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Abstract

The development of interoperable and reusable information models is a key challenge
for digitalization in manufacturing domains with heterogeneous and complex process
chains. Ensuring seamless data exchange requires the standardization of both data syntax
and semantics, while maintaining compatibility with existing industry standards. This
paper presents a methodology for deriving standardizable and generalizable OPC UA
information models tailored to domains with high process variability and interdisciplinary
requirements. The methodology integrates system analysis, parameter mapping, and
the development of modular submodels, supported by expert input and validation. It
emphasizes the reuse and extension of existing OPC UA Companion Specifications to
reduce complexity, avoid redundancy, and enable long-term standardization. The approach
is exemplified by its application to battery cell production, an emerging manufacturing
domain combining process and mechanical engineering with continuous and discrete
processes. Its high degree of heterogeneity and lack of domain-specific standards pose
significant challenges for model development. Through iterative expert workshops and
structured model validation, a dedicated and transferable OPC UA framework is created.
The resulting layered model structure combines a cross-industry standard with newly
developed, process-aware model elements. This enables both broad applicability and the
depth required for complex production environments, while supporting use cases such as
traceability, regulatory reporting (e.g., EU Battery Passport), and process optimization. The
resulting model improves interoperability, transparency, and data integration, offering a
scalable blueprint for other complex manufacturing sectors.

Keywords: interoperability; information modelling; OPC UA; Companion Specification;
standardization; communication interface; data structures; battery cell production
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1. Introduction

The digital transformation of manufacturing increasingly relies on the availability of
structured, interoperable, and semantically meaningful data. This is a significant challenge,
particularly for industrial sectors characterized by heterogeneous and complex process
chains. These chains consist of equipment from various manufacturers, varying degrees of
automation, and disparate data formats. In such environments, information models serve as
a key enabler for standardized data exchange, system integration, and the implementation
of data-driven applications. Formalized information models allow machines, sensors, and
IT systems to share a common understanding of production-relevant data, thus reducing
integration effort and supporting scalability across systems and use cases. A prominent
example of such a heterogeneous domain is battery cell production, which has recently
gained strategic importance due to its role in the electrification of mobility and energy
systems. The global demand for battery cells is expected to rise sharply in the forthcoming
years. Projections indicate the establishment of over 200 new production facilities by 2023,
equivalent to approximately 2.5 plants per month. This rapid growth offers substantial
economic potential, but also poses considerable technological and organizational challenges
for manufacturers. In this context, digitalization proves to be a key enabler for flexible,
efficient, and competitive production systems [1].

Innovative digital applications, including digital twins, AI/ML-supported optimiza-
tion and modular production architectures, have the potential to significantly reduce
production costs and improve production quality. The application of digital solutions, in-
cluding predictive quality assurance and material flow simulations, has been demonstrated
to generate cost savings of up to USD 30 million per plant on an annual basis. However,
the successful implementation of digital solutions/approaches hinges on the availability of
machine and process data is that is both interoperable and accessible across production
systems and organizational boundaries [2]. To enable such digital innovations, production
systems must be designed to be connected and adaptive. This includes capabilities such as
real-time process feedback, rapid integration of new technologies, and seamless data flow
between machines and IT systems. A major challenge to realizing this level of connectivity
lies in the fragmentation of data semantics and structures; differences in formats, naming
conventions, and data models make integration costly and error-prone [3]. Addressing this
challenge requires standardized and semantically rich information models that provide a
shared data understanding across vendors, process steps, and system layers [4]. In battery
cell production, the complexity is particularly high due to the hybrid character of the pro-
cess chain, which combines discrete and continuous operations, varying material systems,
and a lack of domain-specific machinery standards. In this context, a standardized and se-
mantically rich information model is essential to ensure interoperability across equipment,
systems, and process steps.

