM or PDM systems, to which an ECM support module can be
added.

Change reduction and front-loading tools (T4-5) are not used by the companies, yet the reason for this is not clear. One
reason might be that the companies are simply unaware of such tools. Another possible reason is product complexity. Both
QFD and FMEA require a review of components and subsystems to identify either customer needs or potential failures.
With the large number of product levels in a typical ETO product, conducting such a review is only reasonable at a very
high level of abstraction; greater accuracy quickly becomes time consuming and expensive. The same consideration applies
to change propagation and impact assessment tools (T9), which also require breaking down the product into components and
subsystems. Further, estimations in these tools are still based on the knowledge and expertise of designers and engineers,
which are often biased. The advantage of using such tools has been demonstrated in tests on relatively simple products (e.g.
Hamraz et al. 2015; da Cunha Barbosa and de Souza 2017). Further research is needed to evaluate the usefulness of these
tools for products characterised by high complexity and deep product structure.

The DfMA (T6) tool is currently not in use by the case companies. Many approaches and methods for DfMA for
different product types have been developed (Das and Kanchanapiboon 2011). The most simple solution is to perform
DfMA through integrated design and manufacturing/assembly teamwork by involving manufacturing and assembly early
on in product development (Boothroyd 1994).

DfC (T7) is partially addressed by the case companies through modularity. Modularity for pure ETO products is
challenging, as it might limit the potential for differentiation and customisation (Lau, Yam, and Tang 2010). Modular-
ity represents a step towards mass customisation, or at least towards some level of standardisation, which is outside the
business strategy of most ETO companies. Another obstacle might be a frequent change of suppliers, which would make
agreements on interdependencies and rules between modules difficult. The level of complexity also increases the level of
difficulty in developing a modular design (Vickery et al. 2016). Nevertheless, case Company C shows that it is possible to
modularise customised products, at least at a high product level. In addition, DfC is not limited to platform and modular
approaches; ideality/simplicity and independence approaches and their extensions for ETO products should be investigated
by both academics and practitioners.

Design freeze (T8) generally has positive impacts on ECs. It encourages designers and engineers to find alternative
ways to carry out the change and makes it easier to estimate change propagations, since the properties of already frozen
components and systems are known. When the component or system is not yet frozen, dependencies between them are
not known and might be overlooked (Eger, Eckert, and Clarkson 2005). However, for ETO companies that wish to satisfy
customer requirements at any stage of the project, it might be beneficial to ‘unfreeze’ some parts of the design. In this case,
all members of the project team must be aware of the commercial aspects of this decision. Case Companies A, B and C
‘unfreeze’ their designs to implement requested ECs that, despite being unprofitable, work to build goodwill or strengthen
relationships with their customers.

6.3. Summary

The study found that specific ETO characteristics make the implementation and use of some ECM practices and tools
difficult (P5, P7, P8, P10, T7, T8). Others should be further tested for highly complex ETO products (T4, T5, T9). Still,
some recommendations for ETO companies can be derived from the results:

(1) Practices and tools to support change reduction and front-loading should be implemented (see section 1 for an
overview of such practices and tools). The easiest practice to implement is to involve production and assembly
early in the design process.

(2) The effectiveness and efficiency of EC implementation should be increased. All large changes, both initiated and
emergent, should be tracked and documented. Affected disciplines should be involved early in the EC assessment
and implementation process. This could be done by either discussing ECs during project meetings or establishing
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separate EC meetings. The EC implementation process should be supported by IT systems suited to the typical
number, frequency and size of ECs in the company.

(3) Post-implementation review of ECs for continuous learning should be established. Proper documentation of ECs
and IT tools support this practice.

