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Abstract

Material traceability is an important part of industrial manufacturing, especially in
systems where quality, reliability, and documentation requirements are high. In many
companies, traceability is often assumed to already exist because there are certificates,
ERP systems, production documents, and established routines. However, during this
study, it became clear that having information available does not automatically mean
that traceability is fully controlled across the whole process.

This thesis investigates material traceability in the cooling pipe production pro-
cess at Hitachi Energy in Landskrona. The work focuses on how material identity is
created, transferred, maintained, and sometimes weakened through the full process,
starting from engineering and procurement and continuing through warehouse han-
dling, production, and final documentation.

The study was carried out using process mapping, on-site observations, and discus-
sions with employees from different departments. By following the material physically
and comparing it with system information and documentation, several traceability gaps
became visible.

The results show that the current system is not built around one continuous iden-
tity structure. Instead, traceability is often maintained through a combination of doc-
uments, SAP data, local routines, and human experience. The study also shows that
some of the largest traceability challenges appear during transformation steps such as
cutting, welding, leftover handling, and sub-supplier operations. In addition, differ-
ences between SAP transactions and the real physical material flow create situations
where system visibility and physical reality do not fully match.

Based on the findings, this thesis proposes a structured solution framework focused
on defining a controlled material identity before introducing more digital tools. The
proposed framework includes identity rules, process responsibilities, digital support
functions, and future directions such as event-based traceability and sensor-supported
tracking.

The conclusion of the study is that the main challenge is not the lack of technology
itself, but the lack of a consistent identity structure across the process. Therefore, the
work argues that traceability should first be structurally defined, and only after that
digitally expanded.
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Chapter 1

Introduction

1.1 Background

The global energy sector is currently experiencing a major transition from traditional
fossil-based power generation toward more renewable and distributed energy sources.
This development creates new technical challenges regarding how electrical power is
generated, transmitted, and managed across large geographical distances. Renewable
energy sources such as offshore wind farms, large-scale solar parks, and remote hy-
dropower stations are often located far from the areas where the electricity is consumed.
As a result, the need for efficient long-distance transmission systems has increased sig-
nificantly.

High Voltage Direct Current (HVDC) technology plays an important role in these
applications because it enables transmission of large amounts of electrical power over
long distances with lower transmission losses compared to conventional alternating
current (AC) systems [I|. HVDC systems are commonly used for offshore-to-onshore
transmission, grid interconnections between countries, and integration of renewable
energy into existing power networks.

In HVDC systems, electrical power is converted between AC and DC using converter
stations. These conversion processes involve high-power electronic equipment that
generates considerable thermal losses during operation. If the generated heat is not
managed properly, system efficiency can decrease, component lifetime can be reduced,
and in severe cases equipment failure may occur. Because of this, cooling systems are
a critical part of HVDC infrastructure and are necessary for maintaining stable and

reliable operation.



1.2 Technical Context of Cooling Systems

Cooling systems used in HVDC applications are designed to remove heat from power
electronic components and maintain stable operating conditions under different load
and environmental conditions.

A typical cooling system consists of several integrated subsystems, including cir-
culation pumps, heat exchangers, purification or treatment units, and piping systems.
Among these, the piping system has a central role since it physically connects the dif-
ferent parts of the cooling system and allows the cooling medium, usually deionized
water, to circulate throughout the system.

From an operational perspective, these cooling systems are highly monitored and
controlled. Sensors continuously measure parameters such as temperature, pressure,
and flow rate, while operational data is processed in real time to ensure safe and
efficient system performance. As a result, the system already contains a high degree of
operational traceability regarding process behavior and system performance. However,
the same level of control is not always applied to the physical materials used to build

the system itself.

1.3 Key Terms and Definitions

Table 1.1 summarizes several important terms used throughout the thesis.



Table 1.1: Key terms used throughout the thesis.

Term Definition

Material Certificate Document provided by the supplier contain-
ing information about material properties, ori-
gin, chemical composition, and compliance with
specified standards.

Charge Number Supplier-defined identification number used to
connect material to a specific production batch
or certificate.

Traceability Ability to track material origin, movement, pro-
cessing history, and final usage throughout the
process.

ERP System Enterprise Resource Planning system used for

handling production, inventory, purchasing,
and operational data. SAP is the ERP system
discussed in this study.

Kitting Preparation and grouping of required material
before production activities begin.

Leftover Material Remaining material pieces after cutting or pro-
duction operations that may later be reused or
stored.

Identity Inheritance The principle that cut or transformed material

should maintain connection to its original ma-
terial identity.

Pickling Surface treatment process used to clean and im-
prove corrosion resistance of stainless steel after
manufacturing operations such as welding.

1.4 Material Traceability in Industrial Systems

Material traceability can be understood as the ability to track the origin, processing
history, and final use of materials throughout their lifecycle [2].

In industrial production environments, traceability is important for several reasons.
It supports product quality, enables root-cause analysis during failures or deviations,
supports regulatory and customer requirements, and increases confidence in the final
product. Previous studies have also highlighted traceability as an important enabler
for quality assurance, risk management, and lifecycle control within manufacturing
systems [3].

Material traceability is often supported through tools and systems such as mate-
rial certificates according to standards like EN 10204, batch or charge numbers, and
ERP systems such as SAP. In many industrial sectors, traceability requirements are
also driven by customer demands, quality assurance standards, and regulatory expec-

tations. In complex manufacturing environments, customers often require documented



proof regarding material origin, production history, and compliance with technical spec-
ifications. Material certificates according to standards such as EN 10204 therefore play
an important role in ensuring that material properties and manufacturing information
can be verified throughout the supply chain [1].

In addition, traceability has become increasingly important in modern industrial
systems due to higher demands for quality control, lifecycle management, and opera-
tional transparency. Previous research has shown that effective traceability systems can
support risk reduction, improve quality management, and strengthen process control
in manufacturing environments [5].

These systems are intended to provide structured information regarding material
origin, material properties, and processing history. In theory, this should create a
continuous and controlled traceability system throughout the production flow. At the
same time, several studies within industrial digitalization and Industry 4.0 have shown
that the existence of digital systems alone does not automatically guarantee process
transparency or traceability continuity [6]. In complex manufacturing environments,
physical process behavior, organizational practices, and system representation do not
always remain fully synchronized. Because of this, traceability should not only be
understood as a technical data problem, but also as a system coordination challenge

involving both operational and organizational dimensions.

1.5 Problem Context: Reality Versus Assumption

At the beginning of this study, it was assumed that material traceability followed a
relatively structured and controlled process supported by SAP, documentation rou-
tines, and existing production practices. However, during discussions, observations,
and process mapping inside the company, it became clear that the actual situation is
more complex.

Although traceability exists in several parts of the process, it is not maintained
continuously across the full production flow. Instead, traceability often depends on
manual handling, interpretation of documentation, and the experience of employees
working in the process.

Several observations highlighted this issue. Material identity is not always clearly
defined during the engineering phase, warehouse operations are mainly driven by mate-
rial availability, and identity links between materials, charge numbers, and certificates
are often reconstructed manually. In addition, the physical movement of material does
not always fully match the information stored in the system.

As a result, traceability is not entirely controlled through one connected system.
Instead, it is maintained through a combination of documentation, local practices,

and human interpretation. One important observation from the study is that the main



challenge is not necessarily the absence of data, but the absence of a continuous identity

structure connecting the physical material throughout the process.

1.6 Purpose of the Study

Based on these observations, the purpose of this thesis is not only to describe the
existing process, but also to understand how material traceability behaves across the
system in practice.

The study aims to:

Map the complete process from pre-production to production.

Identify where and why traceability weakens or is lost.

Analyze the underlying causes from a system-level perspective.

Investigate how material identity changes during production transformations.

e Propose a more structured approach for improving traceability.

The intention is to move beyond isolated local improvements and instead investigate

the problem from a broader system and process perspective.

1.7 Research Questions
The study is guided by the following research questions:

1. How is material identity created, transferred, and maintained throughout the

cooling pipe production process?
2. Where do traceability discontinuities occur during the process?
3. Why do these discontinuities emerge from a system and operational perspective?

4. How can material traceability be structurally improved before further digitaliza-

tion is introduced?

1.8 Scope and Limitations

This study focuses on material traceability within cooling pipe production at Hitachi

Energy in Landskrona.



The scope includes both pre-production activities, such as customer requirements,
engineering, procurement, and warehouse operations, as well as production activities
including cutting, machining, welding, and finishing processes.

The study does not aim to redesign the full ERP system or implement a complete
digital traceability solution. Instead, the main focus is on understanding current system
behavior and establishing a structured foundation for future traceability improvements.

In addition, the study mainly focuses on internal production flow and observations
within the company. External supplier and sub-supplier operations are included only
to the extent that they affect the internal traceability chain. The study focuses pri-
marily on process behavior, system interaction, and traceability structure rather than

confidential technical product specifications or sensitive operational data.

1.9 Thesis Structure
The remainder of this thesis is organized as follows:

e Chapter 2 presents the methodology and research approach used during the study.

e Chapter 3 presents the system mapping and process observations across the pro-

duction flow.

e Chapter 4 analyzes the identified traceability problems and underlying system-

level causes.

e Chapter 5 presents the proposed traceability framework and improvement direc-

tion.

e Chapter 6 discusses the results and reflects on implementation challenges and

system implications.

e Chapter 7 presents the conclusions and suggestions for future work.



Chapter 2

Methodology

2.1 Research Approach and Study Design

This study was conducted as a qualitative industrial case study focused on understand-
ing how material traceability behaves within a real production environment. Qualita-
tive case studies are commonly used when investigating complex socio-technical systems
where process behavior, organizational interaction, and operational practices must be
understood within their real-world context |7, 8]. The methodology was exploratory in
nature and combined observations, interviews, internal documentation, and iterative
process mapping in order to analyze traceability across the system.

A qualitative approach was considered suitable because the study focused on un-
derstanding process behavior, operational practices, and interactions between physical
material flow, documentation, and system representation within a real industrial envi-
ronment.

Qualitative case study methodology is commonly used when the purpose is to in-
vestigate complex real-world processes where the boundaries between the phenomenon
and its operational context are difficult to separate [7]. This type of methodology
is particularly suitable for industrial environments where process behavior, organiza-
tional interaction, and operational practices must be understood together rather than
isolated into controlled variables.

In addition, exploratory case studies are considered useful when the objective is
not only to evaluate an existing solution, but also to investigate how a system behaves
in practice before defining improvement strategies [3]. Since the traceability chal-
lenges observed during this study involved several interconnected operational stages,
the qualitative approach made it possible to investigate both technical and organiza-
tional aspects simultaneously. At the beginning of this thesis, material traceability was
not approached as a predefined technical problem with a ready solution. Instead, the

work started as an open investigation of how the system actually behaves in practice



before attempting to suggest improvements.

During the early discussions within Hitachi Energy, it became clear that traceability
was not isolated to one department or one specific activity. Instead, it affected several
stages across both pre-production and production. Because of this, it was not consid-
ered sufficient to study the issue locally or only from one department’s perspective.

For this reason, the study was carried out using a system-level approach where the
entire process flow was analyzed from beginning to end. The focus was therefore not
only on identifying where problems occur, but also on understanding how the system
behaves across the full process and how traceability changes between different stages.

The study was conducted over several months during ongoing production activities

at Hitachi Energy in Landskrona.

2.2 System-Level Perspective

To understand the process in a structured way, the study was based on following three
parallel layers throughout the system: the physical material flow, the information flow,
and the traceability layer related to material identity.

The material flow describes how physical materials such as pipes and components
move through the process. The information flow represents how information is trans-
ferred through drawings, SAP transactions, certificates, Excel files, and documentation.
The traceability layer focuses on how material identity is created, maintained, weak-
ened, or reconstructed during the process.

Separating these three layers made it easier to identify where they support each
other and where they become disconnected. One of the central observations from the
study is that these layers do not always behave consistently together, even though the
process itself may still continue operationally. Figure 2.1 illustrates the three-layer

system perspective used throughout the study.
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Figure 2.1: Three-layer system perspective used throughout the study.

2.3 Data Collection Methods

The methodology used in this study was based on a combination of on-site observa-
tions, semi-structured interviews and discussions, internal documentation, and process
mapping. Using several data collection methods was necessary because no single source
provided a complete understanding of the traceability system.

Using several data collection methods was necessary because no single source pro-

vided a complete understanding of the traceability system.

2.3.1 On-Site Observations

A significant part of the understanding came from directly observing the production
environment and physically following the material through different stages of the pro-
cess. The observations included warehouse activities, kitting operations, movement of
material into production, as well as cutting, machining, welding, and finishing pro-
cesses. The main purpose of these observations was to compare the official system
representation with what actually happens in practice. During several observations,
differences between the digital system and the physical process became visible.

For example, full pipe lengths were physically moved into production while SAP
only registered partial consumption. In other situations, material markings were miss-
ing, unclear, or no longer maintained after processing steps. It was also observed that
operators frequently relied on local context and practical experience rather than sys-

tem information alone. These observations were important because they revealed how



traceability behaves in reality rather than how it is expected to function theoretically.

2.3.2 Interviews and Discussions

To complement the observations, discussions and interviews were carried out with
employees from several parts of the organization. This included warehouse personnel,
production operators, documentation specialists, planners, and employees working with
process-related or SAP-related activities.

The purpose of these discussions was not only to gather information, but also to
understand how different functions interpret traceability and work with it in daily op-
erations. Capturing multiple perspectives was important because material traceability
spans several organizational functions and cannot be fully understood from a single
departmental viewpoint.

The interviews were semi-structured, and semi-structured interviews are commonly
used in qualitative research because they allow the researcher to combine predefined
themes with flexibility during discussions [8]. This approach was considered suitable
for the study since different departments interacted with traceability in different ways,
making it important to allow participants to explain practical experiences and oper-
ational perspectives in their own words. Some questions were prepared beforehand,
while other parts developed naturally during the discussions depending on the experi-
ence and perspective of the person being interviewed.

This approach made it possible to capture different interpretations of traceability,
inconsistencies in understanding between departments, and practical workarounds used
during daily production activities. In total, discussions and interviews were carried
out with employees representing multiple operational functions across the organization
during the study period. The intention was not to achieve statistical representation, but
rather to capture different operational perspectives connected to material traceability

throughout the process.

