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Abstract. Shortening lifecycles and increasing complexity make product and
production lifecycle processes more challenging than ever for manufacturing
enterprises. Virtual Prototyping (VP) technologies promise a viable solution to
handle such challenges in reducing time and physical builds as well as
increasing quality. In previous studies, the Digital Twin (DT) based Virtual
Factory (VF) concept showed significant potential to handle co-evolution by
integrating 3D factory and product models with immersive and interactive 3D
Virtual Reality (VR) simulation technology as well as real-time bidirectional
data synchronisation between virtual and physical production systems. In this
article, we present an extension to the paper “Demonstrating and Evaluating the
Digital Twin Based Virtual Factory for Virtual Prototyping” presented at
CARV2021. The study presents an evaluation by industry experts of the DT
based VF concept for VP in the context of New Product Introduction (NPI)
processes. The concept is demonstrated in two cases: wind turbine blade
manufacturing and nacelle assembly operations at Vestas Wind Systems A/S.
The study shows that the VF provides an immersive virtual environment, which
allows the users to reduce the time needed for prototyping. The industry experts
propose several business cases for the introduced solution and find that the
phases that would have the most gain are the later ones (production) where the
product design is more mature.
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1 Introduction

Forces like innovation and technology, competition, changing demands, and regulations are
among the main dynamics that shape the evolution of industries [1]. The specific rhythm of the
evolution in each manufacturing industry occurs in three domains: products, processes, and
systems [2]. Therefore, companies need to handle concurrent evolution (co-evolution) of
product, process, and system models to achieve the capability to adapt to their respective
industrial environments [3]. However, the increasing frequency of changes results in shorter
product and production lifecycles and shifting of decision-making from companies to customers,
which results in higher complexity. Thus, achieving architectural isomorphism across the
product, process and organisation (system) architecture required to maintain effective alignment
of an organisation with its evolving environment [4] is becoming a significant challenge for
manufacturing organisations.

Physical prototype building activities during the introduction of a new product can be
considered among the most critical activities to achieve and ensure architectural isomorphism.
However, physical prototype builds are often highly time-consuming, costly, and complex due to
the uncertain and genuine nature of models and operations. When it comes to the wind industry,
wind turbine generator (WTG) manufacturing covers a wide variety of production and
manufacturing operations, such as heavy metal manufacturing (towers), large-size fiberglass
composite material production (blades), complex and heavy parts assembly (gearbox, nacelle,
generator, etc.), and electrical and electronic systems manufacturing (control and grid infeed
systems). Therefore, physical prototype builds during the New Product Introduction (NPI) are
becoming much more challenging for companies such as Vestas Wind Systems A/S (later
Vestas). Moreover, despite the particularities of the WTG manufacturing operations, there are
significant similarities with various other industries, which can provide a sound basis for the
generalisability of the knowledge discovered in this study. WTG tower manufacturing, for
instance, incorporates noteworthy similarities with the heavy steel fabrication operations of the
aerospace, construction, maritime, and oil and gas industries. WTG blades manufacturing
contains unique characteristics, reaching 107 meters in length for a single piece of fiberglass
composite product, which is one of the largest in the world [5]. In terms of size, WTG blade
production has some similarities with maritime production, such as superyachts [6]. Meanwhile,
the global fiberglass market value reached 13 billion USD as of 2020 and is expected to reach
18.6 billion USD by 2027, mainly driven by the automotive and construction industry [7]. While
gearbox, generator, and nacelle manufacturing shares similar genetics with the automotive and
heavy machinery industries, the converter and control systems of WTGs incorporate similar
approaches to those of various electrical and electronic manufacturing industries.

Although there are significant affinities between WTG manufacturing operations and other
industries like the automotive, aerospace and maritime industries, WTGs are still not mature
products and are continuing to evolve rapidly, together with the associated manufacturing
systems and processes. In terms of size and weight, for instance, modern cars, ships, and planes
are not substantially different from the same products manufactured in the 1980s. WTGs,
however, have now reached rotor sizes of over 200 meters from 10 meters in the 1980s, and over
400 tons of nacelle weight from 5 tons in the 1980s [8], [9]. Despite the tremendous increase in
the sizes and weights of WTGs during the last four decades, the (onshore) wind energy cost per
kilowatt/hour decreased to 0.05 USD from 0.4 USD during the same period [10]. Thus, the cost
per megawatt oriented tendering approach results in significant pressure on WTG manufacturing
companies to improve the performance of their turbines by redesigning their products, together
with the associated processes and manufacturing systems. In this regard, the Digital Twin (DT)
based Virtual Factory (VF) concept [11] is becoming a highly relevant solution by enabling
integration, interoperability, and interaction capabilities across product and production lifecycle
processes in virtual environments [12].