This paper presents a methodology for deriving such an information model using
the OPC UA framework. Building on system analysis, structured model architecture, and
expert validation, the proposed approach enables the creation of interoperable, reusable,
and generalizable OPC UA submodels for heterogeneous production environments. Battery
cell production is used as a representative use case to demonstrate the methodology and
its applicability to complex, interdisciplinary manufacturing systems. The scope of the
information model presented here is limited to the production processes of battery cells
and selected use cases within this domain. This machine-centric restriction is justified by
the need for a focused and manageable modeling effort as a starting point. The model
is designed to allow the inclusion of broader contexts from upstream and downstream
domains as part of its continuous development in a step-by-step-approach; however, these
aspects are not within the scope of this paper.
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2. Theoretical Background

In modern, flexible industrial environments, the automation and connectivity of
different devices, systems, and machines play a central role. This requires a seamless,
secure and platform-independent communication. Open Platform Communication Unified
Architecture (OPC UA) is a platform-independent, service-oriented protocol that is an
industrial standard. It enables secure and reliable data exchange. OPC UA supports data
modelling, integrates robust security features such as encryption and ensures scalability
from embedded devices to enterprise-level systems. It is an information-centric architecture
that goes beyond simple data transport by enabling advanced information modelling. This
capability makes it possible to represent data in a standardized, domain-specific structure,
promoting consistency and interoperability across systems [5].

OPC UA is based on a service-oriented architecture (SOA) and is divided into several
logical layers, as shown in Figure 1. The transport layer enables data exchange between
OPC UA applications using different transport protocols. The data model specifies the
rules and basic building blocks for publishing an information model via OPC UA. The OPC
UA basic services are used to realize the interface between the server and the client [6].

Vendor Specific Extensions

Specifications of Information Models IEC, ISA,
of other Organisations # EDDL, ...
OPC Information

DA l AC I HA I ﬂ Model
OPC UA Base Services l R Base Services
T I PC UA Data Model I
Webservice / OPC UA Binary Modeling Rules #

Figure 1. OPC UA architecture [6].

The information modelling allows a description of data in a domain-unified form.
This allows for connecting systems of different vendors and connecting them horizontally
through different levels. For different fields of industry, there are specific information mod-
els, called OPC UA Companion Specifications. They include domain-specific information
(specific industries, devices, use cases) and specify how to use OPC UA in specific industrial
environments. An OPC UA Companion Specification is made up of a text document, based
on a template of the OPC Foundation defining the information model, images giving a
structured overview of the specification, detailed descriptions of the model elements, and a
UaNodeSet in the form of an XML schema, defining the standard in a machine-readable
way [7].

Companion Specifications are usually developed within a cross-vendor working group,
together with the OPC Foundation, or in a collaboration with other organizations such as
the VMDA (Mechanical Engineering Industry Association). In the working groups, the
requirements, use cases and goals of the individual members must be harmonized. On that
base, the required information can be collected, described and formalized in an OPC UA
information model [8]. This paper builds upon this foundation and addresses the challenge
of developing OPC UA Companion Specifications for domains with highly heterogeneous
and complex process chains. Using the example of battery cell production, it presents a
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methodology for deriving interoperable and generalizable information models that can be
applied across process steps and system boundaries. A key focus is on integrating existing
OPC UA meta-standards while balancing domain-specific requirements with model sim-
plicity and transparency. The proposed approach contributes to the structured development
of OPC UA Companion Specifications in emerging or interdisciplinary industrial sectors.

3. State of the Art

Based on systematic and holistic literature research, the Web of Science, Scopus, IEEE,
Elsevier databases were searched. Therefore, keyword-based and manual searches were

v

conducted. As keywords, single words, i.e., “standardization”, “model”, and word pairs
like “battery production”, “information model”, “data mining models”, and “traceability
model” were used, as well their combinations. Based on the found literature, a forward
and backward search was conducted. In addition, the websites “connected papers” and
“Litmap” were used to search for related publications that had not previously been consid-
ered. Finally, the Al tools “ResearchRabbit” and Elicit were used to identify possible author
clusters or thematic gaps that had not yet been considered. A reflective decision was made
to consider not only scientific publications, but also industry contributions, standards, and
norms, as the topic is very industry-oriented and interdisciplinary.

In recent years, various semantic-web and ontology-based approaches have been
explored to achieve interoperable, machine-readable models of industrial assets; examples
include OWL-based field-device ontologies for Industry 4.0 and the Asset Administration
Shell (AAS) with AutomationML and RDF/JSON serializations [9-11]. Work is also being
carried out to analyze the OPC UA information modelling paradigm and propose a generic,
technology-independent modelling methodology to guide the development of OPC UA
information models [12]. The Industrial Ontology Foundry (IOF) approach could be used
to develop modular, reusable ontologies for manufacturing, based on a hub-and-spoke
architecture. Key goals are semantic interoperability and standardization across industries.
Challenges include modularization, alignment with upper ontologies, and validation with
real-world data [13].