2.3.3 Internal Documentation

The study also included internal company documentation such as process descriptions,
presentations, production-related documentation, SAP-related material, and system
screenshots. These documents provided an overview of how the process is formally
intended to function. However, one important observation during the study was that
documented processes did not always fully represent how the process behaved in prac-
tice.

Because of this, documentation was continuously compared with observations and
interview results in order to evaluate whether the documented workflow matched the

actual production flow.
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2.3.4 Process Mapping

Based on the collected information, a complete process mapping was developed covering
both pre-production and production activities.

The mapping was not only created as a visual representation of the process, but
also as an analytical tool for understanding how traceability behaves across different

stages.
For each stage in the process, three main questions were analyzed:

1. What happens physically to the material?
2. What information is used or transferred?

3. How is the material identity handled at this stage?

This made it possible to identify where identity is initially created, where it gradu-
ally becomes weaker during material transformations, and where identity relationships
later require manual reconstruction in order to maintain traceability continuity.

Figure 2.2 shows the overall process mapping developed during the study.

11



¢l



€l

1. PHYSICAL
MATERIAL FLOW
Movement and
transformation of
physical materials

2. INFORMATION
FLOW
Exchange of information

and documents across
departments and systems

3. TRACEABILITY

Engineering
& Design

.

Material requirements
defined

A D
. .

Purchase order and
supplier information

Drawings and
specifications
created

&) — [

Supplier, charge and
certificate linked
to received material

FLOW Trac‘eablllty
requirements
Continuity of material defined
identity and history
across the process
LEGEND > Physical ial 1

(typically continuous)

)

=) Information exchange
(may be fragmented)

Procurement
& Receiving

Material received

from supplier

received

Warehouse
(Storage & Kitting)

Material stored
and kitted

Material recorded
in SAP / inventory
system

— Qe N

Material identity
linked to location
and stock

|
= =3 Traceability continuity
(may be interrupted)

Production
(Manufacturing)

Material processed
and transformed

Production data and
work instructions
updated

I
B e

Identity may be
changed during
transformations

KEY MESSAGE

Documentation
& Quality

Material checked
and documented

Inspection and
quality records
created

Identity verified
and confirmed

The three flows operate in parallel throughout the process.
They support each other but are not always synchronized.
Gaps between the layers create traceability risks.

Figure 2.2: Full process mapping used during the study.
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2.4 Iterative Analytical Process

The analysis was carried out iteratively throughout the study.

Initial observations led to new questions, additional discussions, and updated pro-
cess mappings. This cycle was repeated several times during the work in order to
gradually improve the understanding of the system.

An important part of the methodology was that information obtained through
discussions was not accepted directly without validation. Many statements were later
compared with observations in the warehouse or production environment.

This reduced the risk of relying only on theoretical descriptions of the process and
made it possible to compare documented routines with actual operational behavior.

Figure 2.3 illustrates the iterative investigation process used throughout the study.

-
1. OBSERVATIONS
On-site observations of
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production and other
departments.
'
>N r
6. UPDATED ANALYSIS 2. INTERVIEWS &
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and process mapping Interviews and discussions
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\\ "’
5. VALIDATION \\\ ’f’ 3. PROCESS MAPPING

. Validation of findings Mapping of material,
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understand the current
traceability process.

questions and comparison
with system data and
documents.

4. ANALYSIS &
INTERPRETATION

\ Analysis of collected data
and mapping results to

identify patterns, gaps
and root causes.

Figure 2.3: Iterative investigation process used during the study.
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2.5 Validation and Triangulation

To improve the reliability of the findings, information from different sources was con-
tinuously compared throughout the study.

Observations were used to validate statements from interviews, while internal doc-
umentation was compared with actual production behavior. Process mappings were
also updated repeatedly when new observations or discussions revealed inconsistencies
or additional details.

Using multiple information sources made it possible to identify mismatches between
system representation, documented procedures, and physical production reality.

This triangulation approach was important because material traceability could not
be fully understood through only one type of information source. Similar validation
strategies are commonly recommended in qualitative case study research to improve

credibility and reduce the risk of relying on a single perspective |7, 8].

2.6 Role of the Researcher

During the study, the role of the researcher was not limited to passive observation. The
work also involved asking questions, discussing assumptions, and challenging parts of
the existing process in order to better understand system behavior.

At the same time, it was important not to introduce predefined solutions too early in
the investigation. Maintaining a relatively neutral perspective was necessary to ensure
that the findings were based on observed system behavior rather than assumptions

made beforehand.

2.7 Ethical and Confidentiality Considerations

Internal company information, discussions, and production observations were handled
confidentially throughout the study.

The thesis focuses on process behavior and system-level analysis rather than eval-
uation of individual employees or departments. The purpose of the work was to un-
derstand how traceability behaves across the system and identify structural challenges

connected to the process.

2.8 Limitations

There are several limitations associated with this methodology.
First, the study focuses on one company and one specific production environment.

Because of this, the findings may not be directly transferable to all industrial settings.
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Second, some activities, especially operations performed by sub-suppliers, could not
be fully observed directly. In these cases, parts of the analysis are based on discussions
and indirect information rather than direct observation.

Observations represent a limited time period and may not capture all production
variations or exceptional cases. In addition, the study mainly focused on process be-
havior and traceability structure rather than quantitative performance measurements.
Despite these limitations, the methodology still provided a detailed understanding of

how traceability behaves across the studied system.

2.9 Connection Between Methodology and Findings

The chosen methodology had a direct impact on the findings of the study.

If the analysis had only been based on system data or documentation, several im-
portant issues would likely not have been identified. It was specifically the combination
of observations, discussions, and process mapping that made it possible to detect mis-
matches between system representation and physical reality.

The methodology also helped reveal how strongly traceability depends on human
interpretation and how several identity-related gaps are handled informally during daily

operations.

2.10 Methodological Reflection

One important conclusion from the methodological work is that material traceability
cannot be fully understood only through data or system documentation.
Understanding traceability also requires observing how people work in practice, how
decisions are made during production, and where employees compensate for limitations
in the system.
This means that traceability should not only be viewed as a technical issue. It is
also closely connected to process behavior, operational practices, and human interaction

within the production system.
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Chapter 3

System Mapping and Analysis

3.1 Purpose of the System Mapping

The purpose of the system mapping was to understand how material traceability be-
haves across the full process, from the point where requirements are defined until the
material is processed in production and later prepared for final documentation.

At the beginning of the study, traceability was expected to exist as a relatively
structured process supported by drawings, SAP, certificates, and production documen-
tation. However, by following the material physically and comparing the physical flow
with available system information, it became clear that traceability did not behave as
one continuous chain in practice.

The mapping was therefore used to compare three connected layers: material flow,
information flow, and traceability flow. The material flow describes how physical pipes
and components move through the process. The information flow describes how draw-
ings, SAP data, certificates, Excel files, and production documents are transferred.
The traceability flow describes how material identity is created, maintained, weakened,
lost, or reconstructed.

This separation was important because material can continue moving even when
information is incomplete, and information can exist in systems or documents without
being clearly connected to the physical material. Traceability only works properly
when these layers remain connected. Figure 3.1 shows the three-layer mapping model

used in this chapter.

17



T - . . i o .
Process Stage | Erginearing _{ Procurement —p _ SUPPlier | Warehouse | Kitting Cutting Welding / Finishing Documentation

(Sub-supplier) (Receiving) | | Assembly (Pickiing, etc) | & Handover

Material Flow i i \g . i . i i _ Continuous
(Physical material b ® @ ¢ & & & . &

movement)

g
the process

Information Flow Partly continuous -

(Systems, ————— & —————@ ——————— r———— - — —— — — & & - distributed across
documents, systems and
data transfer) documents
Traceability Flow
(Material identity | — — <O — = — — —— O-=-=-=-==- 0 T rp— ®------ ! o AP R ®------ ®----- '®)
continuity) T T ? f
4 » Continuity weakens.
Warehouse Cutting Welding Marking loss .
5 i - at several points
grouping identity split identity merge or weakening
(identity mixed) (one to many) (many to one) during finishing
Legend
Material flow: physical material moves continuously through the process.
———— = Information flow: follows partly through different systems and documents. @ Break / Weak point in traceability continuity
— == () Traceability flow: material identity inuity is i pted or

The figure illustrates how physical material flow remains relatively continuous throughout the process,
while traceability continuity becomes weaker at several transformation stages such as warehouse handling, cutting, welding, and finishing.

Figure 3.1: Three-layer mapping model showing material flow, information flow, and
traceability flow.

3.2 Overall End-to-End Flow

The full system flow can be described as:

Customer Requirements — Engineering — Procurement — Supplier — Incoming
Goods — Warehouse — Kitting — Production — Finishing/Pickling —
Assembly/Documentation — Delivery

This flow is not only a sequence of departments. It is a chain where responsibility,
material, and information move between different functions, and each function has its
own main purpose. Engineering defines what should be built. Procurement orders
the required material. The supplier delivers material together with certificates and
other documentation. Warehouse receives and stores the material. Kitting prepares
material for production. Production cuts, machines, welds, and finishes the material.
Documentation later collects the evidence needed to show that the correct material
was used.

The difficulty is that traceability does not naturally belong to only one of these
functions. It crosses all of them, and because of this, traceability can easily become
something that is assumed to be handled somewhere else.

From a practical point of view, each department can do its own work correctly while
the total traceability chain still becomes weak. Engineering may specify the correct
material type, warehouse may pick available material, production may manufacture

correctly, and documentation may collect certificates. Still, the physical identity of a
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specific pipe piece may not have been controlled continuously through all transforma-
tions.

This became one of the most important findings from the mapping:

The process can work operationally without traceability being fully con-

trolled as one continuous system.

This observation is consistent with previous traceability research showing that opera-
tional success does not necessarily imply complete traceability continuity, particularly
in complex manufacturing environments where information, material flow, and organi-

zational practices interact across multiple functions [5].

3.3 Pre-Production Phase

3.3.1 Customer Requirements

The process begins with customer requirements. These requirements define what the
final cooling system must fulfil. In the context of HVDC and cooling systems, re-
quirements can include technical performance, material requirements, documentation
demands, quality expectations, and sometimes specific certificate requirements.

Customer requirements are important because they influence what must later be
proven. If the customer requires material traceability, the company must not only use
the correct material, but also show evidence that the correct material was used.

This means that traceability is not only an internal production topic. It is connected
to customer trust, quality assurance, and final documentation. If traceability is weak
during production, this weakness may not become visible until later, for example during
documentation, audit, quality investigation, or customer follow-up.

At this stage, the traceability requirement exists as an expectation. It is not yet
connected to a physical pipe. It is still part of the project requirement structure.

From a traceability perspective, the first important question is:
When does the requirement become connected to a real material identity?

This question is important because if traceability is not connected early enough, the
system must later reconstruct identity from available documents, system information,
and people’s memory.

Figure 3.2 illustrates the transition between requirement definition and physical

material identity.
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The figure shows how customer requirements are translated into engineering and procurement requirements.
At this stage, the material identity is still expected but not yet physically created or traceable.

Figure 3.2: Requirement-to-material transition.

3.3.2 Engineering and Drawings

Engineering translates customer and project requirements into technical documenta-
tion. This includes drawings, BOM-related information, material specifications, di-
mensions, and manufacturing requirements.

In the pipe system, drawings can define material type, pipe dimensions, and details
needed for manufacturing. They show what kind of pipe or component is needed and
how it should be produced.

However, one critical point became clear during the mapping: the drawing defines
the required material type, but not the exact physical material that will be used.

For example, the drawing may state that a certain pipe must be stainless steel of
a specific grade and dimension. It defines what is technically acceptable. However,
it does not say which exact pipe from which supplier should be used, which charge
number should be used, which certificate should be connected, or which exact physical
material instance from warehouse stock should be selected.

This means that engineering creates a technical requirement, but not a complete
material identity.

This is not necessarily wrong. In many industrial systems, engineering does not need
to define the exact pipe piece. The problem appears when no later process creates a
controlled identity link before production starts.

In other words, engineering provides the “what”. It defines what material is needed.

But traceability also needs the “which”. The “which” means which exact material
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instance was actually used.
That “which” is not created at the drawing stage.
This creates the first important gap:

Material requirement exists, but material identity does not yet exist.

3.3.3 BOM and Material Requirement Logic

The BOM, or material requirement structure, provides information about what mate-
rial is required for a project or production order. It supports planning, procurement,
and production preparation.

However, a misunderstanding can occur if the BOM is assumed to control iden-
tity. In reality, the BOM normally controls material type and quantity, not the exact
traceability identity of a physical material piece.

This is important because material traceability depends on exact identity, not only
material category.

For example, a BOM can state that the project needs stainless steel pipe of a
certain dimension. That is enough for planning material demand. But it does not
automatically guarantee that the exact pipe later used can be traced back through
certificate, supplier, charge number, and processing history.

This means that the BOM is necessary, but not sufficient for material traceability.

From a practical point of view, the BOM helps people know what to buy and use.
But it does not by itself ensure that the material identity is preserved through cutting,
welding, finishing, and documentation.

This becomes more serious later when the physical material changes form. A full
pipe becomes smaller pieces. Several pieces may later become one welded object. The
BOM does not automatically describe these traceability transformations.

Table 3.1 explains the difference between material requirement, material identity,

and traceability.

Table 3.1: Difference between material requirement, material identity, and traceability.

Concept What it answers | Example Limitation

Material re- | What material is | DN100 stainless | Does not identify
quirement needed? steel pipe exact physical pipe
Material  iden- | Which exact mate- | Supplier + charge | Must be main-
tity rial was used? + certificate 4 in- | tained through the

ternal ID process
Traceability Can origin and his- | Certificate linked | Requires continu-
tory be proven? to final pipe ous identity chain
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3.3.4 Procurement and Supplier Interaction

Procurement is the step where material requirements become purchasing actions. Ma-
terial is ordered from suppliers based on project needs, stock levels, and availability.

The supplier delivers material together with documentation. This documentation
may include material certificates, for example according to EN 10204 [1]|. Certificates
are important because they provide evidence of material properties, origin, and com-
pliance with requirements.

In theory, this is a strong traceability point. The supplier provides a certificate,
and the certificate contains material data such as chemical composition, mechanical
properties, heat or charge number, and supplier or manufacturer information.