In recent studies, the DT based VF is considered a promising solution to deal with co-
evolution problems with its potential to achieve dynamic, open, holistic, and cognitive system
capabilities [12], [13]. Moreover, industry experts considered Virtual Prototyping (VP) among
the highest value promising industrial use cases for the DT based VF concept [12]. Although a
virtual prototype as a computer simulation of a physical product covers all product lifecycle
aspects, including service and maintenance [8], building and testing, the virtual prototype of NPI
processes is particularly challenging due to the need for concurrent engineering and complex and
ambiguous models and operations. However, due to the same challenges, VP maintains a
significant potential for high value by enabling (1) early testing, (2) expensive or impossible
tests, (3) fewer physical builds, (4) safer builds, (5) increased agility, (6) reduced cost, (7)
complexity handling, and (8) reduced time to market [14]. Thus, the need for evaluating the DT
based VF concept in more particular VP use cases was raised in [12].

It should be noted that this article is an extension to the conference paper titled
“Demonstrating and Evaluating the Digital Twin Based Virtual Factory for Virtual Prototyping”
presented at CARV20217[15]. This article is distinguished from the previous one by extending
the evaluation and discussion, amongst other additions.

Following the next section, which frames the scope and objectives of the work, Section 3
summarises related works on VP and VF. Section 4 describes the research methodology. Section
5 presents the results and evaluations of the industry experts, followed by the discussion and
implications in Section 6 and conclusions in Section 7.

2 Research Scope and Objectives

In this study, we respond to the need addressed in [12] for evaluation of the DT based VF
concept (introduced in [5]) in particular VP cases and thus present an evaluation of the concept
in the context of NPI processes. The evaluation is established on the data gathered during group
interviews with industry experts. In order to support the rigour and novelty of the work in hand,
there is a need to clarify the differences between the scopes and objectives of the previous works
[12] and the present work. The study in [12] was conducted to evaluate the DT based VF concept
in terms of (1) achieving the cornerstones of the competence-based strategic management
concept (dynamic, open, cognitive, and holistic), (2) enabling concurrent engineering of
products, processes, and systems, (3) supporting shorter product and production lifecycles, (4)
the usefulness, effectiveness, and consistency of artefacts [3]. Therefore, the essential premise
for the arguments in [12] “is that DT based VF can support competence-based strategic
management of manufacturing organisations during their adaptation to dynamic and complex
environments.” While performing the evaluation of the concept broadly in the scope of
competence theory, knowledge about the particular aspects of the concept, including
implications of collaborative VR and VP, was discovered. Discussions on VP in [12] provided
some pieces of evidence for the potentially high value of using DT based VF during the NPI
processes. However, there was a need for in-depth discussions and data on “how” the concept
could be utilised during NPI and contribute to each phase of prototyping. Moreover, due to the
comprehensive and complex nature of coordinated engineering operations during the NPI, none
of the individual interviewees in [12] was confident enough about their judgements on extensive
utilisation of the concept for VVP operations.

Therefore, the present study is conducted by narrowing down the scope of the DT based VF
evaluation and discussions on the VP context with a particular focus on NPI activities. Due to (1)
the high level of coordinated engineering during NPI, which causes a limited view for an
individual engineer, and (2) the diversity of manufacturing operations of WTGs, it was decided
to conduct the interviews with focus groups with distinct engineering (tooling, training, design,
etc.) and manufacturing (tower, blade, assembly, etc.) backgrounds. Group interviews were
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established to instigate richer arguments and discussions on an issue or a proposition by enabling
the collision of diverse experiences and approaches on the same subject. Thus, the objective of
the study is to conduct an exploratory work to discover knowledge on (1) how the DT based VF
can be utilised in VP operations of WTG manufacturing, and (2) what benefits can be gained
from such industrial implementation. Therefore, the concept is demonstrated in wind turbine
blade manufacturing and nacelle assembly cases at Vestas, as in the previous work [12].
However, the evaluation was performed by a more specialised and experienced group of
interviewees. In contrast to the previous evaluation, which included both higher- and lower-level
experts, the interviewees in this work were mostly medium-level and technical experts with more
(14.8) years of experience (compared to 11 years in [12]).

Therefore, the study draws upon previous research, including concept design and development
of the VF [16], its extension with DT [11], [12] and collaborative VR capabilities [17]. Thus, we
spare the reader from prolonged discussions on the concept and its design and development
methodologies. However, we would strongly recommend the reader to refer to the subject studies
for in-depth discussions on practical and theoretical aspects of the work.