7. Contributions, implications and future research

7.1. Contributions

This study reported the results of a multiple case study investigating ECM in the context of the ETO production environ-
ment. The first research question asked: How do companies operating in the ETO production environment manage ECs, and
what ECM strategies, practices and tools are they using? As a first step to answer this question, a theoretical framework for
ECM was developed that linked practices and tools to the corresponding ECM strategies. Such links are not always explic-
itly stated in the research literature. The developed framework thus makes the links explicit and, in this way, both structures
and improves understanding of ECM research. The second step involved the use of the ECM framework to map five cases in
the ETO production environment. The findings showed that the companies most often used ‘soft’ ECM practices, to varying
extents, yet rarely used any of the ‘hard’ tools. The study revealed a wide adoption of most ECM practices, a limited use of
EC post-implementation review, and an absence of computer-based tools to support ECM. These findings are in line with
surveys and case studies reported by Huang and Mak (1999), Huang, Yee, and Mak (2003), Eckert et al. (2009), Storbjerg,
Brunoe, and Nielsen (2016), and Tavčar, Demšar, and Duhovnik (2018). However, these studies demonstrated a much wider
adoption of change reduction and front-loading tools (QFD, FMEA) compared to the findings in our study. This might be
explained by the difficulty of using these tools for complex ETO products. The second research question investigated the
reasons for the current situation by asking: How do the specific characteristics of the ETO production environment influence
ECM? Table 5 summarises the links found between ECM strategies and practices and specific ETO characteristics, with
a detailed explanation of these links included in section 5.2 of this work. The study suggests that EC impact assessment
is highly affected by the degree of process overlap, product customisation and complexity, uncertainty in the production
process, the nature of relationships with suppliers, and the customisation level of procured components. EC impact assess-
ment is further complicated by the fact that companies rely on the experience of the project team involved in assessing EC
impacts. In this situation, even the most experienced members are often unable to predict all possible EC consequences.
Uncertainty in the production process also affects post-implementation audits due to operational difficulties when collecting
data on shop-floor activities in assembly and jobbing production processes. The development of several solutions for an EC
is either constrained by time pressures or not even necessary, since customers often provide exact technical specifications
of the change they require. Furthermore, establishing collaboration on ECs with suppliers is complicated by the short-term
nature of supplier relationships in ETO production. Concerning DfC, mostly modularity attempts are made by the compa-
nies, yet these attempts are limited by product complexity and low production volumes, which do not allow the distribution
of design effort costs among several products. Finally, design freeze is not applied to externally initiated changes, since ETO
companies seek to satisfy customer requirements at all stages of the project.

The absence of reduction strategies and tools is partially explained by the ETO companies’ business strategy of accepting
customer-initiated ECs at any project stage. This does not explain the absence of tools aimed at the reduction of internally
initiated changes. No obvious reasons were found for the lack of computer-based tools, change propagation and impact
assessment tools, change reduction and front-loading tools, and design tools. This suggests that there is vast room for
improvement in ETO companies with respect to ECM. Suggestions for improvements were provided in section 6.3.

The applicability of QFD, FMEA, CPM and DSM tools might be difficult in the ETO context due to the highly complex
and customised nature of the products. These tools should, however, be further tested in the ETO environment, such that if
they are deemed useful, they could and should be promoted to industry.

In conclusion, relating to a larger problem of cost and time overruns in ETO projects due to ECs, this study suggests
that there are two possible causes of this phenomenon: (1) ETO companies do not fully take advantage of existing ECM
practices and tools and/or (2) use of ECM practices and tools is complicated by specific characteristics of the ETO production
environment. The first one can be explained by the lack of awareness of existing ECM tools and their advantages, or
perceived unprofitability of introducing tools in companies with only few small ECs per project. The second cause suggest
the necessity of tailoring existing tools to the ETO environment and testing their applicability.

7.2. Managerial implications

A large number of studies have addressed different ECM strategies, practices and tools. It might be difficult for a busy
manager to know which of them to use, as well as how and for what purpose. This research addressed this issue by not only
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providing a list of practices and tools but also by outlining how and where they can be used. In addition, the paper discusses
these tools and practices in light of the ETO production environment. Finally, it offers practical recommendations on how
ECM processes can be improved and strengthened through the application of ECM practices and tools.

7.3. Study limitations and future research directions

Like any case-based study, this research has limitations. First, the generalisability of the results is limited due to the small
sample size. Second, contextual bias may have occurred since all case companies are connected to the Norwegian maritime
sector. Third, some subjectivity was involved in the criteria assessment (e.g. level of use of ECM practices and tools). Even
though measures were taken to address these limitations (e.g. the use of a case study protocol, multiple sources of evidence,
involving several researchers in the analysis), the results should be taken with caution. Ideally, the study should be replicated
by further testing of the results. Survey research can be used to include a higher number of companies. Lastly, case studies
and surveys can be used to investigate how ECM strategies, practices and tools influence performance on the EC, project
and company levels to identify best practices.
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Appendix 1. Illustration of case data showing influences of the ETO company characteristics on ECM practices and
tools

ECM practice/tool
Influencing ETO

characteristics Examples Respondent

P5 – Development of
several solutions for EC

Level of customers’
technical experience

‘Our customers, such as [ . . . ], usually provide
us with exact descriptions of the change, they
give us technical specifications, we just need to
do it’.