However, the mapping showed that the existence of certificates does not auto-
matically mean that the physical material remains traceable throughout the internal
process.

There is a difference between having a certificate, linking the certificate to a charge
number, linking the charge number to a physical pipe, and keeping that link after
cutting and welding. This difference is important. This difference is important.

A certificate can be correct and still not guarantee full traceability if the physical
material later loses its visible identity or if the system does not maintain the link.

Supplier documentation is therefore a foundation for traceability, but it is not the

same as traceability.

3.3.5 Charge Number and Supplier Identity

The charge number is often treated as an important identity carrier. In many cases, it
is used to connect physical material to the certificate.

At first, it seems logical to use the charge number as the traceability backbone
because it already exists, it appears in certificates, and people in the process already
use it.

However, during the investigation, one important limitation became clear:
The charge number is not globally unique.

Different suppliers can use the same charge number. This means that the same
number alone does not necessarily identify one unique material origin.

From a technical traceability perspective, this matters. If two suppliers can use
the same charge number, the charge number must be interpreted together with other
information, such as supplier, certificate, material type, and project context.

This means that the real identity is not only:

Charge number
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but rather:
Supplier + charge number -+ certificate + material specification -+ internal context

This is one reason why using the charge number alone as the main identity can
create false traceability. It may look traceable because there is a number, but the
number does not carry enough meaning by itself.

The charge number is still important. It is not useless. But it is only one part of
the identity. The problem appears when the system treats it as if it is the complete
identity.

This distinction must be clear in the thesis:

Charge number is a traceability element, not a complete traceability iden-

tity.

Material certificates and inspection documents are formally described in EN 10204,
but the standard itself does not solve internal identity continuity after production

transformations such as cutting, welding, or reuse [1].

3.3.6 Incoming Goods and Receiving

When material arrives, it enters the company’s internal system. This is a critical

moment because it is the point where supplier identity should become internal identity.
In a strong traceability system, incoming goods should be the place where physical

material, certificate, supplier data, and internal system records are connected.

In practice, the investigation showed that this connection is partly manual and
dependent on how information arrives and who handles it.

Information can arrive through different channels, including physical documents,
email, supplier documentation, or internal handling. This creates a practical chal-
lenge because the material and the information do not always arrive as one controlled
package.

A pipe can physically arrive and be stored, while the certificate or document con-
nection is handled separately. If the linking is delayed or unclear, the material may
already be physically present before its traceability identity is fully established in the
internal system.

This matters because the material may later be moved, grouped, or selected based
on availability. If identity is not strongly attached at receiving, later stages may need
to reconstruct it.

From an operational perspective, this creates pressure on the people who handle
certificates and documentation. They become responsible for connecting information
that the system does not automatically connect.

This is one reason why the system becomes person-dependent.
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3.3.7 Warehouse Storage Logic

Warehouse storage is mainly organized to make material physically accessible. Pipes
are often stored based on dimension, material type, and practical storage conditions.

This is understandable from an operational point of view. Large pipes are difficult to
store individually, and warehouse space is limited. Sorting by dimension and material
makes practical sense.

However, from a traceability point of view, this creates a problem if the storage
logic does not also preserve identity.

For example, if several pipes of the same dimension and material grade are stored
together, they may look similar. If the charge number marking is missing, unclear,
or not visible, the material may still be physically usable, but traceability becomes
weaker.

The material can still be selected because it appears correct by type and dimension.
But the exact identity may not be controlled.

This creates a difference between material usability and material traceability. A
pipe can be usable from a production point of view but weak from a traceability point
of view.

A pipe can be usable from a production point of view but weak from a traceability
point of view.

This is one of the practical reasons why operators may focus on material type first.
If the material is correct, production can continue. But if exact identity is missing,

future traceability becomes difficult.

3.3.8 Manual Certificate Linking

One of the most critical findings is that the connection between material, charge num-
ber, and certificate depends strongly on manual work.

In practice, a person often links the material type from the drawing, the available
material from warehouse, the charge number, and the certificate. This means that the
system does not automatically build the identity chain. The identity is constructed
by people using available sources. This means that the system does not automatically
build the identity chain. The identity is constructed by people using available sources.

This is not only administrative work. It is a traceability-critical activity.

If the person handling this understands the material, the certificates, and how the
process works, the system can function. But if the person is unavailable, overloaded,
or if information is unclear, the process becomes vulnerable.

This is what is meant in this thesis when the system is described as person-

dependent.
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This should not be understood as criticism of the people. Actually, the opposite
became clear. The process works because experienced people compensate for missing
system structure.

But from an engineering perspective, a process that depends on specific people is
not robust. It can work today, but it becomes difficult to scale, transfer, or audit.

This creates a hidden risk. The company may believe the system is traceable
because experienced people can explain and reconstruct the links. But the system

itself does not guarantee that traceability.

3.3.9 Kitting Before Production

Kitting is the step where material is prepared for production. It connects warehouse
material availability with production needs.

In theory, kitting should be a controlled transfer point. The production order states
what is needed, warehouse prepares the material, and the material is sent to production
with the correct information.

In practice, this step showed one of the clearest mismatches between system and
reality.

The production order may require a shorter length of pipe, for example 1.1 meters.
But the physical pipe available in the warehouse is normally a full length, for example
6 meters.

The system may register only the required length as consumed, while the physical
movement sends the full 6-meter pipe to production.

This creates a mismatch between the SAP /system view, where 1.1 meters are reg-
istered as used, and the physical reality, where 6 meters are moved. This is not only a
stock accuracy problem. It also becomes a traceability problem because the remaining
4.9 meters are no longer clearly represented in the same way in the system.

If the leftover remains physically in production or outside storage, its identity must
still be maintained. If it is not, the material becomes a physical object outside the
clean system logic.

This is one of the strongest examples in the thesis because it shows that digital
data can look correct while physical reality is different.

Figure 3.3 illustrates the mismatch between SAP quantity logic and physical pipe

movement.
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The figure illustrates the difference between SAP's quantity logic and the actual physical movement of material
While SAP registers only the required 1.1 m as consumed, the full 6.0 m pipe is moved into production,
making the remaining 4.9 m unclear unless it is properly registered and marked.

Figure 3.3: SAP quantity logic compared with physical pipe movement.

This mismatch became one of the clearest examples of how system representation
and physical reality can diverge. The issue affects not only stock visibility, but also
leftover handling, material location awareness, and long-term traceability continuity.
Up to this stage, the material mainly exists as stored or prepared material connected
to certificates, warehouse handling, and planning information.

When the material enters production, the traceability challenge changes signifi-
cantly because the material no longer remains physically unchanged. Cutting, machin-
ing, welding, and finishing transform the material itself, which means that the identity

must also transform correctly throughout the process.

3.4 Production Phase

3.4.1 Transition into Production

When material moves into production, the traceability challenge becomes more difficult
because the material starts changing physically.

Before production, a pipe can still be understood as one identifiable object con-
nected to a supplier identity, certificate, charge number, and material type. However,
this changes once the material enters production.

The pipe can be cut into several parts, machined, drilled, collared, welded, pickled,
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or grouped with other components. Each of these steps changes either the physical
shape of the material or the way the material is identified.

Each of these steps changes either the physical shape of the material or the way the
material is identified.

This means that production is not only a place where material is used. It is a place
where identity must transform correctly.

If the identity model cannot handle these transformations, traceability breaks.

3.4.2 Cutting as Identity Split

Cutting is one of the most important traceability breakpoints.

Before cutting, one pipe length may have one identity. After cutting, the same
material becomes several pieces.

From a traceability perspective, this means that one parent identity becomes several
child identities.

For example, one 6 m pipe from supplier charge X may be cut into pieces of 1.2 m,
0.8 m, 2.0 m, and a leftover. All these pieces should still be linked to the original pipe
and certificate. In the current process, this inheritance is not system-controlled.

Instead, identity may be written manually, marked physically, or preserved through
context. In some cases, markings are present. In other cases, markings may be missing,
unclear, or not transferred to all pieces.

This means that cutting creates a risk of identity fragmentation.

The material does not become wrong because it is cut. The problem is that the
identity logic does not split together with the material. This type of traceability chal-
lenge is commonly discussed in manufacturing traceability literature, where physical
transformation processes require identity inheritance mechanisms in order to maintain
continuity between parent and child material entities |5, 3].

A key point from the mapping is therefore:

The pipe is physically divided, but the identity structure is not formally
divided with it.

3.4.3 Leftover Material After Cutting

Leftover material is one of the strongest findings because it shows how traceability can
become weak without anyone intentionally doing something wrong.

When material is cut, not all material is always used immediately. Some pieces
remain as leftovers.

These leftovers may still be valuable. They may be reused later, or they may be

stored temporarily outside or near production.
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However, for a leftover to be traceable, it must keep its material identity, charge
number, certificate link, dimensions, and location. If any of these are missing, the
leftover becomes difficult to use with confidence.

If any of these are missing, the leftover becomes difficult to use with confidence.

In practice, short pieces may be discarded, while longer pieces may be saved. But
the criteria and traceability handling are not always system-controlled.

This creates a practical dilemma.

From a waste perspective, leftovers should be reused. From a traceability perspec-
tive, leftovers should not be reused if their identity is uncertain.

This is why traceability and waste are connected in this case. The main topic is

traceability, but the consequences also affect material efficiency.

3.4.4 Machining, Drilling, Kragning, and Processing

After or during cutting, additional processing can occur. This includes drilling, ma-
chining, kragning, grooving, or other preparation steps before welding.

These operations introduce two types of traceability risk.

The first risk is physical. The marking on the material may be removed, damaged,
covered, or placed on a part that is later cut away.

The second risk is process-related. If a mistake occurs during machining, the ma-
terial may be scrapped or replaced. If replacement happens quickly, the identity of the
replacement material must also be controlled.

This is where the process depends heavily on operators. Experienced personnel
may recognize material, understand dimensions, and know what can be reused. But
from a system point of view, this is still weak because the system does not enforce the
traceability logic.

A small machining error can create a traceability chain reaction:

1. The original material becomes unusable.
2. Replacement material is selected.

3. Replacement identity must be linked.

4. Documentation must reflect the change.

5. If the update is not done properly, the final traceability chain becomes wrong.

This is why machining is not only a production quality issue. It is also a traceability

event.
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3.4.5 Welding as Identity Merge

Welding creates the opposite traceability challenge compared with cutting.
Cutting splits identity. Welding merges identity.

Before welding, several pipe pieces or components may each have their own ori-
gin, including different charges, certificates, suppliers, or processing histories. After
welding, they become one physical unit.

From a traceability perspective, the final welded object must contain the history of
all input materials. This means that welding requires an identity merge rule capable
of maintaining the relationship between the finished assembly and all original material
identities.

The system should be able to answer which pieces were welded together, what
charge numbers they had, which certificates belong to them, who welded the unit, and
which welding documentation belongs to the operation.

In the current process, much of this depends on manual documentation and welder
control. The welder checks material, fills in information, and the documentation later
becomes part of the traceability evidence.

This can work if everything is checked and written correctly. But the risk is that
after welding, physical charge number markings are no longer the active identity. The
welded object is now identified by project, drawing, pipe number, color, or documen-
tation package.

This means that the material identity is no longer visible in the same way. It has
moved from the physical object into documentation.

That is not wrong by itself, but it requires strong documentation control. If the doc-
umentation is incomplete, the physical object alone does not carry enough traceability

information.

3.4.6 Pipe Number, Project Color, and Local Identity

In production, a different type of identity becomes important: project identity and
pipe number identity.

After processing and welding, the material may be handled by project color, pipe
number, drawings, route or document package, and carts or crates. This works opera-
tionally because people know what belongs where. A project color can make it easier
to group parts visually and avoid mixing projects.

However, this is not the same as material traceability.

Project color can answer:

Which project does this belong to?
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Pipe number can answer:
Which pipe in the project is this?
But material traceability must answer:
Which exact material origins make up this pipe?

These are different questions.

This distinction is critical because a project color can support flow, but it cannot
replace material identity.

The same applies to crates or carts. A crate can function as a temporary traceability
container because it keeps parts grouped. But if the crate content is not controlled, or
if parts are moved, the identity becomes dependent on location and local context.

This creates what can be described as context-based traceability, where identity
remains understandable as long as the surrounding operational context is maintained.
However, if that context changes, traceability becomes significantly weaker. Similar
traceability dependence on local process context has also been discussed in manufactur-
ing traceability research, particularly in environments where material transformations

and operational variability make continuous identity control difficult [5].

3.4.7 Pickling and Finishing

Pickling and finishing are important because they can physically remove or weaken
markings.

Temporary markings such as pen, tape, labels, or color indicators may be affected
by cleaning, chemicals, handling, rain, or time.

From an operational point of view, pickling is part of the manufacturing process.
From a traceability point of view, it is a risk stage because it can erase the visible
identity carrier.

This creates a practical question:
What identity remains after finishing?

If the answer is only that “the documentation knows”, then traceability depends
completely on the document-object connection.

If a label falls off, if color is lost, or if a pipe is placed in the wrong group, the
system must have another way to verify identity.

This is why physical marking must be designed for the production environment. A
marking method that works in the warehouse may not work after welding, pickling, or

outdoor storage.
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3.4.8 Assembly and Rework

In later stages, material may be sent to assembly or returned for rework. Rework is
especially important because it tests the strength of traceability.

When something is returned, people need to know what the item is, where it came
from, who processed it, what is wrong, and what documentation belongs to it.

If this information is not clear, the investigation becomes dependent on experienced
personnel. From discussions, it became clear that when a problem appears, quality or
production often needs help from the people who worked with the item. The sys-
tem itself does not always provide enough information to understand the full history.
This means that the process can solve problems, but the solution is not fully system-
supported. This is important because traceability is not only about normal flow. It

becomes even more important when something goes wrong.

A traceability system is tested most strongly during deviations.

3.4.9 Sub-Supplier Flow

Sub-suppliers are a major part of the traceability challenge.

When material is processed externally, it leaves the internal production environ-
ment. This means that the company loses direct visibility of how the material is
handled, stored, processed, marked, and returned.