3 Related Works

3.1 Virtual Prototyping

With the advances in Computer-Aided Design (CAD), Computer-Aided Manufacturing (CAM)
and visualisation and interaction capabilities, the development of virtual environments and
realistic virtual representations of product models has gained more attention from scholars and
industry experts. Thus, development and interaction with such virtual models become viable
solutions promising significant advantages for the industrial processes in terms of reducing time,
decreasing costs, and increasing quality [18]. As a result of this, VP, a key aspect from the
application point of view, is starting to get attention in both the application and knowledge
domains. However, there have been many different interpretations of VP technigues, which have
caused some confusion. To prevent such confusion, Wang defined a virtual prototype as “a
computer simulation of a physical product that can be presented, analysed, and tested from
concerned product lifecycle aspects such as design/engineering, manufacturing, service, and
recycling as if on a real physical model. The construction and testing of a virtual prototype is
called virtual prototyping (VP)” [19]. Wang also addressed the needs for concurrent design,
analysis, optimisation, and integration of simulation tools. Some studies consider VP to alleviate
the shortcomings of rapid prototyping (RP) [20], while others stress the difference between RP
and VP [21]. Alongside early adoptions in the aerospace and automotive industries [14], VP
technologies are also promising significant value in different industries such as construction [22],
the maritime industry [23], and heavy machinery industries [24].

Studies about VP techniques focus on different product lifecycle aspects, including product
design, analysis, testing and assembly process design [25]-[28]. However, there are limited
studies focusing on the VP of products from a manufacturing aspect [29]. Although scholars
concentrate on various VP simulations such as structural material and structural behaviour
simulations [28], [30], recent studies show more attention to immersive VR integrated simulation
tools [31]. Recent review studies show that advances in simulation technologies, including real-
time data integration, realistic visual representations and embedded VR and augmented reality
(AR) capabilities, can make simulations a proven enabler for digital integration and access to
data across the product and production life cycles [32].

In this respect, the VF concept, as high-fidelity integrated factory simulations representing
factories as a whole, can provide viable virtual environments for constructing and testing virtual
prototypes, since they enable the experimentation and validation of the various product, process,
and system models concurrently [11]. Therefore, we will briefly present some studies focusing
on VF in the next section.
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3.2 Virtual Factory

Since Onosato and Iwata [33], [34] introduced the integration of product and factory models as
an integral aspect of VF and virtual manufacturing, various definitions have been given for VF,
including emulation facility, integrated simulation and virtual organisations [35]. Jain et al.
defined VF “as an integrated simulation model of major subsystems in a factory that considers
the factory as a whole and provides an advanced decision support capability” [35]. An
integrated VVF framework concept which can synchronise the real factory and VF was introduced
by Sacco, Pedrazzoli, and Terkaj [36]. While Jain et al. [37] stressed the multi-resolution
capabilities of VF simulation models, Yang et al. [38] introduced the VF concept for
collaborative design and analysis of manufacturing systems. There is also a higher level of
utilisation of the VVF concept as a collaborative business process monitoring environment for
achieving business goals [39]. Yildiz and Mpeller [16] presented the VF concept as a more
dynamic and open system by integrating VF into actual manufacturing execution and product
lifecycle systems, as illustrated in Figure 1. A more distinct conceptualisation of the product,
process and system domains in between the product and production lifecycle processes enables
better interpretation of the link between these domains. Such representation is also considered a
better way to handle complexity and improve efficiency for DT development and the fidelity of
simulation models. The utilisation of collaborative VR training simulations in the VF concept,
together with DT capabilities, was also studied by Yildiz et al. [11], [17]. They also considered
VF as “an immersive virtual environment wherein digital twins of all factory entities can be
created, related, simulated, manipulated and communicate with each other in an intelligent way”
[16]. A comprehensive demonstration of the DT based VF concept in industrial cases [12]
showed significant potential for the concept to handle co-evolution and called for more particular
evaluation in VP cases.
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Figure 1. Digital Twin based Virtual Factory concept [12]

In this regard, we further discuss the methodology for the demonstration of the DT based VF
concept in wind turbine blade manufacturing and nacelle assembly cases, as well as its
evaluation in the context of VP in NPI processes.