In addition to standardization efforts, several research initiatives focus on data-driven
approaches for specific processes within battery cell production. For example, concepts
for data-supported assembly in pilot plants emphasize comprehensive data acquisition,
integrating machines, process, and environmental data. These approaches aim to enable
advanced data linking and incorporate visualization elements directly as components of
the information model, particularly applied to lab-scale battery cell assembly [14]. Simi-
larly, research on data-driven models for electrode production demonstrates how process
optimization can be achieved by leveraging detailed production data, highlighting the
potential of data-centric methods for improving efficiency and quality in key manufacturing
steps [15].

However, Ref. [10] has shown that OPC UA as a communication standard, combined
with the possibility of individual extensibility through its information modeling framework,
represents a promising approach that ensures applicability in industrial environments [9,10].
The results demonstrate that applying appropriate modeling techniques when defining
an OPC UA information model for the Asset Administration Shell significantly enhances
interoperability. This enables seamless information exchange between industrial applica-
tions using OPC UA, which is widely recognized as a communication standard in industry
4.0 [9]. For this reason, this paper focuses on a methodology for deriving an OPC UA stan-
dard for heterogeneous process value chains such as battery cell production. Accordingly,
the following section presents relevant OPC UA Companion Specifications and related
prior work.
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The integration of OPC UA Companion Specifications into battery cell production is
at an early stage, yet it demonstrates substantial potential for enabling standardization and
interoperability within this complex manufacturing domain. The current “Battery Passport
Proof of Concept,” initiated by the OPC Foundation in cooperation with leading industry
stakeholders, marks an important milestone towards the development of standardized data
exchange formats specific to battery cell production [11]. Existing Companion Specifications
from adjacent industrial sectors serve as valuable reference models for this endeavor.

Over the past decade, numerous OPC UA Companion Specifications have emerged,
covering key components integral to industrial processes, such as pumps, valves, extrusion
lines, weighing systems, robotics, and energy management, each defining standardized
ObjectTypes, VariableTypes, and DataTypes tailored to their respective application areas.

OPC UA for Machinery was developed as a foundational Companion Specification for
the machine and plant engineering industries [16]. This specification strives to harmonize
diverse domain-specific Companion Specifications by providing modular building blocks,
addressing aspects such as machine and component identification, standardized description
of machine status (availability and operating mode), fundamental data for calculating Key
Performance Indicators (KPIs) based on ISO 22400 [17], and extensions for job and energy
management. Through this modular approach, OPC UA for Machinery facilitates the
integration of extended use cases into vertical systems, such as SCADA, MES, ERP, and
IoT platforms.

The Joint Working Group “OPC UA for Plastics and Rubber Machinery” has developed
a range of specifications that define globally standardized interfaces for plastics and rubber
processing machines. These include OPC 40077 (data exchange between injection molding
machines and MES systems, formerly EUROMAP 77), OPC 40082-1 (temperature control
devices, formerly EUROMAP 82.1), OPC 40083 (general definitions, formerly EUROMAP
83), and the OPC 40084 series (extrusion processes) [18-21]. These specifications are
particularly pertinent, as they address subprocesses, such as extrusion and calendaring,
that also occur in battery cell production. Specifically, OPC 40084-12: Extrusion, Calendar
defines node sets and specifies dedicated interfaces for the exchange of information relevant
to calendaring processes [22].

Complementary Companion Specifications include OPC 40223 for Pumps and Vacuum
Pumps [23], which standardizes pump identification, configuration, and maintenance data;
OPC 40250-1 for compressed air systems [24]; OPC 40200 for Weighing Technology [25];
OPC 40010-1 for robotic integration [26]; and the draft specifications OPC 30141 and OPC
34100 for energy management [27,28]. Together, these specifications form an extensive
foundation for standardizing industrial data exchange across multiple domains.