If sub-supplier information is not structured in the same way as internal informa-
tion, traceability becomes discontinuous. The material may return physically, but the
identity chain may not return with the same strength. This is especially important
because several quality and rework issues were connected to sub-supplier processing.
The internal team may need to inspect, repair, or investigate returned material.

From a traceability perspective, the sub-supplier is not outside the system. It is
part of the traceability chain. Therefore, it must be included in the analysis even if
this thesis cannot fully observe all supplier-side operations.

A future traceability solution must include rules for what identity is sent to the
sub-supplier, what information must return, how deviations are documented, and how

responsibility is tracked.

3.5 Cross-Stage Findings

3.5.1 Traceability Exists, but Not as One Continuous Chain

One of the most important findings is that traceability is not completely missing.
There are certificates. There are drawings. There is SAP. There are markings.

There are people who know the system. There is documentation.
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The problem is that these elements are not connected into one continuous identity
chain.

This is why it can look like traceability exists when looking at one department, but
when following the material across departments, the gaps become visible.

From a thesis perspective, this is the difference between local traceability and system
traceability. Local traceability can exist inside one step, while system traceability

requires continuity across all steps.

3.5.2 The System Depends on Reconstruction

Another important finding is that identity is often reconstructed.

This means that instead of identity following the material continuously, people later
reconnect information using certificates, charge numbers, drawings, project context,
memory, and experience.

This reconstruction can be successful. In many cases, experienced personnel can
find the right information.

But the problem is that reconstruction is not the same as control.

Control means that the identity was never lost, while reconstruction means that

the identity must be found again.

This difference is important. It explains why the company may experience the

process as traceable, while the system analysis still shows structural weakness.

3.5.3 People Are the Strongest Part of the Current System

A repeated observation was that experienced personnel carry a large part of the trace-
ability function. They know where material usually is, what markings mean, what
documents to check, who to ask, and how to solve unclear cases.

This is a strength in daily operations and shows that the organization has practical
knowledge and competence. However, from a system perspective, it is also a weakness
because it means the process depends on specific people.

If knowledge is not built into the system, it becomes difficult to train new employees,
scale production, reduce errors, handle audits, and investigate deviations quickly. This
does not mean that people are doing something wrong. It means that the system is

asking people to compensate for missing structure.

3.5.4 Digitalization Without Structure Will Not Solve the Main
Problem

The mapping also showed that digital tools can help, but only if the structure is correct

first. For example, scanner implementation can improve picking and reduce manual
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paper handling. SAP batch functionality can improve system visibility. But neither of
these solves the basic identity question by itself.

A scanner can scan a code, but if the code does not represent a controlled identity,
the scanner does not create traceability. This reflects a broader challenge discussed
within Industry 4.0 literature, where digital technologies improve visibility but do not
automatically resolve underlying process or identity management issues [0, 10]. SAP
can store batch data, but if the batch number is not unique or not connected to
transformation events, SAP will not provide full traceability. This leads to the central

conclusion of the mapping;:

Digital tools should support traceability. They should not be
expected to define traceability.

Several of these findings became visible only after comparing system information

with physical observations in production and warehouse environments.
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Chapter 4

Problem Analysis

4.1 Introduction to the Problem Analysis

After mapping the system across both pre-production and production, the problem
became clearer. At first, the situation can look like many separate issues: one issue in
SAP, one in the warehouse, one in cutting, one with markings, one with sub-suppliers,
and so on. However, when the full flow is followed from customer requirements to
production and final documentation, these issues start to connect.

The main problem is therefore not only that something is missing in one specific
step. The deeper problem is that the system does not have one controlled way of defin-
ing and maintaining material identity across the process. This is important because
traceability depends on identity. If the system does not clearly define what the identity
is, then it becomes difficult to follow that identity later. The material can still move,
the work can still be completed, and the documentation can still be produced. How-
ever, the traceability chain then becomes dependent on people manually reconnecting
information.

From the observations and discussions, it became clear that the current system is not
without traceability. There are certificates, drawings, SAP records, charge numbers,
production documents, labels, and experienced employees. The problem is that these
elements are not connected into one stable chain.

This means that traceability exists in parts of the process, but not always as one

continuous system.

4.2 The Difference Between Material Flow and Trace-
ability Flow

One important realization during the mapping was that material flow and traceability

flow are not the same thing.
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The material flow is visible. A pipe is delivered, stored, kitted, cut, welded, finished,
and later assembled or documented. People can physically observe the material moving
through the process. The traceability flow, however, is different because it concerns
whether the identity of that material follows correctly through each transformation and
movement step. This distinction matters because material can move correctly while
traceability becomes weaker.

For example, a pipe can be physically sent from the warehouse to production. From
an operational point of view, the material has arrived and production can continue.
From a traceability point of view, the questions are different. Which exact pipe was
sent, which charge number does it belong to, which certificate is linked to it, was the
whole pipe moved or only the required length, what happens to the remaining piece,
and is the identity still visible after cutting?

If these questions cannot be answered directly by the system, then the material
flow is stronger than the traceability flow.

This is one of the central problems identified in the study. The company is good
at moving material and completing production work, but the identity chain does not
always move with the same level of control.

The relationship between material flow, information flow, and traceability flow was
previously illustrated in Figure 3.1. In this chapter, the identified traceability weak-

nesses are analyzed from a system perspective.

4.3 The Core Problem: No Defined Identity Model

The strongest root cause identified in this study is the absence of a clearly defined
identity model.

In the current process, several different identifiers are used, such as material type,
charge number, certificate, supplier, project number, pipe number, drawing number,
color marking, and physical location. All of these can support traceability in some way,
but none of them alone is enough to function as a complete identity model.

This creates confusion because different people focus on different identifiers depend-
ing on where they work. Engineering focuses on material requirements and drawing
information. Warehouse focuses on material type, dimension, and availability. Produc-
tion focuses on what is physically available and what belongs to the current project.
Documentation focuses on certificates and final evidence. SAP focuses on article num-
bers, quantities, and transactions.

Each of these views is logical from its own position. However, traceability requires
one shared structure that connects all these views.

Without that shared structure, identity becomes dependent on interpretation. Sim-

ilar challenges have been identified in manufacturing traceability research, where in-
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consistent identity management across organizational functions can weaken traceability
continuity and information consistency [3, 5]. In manufacturing systems, inconsistent
identity interpretation across departments is a common traceability challenge because
different operational functions often prioritize different process objectives and informa-
tion structures [10)].

This was visible during discussions about charge numbers. Some people saw the
charge number as the natural identity. Others understood that it must be connected
to the certificate and supplier. In production, the charge number can be important
before cutting or welding, but later the pipe is often handled by project color or pipe
number.

This means that the identity changes meaning depending on where in the process
the material is.

From an engineering point of view, this is a structural weakness. A traceability
identity should not change meaning depending on who reads it. It should be defined
clearly enough so that both the system and the people working in the process use the
same logic.

Table 4.1 summarizes the different identifiers currently used in the process and their

limitations.

Table 4.1: Different identifiers used in the current process and their limitations.

Identifier

Main use

Limitation

Material type

Defines required mate-
rial category

Does not identify exact
physical material

Charge number

Links material to sup-
plier batch/certificate

Not globally unique by
itself

Certificate

Provides material evi-
dence

Must remain linked to
physical material

Project number

Groups material by

project

Does not prove material
origin

Pipe number

Identifies pipe within
project context

Does not always show
original material identity

Color marking

Supports local
duction grouping

pro-

Temporary and context-
dependent

Physical location

Helps operators find
material

Can change and cannot
replace identity

4.4 Charge Number as an Incomplete Identity

The charge number is one of the most important pieces of traceability information in

the current process. It links the material to the supplier certificate and helps identify

material origin. However, the charge number is not enough by itself.
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A key finding was that charge numbers are supplier-defined and not globally unique.
This means that two suppliers can use the same charge number for different material
deliveries. Because of this, a charge number alone cannot safely identify one unique
material source.

This does not mean that charge numbers are unimportant. Rather, they must
be interpreted together with additional information in order to function as a reliable
traceability identity. A safer identity should include the supplier, charge number,
certificate reference, material type, and internal project or material context.

The problem appears when the system treats the charge number as if it is enough
on its own.

For example, if a worker sees a charge number written on a pipe, that number may
look like an identity. But unless it is connected to the correct supplier and certificate,
the number does not fully prove origin. This becomes even more important when the
same material type is bought from different suppliers.

The charge number can work well as a link inside a controlled context. But when
the context is unclear, the charge number becomes weaker.

This is why relying only on the charge number can create false confidence. The
system may appear traceable because a number exists, but the identity behind the
number may still be incomplete.

Standards such as EN 10204 define types of inspection documents and support
material verification, but they do not automatically solve internal traceability after
material is cut, moved, welded, or reused [1|. The company must therefore define
internal rules for how certificate information and physical material identity remain

connected after receiving.

4.5 The Problem with Availability-Driven Material

Selection

Another important finding is that material selection is often driven by availability.

Engineering defines what material is required, but not the exact physical pipe.
The warehouse then provides material that matches the requirement based on what is
available.

Operationally, this makes sense. Production needs material, and if material of the
correct type and dimension exists, it should be used.

However, traceability becomes more difficult when availability becomes the control-
ling logic.

In the current process, the logic often works like this:

1. Engineering defines the material requirement.
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2. Warehouse checks what is available.
3. A charge number and certificate are linked.

4. Production uses the material.

This means that identity is often connected after the material is selected, not before.

A stronger traceability process would work more like this:

1. Engineering defines the requirement.
2. Material identity is selected and linked before movement.
3. The physical material is moved with its identity already controlled.

4. Production verifies and transforms identity according to defined rules.

The difference may look small in daily work, but it is important in traceability
logic.

In the current process, material is often selected first, and identity is confirmed or
reconstructed around it. This creates flexibility, but it also creates risk.

The risk is not only that wrong material is used. The risk is that correct material
may be used without strong identity continuity.

This difference is important. A product can be technically correct, while traceability

can still be weak.

4.6 The SAP Quantity Mismatch as a Structural Prob-

lem

One of the most concrete examples of system mismatch is the difference between what
SAP records and what physically happens with pipes.

In the system, the required quantity may be registered as 1 meter or 1.1 meters. In
reality, because pipes are stored as full lengths, a full 6-meter pipe may be moved to
production.

This creates a mismatch between the digital record and the physical movement.

At first, this may look like a stock control issue. In this thesis, however, it is treated
as a traceability issue because it affects identity continuity.

When SAP records 1.1 meters but 6 meters are physically moved, the system may
still show the remaining length as available in stock. In reality, the remaining material
may be outside the warehouse, in production, stored as leftover, or used later.

This creates several problems.
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First, the warehouse may look for material that SAP says should exist. If it cannot
be found, people must search physically or ask production. This costs time.

Second, production may reuse leftover material based on local knowledge. This
may be practical, but it is not always system-controlled.

Third, if leftover identity is not maintained, the material can become difficult to
trace back to the correct certificate and supplier.

This means that the mismatch affects three layers at once: quantity control, physical
location, and material identity. From a system perspective, this is a serious issue
because it shows that SAP does not fully represent the physical truth of the pipe flow.

ERP systems can support traceability and inventory control, but only if the sys-
tem model represents the real process accurately enough [6]. If the ERP logic and
the physical process behave differently, users must compensate manually. This type of
manual compensation is common in complex industrial systems where operational real-
ity evolves faster than the structure represented inside the ERP environment. Similar
challenges have been discussed in studies of ERP-supported manufacturing systems,
where discrepancies between system logic and physical operations often require local
workarounds and manual intervention [9]. That is what happens here.

The mismatch between SAP quantity representation and the actual physical pipe
movement was previously illustrated in Figure 3.3. In this chapter, the consequences

of this mismatch are analyzed from a traceability and system perspective.

4.7 Cutting: The First Major Physical Identity Break

Cutting is one of the clearest points where traceability becomes difficult.

Before cutting, a pipe can be understood as one material object. It has one physical
form and one original identity. After cutting, it becomes several pieces.

This is not only a physical change. It is also an identity change.

A traceability system must define what happens to the identity when the material
is split.

For example, a 6-meter pipe may have certificate C, supplier S, and charge number
H. If it is cut into three pieces and one leftover, all four resulting pieces still originate
from the same original pipe. Therefore, all four should inherit the original identity.

In the current system, this inheritance is not fully system-controlled.

In practice, identity may be written manually, marked on the pipe, or maintained
through location and documents. But if the marking is forgotten, removed, unclear,
or placed on a part that is later cut away, traceability becomes weaker.

This is where the system needs an inheritance rule. Traceability literature com-
monly highlights identity inheritance as a necessary mechanism when one physical

material entity is transformed into multiple child entities [5, 3].

39



A simple inheritance rule would state that every cut piece must keep a link to the
original material identity, every leftover must remain traceable, and every new piece
must either be marked or digitally registered.

Without such a rule, the system depends on people remembering to rewrite or
preserve the charge number.

This is why cutting is not only a production operation. It is also a traceability
event.

If cutting is not treated as a traceability event, identity can disappear even when
the production work itself is done correctly.

Figure 4.1 illustrates how one original identity becomes several child identities dur-

ing cutting.

Parent Pipe Identity
(Charge H / Cert C)

l Cutting

okt o o e o= Sl=seeE e s aie St s S o ol
| | | |
: : : :
v A4 v v
Child A Child B Child C Leftover
(New Identity) (New Identity) (New Identity) (New Identity)

One parent identity becomes multiple child identities after cutting.

Figure 4.1: Identity split during cutting.

4.8 Leftovers: Material That Exists Physically but
Weakens Digitally

Leftovers are one of the most important practical problems in the system.
A leftover is material that remains after cutting or after production use. It can be
long enough to use again, or too short to be worth saving. The decision may depend

on length, material type, storage space, urgency, and operator judgment.

40



The problem is that leftover material can exist physically without being clearly
represented in the system.

This creates a difficult situation because the material is real and may be useful, but
the identity may be weak.

This is especially important because the company does not want to waste material.
If a leftover pipe can be reused, that is positive from both cost and environmental
perspectives. But if the identity is unclear, reuse becomes risky from a traceability
perspective.

The leftover problem is therefore not only about waste. It is about deciding when
material is traceable enough to be reused.

A strong process would define the minimum length for saving, marking rules for left-
overs, system registration for leftovers, storage location for leftovers, and responsibility
for verifying identity before reuse.