4 Methodology

There are two exercises of the knowledge, which are (1) creation of the knowledge and (2)
applying the knowledge [40, p. 3]. Knowledge about natural phenomena is discovered/created by
applying scientific methods like experimentation, observation, and empirical evidence collection.
Such descriptive knowledge about nature enables the manipulation of the same nature by
utilising purposefully designed physical (tools, machines, etc.) or conceptual artefacts (models,
methods, etc.) [44]. When such artefacts take physical forms, it is usually called technology. The
consequence of manipulating natural phenomena is the emergence of new scientific methods,
discoveries and thus new knowledge [45]. Since it is not possible to provide an in-depth
discussion on science—technology dualism in this work, it is important to stress that the subject
study aims to discover prescriptive knowledge, which is demonstrated in the utility,
effectiveness, reliability, consistency, etc. of the designed artefact.

Since this study aims to explore the practical usefulness of a conceptual design in empirical
cases, Design Science Research Methodology (DSRM) is considered a well-suited methodology.
Thus, the research demands instrumental knowledge to uncover the effects of interventions on a
manufacturing enterprise’s specific (NPI) operations. Various research works which have been
carried out over the last three years were conducted on the trails of guidelines, methods, and
frameworks of DSRM [41]-[44]. However, this article covers only the demonstration and
evaluation activities of six DSRM activities. Since the designed artefacts should have an impact
on the practice, the design science research objective of the present paper is to report the kinds of
impact of the IT artefact and design theories.

Four demonstration and evaluation sessions were conducted, each with five participants, with
a total of 20 participants. A session covered (1) presentation of the artifacts, tools, and
capabilities, (2) live demonstration of DT based VF, including VR interaction, and (3) semi-
structured group interviews. Therefore, the demonstration and evaluation methods are briefly
articulated in the following sub-sections.

4.1 Demonstration

Demonstration of general artefacts (concepts, architectures, methods, demo) delineates how to
use the developed artefacts effectively in particular contexts. Therefore, although the discovered
knowledge will be about the particular context, it should be able to transfer into various contexts
within the same application domain without losing its necessary effectiveness [43]. In this study,
DT based VF is demonstrated in two diverse cases, including large composite manufacturing
(blade) and complex and heavy parts assembly (nacelle) at Vestas. Although such cases are
unique to the wind turbine manufacturing industry, there are significant common aspects with
various industries such as shipbuilding, automotive, and aviation. Thus, the knowledge can
provide guidelines for experienced professionals in the industry and enable the evaluation of
deviations in the form of “if-then” specific to each context.

Since the DT based VF is a generic concept, and the capabilities and implications of the
implemented concept depend on the context-specific tools, data and IT infrastructure, a short
presentation was made to explain and distinguish the concept, tools, technologies, demo, and
methods. Some parts of the data about the demonstration are subject to the intellectual and
financial interest of Vestas. Thus, a significant part of the data is covered by the provisions given
to Vestas by the research collaboration agreement. However, we strongly advise the readers to
access the part of the demonstration video that is publicly available via [46]. The video shows
examples of DT based VF simulations that are synchronised with process data from the real
factory via the manufacturing execution system. The synchronisation allows the reflection of
changes in VFs to produce manufacturing data analysis based on timings from the real factory.
Furthermore, the video shows that you can manipulate the VFs in a VR environment and even
have multiple users in the same VF simulation environment to perform collaborative and
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coordinated manufacturing (assembly) operations. This enables operators to train together in the
virtual environment on products that may not be in production yet.

4.2 Group Interviews

The group interviews aim to collect data to evaluate the DT based VF concept in the context of
VP during the NPI processes with well-grounded pieces of evidence and arguments by exploring
the interpretations and perspectives of industry experts. During the group discussions, the
interpretations of the experts were critically examined by instigating a process of reflection to
gain more specific, accurate and grounded pieces of evidence. Moreover, group discussions with
diverse technical expertise on similar operations in different manufacturing domains allowed the
experts to reach more reliable judgements or demonstrate independence through slight
disagreements.

Since the purpose of Design Science Research (DSR) is to discover the practical usefulness of
a solution to deal with empirical challenges with practical methods, DSR focuses on the
pragmatic validity and practical relevance of a generic design [43]. Therefore, justification of a
solution concerns, including but not limited to, the effectiveness, usefulness, and consistency. In
this regard, group interviews were initially planned as physical meetings to enable interviewees
to experience first-hand a DT based VF demo with immersive and interactive VR environments.
Unfortunately, due to the COVID-19 pandemic, live demonstrations had to be performed during
an online meeting which allowed the interviewees to see the physical and virtual environments
but not fully experience VR. The interviews were recorded with the Microsoft Teams software
tool and transcribed with services provided by the Microsoft Stream platform. The guidelines for
designing and conducting interviews by Kvale [47] were followed. The number of interviewees
was limited, with five in each session to avoid uneven participation in discussions, and to acquire
more valuable knowledge with more intensive interviews and penetrating interpretations.
Participants were intentionally mixed for each session based on their background and department
(NPI, Blade, Manufacturing, Nacelle, etc.) to increase the diversity of expertise in each session.
A list of the expert interviewees is available in the appendix.