Project manager,
Company E

Time pressures ‘[ . . . ] the philosophy is that it is better to have
fast decisions that are ok, then not to have
any or to spend too much time looking for an
excellent solution. It is about the schedule, we
need to stay on track. Delivery delays are a
disaster for us and for our customers’.

Project manager,
Company A

‘Engineer allocation can also be a challenge in
case of ECs: should an engineer start working
on several solutions to an EC and delay work
on other ongoing projects?’

Project manager/senior
order coordinator,
Company C

P7 – Involvement of
the suppliers early in
EC assessment and
implementation process
and cross-enterprise
ECM process

Nature of relationships
with suppliers

‘We do collaborate with suppliers, we ask them
for the delivery time and cost estimation if
an EC influences them somehow. There are
many suppliers that we use all the time. But we
are not 100% sure that we will always work
with them. And also, we can’t share all the
information with them’.

Project manager,
Company A

P8 – Assessment of EC
impacts on time and
cost

Overlapping design,
engineering, production
and procurement
activities

‘Our strategy is to start production before detailed
design is finished to reduce total production
time. [ . . . ] Drawings to production are
released early and sometimes must be recalled
if an EC happens. Sometimes something that
we already ordered needs to be changed as
well. This takes time and effort’.

Deputy CEO/chief market
& innovation officer,
Company A

Product complexity ‘One of the problems with product change is
that the project team often doesn’t see all the
consequences of it. We are pretty good in
estimating it, but there are some consequences
that are difficult to see because, for example,
it goes from one part to another, and then to
another, different engineering disciplines get
involved. There is always, always something
that is being forgotten’.

Project manager,
Company A

Product customisation ‘If an EC is introduced to something new, like
new solution or technology, the EC impact
estimation is very difficult to do because we
don’t have enough experience’.

Project manager/senior
order coordinator,
Company C

Production process
uncertainty

‘It is difficult to evaluate the change order,
depending on how far the production have
gone. At late stages like assembly, there is a lot
of manual labour involved, some people can
work slower than others’.

Project manager,
Company B

Nature of relationships
with suppliers and
customisation level of
procured components

‘We order already formed heads for tanks from
suppliers, some suppliers are outside Norway.
These heads are customised, and the suppliers
have much bigger orders from other customers,
so they prioritise those orders. We have little
negotiation power in this case. We don’t really
know how much time they need to produce a
new head’.

Technical manager,
Company D

(Continued).
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Appendix 1. Continued.

ECM practice/tool
Influencing ETO

characteristics Examples Respondent

Reliance on experience of
project team

‘It’s good to have the experience. And it is
funny to see that first guess is often pretty
close to the result [ . . . ] That is a challenge
because we don’t know how to give the key
competence to the next generation. But it
also has been a strength in the past. It is also
why not everything is described and used
as this guidance for each project. It is based
on . . . really based on a lot of experience. It is
a challenge, but also a strength’.

Project manager,
Company A

P10 – Formal post-
implementation EC
review

Production process
uncertainty

‘We have thought about it [performing post-
implementation review]. We wanted to do this.
And technical engineers and I were writing
hours that we used for a specific change. But
the assembly didn’t. In assembly it is difficult
to distinguish which tasks are related to the
specific EC and which are not. Maybe we can
do it for big changes, but for small changes
it will be too expensive. In part production is
easier, we know machining processing times
there’.

Project manager,
Company B

T7 – Design of
Changeability

Product complexity and
production volume

‘We have two kinds of project types: one is the
prototype, another one, as we call it, catalogue
or system vessel. In the prototype we can think
about 4–6 months from contract to production
start. In catalogue we can say from 1 to 2
months because we have a platform solution
with modules the customer can choose from.
Much less engineering here. Prototype vessels
are often made only once, they are more
advanced, more tailored to customers, more
new solutions are used there’.

Project manager,
Company A

T8 – Design freeze Business strategy ‘[ . . . ] one of our main challenges is that we
are not able to put down a rigid enough plan
for design freezes. We are very often so
customer-centric, which sounds positive, but
for us it is negative because we are pushed
out in time because customers don’t know
exactly what they want. They need more time
to decide. And then we should have been firmer
in saying, “Now it is a design freeze. You have
to decide, and if you are changing later, then
it is a change order, influencing the complete
contract”’.

Deputy CEO/chief market
& innovation officer,
Company A
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