In the current process, some of these things are handled practically by experienced
people, but they are not fully system-controlled.

This creates a hidden dependency. The leftover may be useful only if the right

person knows what it is.

4.9 Welding: The Second Major Identity Break

Welding creates the opposite problem compared with cutting.

Cutting splits one identity into several identities. Welding merges several

identities into one physical object.

This is a more complex traceability problem because the final welded object may
include several materials with different origins.

For example, one pipe piece may come from charge A, another pipe piece may come
from charge B, and a flange or fitting may come from charge C. After welding, they
become one assembly. The final object is no longer easy to understand by looking at
one charge number.

A traceability system must therefore preserve all input identities inside the final
assembly identity.

This requires a merge rule. From a traceability perspective, the final assembly
identity must preserve the relationship between all contributing material identities and
the resulting welded object [5]. A merge rule would state that every welded assembly
must have a final identity, that final identity must link back to all input materials,
and welding documentation must connect material identity with welder and process

identity.
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In the current process, much of this is handled through paper, drawings, and manual
documentation. Welders check and write information. Initials or stamps can show who
performed the work. Pipe numbers and project colors support the local production
flow.

This can work well when experienced people are present and documentation is
completed correctly. However, from a system perspective, the risk is that identity
becomes separated from the physical object.

After welding, the material identity is no longer mainly visible on the pipe. It exists
in documentation.

This means that the document-object link becomes critical.

If the wrong label is attached, if color marking is lost, or if documentation is in-
complete, the final object may still be physically correct, but traceability becomes
weaker.

This is why welding must be treated as a traceability transformation, not only as
a manufacturing operation.

Figure 4.2 illustrates how multiple identities become one final assembly identity

during welding.

Input Pieces (Separate Identities)

Piece A Piece B Piece C Piece D
(Origin 1/ Cert 1) (Origin 2 / Cert 2) (Origin 3 / Cert 3) (Origin 4 / Cert 4)

. D + | D + C— * i

l Welding

Welded Assembly (Merged Identity)
(Combined History of All Input Pieces)

SN S S f—

Several separate identities become one merged identity after welding.

Figure 4.2: Identity merge during welding.
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4.10 Pickling and Finishing: Physical Marking Degra-
dation

Pickling and finishing are important because they affect the visibility of markings.

In the current process, identity can be carried physically through markings such as
pen, tape, labels, engraving, or project colors. These methods are practical, but they
are not all equally robust.

Pickling, cleaning, handling, outdoor storage, and time can damage or remove mark-
ings.

This creates a practical question:
What remains when the visible marking disappears?

If the answer is “the operator can check the drawing” or “the documentation exists
somewhere”, then the traceability has already moved away from the material itself and
into external context.

That can work, but only if the connection between the material and the document
is still clear.

If a label falls off or a color becomes unclear, the material may need to be iden-
tified again through shape, drawing, project context, or people’s memory. This is
reconstruction, not continuous control.

The important point is not that tape or pen are always wrong. They may be
useful temporary identity carriers. The problem is when temporary carriers are used
in process steps where they are expected to survive conditions they were not designed
for.

A marking method should match the environment.

Warehouse marking, production marking, welding marking, and post-pickling mark-

ing may need different solutions.

4.11 Crates, Carts, and Location as Temporary Iden-
tity

In the production flow, crates, carts, racks, and physical locations often help keep
material grouped. This is practical and in many cases necessary.

A crate can function as a temporary identity container. If all parts in a crate belong
to one project or one pipe group, then the crate helps preserve context.

However, a crate is not the same as traceability.

A crate-based system works only if the content is controlled, nothing is moved
without updating, the crate remains connected to the correct documents, and people

understand the grouping logic.
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If parts are removed, added, moved, or delayed, the crate can stop being reliable as
an identity carrier.

This means that crate logic is useful, but it should be seen as operational support,
not as the main traceability structure.

The same applies to location. If people know that a certain area contains material
for a certain project, that helps production. But location is not identity. Location can
change.

A traceability system should not depend on material being “where people expect it
to be”.

4.12 Sub-Suppliers: Traceability Across Organizational

Boundaries

Sub-suppliers create one of the largest traceability challenges because the material
leaves the internal production environment.

When material is processed internally, the company can at least observe and influ-
ence the process directly. When material is sent externally, visibility becomes weaker.

The traceability questions become what exact material was sent, what identity
information followed it, how the material was processed externally, what documentation
came back, whether deviations were documented, and whether the returned material
was the same material or correctly linked to the original identity.

From discussions, it became clear that sub-supplier issues are not only theoretical.
Quality problems and rework related to external processing occur, and internal teams
sometimes need to investigate or correct them.

This creates a boundary problem.

Traceability cannot stop at the company boundary if the material continues pro-
cessing outside.

The sub-supplier must therefore be part of the traceability chain. This aligns with
broader traceability research, which emphasizes that traceability continuity becomes
increasingly difficult when materials cross organizational boundaries and multiple ac-
tors participate in the value chain [3].

This does not mean that the thesis needs to solve the entire supplier process. How-
ever, it must include the fact that the current internal traceability system is affected
by external operations.

A future solution must define what identity information is sent out and what infor-

mation must come back.
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4.13 Quality Investigation Depends on Traceability

Traceability becomes most important when something goes wrong.

During normal production, weak traceability can be hidden because experienced
people know how to continue. But during deviations, rework, or customer questions,
the system must be able to prove what happened.

Quality investigations require access to material identity, supplier and certificate,
process history, responsible operation, inspection results, and possible rework infor-
mation. If these are not connected, quality must ask people, search documents, or
reconstruct the event manually.

This slows down the investigation and increases uncertainty.

This is why traceability should not only be viewed as documentation for the final
customer. It is also a tool for internal learning and problem-solving.

If the company wants to understand why a defect occurred, traceability must con-
nect material history with process history.

Without this, quality investigation becomes dependent on people who remember

the case.

4.14 Why the Current System Still Works

It is important to be fair in the analysis. The current system does work in many
situations.

Production continues. Products are manufactured. Customers may even be im-
pressed by how much traceability exists compared with other environments. Experi-
enced people know the process well.

So the problem is not that the company has no traceability. The problem is that
traceability depends too heavily on people, local context, and manual reconstruction.

This also explains why the issue can be difficult to detect during normal operations,
since experienced personnel are often able to explain and resolve many situations man-
ually. From the outside, the system may look controlled.

However, from a system design perspective, a process should not depend on only a
few people knowing how to reconnect information.

This is the difference between a working process and a robust process. A process
may function successfully in daily operations while still relying heavily on informal
knowledge and manual reconstruction mechanisms.

From an engineering perspective, a robust traceability system should function con-
sistently even when production complexity increases, personnel change, or unexpected

deviations occur.

45



4.15 Root Cause

The root cause is not simply missing scanners, SAP limitations, or people forgetting
to document information. These issues are instead consequences of a deeper structural
problem.

The root cause is that the system does not define and enforce material identity
continuously across the process. As a result, traceability becomes dependent on local
interpretation, documentation reconstruction, and individual experience rather than
on a consistently maintained identity structure.

Everything else becomes a consequence of this.

Because identity is not defined strongly enough, the charge number becomes over-
loaded, certificates become disconnected from physical material, SAP quantity does
not match reality, cutting creates untracked child pieces, welding creates undocumented
identity merges, leftovers become uncertain, sub-supplier low becomes weak, and qual-
ity investigation depends on people. This is why the solution must start with identity
structure.

Only after identity is defined can digital tools support it properly.

This understanding became the foundation for the proposed solution framework

presented in the next chapter.

4.16 Summary of Problem Analysis

The problem analysis shows that the current traceability challenge is not caused by one
single department, one missing tool, or one isolated mistake. Instead, the issue is struc-
tural and emerges from how material identity is handled across multiple interconnected
process stages.

Material flow, information flow, and traceability flow do not always remain con-
nected throughout the process. As a result, traceability continuity becomes dependent
on local process knowledge, manual reconstruction, and temporary operational context
rather than on one continuously controlled identity structure. The system contains sev-
eral useful traceability elements, but they are not joined into one continuous identity
chain.

The most critical traceability weaknesses appear when material identity must change
form, such as during material selection, where availability often controls the process;
during kitting, where SAP quantity and physical movement may differ; during cutting,
where one identity becomes several pieces; during leftover handling, where material
may remain physically useful but digitally unclear; during welding, where several iden-
tities become one assembly; during finishing, where physical markings may disappear;

and during sub-supplier handling, where visibility across organizational boundaries
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becomes weaker.

The analysis therefore confirms the central problem of the thesis:

The current system works operationally, but it is not fully robust as a
traceability system because material identity is not continuously defined,

transferred, and preserved across the full process.

This conclusion forms the basis for the proposed solution framework in the next

chapter.
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Chapter 5

Solution Framework

5.1 Introduction to the Solution

The analysis performed in this thesis showed that the main problem is not simply
missing markings, missing SAP functionality, or insufficient scanning technology. The
deeper issue is that the system does not currently operate around one continuous and
controlled material identity structure that follows the material throughout the full
process.

Because of this, the solution should not start with scanners, cameras, RFID, or
other digital technologies. These technologies can support the process later, but they
cannot define identity logic by themselves.

A scanner can register a code. SAP can store information. A camera can detect
markings. However, none of these technologies can decide what the actual material
identity should be, how identity should behave during cutting, how identity should be
preserved after welding, or how leftover material should remain connected to its origin.
That logic must exist before digitalization becomes useful.

That logic must exist before digitalization becomes useful.

For this reason, the proposed framework is structured in four connected layers:

1. Structural Layer: define material identity and traceability rules.
2. Process Layer: define responsibilities, handovers, and verification points.

3. Digital Support Layer: use SAP, scanners, and digital forms to support the de-

fined structure.

4. Future Technology Layer: explore technologies such as RFID, sensors, cameras,

and event-based traceability after the system structure becomes stable.

The order of these layers is important. If digital tools are introduced before the trace-
ability structure is clearly defined, there is a risk that the company only digitizes the

existing weaknesses instead of solving them.
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The main principle of the proposed framework is therefore:
Structure before digitalization.

This approach is consistent with industrial digitalization research showing that digital
technologies alone do not automatically create process integration if the underlying
operational structure remains unclear or fragmented [10]. Similar observations have
also been reported within Industry 4.0 research, where successful digitalization depends
on well-defined processes, information structures, and organizational alignment before

technology deployment [6].

5.2 Why the Solution Must Start with Identity

Traceability depends on identity. If the system cannot clearly define what a material
object is, it cannot reliably track where it came from or what later happened to it.

The current process already contains several traceability-related elements, such as
charge numbers, certificates, material types, project numbers, pipe numbers, SAP ar-
ticle numbers, drawings, and local markings.

The problem is therefore not the absence of information itself, but rather that the
information is not connected through one controlled identity structure.

This means the first step is not to create more information, but to structure the
information that already exists.

A controlled identity should be able to answer what material this is, which supplier
delivered it, which certificate belongs to it, which charge number is connected to it,
what production state the material is currently in, and whether it has been cut, welded,
reworked, or sent externally.

The proposed framework therefore focuses first on defining how identity should

behave throughout the process before introducing additional digitalization.

5.3 Proposed Identity Model

5.3.1 Internal Material Identity

The proposed framework introduces the concept of an internal material identity.

This identity does not replace supplier information, certificates, or charge numbers.
Instead, it connects them into one company-controlled identity structure.

The identity should remain connected to the material throughout the full lifecycle.

A possible internal identity structure could include:

internal identity number, supplier, charge number, certificate reference, ma-

terial type, project or production context, and current physical status.
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The exact format is less important than the principle itself. The important point is that
all departments use the same identity logic and interpret material identity consistently
throughout the process.

At present, engineering focuses on material requirements, warehouse focuses on
availability, production focuses on physical flow, and documentation focuses on certifi-

cates. The identity model must connect these perspectives into one continuous chain.

5.3.2 Identity as a Lifecycle

One important conclusion from the study is that identity should not be treated as a
static number.

The material changes continuously during production: full pipe lengths become
smaller pieces, pieces become leftovers, several pieces become one welded assembly,
and material may later be reworked or sent externally.

This means that identity should be managed as a lifecycle rather than as one static
identifier. This perspective is consistent with traceability literature, where material
identity is often treated as evolving through a sequence of transformation events rather
than remaining fixed throughout the product lifecycle [5].

Examples of identity states may include:

received, stored, kitted, cut, leftover, welded, pickled, assembled, docu-

mented, and scrapped.

Each new state should therefore extend the identity history instead of replacing the

original material connection.

5.3.3 Why Charge Number Alone Is Not Enough

The charge number is an important traceability element, but it should not function as
the complete identity.

During the investigation it became clear that charge numbers are supplier-defined
and not globally unique. Different suppliers may therefore use the same charge number.
Different suppliers may therefore use the same charge number.

This means that the real traceability identity must include supplier, charge number,
certificate reference, material specification, and internal process context.

The problem is not that charge numbers are wrong. The problem appears when

the system treats them as if they are sufficient by themselves.
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5.4 Identity Rules Across the Process

The proposed framework defines identity rules for the most important traceability

transformation points.

Table 5.1 summarizes the proposed rules across the process.

Table 5.1: Proposed identity rules across the process.

Process Step

Proposed Rule

Main Purpose

Incoming Goods

Link supplier, certificate,
charge number, and internal
identity before release

Prevent later recon-
struction

ter finishing

Warehouse Preserve identity visibility | Maintain traceability
during storage continuity

Kitting Register  actual  physical | Align system and
movement and leftovers physical reality

Cutting Apply parent-child identity | Preserve split iden-
inheritance tity

Leftovers Register leftover identity and | Enable safe reuse
location

Welding Create assembly identity | Preserve merge his-
linked to all inputs tory

Pickling Verify identity before and af- | Prevent identity loss

Sub-suppliers

Standardize outgoing and re-
turn identity information

Preserve external

traceability

5.4.1 Cutting as an Identity Split

Cutting should be treated as a traceability event.

When a pipe is cut:
the physical material splits, and the identity must split together with it.
Example:

Parent identity: Pipe P-001; child identities: P-001-A and P-001-B; leftover
identity: P-001-L1.