5 Results and Evaluation

In total, 20 interviewees participated in the demonstration and evaluation of the DT based VF
concept in VP. Four sessions each included five experts and covered the introduction of the
concept, demonstration, and evaluation/discussion sections, which took approximately 4 hours.
Only the evaluation part of each session was recorded and took 50 minutes on average. The
average years of experience of the experts were 14.8 and ranged from a minimum of 3 years to a
maximum of 24 years. As anticipated, the expert discussions on the evaluation of DT based VF
roamed around four terms, representing some of the main activities of NPI. These terms are (1)
mock-ups, (2) design prototypes, (3) process prototypes, and (4) O-series production. Therefore,
the results and evaluations are organised and presented under the respective headlines.

One of the recent product introduction operations at the case company comprised four mock-
up builds, five design prototype builds, and four process prototypes. Although the cost of the
prototyping depends significantly on the magnitude of the design modifications, the cost of
prototype activities of a new wind turbine on such a scale can easily reach over 10 million €.
Some of the comments, critiques, and arguments from the industry experts are referenced to the
respective participant number in the appendix. For instance, interviewee number 5 is referenced
as (Int. 5).



5.1 Mock-up Builds

A mock-up is an early build of the concept design, which aims to verify the functionality of the
early design before the detailed design is finalised. A mock-up can be a physical or non-physical
build, including a 3D model, computer simulation, hardware in the test, or a mock-up in the
factory. However, if the difference in the new design is not minor compared to previous product
variants, mock-up activities usually involve a significant number of physical builds. Shifting to
the containerised products under the scope of modularisation, for example, could require
significant changes in product design, production processes and, thus, the shop floor systems.

Most of the participants agreed that the DT based VF simulations could solve many problems
and errors before early builds, but could not eliminate physical mock-up builds completely. This
is mainly because NPI procedures dictate some early tests, such as a fatigue test on the physical
build and a turbine test for legal certifications, requiring a minimum of three blades. Therefore,
for the blade production case, it is considered that a minimum of four mock-up builds are
inevitable under the present circumstances. However, 3D model simulations in factory
environments were considered significantly beneficial due to increased confidence in the models
(Int. 2). In addition, the majority of the experts considered that reducing the time spent on mock-
up builds and errors found while using VF simulations would provide sufficient value for the
business case. Some stated that the significance of the time spent on design and process changes
Is due to the high number of issues found during the mock-up builds (Int. 10). Quoting one of the
experts: “Even in early stages, this (DT based VF) could be beneficial to at least anticipate some
issues that might occur in production due to design mistakes or miscalculations in design. | think
that would be a great help in the decision making (on design.)” (Int. 14).

Moreover, extending the tools with a detailed and specific process and material simulations,
such as material behaviours and resin injection, is considered highly valuable for the blade
manufacturing case. Thus, one expert stated, “There are 1800 pieces of plies in each blade. If VF
could be able to predict the tolerances, that would be a great business case.” (Int. 18).
Simulating the resin injection process during the WTG blade production is conventionally
considered significant for the design and performance of the product. However, experts highlight
that such high-resolution production processes and low-resolution factory operations have
significant mutual impacts. Heat and humidity originated at the geographical location, for
instance, can have a significant impact on such processes as resin injection or torque processes
and, eventually overall factory operations. Thus, integrated VF simulations could enable both
analyses with high-resolution simulations and synthesis with low-resolution simulations.

5.2 Design Prototypes

A design prototype is a physical build that represents the final design documentation and aims to
verify functionality and requirements at the system, product and component level. Ideally, the
design prototype should finalise and freeze the Engineering Bill of Materials (eBOM), but most
likely, some corrections on the design will be made later on.