An initiative for battery cell production is the “Battery Passport Proof of Concept,”
developed by the OPC Foundation in collaboration with CESMII, VDMA, and the Fraun-
hofer Research Institution for Battery Cell Production (FFB) [29]. This demonstrator builds
upon the concepts established in the Digital Product Passport (DPP) and Product Carbon
Footprint (PCF) projects. It utilizes OPC UA for data modeling and information exchange,
covering over 100 parameters mandated by European Union regulations for the future
Battery Passport. Furthermore, it aligns with the OPC Foundation’s broader efforts in
developing OPC UA information models for energy generation and storage technologies
across commercial and residential sectors.

Despite significant progress in standardizing data models and communication inter-
faces through OPC UA, substantial research gaps persist. Although there are individual
standards for other industries or specific machinery, there is currently no holistic approach
to battery cell production [12]. Battery cell manufacturing imposes unique requirements
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on communication standards, resulting from its hybrid character that intertwines process
engineering and mechanical engineering. Several critical shortcomings can be identified:

e Lack of comprehensive data specifications: There is currently no publicly ac-
cessible and exhaustive catalog of production-relevant data necessary for data-
driven applications.

e Integration challenges: The interpretation and interoperable availability of information
across the entire battery value chain is not ensured.

o Insufficient coverage of specific processes: The unique requirements arising from the
hybrid nature of battery cell production are inadequately addressed by
existing standards.

e  Regulatory compliance difficulties: With the advent of regulatory instruments such as
the EU Battery Passport, mandating over 100 distinct parameters, the need for fully
standardized information models is increasingly critical.

To address these identified gaps, the development of a dedicated OPC UA Companion
Specification for battery cell production is urgently needed by the industry. Such a specifi-
cation should not only build upon existing models but must also incorporate the specific
processes, parameters, and regulatory requirements characteristic of battery manufacturing.
Its establishment would represent a significant advancement in enhancing interoperability,
fostering standardization, and accelerating the digitalization and data-driven optimization
of this strategically vital industry sector. At the same time, it would give scientists the
opportunity to take a more holistic view of the complex production process chain, identify
dependencies more clearly, and thus contribute to the further development of battery
cell production.

4. Methodology

To develop a standardizable information model for battery cell production, a multi-
stage methodological approach based on the conducted literature research is applied, using
a combination of system analysis, model integration, and expert involvement. The objective
is to create an interoperable, modular, and cross-process information model that builds on
existing standards while addressing the specific requirements of battery cell production.
The methodological approach follows the sequence shown in Figure 2 and is explained in
more detail in the following sections.

4.1. Top-Down Analysis of the Process Chain

In the first step, a comprehensive top-down analysis of the process chain, here the
battery cell production value chain, is conducted. The system analysis of the individual
process steps is carried out based on the ISA-88 standard [30]. This approach enables a uni-
form and structured recording and description of equipment, processes, and control levels.
As part of these analyses, each process step in battery cell production is examined down to
the component level. Based on the system analysis by assigning parameters to individual
system units, a parameter map is derived that forms the foundation for further modeling.
It includes both process and machine parameters, compiled from existing research, expert
interviews with cell manufacturers, machine builders, and research institutions, as well as
the authors” own investigations and analysis. The collected parameters are consolidated,
harmonized, and classified. In addition to technical characteristics, metadata such as phys-
ical units and data formats are also considered to facilitate the later applicability of the
information model.
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1. Top-down analysis of the process chain
Objective: Systematic identification of the actual structure of the process chain

*  System analysis based on the design philosophy for software, equipment and process
control according to the standard ISA-88

* Derivation of a parameter list by assigning parameters to individual system units based
on literature research and expert interviews

Structured list of relevant parameters and component relationships

W4

2. Development of a model landscape for harmonization and standardization

Objective: Design of a structural concept for an OPC UA-based information model
*  Modular structuring of the model into cross-process and process-specific submodels

»  Integration of existing standards

Model landscape of the meta-standard

Vv

3. Design and specification of Submodels
Objective: Detailed modelling based on the defined model landscape
*  Definition of the Submodel Structure

*  Assignment of the relevant parameters to the submodels

‘ Formalized OPC UA information models defined by OPC UA Type Definitions

Vv

4. Validation of the Submodels

Objective: Validation to ensure applicability, completeness and alignment with industrial
requirements and existing standards

*  Expert validation of the applicability and consistency of the submodels

*  Continuous improvement

OPC UA models, ready for standardization and industrial deployment

Figure 2. Methodological approach to derive a generalizable information model structure for hetero-
geneous process chains.