Without this structure, the system loses visibility of the material after transforma-
tion. Identity inheritance mechanisms are commonly proposed in traceability research
to preserve continuity between original material entities and resulting child components

after physical transformation [3, 5].
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5.4.2 Welding as an Identity Merge

Welding creates the opposite problem.
Several material identities become one final assembly.

The final assembly identity should therefore maintain references to:

all input materials, certificates, welding documentation, and process infor-

mation.

This allows the final object to preserve the history of all input materials and main-

tain the relationship between the final assembly and its contributing material identities.

5.4.3 Leftover Management

Leftovers should not exist outside the traceability chain.

Every reusable leftover should maintain identity, remaining length, storage location,
and usability status. This is important both for traceability and material efficiency.
Without controlled leftover handling, material may physically exist, but digitally be-

come unclear.

5.5 Practical Trade-Offs and Limitations

Although stronger traceability improves control, it also creates additional operational
complexity.

Every new registration step requires time, discipline, and operator involvement. If
the process becomes too administratively heavy, it may become difficult to maintain
in daily production.

For this reason, the goal should not necessarily be maximum traceability every-
where. The correct traceability level should instead depend on customer requirements,
quality criticality, production risk, and operational practicality.

In some situations, full piece-level traceability may be justified. In others, simpler
handling may be sufficient.

This is important because a traceability system must remain usable in a real pro-

duction environment, not only theoretically correct.

5.6 Process Ownership

One major observation during the study is that traceability crosses all departments,

including engineering, procurement, warehouse, production, documentation, and qual-

ity.
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Because of this, no single department fully owns the complete identity chain today.
Cross-functional coordination challenges of this type are commonly discussed in indus-
trial systems where multiple departments interact through shared operational processes
[10].

The framework therefore proposes stronger cross-functional ownership. This rec-
ommendation is supported by industrial systems literature, which emphasizes that
processes spanning multiple organizational functions require coordinated ownership in
order to maintain consistency and long-term improvement efforts [11].

One possible future role could be:
Process & Digital Integration Engineer — Traceability & Flow

The purpose of such a role would not be to replace existing departments, but to
connect them through one continuous traceability logic.

Possible responsibilities may include maintaining identity rules, aligning depart-
ments, supporting SAP integration, coordinating pilot implementations, and improving

traceability processes continuously.

5.7 Digital Support Layer

Digital tools should support the identity structure, not replace it.

5.7.1 Scanner Support

Scanners can support receiving, movement registration, cutting events, welding events,
and leftover handling. However, scanners only create value if they scan meaningful
identities.

A scanner does not create traceability by itself.

5.7.2 SAP Support

SAP batch functionality can improve warehouse visibility, stock control, and certificate
linkage. However, SAP alone does not solve identity inheritance after cutting, welding
merge logic, or leftover handling.

The ERP structure must therefore reflect the actual physical process.

5.7.3 Digital Forms

Structured digital forms may provide large practical value with relatively low imple-

mentation complexity.
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Examples include cutting logs, leftover registration, welding documentation, and
sub-supplier forms. These forms can force required identity information before a process

step is completed.

5.8 Most Critical First Improvements

Not all improvements should be implemented at the same time.

Based on the findings from this thesis, the most critical first improvements are:
1. Incoming goods identity linkage.

2. Cutting inheritance rules.

3. Leftover identity handling.

4. Welding identity merge logic.

5. Verification before and after finishing processes.

These areas were selected because they represented the most critical identity break-
points observed during the investigation.
Only after these structural improvements become stable should larger digitalization

projects be introduced.

5.9 Implementation Strategy

A gradual implementation strategy is recommended. Pilot-based implementation is
often used in industrial improvement projects because it allows organizations to evalu-
ate practicality, workload impact, process performance, and traceability improvement

before committing to larger-scale deployment.

Phase 1 — Define Identity

Define the internal material identity structure.

Phase 2 — Define Rules

Define process rules for receiving, storage, cutting, leftovers, welding, and sub-supplier

handling.

Phase 3 — Pilot Implementation

Test the framework in one limited production flow.
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Phase 4 — Evaluation

Evaluate usability, workload, traceability improvement, and documentation quality.

Phase 5 — Digital Support

Introduce scanners, SAP integration, and digital forms.

Phase 6 — Expansion

Expand the framework gradually across projects and departments.

5.10 Future Development Possibilities

After the structural framework becomes stable, more advanced technologies can be
evaluated.

Table 5.2 summarizes possible future development directions.

Table 5.2: Future technology possibilities.

Technology Potential Benefit Main Challenge
RFID Automatic tracking Metal  environment
limitations
Camera Systems | Automatic verification Requires standardized
markings
Sensors Automatic movement de- | Integration complex-
tection ity
Event-Based Full lifecycle history Requires strong pro-
Traceability cess structure
Digital Twin Complete digital mate- | High implementation
rial representation effort

These technologies should be viewed as future expansion possibilities, not as the

starting point of the solution.

5.11 Summary of the Solution Framework
The proposed framework is based on one central idea:

Traceability should first be structurally defined, and only after that digitally

expanded.

The framework therefore focuses first on identity definition, identity lifecycle, trans-

formation rules, and process ownership.
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Production transformations are treated as traceability events: cutting becomes an
identity split, welding becomes an identity merge, leftovers become controlled material
states, and finishing becomes an identity verification point.

Digital technologies such as SAP, scanners, RFID, cameras, and digital twins may
later strengthen the framework, but they should support the traceability structure
rather than define it.

The main contribution of the framework is therefore not one specific technology
solution, but a structured way of understanding material traceability as continuous
identity management across interconnected production activities. From an academic
perspective, the framework contributes a system-level view of traceability as an identity
continuity problem. From an industrial perspective, it provides a practical foundation

for improving traceability before further digitalization efforts are introduced.
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Chapter 6

Discussion

6.1 Purpose of the Discussion

The purpose of this chapter is to discuss what the findings mean from a wider engi-
neering and industrial perspective. The previous chapters showed that the traceability
problem is not simply caused by one missing SAP function, one weak marking method,
or one unclear warehouse routine. Instead, the issue is more closely connected to how
material identity is defined and maintained across the full process.

It is also important to evaluate the current system fairly. The process does work in
many daily situations. Material is purchased, stored, processed, welded, documented,
and delivered successfully. Experienced employees know how to solve unclear situa-
tions, and many practical routines have developed over time to keep production mov-
ing.

The problem is therefore not that the system completely fails. The problem is that
traceability depends too heavily on people, local context, and manual reconstruction of
information. As a result, the process can function operationally while still remaining
structurally weak from a traceability perspective.

This discussion therefore focuses on the gap between what works operationally
today, what controlled traceability actually requires, and what is realistic to implement

in an industrial production environment without creating unnecessary complexity.

6.2 Why the Current System Works Today

One important observation from the study is that the current system works largely
because experienced people make it work. In the warehouse, employees know where
material is normally stored and how markings should be interpreted. In production, op-
erators understand project colors, pipe numbers, drawings, and local routines. In doc-

umentation, personnel know how to connect certificates, charge numbers, and project
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information.

This practical knowledge is a major strength of the organization. Similar obser-
vations have been reported in manufacturing and organizational studies, where expe-
rienced personnel often compensate for gaps between formal system structures and
operational reality [I1]. Tt allows production to continue even when information is
incomplete or when system representation does not fully match physical reality.

At the same time, this creates a structural dependency. If traceability relies heavily
on specific individuals, the process becomes more vulnerable when key personnel are
absent, responsibilities change, production volume increases, or more complex supplier
and project structures are introduced.

Operational success should therefore not automatically be interpreted as evidence
of controlled traceability. A process may deliver technically correct products while still
relying on informal reconstruction of identity information.

A robust traceability system should not remove the need for experienced personnel.
However, it should reduce the need for employees to manually reconnect information

in order for the system to remain understandable.

6.3 Finding Information vs Maintaining Traceability

One of the most important distinctions identified during this work is the difference
between finding information afterwards and maintaining traceability continuously.

In the current process, information often exists somewhere in the organization. Cer-
tificates exist, drawings exist, charge numbers may be written on pipes or documents,
and experienced personnel often know which material was used. Because of this, the
process can appear traceable when viewed locally.

However, controlled traceability requires more than information availability. It
requires that the connection between material and information remains preserved
throughout the process.

If people later need to search through documents, ask experienced colleagues, com-
pare markings, or manually rebuild the chain, then the identity continuity has already
weakened.

This becomes especially important during quality deviations, customer questions,
rework situations, audits, or root-cause investigations.

In those situations, the important question is not only whether a certificate can
eventually be found. The stronger question is whether the company can quickly and
confidently prove which material was used, where it came from, how it was processed,
and what documentation belongs to it.

This distinction is central to the thesis because it separates traceability as evidence

from traceability as control. The findings suggest that information availability alone
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should not automatically be interpreted as proof of continuous traceability if identity

relationships must later be reconstructed manually.

6.4 Why Traceability Gaps Are Difficult to See

One reason why the identified gaps are difficult to detect is that they often do not stop
production immediately.

If a marking becomes unclear, production may still continue. If SAP does not fully
match physical pipe movement, employees may still locate the material manually. If
leftover material is not registered properly, experienced operators may still know what
it is and where it belongs.

These informal correction mechanisms help maintain operational flow, but they also
hide structural weaknesses in the system.

This partly explains why different departments can experience the same process
differently. Documentation may see traceability because certificates exist, warehouse
may see traceability because material is sorted and marked, production may see trace-
ability because project colors and drawings are used, and SAP may show completed
transactions. All of these views are partly correct. However, system-level traceability
requires continuity between them.

This is why a system-level approach became necessary during the thesis work.
If each department is analyzed separately, the process may appear more controlled
than it actually is. The gaps become visible mainly when material is followed across

department boundaries, physical transformations, and changes in identity context.

6.5 Cost, Time, and Practicality

Any industrial improvement must be realistic in terms of time, cost, operator workload,
and implementation complexity. A technically advanced solution that creates too much
administrative burden will likely become difficult to maintain in daily production.

Because of this, the proposed framework does not aim to create a perfect traceability
system immediately. A staged implementation approach is more realistic.

Smaller pilot implementations can help evaluate whether the proposed identity rules
function realistically in production, whether operators can work with them without
excessive extra workload, whether documentation quality improves, and which parts
of the process actually require stronger digital support. Another important aspect is
the hidden cost of the current situation.

Time spent searching for material, manually checking identity, handling uncer-

tainty, correcting mistakes, managing rework, or depending on key personnel may not
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appear directly as traceability cost, but it still affects production efficiency and process
stability.

may not appear directly as traceability cost, but it still affects production efficiency
and process stability.

Based on the observations conducted during this study, the cost of improving trace-
ability should therefore also be compared with the existing operational cost of uncer-
tainty.

Beyond traceability itself, the findings also suggest possible impacts on production
efficiency, investigation time, material utilization, and future scalability.

As production systems become increasingly digitalized and interconnected, weak
identity continuity may create growing operational complexity over time. Similar con-
cerns have been discussed within Industry 4.0 literature, where increasing system con-

nectivity places greater demands on data consistency and process transparency [0, 10].

6.6 Digitalization Must Support the Structure

Scanners, SAP batch functionality, RFID, cameras, and digital forms can all support
traceability. However, they cannot define traceability by themselves.

A scanner can reduce manual writing and simplify picking activities, but it must
scan a meaningful identity. SAP batch functionality can improve warehouse visibility,
but it must still reflect what physically happens to the material. RFID and camera sys-
tems may improve tracking capability, but only if identity logic and marking standards
are already defined clearly enough.

The discussion should therefore not be framed as “digital or not digital.” The more
important question is: what exactly is the digital tool supposed to support?

If digital tools are introduced into an unclear process, they may only digitize the
same structural weaknesses that already exist manually. If they support a controlled
identity model, they can strengthen the traceability system significantly.

Several studies related to Industry 4.0 and manufacturing traceability focus heav-
ily on digital technologies such as ERP integration, RFID, cyber-physical systems,
and digital twins [6]. However, the observations from this study suggest that digital
capability alone does not guarantee continuous traceability if the underlying identity
logic remains unclear during physical transformations such as cutting, welding, leftover
handling, and sub-supplier processing.

This is why the proposed framework prepares the process for digitalization instead

of rejecting digitalization.
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6.7 Human Knowledge Should Be Captured

One of the most valuable findings during the study is that operators and specialists
already hold a large amount of practical traceability knowledge.

They know where problems usually appear, which markings disappear, how material
actually moves, what routines work in practice, and where the system becomes unclear.

A successful traceability framework should not ignore this knowledge. The goal is
not to replace people with a system. Instead, the goal is to formalize the practical
knowledge that already exists inside the organization.

For example, if operators know that markings disappear during pickling, the process
should include identity verification before and after pickling. If warehouse personnel
know that leftovers easily become unclear, the process should include stronger leftover
identity rules.

This makes the proposed framework more realistic and easier to implement in prac-
tice. Rather than replacing human expertise, the framework attempts to capture and
formalize operational knowledge that already exists within the organization.

In this sense, the framework is not only a technical proposal. It is also an attempt

to transform informal operational knowledge into structured process logic.

6.8 Traceability, Quality, and Waste

Traceability is strongly connected to quality. Quality focuses on whether the product
fulfills requirements, while traceability helps prove what material was used, where
it came from, and what happened during processing. If a defect occurs, traceability
should make it possible to investigate supplier origin, certificate linkage, process history,
responsible operations, and whether similar material may also be affected. Without
this connection, quality investigations become slower and more dependent on human
memory.

The mapping also revealed a connection between traceability and material waste.
When leftover material has weak or unclear identity, it may be avoided, require addi-
tional manual verification, or be scrapped even if physically usable.

A traceable leftover becomes an asset. An untraceable leftover becomes a risk.

During the investigation, it also became clear that weak traceability can indirectly
contribute to material waste. Leftover material pieces that no longer have clear identity
linkage may become difficult to reuse confidently, even if the physical material itself
is still usable. In some situations, uncertainty regarding leftover identity may lead
operators or planners to prefer new material instead of reusing existing material with
incomplete traceability information. In addition, time spent searching for material,

reconstructing certificate links, or verifying unclear identity relationships also creates
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hidden operational losses.

Although this thesis is not primarily a waste-reduction study, the findings sug-
gest that stronger identity continuity may improve material efficiency, reuse capability,
sustainability performance, operational efficiency, and long-term resource utilization

within the production system.