DT based VF simulations were considered more beneficial for design prototypes than mock-
up builds by the majority of experts since design prototypes are focused less on specific/critical
materials behaviours and performances and more on the overall design integrity. It was stated by
(Int. 18) that the majority of the issues (failures, corrections, improvements) faced during one of
the late blade introduction processes were design-related (drawing corrections 40%, cutting file
corrections 24%, bill of materials corrections 14%, among others). Therefore, aiming to find
such issues in DT based VF simulations is considered a better approach (Int. 18). On the other
hand, one expert stated that “Replacing the (physical) model is not something we should
consider for the near or medium future. But I think that if we could go that way, we could put a
good CAD model of the product into the VF environment to do the same prototyping. So, we can
play with it and test it in the weeks before the design prototype. Then I think we can lower the
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time that we spend on making the design prototype. But avoiding the design prototype completely
is a bit optimistic as it is now. Considering the last design prototype, | guess VF would possibly
help to decrease the time to market. We probably have several 100 issues in a design prototype.
They are mostly product-related. My guess is around 10% is the space issues (which can be
solved by VF).” (Int. 11). Furthermore, the commonly agreed statement made by (Int. 17) was,
“I do not think we should reduce the number of blades that we built (in prototyping processes).
Yes, | know they are expensive, but I think we can improve the quality and perhaps improve the
speed. ” Such stress on increasing quality could link to the increasing cost of downtime due to
quality problems in WTGs in recent years [48].

In the nacelle assembly case, cable routing and measurements in 3D CAD models are
considered a highly challenging process. “It is supercritical, especially when we try to design a
cable bundle from point A to point B, and it goes above the four different cable trays and bins. It
is very difficult to draw them laying correctly on the cable tray and all the way, and that is where
we see the most of the errors.” (Int. 20). The impact of such challenges on the production
process on the shop floor can also be considered a sign of the importance of multi-resolution
simulations of the factory operations.

5.3 Process Prototypes

The process prototype is a physical representation that has the full functionality of the final
design. The purpose of the process prototypes is to verify the various documentations of the
design concerning the Health, Safety and Environment (HSE), manufacturability, production
process (MBOM; Manufacturing Bill of Materials), production setup, transportation, installation,
and service (sBOM; Service Bill of Materials).

DT based VF is considered highly useful for process prototypes. “Designing and modifying
the production layout to find out: How to execute? How big a part of a nacelle we build and try
to join them with the crane at the states. That is something we could definitely figure out in (VF)
for new products.” (Int. 20). However, most experts also considered the output of physical
process prototypes and previous prototypes as very useful for simulating what-if scenarios and
optimising 0-series and serial production processes (Int. 2). One expert stressed the importance
of specific/detailed process simulations with high-level simulations by stating, “if we were be
able to integrate other simulations like the infusion process with VF simulations, then we could
run the blade production process right from lay-up till the curing process. The infusion process
includes the material properties, the curing properties, the heating, and the moulds conditions.
So, if these applications could talk to each other, then we could run the entire process within a
single platform. ” (Int. 18).

5.4 0-Series Production

0-series production is nominally the same as the serial production on the line. However, it
represents the design in the line to verify the production capacity in terms of resources, tools,
space, etc., and the processes capabilities to achieve the expected takt time with the proper
quality requirements. The number of physical builds in 0-series production generally depends on
accelerating the learning curve and the ability to reach the target takt time.

0-series production is considered the most effective use case for DT based VF since the design
and processes are more mature in this phase. Thus, DT based VF promises high value by
enabling the Vestas experts “to start up with the right sequence, the right staffing, right factory
layout, and have a shorter time to market,” (Int. 5) since the “use and distribution of labour
throughout the blade production is extremely time-consuming.” (Int. 4). Accelerating the
learning curve, which represents how to produce faster, is considered highly possible. One expert
stated that reaching the actual takt time for a nacelle may take three to six months and added,
“VF would help to save 25% of the time of 0-series.”” (Int. 11). The criticality of this issue is that
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“as soon as we get into O-series and very short takt times, then we will notice (for example) the
lack of crane capacity very quickly. The lead time for getting a new crane from the day we
realise it — if we are very lucky — is four to six weeks. So that can be a very serious limiting
factor. It is very valuable to see if the crane capacity is a limiting factor and it would be very
useful to try out various scenarios in VF simulations.” (Int. 11). Thus, DT based VF is
considered very useful “to understand what the bottlenecks are to identify the risk of moving the
paths or fixing the assembly sequences,” (Int. 13), as well as “lean optimisations on the
operators.” (Int. 17).

5.5 Other Reflections

DT based VF is also considered for various capabilities besides simulating various prototype
activities during NPI. The VR capabilities of the DT based VF were considered valuable for pre-
training for large scale production roll-outs: “what if we have a new factory starting up where
1000 people are in the organisation (facility). Then we can do pre-training before we actually
put them out on the mould. ” (Int. 17). Moreover, collaborative VR shows a sign of higher value
for communication with suppliers, and it is considered very “useful to have VF during
technology transfer between factories.” (Int. 1). However, one expert argued that “when
implementing VR, we need to be very focused on who will use it, because not everyone can work
with it and that requires change management — a change of mindset. ” (Int. 11).

One interviewee also addressed the risk of a rapidly increasing volume of data that needs to be
input to the models for achieving close-to-reality models and stressed the importance of DT
technology (Int. 20). Another argued that “Approximately every 6 to 10 years we have a new
generation nacelle. In between these years, the designs are very similar, and of course, it is easy
to create a digital twin. But if we are introducing a new generation nacelle, it is more difficult to
have a digital twin of the production. ” (Int. 1).

The possibility of disrupting the product development process based on the VF concept was
discussed during the evaluation. Here it was mentioned that the development process follows a
strict gate/tier process, where the product design is locked by the time it reaches production
development. This means that tools and processes are not defined and might not be available. To
reduce this issue, one expert stated that “it would be beneficial if we went as soon as the design
is finished or maybe even before that, when we have the model of the product, we could start
simulating the process. Maybe we should change the way we look at it and start with the tools
earlier. ” (Int. 10).

It was also mentioned that the concept could provide safety benefits in that “there are so many
safety aspects within a nacelle building, a blade building, a tower where we could utilise the
safety aspects in VF as well. Also, the system could capture if VR trainees had the right safety
behaviour. ” (Int. 17). This was further reinforced by the expert: “I have seen examples (...)
where workers did the safety training through the virtual reality headset. (...) They reduced from
32 days to seven or eight days by having virtual reality training sessions. ” (Int. 17).

6 Discussion and Implications

The research work presented in this paper achieved the demonstration and evaluation of the DT
based VF concept in the context of VP cases, particularly NPI processes. While the previous
works evaluated the concept in terms of supporting the co-evolution of manufacturing
enterprises, the present work focuses on the potential implications of the concept, particularly in
the mock-up build, design prototype, process prototype and 0-series production processes, which
are articulated based on expert comments. The expert comments provide valuable pieces of
evidence and data on how and to what extent DT based VF can support complex manufacturing
operations during the NPI processes.
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Since the introduction of a new WTG into the renewable energy market is critical to compete
for market share, reducing the time to market is considered strategically vital for WTG
manufacturers. Therefore, there is significant pressure on coordinated engineering operations
during NPI. However, the expert comments give signs that such pressure also creates significant
quality problems later in the manufacturing operations and product performance. NPI engineers
are simply aiming to mature their product, process, and system/organisation models from mock-
up build to O-series production. Physical prototypes provide better evidence and greater
confidence to make decisions during the NPI process yet lead to significant time and cost issues.
Thus, the majority of the experts assert that reducing the time to market should not be a
performance indicator for utilising a solution like the DT based VF in early NPI, but instead
reducing the number of issues/problems during the NPI operations. Moreover, the limitations on
decreasing the physical prototype builds mean that taking this as a basis for fully eliminating
physical prototypes in the near future is not realistic.

Since the bidirectional real-time data integration is inherent in the DT based VF concept,
questions are raised on how to utilise the historical data of a digital twin technology for a fast-
changing model. For example, the historical data of a DT could simply be irrelevant in a totally
new production setup. Therefore, DT based VF is considered more valuable for later phases of
NPI operations due to the larger volume of data and more mature models. Moreover, this may
support the view that easy-to-use DES tools without advanced integration (with MES and PLM),
and the DT capability could still be more valuable for early concept/idea simulations by enabling
rapid iterations of lightweight model development and simulations.

Overall, the integration of multi-resolution simulations to represent a manufacturing system
including its subsystems stands as the core capability of VF to handle evolving complexity. Such
integration enables greater confidence in the impacts of major changes in overall operations from
both the bottom-up and top-down approaches. Changing the WTG towers from steel to wood
[49], for instance, could cause significant changes in material processing and thus the rest of
operations assembly, transportation, etc. A dedicated simulation of wood processing (high
resolution) could give reliable results to model and simulate the operations at the respective
production line, factory, transportation, or installation (low resolution) level. Thus, the chain of
reactions triggered by changes at various levels could be modelled and simulated to handle
complexity in a flexible and agile way.

6.1 Limitations and Future Work

The work presented in this article covers only the demonstration and evaluation activities of the
DSRM. The other DSRM activities, including the problem identification, definition of the
objectives of the solution, design, and development activities, that were performed during the
previous three years, were covered in previous studies. Thus, the reader should refer to those
studies for more information to close the gap between the initial claim, which is the design and
development of the DT based VF solution [11], [16], [17], and demonstration and evaluation.