6.9 Cross-Functional Ownership

Many of the identified traceability gaps appear between departments rather than inside
one department.

For example, engineering can improve drawings while warehouse still lacks identity
continuity; warehouse can improve storage while cutting still lacks inheritance logic;
and production can improve marking while documentation still depends on manual
linkage.

This demonstrates that traceability is inherently cross-functional.

Because of this, traceability cannot realistically be solved by only one department
acting independently. Some form of cross-functional ownership is necessary.

This does not mean that one individual should manage the entire process alone.
However, there should be a defined function responsible for ensuring that the iden-
tity chain remains connected across engineering, procurement, warehouse, production,
documentation, and digital systems.

Without this, departments may optimize their own local processes while the total
traceability chain remains fragmented. This is also why the proposed role related
to process and digital integration becomes relevant. Its value is not only technical
competence, but the ability to align physical flow, digital systems, process logic, and

operational routines.

6.9.1 Organizational Fragmentation and Process Ownership

One important observation during the study is that material traceability does not natu-
rally belong to one department only. Instead, it exists across engineering, procurement,
warehouse operations, production, quality, and documentation. Because of this, main-
taining continuous traceability becomes difficult when each department mainly focuses
on its own local operational priorities.

For example, warehouse operations are naturally optimized around material accessi-
bility and storage efficiency, while production focuses on maintaining flow and avoiding
delays. Documentation activities focus on collecting final evidence, and procurement
focuses on ensuring material availability. These priorities are individually reasonable,

but they do not automatically guarantee continuous identity control across the full
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process.

This creates a situation where traceability responsibility can become fragmented.
During discussions and observations, it became visible that several parts of the process
depend on assumptions that identity information is already being handled elsewhere
in the system.

From a system perspective, this means that traceability challenges are not only
technical. They are also organizational. Even if digital tools or additional scanning
systems are introduced, the process can still remain vulnerable if ownership of identity
continuity is not clearly defined across departments.

This type of challenge is not unique to the studied company. Similar coordina-
tion difficulties are commonly discussed in industrial digitalization and cross-functional
manufacturing environments, especially in systems where physical material transfor-

mations occur across multiple operational stages [10, 11].

6.10 Implementation Challenges

Another important implementation challenge is that additional traceability activities
can easily be perceived as extra operational workload. Operators and production per-
sonnel already work under time pressure, and any additional registration, scanning, or
documentation step may risk being viewed as slowing down production flow.

Because of this, implementation success depends not only on technical design, but
also on whether the proposed structure can be integrated into existing operational
behavior without creating unnecessary complexity.

In practice, this means that traceability systems must balance control with usability.
A theoretically strong traceability structure may still fail operationally if the process
becomes too difficult, time-consuming, or dependent on excessive manual interaction.
Even if the proposed framework appears logically strong, implementation will still
involve several practical challenges.

The first challenge is operator workload. If the framework introduces too much
additional administration, long-term adoption may become difficult. Traceability rules
must therefore remain practical and connected to existing workflows as much as possi-
ble.

The second challenge is system limitation. SAP, scanners, and existing documen-
tation systems may not directly support all transformation events, especially cutting,
leftovers, and welding merge logic.

As a result, semi-digital or partially manual solutions may initially be necessary
before full integration becomes realistic.

The third challenge is marking durability. Some marking methods may function

well in warehouse environments but fail during welding, pickling, cleaning, or outdoor
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storage.

Physical identity carriers therefore need evaluation under real production condi-
tions.

The fourth challenge is organizational alignment. Since traceability crosses multiple
departments, improvements in one area may influence others. Implementation therefore
requires coordination rather than isolated local optimization.

These challenges do not make the framework unrealistic. Instead, they explain why

implementation should begin gradually through pilot-based learning.

6.10.1 Practical Limits of Full Traceability

Although the proposed framework aims to improve identity continuity throughout the
process, it is important to recognize that complete traceability control may not always
be practical or economically justified in every situation.

Increasing traceability requirements often introduces additional operational activi-
ties such as marking, scanning, verification, and data handling. If implemented without
careful consideration, these activities may reduce production flexibility or increase ad-
ministrative workload.

For this reason, future implementation should focus on identifying the most critical
traceability points rather than attempting to digitally control every minor process event
immediately. A gradual implementation strategy may therefore be more realistic than
attempting a fully integrated solution from the beginning.

This also supports one of the main conclusions of the thesis: digitalization alone is
not sufficient if the underlying identity structure and process responsibilities are not

first clearly defined.

6.11 Pilot Need

A pilot implementation represents the most realistic next step because it allows the
company to evaluate the proposed identity logic within a controlled but meaningful
production scope.

A suitable pilot flow could include Warehouse — Kitting — Cutting — Welding.

This flow contains several important traceability transformations, including mate-
rial movement, SAP quantity mismatch, cutting identity split, leftover handling, and
welding identity merge.

The pilot should not only test whether more information can be digitally recorded.
More importantly, it should evaluate whether the proposed identity structure functions

operationally in reality.
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Key pilot questions include whether operators can use the identity rules without
excessive workload, whether identity remains understandable after cutting, whether
leftovers can be reused with greater confidence, whether welding documentation can
connect all input identities properly, whether the framework reduces dependence on
manual reconstruction, and which areas later require stronger SAP or scanner integra-
tion.

A successful pilot would provide practical evidence before larger investments in

full-scale digitalization are made.

6.12 Future Technologies Should Come Later

Future technologies such as RFID, cameras, sensors, and digital twins are highly rel-
evant within technically advanced manufacturing environments. Previous research on
Industry 4.0 and intelligent manufacturing highlights the potential of such technolo-
gies to improve visibility, automation, and data connection across production systems
10, 19].

However, these technologies should be introduced only after the basic identity struc-
ture becomes stable.

RFID can track tags, but the tag must represent the correct identity. Camera
systems can read markings, but the markings must be standardized. A digital twin
can represent material flow, but only if the physical process itself is modeled correctly.

The foundation is still the same: a clearly defined material identity, practical process
rules, clear ownership, and alignment between what happens physically in production
and what is represented digitally in the system.

Just as important is that the routines remain realistic enough for operators to use
continuously in daily work.

Without this foundation, advanced technologies risk adding more complexity in-
stead of improving control.

An additional observation from this study is that several of the identified trace-
ability challenges are also becoming increasingly relevant within broader industrial
digitalization directions in Europe.

Although this thesis is not a Digital Product Passport implementation project,
many of the same foundational requirements appear in both contexts. These include
maintaining material identity continuity, preserving certificate linkage, tracking mate-
rial transformations, and ensuring reliable connection between physical material and
digital documentation throughout the lifecycle.

The findings therefore suggest that structured identity continuity should be viewed
as a prerequisite for future industrial digitalization rather than only a local produc-

tion improvement. From this perspective, identity continuity becomes a foundational
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requirement for trustworthy lifecycle information, regardless of the specific digital tech-
nology used.

From this perspective, the work contributes to broader discussions regarding how
industrial systems maintain trustworthy lifecycle knowledge across physical transfor-

mations and distributed production environments.

6.13 Academic Reflection

From an academic perspective, the study demonstrates that material traceability is
not only an information problem. It is a socio-technical system problem involving
physical material behavior, digital system representation, human decision-making, or-
ganizational structure, and supplier boundaries.

This also explains why qualitative methods became important during the thesis
work.

SAP data alone could show registered consumption, but not necessarily that full
pipe lengths were physically moved. Documentation could show certificates, but not
whether markings disappeared during production. Interviews could describe routines,
while observations revealed how the process actually behaved operationally.

The combination of mapping, observations, discussions, and documentation analysis
therefore provided a more realistic understanding of traceability behavior across the
system.

therefore provided a more realistic understanding of traceability behavior across the
system.

The thesis also contributes academically by reframing material traceability as an
identity continuity problem. Rather than focusing primarily on documentation avail-
ability, the study emphasizes how identity must remain connected through physical
transformations and organizational boundaries in order for traceability to remain mean-
ingful.

Instead of focusing only on whether records or certificates exist, the study focuses
on whether identity remains connected when material is moved, cut, welded, stored,
reused, or processed externally.

This perspective may also be relevant in other industrial environments where phys-

ical transformations create gaps between digital representation and physical reality.

6.14 Critical Reflection

There are also limitations related to both the study and the interpretation of the

findings.
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First, the work was conducted within one specific production environment. The
findings are therefore closely connected to the cooling pipe production process at Hi-
tachi Energy in Landskrona.

Other manufacturing environments may involve different material flows, supplier
structures, digital systems, and documentation requirements.

Second, not all sub-supplier operations could be observed directly.

Parts of the analysis related to external processing therefore rely on internal dis-
cussions, available documentation, and indirect observations. Third, the proposed
framework has not yet been validated through a full industrial pilot implementation.

The expected improvements are therefore based on observed system behavior, iden-
tified traceability gaps, and engineering analysis, rather than measured post-implementation
data.

rather than measured post-implementation data.

Fourth, the study is mainly qualitative in nature.

It provides a detailed understanding of traceability behavior, but it does not quan-
tify the exact cost of reconstruction work, time losses related to uncertainty, or the
economic value of stronger identity continuity.

These limitations are important to acknowledge. At the same time, they also point
toward relevant future work areas, particularly pilot implementation, quantitative eval-

uation, and long-term process measurement.

6.15 Academic and Industrial Contribution

From an academic perspective, this thesis contributes by examining material traceabil-
ity through the concept of identity continuity. The study demonstrates how traceabil-
ity challenges can emerge even when information, certificates, and documentation are
available, if the connection between physical material and identity is not maintained
consistently throughout the process. The proposed three-layer perspective of material
flow, information flow, and traceability flow also provides a structured way of analyzing
traceability behavior within complex industrial systems.

From an industrial perspective, the thesis contributes a practical framework for
understanding and improving material traceability within cooling pipe production.
Rather than focusing on one specific technology, the framework emphasizes identity
structure, process ownership, transformation rules, and staged digitalization. The find-
ings provide a foundation for future pilot implementations and support future digital-
ization efforts by identifying where identity continuity currently weakens throughout

the production process.
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6.16 Main Discussion Outcome

The main outcome of this discussion is that the company does not need to choose
between structure and digitalization. Both are necessary, but the order matters.

The current system already contains many important traceability elements, includ-
ing certificates, SAP data, drawings, markings, production documentation, and strong
operational knowledge within the organization.

The issue is not that these elements are missing, but that they are not connected
strongly enough into one continuous identity chain across the full process.

The next step should therefore be:

1. Define the identity structure.
2. Establish process rules.
3. Validate the framework through pilot implementation.

4. Scale digital support only after the structure has been validated.
The key message of the thesis can therefore be summarized as:

The company should not digitalize unclear traceability. It should first define
traceability, then digitalize it.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion
This thesis started with a simple question:

Do we actually have controlled material traceability across the system, or

are we relying on something else?

To answer this, the full process was followed from customer requirements through
engineering, procurement, supplier handling, warehouse operations, kitting, produc-
tion, and final documentation.

What became clear is that the system does not fail in an obvious way. Material
moves through the process, production continues, and documentation is delivered. On
the surface, traceability appears to exist.

However, when the process is followed step by step, especially through material
transformations such as cutting, welding, finishing, and leftover handling, a different

picture appears.

7.1.1 What the System Actually Does Today

The current system is not built around one continuous and controlled material identity.

Instead:

Instead, engineering defines what material type is needed rather than the exact
physical material, warehouse provides available material rather than pre-linked material
identity, and charge numbers and certificates are often connected after material selec-
tion rather than before. Material transformations weaken identity continuity, markings
can disappear during production and finishing, SAP reflects structured transactions but
not always the physical material reality, leftovers exist physically but are weakly repre-
sented digitally, sub-supplier processes are only partly visible, and final documentation

is relatively strong while identity continuity during production is weaker.
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Despite this, the process still works in many situations because experienced person-
nel compensate for the missing structure. Operators use context, project colors, local

routines, and practical knowledge to reconnect information when needed.

7.1.2 Main Finding

The most important conclusion of this thesis is:

Traceability in the current system is not driven by one controlled identity
structure. Instead, it is often reconstructed through documents, context,

and human interpretation.

This explains why different departments describe traceability differently, charge
numbers are interpreted differently depending on context, SAP and physical reality
do not always fully match, traceability weakens during material transformations, and
quality investigations depend heavily on experienced personnel.

The study therefore shows that traceability gaps are not isolated local problems.

They are connected through the overall identity structure of the process.

7.1.3 Research Questions Revisited

The research questions presented at the beginning of this thesis can now be answered
based on the findings of the study.

The first research question focused on how material identity is created, transferred,
and maintained throughout the process. The results showed that material identity is
created through a combination of supplier information, certificates, charge numbers,
and internal process context. However, identity continuity becomes weaker during
several process transformations, particularly when material is cut, welded, reused, or
processed externally.

The second research question focused on where traceability discontinuities occur.
The study identified several critical points, including material selection, kitting, SAP
quantity representation, cutting, leftover handling, welding, finishing, and sub-supplier
processing.

The third research question focused on why these discontinuities occur. The findings
suggest that the primary cause is not a lack of information, but rather the absence of
a clearly defined and continuously maintained identity structure across the process.

The fourth research question focused on how traceability could be improved. The
proposed framework therefore recommends establishing a structured identity model,
defining transformation rules, clarifying process ownership, and introducing digital

support only after the underlying traceability structure has been defined.
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7.1.4 What the Problem Is Not

It is important to clarify what the problem is not.

The issue is not that the company completely lacks traceability, that employees
are handling material incorrectly, or that scanners and SAP functionality are entirely
missing. The deeper problem is structural. The system does not have one unified logic
defining what the material identity is, when identity is created, how identity changes
through the process, and how identity should be preserved across transformations.
Because of this, traceability becomes dependent on reconstruction instead of continuous

control.

7.1.5 Academic and Industrial Contribution

The main contribution of this thesis is not only identifying traceability gaps, but also
reframing the problem itself from both an academic and industrial perspective.

This study contributes by introducing a system-level perspective on material trace-
ability in cooling pipe manufacturing, where traceability is analyzed as an identity
continuity problem rather than only a documentation or ERP problem.

The study shows that traceability challenges are not mainly caused by missing tools,
but by weaknesses in how identity structure is maintained across the process.

This changes the solution direction. From an academic perspective, the study
contributes by treating material traceability as an identity continuity problem rather
than primarily a documentation or ERP problem. The work also demonstrates how
material flow, information flow, and traceability flow can diverge even when production
continues successfully.

Instead of starting with questions such as “How can we scan more?” and “How can
SAP be used better?”, the more important questions become what the material identity
is, when identity is created, how identity changes, and how identity is preserved during
transformations.

Only after these questions are answered can digital tools support the process cor-
rectly. From an industrial perspective, the thesis provides a practical framework for
improving traceability within cooling pipe production. The proposed framework gives
the organization a structured starting point for future pilot implementations, process
improvements, and digitalization initiatives. Even though this study is based on cool-
ing pipe manufacturing within HVDC applications, the identified challenges related
to identity continuity, material transformation, and system fragmentation may also be

relevant in other industrial environments with complex production flows.
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7.1.6 Proposed Direction

The proposed framework in this thesis is based on four connected layers.

1. Structural Layer

Define internal material identity, identity lifecycle, and transformation rules for cutting,

welding, and leftovers.

2. Process Layer

Define responsibilities, verification points, and handover logic between departments.

3. Digital Support Layer

Use scanners, SAP batch functionality, and digital forms to support the structure rather

than replace it.

4. Future Technology Layer

Explore RFID, sensors, cameras, event-based traceability, and other digital tools once

the structure is stable.

7.1.7 Final Conclusion

The final conclusion of this thesis can be summarized clearly:

The main limitation of the current system is not the absence of tools, but

the absence of a consistent identity structure connecting the full process.

Because of this, the next step should not simply be more digitalization, but rather
the establishment of a structured traceability foundation before expanding digital sup-
port.

This thesis therefore argues that future traceability improvement should begin by
defining how identity behaves across the physical process before expanding digital sup-
port systems. The findings suggest that identity continuity should be treated as a
foundational requirement for both traceability and future digitalization efforts.

Otherwise, there is a risk that digitalization only increases the complexity of an
already fragmented traceability structure.

In complex and high-reliability systems such as HVDC cooling infrastructure, this
becomes especially important because the physical system lifecycle extends across man-

ufacturing, operation, maintenance, and long-term quality assurance.
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7.1.8 Limitations of the Study

This study was primarily qualitative and focused on one production environment within
cooling pipe manufacturing at Hitachi Energy in Landskrona.

The proposed framework has not yet been validated through a full industrial pilot
implementation. In addition, some supplier-side operations could not be observed
directly during the study.

Because of this, the thesis should be viewed mainly as a system-level analytical and
conceptual contribution rather than a finalized industrial implementation model.

At the same time, the combination of observations, discussions, process mapping,
and system analysis provided a detailed understanding of how traceability behaves in
practice across the studied process. Several of the observed challenges are also likely not
unique to the studied company alone, since similar traceability difficulties may exist in
other industrial environments involving complex material transformations, distributed
responsibilities, and ERP-based process representation.

For this reason, the findings of the study may also provide value as a broader
industrial example of how traceability gaps can emerge even in technically advanced

manufacturing environments.

7.2 Future Work

This thesis focused mainly on mapping the current process, analyzing traceability gaps,
and proposing a structured framework.
Several areas can therefore be developed further through future studies or internal

industrial projects.

7.2.1 Pilot Implementation

The most important next step is a practical pilot implementation.

A suitable pilot scope would be:
Warehouse — Kitting — Cutting — Welding
This flow includes several important traceability transformations:

material selection, physical movement, quantity mismatch, identity split

during cutting, and identity merge during welding.
The pilot should evaluate:

whether the identity model works in practice, operational usability in daily
production, whether traceability becomes clearer, whether the workload

remains acceptable, and how digital support should later be integrated.
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7.2.2 SAP Integration Development

Future work should investigate how SAP can better support:

cutting events, leftover handling, identity inheritance, and production trans-

formations.
Questions for future investigation include:
Can SAP support child identities after cutting?
How should leftovers be represented?
How can production events connect to batch logic?

How can physical and digital material states remain synchronized?

7.2.3 Sub-Supplier Traceability

Sub-supplier flow was identified as one of the major traceability gaps.

Future work should define:

standardized identity transfer methods, required documentation structure,
verification procedures when material returns, and deviation reporting struc-

ture for external processing.

Because of its complexity and importance for identity continuity across organiza-

tional boundaries, this area could become a separate traceability project by itself.

7.2.4 Evaluation of Marking Technologies

A future technical study could compare different marking methods, such as:

pen marking, tape labels, engraved markings, stainless steel tags, QR codes,

and RFID tags.
The evaluation should consider:

durability during welding and pickling, readability, cost, operator usability,
and compatibility with digital systems.
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7.2.5 Camera- and Sensor-Based Tracking
Future technical projects may also explore:

camera-based identification at key stations, automatic movement detection,

and event registration connected to material identity.

This aligns with concepts related to Industry 4.0, cyber-physical systems, and dig-
ital twins [0].
However, these technologies should only be implemented after the underlying iden-

tity structure becomes stable and standardized.

7.2.6 Event-Based Traceability

A long-term direction would be to develop an event-based traceability system where
each transformation becomes a recorded event.

This could support:

full lifecycle tracking, stronger identity continuity, faster root-cause analy-

sis, and stronger integration between physical and digital systems.

Instead of treating traceability as static information, the system would treat trace-

ability as a continuously evolving material history.

7.2.7 Organizational Development

Another important future step is organizational rather than purely technical.
Traceability should eventually become a continuous function instead of only a tem-
porary project.

One possible future role could be:
Process & Digital Integration Engineer — Traceability & Flow
Such a role could support:

system logic maintenance, cross-department alignment, digital implemen-

tation, process ownership, and continuous process improvement.

This is important because traceability crosses engineering, warehouse operations,

production, documentation, quality, and supplier interaction.

7.2.8 Final Reflection for Future Work

One principle should guide future development:

Do not automate uncertainty. Define it first, then digitalize it.
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Appendix A

Interview Summaries and Process

Discussions

A.1 Purpose of the Appendix

The purpose of this appendix is to summarize selected discussions and observations col-
lected during the study. The discussions were carried out with personnel from several
departments involved in engineering, warehouse operations, production, documenta-
tion, planning, and SAP-related activities.

The appendix is not intended to present complete interview transcripts. Instead, it
highlights key observations and recurring themes that supported the system mapping
and analysis presented in the thesis.

The discussions were carried out informally throughout the study and were mainly
used to support process understanding, validation of observations, and system mapping

activities rather than to perform quantitative interview analysis.

A.2 DMaterial Certificates and Identity Linking

Main Observation

One recurring topic during the discussions was how material certificates are connected
to physical material before production begins.

Engineering drawings define:
material type, dimensions, and technical requirements,

but they do not define the exact physical pipe that will later be used in production.
In practice, the process typically follows this logic:

1. Engineering defines material requirements.
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2. Warehouse selects available material.

3. Certificate and charge information are connected afterward.

As a result, material identity is often established after physical material selection

rather than before.

Important Discussion Point

Several discussions also clarified that charge numbers are supplier-defined and not
globally unique.

The same charge number may therefore exist from different suppliers.

Because of this, charge number alone cannot safely function as a complete material
identity.

Instead, identity is usually understood through:

supplier, charge number, certificate, material specification, and internal

process context.

Relevance to the Thesis

These discussions supported one of the main findings of the study:

traceability depends heavily on how identity is connected and maintained

internally after material enters the company process.

A.3 Production-Level Material Handling

Main Observation

Discussions with production personnel showed that certificates are important mainly

during earlier linking stages, while production work itself relies more on:

charge numbers, project context, pipe numbers, physical grouping, and

operator knowledge.

Production personnel generally assume that the material entering production has
already been correctly connected to the required documentation and traceability infor-

mation.
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Important Discussion Point

This created an important realization during the study:

production does not actively create traceability structure. It mainly de-

pends on identity already being correct before material enters production.

Because of this, weaknesses created earlier in the process may continue through

production without becoming immediately visible.
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Appendix B

Photo Documentation and

Observations

B.1 Purpose of the Photo Documentation

The purpose of this appendix is to support the system mapping with observations from
the production environment.

The photos included in this appendix are not only illustrations. They represent
practical situations that helped explain how traceability behaves in reality and where
identity continuity becomes weaker during the process.

The images were collected during visits to warehouse areas, kitting stations, pro-

duction areas, and related operational environments.
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B.2 Warehouse Storage — Material Grouping by Cat-
egory

Figure B.1: Example of warehouse storage where pipes are grouped mainly by material
type and dimensions.

Observation

The storage structure supports efficient material handling and accessibility.

However, when several similar pipes are stored together, piece-level identity may
become difficult to verify directly if markings are unclear or missing.

This observation highlights the difference between storage optimized for operational

handling and storage optimized for traceability control.
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B.3 Kitting Area — Context-Based Traceability

Figure B.2: Example of material grouped for production through crates, carts, and
project separation.

Observation

At this stage, identity is partly maintained through:
physical grouping, production order context, and operator understanding.
The crate or cart temporarily functions as an identity container.
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This supports production flow, but traceability becomes dependent on maintaining

the physical context correctly throughout the process.

B.4 Cutting Area — Identity Split During Material

Transformation

Figure B.3: Example of pipe cutting where one original material object becomes several
new physical pieces.
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Observation

Cutting creates one of the clearest traceability transformation points in the process.

The physical material is divided into:
multiple cut pieces and leftover material.
At this stage, identity transfer depends heavily on:
markings, manual handling, local routines, and operator awareness.

This illustrates how material transformation can weaken identity continuity if in-

heritance rules are not formally controlled.

B.5 Welding Area — Identity Merge into One Assem-
bly

Figure B.4: Example of welding where multiple material identities become one physical
assembly.

Observation

After welding, the final object no longer visibly contains the complete history of the
original material pieces.

Instead, identity becomes increasingly connected to:
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documentation, drawings, pipe numbers, and production records.

This illustrates the transition from visible physical identity toward document-based

identity continuity.

B.6 Marking Degradation After Processing

Figure B.5: Example of temporary markings affected by handling, production opera-
tions, or finishing processes.
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Observation

Some markings are suitable for temporary identification but may weaken during:
welding, pickling, cleaning, outdoor storage, or repeated handling.

As a result, situations can occur where material still exists physically while the

visible identity becomes weak or unclear.

B.7 Crates and Carts as Temporary Traceability Sup-

port

Figure B.6: Crates and carts used to maintain grouping during production flow.

Observation

Crates and carts support operational flow by reducing material mixing and helping
operators maintain project context.

However, they do not represent a complete traceability system because identity still

depends on:
controlled grouping, correct handling, and stable physical context.

If material is moved or regrouped incorrectly, identity continuity can quickly become

weaker.
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B.8 Summary Reflection

The observations documented in this appendix support one of the central findings of

the thesis:

material flow is often operationally strong, while traceability continuity be-
comes weaker during transformations, regrouping, and movement between

process stages.

The photo observations also demonstrate that many traceability mechanisms cur-

rently depend on:

local practices, temporary markings, physical grouping, and operator expe-

rience.
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Appendix C

System Mapping and Traceability

Framework

C.1 Purpose of the Appendix

The purpose of this appendix is to summarize the main system mapping structures
and conceptual framework developed during the thesis.
The appendix provides visual and structural support for the system-level analysis

presented throughout the report.

C.2 End-to-End Process Flow

Full Process Flow

Customer Requirements

1

Engineering

i

Procurement

i}
Supplier

(Material + Certificates)
1

Incoming Goods

i

Warehouse

¢
Kitting
+
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Production
(Cutting — Machining — Welding — Finishing)
i

Assembly & Documentation

i}
Delivery

Observation

The mapping showed that traceability crosses all stages rather than belonging to one
department only.
This means that identity continuity depends on handovers between several func-

tions.

C.3 Three-Layer System Model

Layer 1 — Material Flow

Represents:

physical pipes, fittings, leftovers, welded assemblies, and material move-

ment.

Layer 2 — Information Flow

Represents:

SAP transactions, drawings, certificates, Excel files, production documents,

and welding records.

Layer 3 — Traceability Layer
Represents:

identity creation, identity transfer, identity transformation, and identity

continuity.

Main Finding
The mapping showed that:

material flow remains relatively strong, information flow exists across sev-
eral systems, but traceability continuity weakens during transformations

and handovers.
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C.4 Identity Split During Cutting

Conceptual Example

Original Pipe
P-001
6 meters
Charge H
Certificate C

J Cutting

P-001-A 1.1m

P-001-B 2.0 m

P-001-C 0.8 m
P-001-L1 Leftover

Observation

The study showed that physical material is divided during cutting, while identity in-
heritance is not always controlled with the same structure.

This creates one of the main traceability breakpoints identified in the thesis.

C.5 Identity Merge During Welding

Conceptual Example
Input Materials

P-001-A
P-014-B
Flange F-006

J Welding
Assembly A-120118-723

Observation

Welding creates the opposite traceability challenge compared with cutting.
Several input identities become one physical object, while the material history must

still remain connected internally.
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C.6 SAP Quantity Mismatch Concept

Conceptual Example

Production Need

1.1 meters

Physical Pipe

6 meters

SAP View

1.1 m consumed

Physical Reality

6 m moved into production

Observation

This mismatch affects:

inventory visibility, leftover handling, material location, and traceability

continuity.

It became one of the clearest examples of divergence between digital system logic

and physical process behavior.

C.7 Proposed Traceability Framework

Layer 1 — Structural Layer
Define:
internal identity model,
identity lifecycle,

transformation rules.

!

Layer 2 — Process Layer
Define:
responsibilities,
verification points,

handover logic.

!
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Layer 3 — Digital Support Layer
Support through:
SAP,
scanners,
digital forms,

structured registration.

!

Layer 4 — Future Technology Layer
Future expansion through:
RFID,
cameras,

Sensors,
event-based traceability,

digital twin concepts.

C.8 Main Principle of the Framework

Structured traceability before digitalization.

The framework proposes that identity logic and process rules must be stabilized
before introducing more advanced digital technologies.
Otherwise, there is a risk that digital systems only reproduce existing structural

weaknesses in digital form.
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