Moreover, conducting a study to evaluate such a comprehensive solution in dynamic, social,
and complex organisations carries the risk of internal validity confusions [50]. This is mainly
rooted in the difficulty of isolating dynamic and complex manufacturing organisations that
inherit a large number of interdependent variables. Such challenges limit us to performing
experimental or quasi-experimental studies. Therefore, it should be kept in mind that the data in
terms of articulating the capabilities of the solution and other interpretations provided by experts
during the interviews are context-specific, relying on the demonstration.

It is observed that the participants were finding it hard to articulate the implications of DT
based VF in high resolution manufacturing operations like specific machining, drilling, welding,
and resin injection simulations. Therefore, increasing the scale of resolution in the DT based VF
concept in future works could make it possible to capture more quantitative data and cases
promising tangible value for the concept.
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Moreover, due to increasing size and weight, together with regulation and localisation
requirements in the wind energy market, more radical solutions like moveable/containerised
factories or containerised WTGs are attracting attention. Therefore, implementing the DT based
VF concept in a moveable factory concept while extending the simulations with transportation,
on-site assembly operations, etc. to simulate the concurrent evolution of the product, process and
system/organisation as well as its impact on the value chain, promises a significant potential.

7 Conclusion

This article addresses the need for thorough case evaluations of the DT based VF concept in the
context of VP during NPI activities. DT based VF can enable the coordinated engineering of
product and production lifecycle processes by enabling the integrated representation of product,
process, and systems (organisation) models for designing, verifying, optimising and interacting
with such models. Although the VF is not a brand-new concept, recent developments in state-of-
the-art technologies like 10T, DT and VR and their integration into modelling and simulation
tools are exploiting the potential of the VF concept exponentially. The majority of the studies on
VF focus on either very specific cases and technologies or high-level conceptual work.
Therefore, the present study aims to close the gap between theory and practice by exploring (1)
the implications of the DT based VF in VP operations of WTG manufacturing and (2) the
benefits that can be gained from industrial implementation of this concept.

The concept was demonstrated in the wind turbine blade and nacelle production facilities of
Vestas and evaluated by industry experts during semi-structured group interviews. The results of
the evaluation indicate that the DT based VF concept can have significant value in multiple
phases of prototyping. However, the experts agree that the most value would be added in the
later phases of product introduction, where this concept provides an integrated representation of
the products, processes and system (factory) models. In these phases, the product design will be
more mature, but the process is still at a preliminary stage. By providing the integration, the
experts can discover design errors in the product and process without creating real-life
prototypes. This works towards reducing the prototyping time and increasing the initial quality
of the product and process. Finally, the experts address a need for an extension of the demo with
more specific simulations focused on material design and behaviour (with higher resolution).
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Appendix: List of Interviewees

List of Expert Interviewees

Interview | No Interviewee Title Years of Department
Date & experience
Time
1 | Industrialisation Lead 12 New Product Master (NPM)
2 | Manufacturing Intelligence | 13 Blade Launch & Execution Centre (BLEC),
18.03.2021 Manufacturing Intelligence
& 3 | Manager 15 BLEC Blade Launch Team
14:30 4 | Continuous Improvement 15 BLEC, Continuous Improvement
Specialist
5 | Industrialisation Lead 20 Manufacturing Readiness — Blade (BLA)
6 | Senior Specialist 19 Functional Excellence
7 | Senior Specialist, 24 BLEC, Performance & Execution
Performance & Execution
22.03.2021 | 8 | Design for Excellence- 11 Design for Manufacturing
& Lead Professional
10:00 9 Lead Health, Safety, 22 BLEC
Environment Specialist
10 | NPM Lead (Electrical) 12 Manufacturing Readiness — Assembly and
Towers (ASSY/TOW)
11 | Specialist 11 Manufacturing Readiness - ASSY/TOW
12 | NPM Specialist 21 Manufacturing Readiness - BLA
23.03.2021 | 13 | Specialist 13 Manufacturing Readiness - ASSY/TOW
& 14 | Design for Excellence 3 Design for Manufacturing
10:00 Engineer
15 | Tooling Professional 15 Manufacturing Readiness - BLA
Quality Tools
16 | NPM Lead (Blades) 14 Manufacturing Readiness - BLA
17 | Sr. Manager, Training & 10 Global Training & Knowledge Transfer
29.03.2021 Global Transfer
& 18 | NC Tech Continuous 13 Manufacturing Readiness - NC TECH
14:00 Improvement lead
19 | NPM Lead (Towers) 13 Manufacturing Readiness - ASSY/TOW
20 | Specialist 21 Manufacturing Readiness - ASSY/TOW

16