4.2. Development of a Model Landscape for Harmonization and Standardization

Based on the parameter map and the system structures for each process step, a model
landscape was developed that defines the structure of the meta-standard for battery cell
production. The central goal is to create a comprehensive information model that ensures a
balanced trade-off between reusability and process-specific detail. To reduce the complexity
of the information models while enabling harmonization across various process steps, cross-
process submodels are to be developed. In addition, process-specific submodels will be
used to represent the individual requirements of specific production steps. As part of this
step, the overall structure of the OPC UA information model is defined, including the
allocation of content to cross-process and process-specific submodels.

Another key requirement is the integration and adaptation of existing standards
wherever possible. In particular, existing OPC UA Companion Specifications should be
reused to avoid redundancies and ensure compatibility with cross-industry standards. For
this purpose, the OPC UA Machinery specification (OPC 40001) [31] was selected as the
foundational reference model. It is widely accepted for building cross-domain information
models. A detailed description of the model elements that serve as the foundation for the
information model of battery cell production can be found in Section 5.

For aspects not yet covered by any existing standards, new submodels will be de-
veloped within the framework of the meta-standard for battery cell production to fill
domain-specific gaps. The distinction between adoption and new definition was made



Technologies 2025, 13, 302

8 of 22

on a case-by-case basis and took into account the complexity of the existing OPC UA
specification and the potential effort required to make changes. The outcome of this step is
a modularly structured model landscape for battery cell production consisting of already
existing OPC UA Companion Specifications as well as new defined submodels, which
serve as the basis for the subsequent detailed modeling in the next step.

4.3. Design and Specification of Submodels by Defining Type Definitions

Based on the parameter list established in step 1 and the structural model landscape
defined in step 2, the third step focuses on the detailed specification of the submodels.
This includes the definition of type structures and the semantic modeling of the identified
system elements using OPC UA-compliant type definitions.

Type definitions form the semantic and structural foundation of the OPC UA in-
formation model by acting as formal templates that describe how specific elements of
processes, such as components, parameters, and their interrelations, are to be represented
in a machine-readable and semantically consistent manner. Their design is therefore criti-
cal to ensure both model clarity and interoperability across different systems. To ensure
industrial applicability and technical relevance, the specification of these type definitions is
carried out in dedicated workshops involving domain experts from academia and industry.
Within these workshops, submodels are derived from the previously developed model
landscape by assigning the relevant parameters to specific submodels and defining their
associated metadata, such as data types, units, and allowable value ranges, as specified
in the parameter list resulting from step 1. A key methodological principle in this process
is the separation of cross-process and process-specific elements. Type definitions that are
applicable across multiple production steps or technologies are abstracted and consolidated
in a superordinate GeneralTypes model. This promotes reusability, reduces redundancy,
and supports transparent model architecture. In contrast, elements that are uniquely associ-
ated with a specific process step and lack generalization potential are encapsulated within
dedicated, process-specific submodels. This layered modeling approach ensures a balance
between standardization and specialization, facilitating both model scalability and efficient
implementation in heterogeneous production environments.

4.4. Validation of the Submodels

The developed model drafts are validated in continuous review loops with industry
experts and potential model users. The goals of this phase are to ensure practical appli-
cability, consistency with existing standards, and completeness of the models. Feedback
from the validations is systematically collected, evaluated, and iteratively integrated into
the model drafts. Based on the step-by-step specification of the submodels, all require-
ments can be systematically captured, ensuring consistent modeling across all process steps.
The continuous improvement process embedded in the methodology ensures that new
developments are continuously monitored and, if necessary, incorporated into the models.
This guarantees the models’ currency and provides the foundation for their long-term
establishment as an industrial standard.

5. Information Model for Battery Cell Production

The methodology described in Section 4 for deriving an applicable information
model for heterogeneous process chains is applied to battery cell production in the
following section.

5.1. System Landscape, System Models and Parameter Map

First, a list of relevant process steps required for the cell manufacturing of all cell types
was created. A systematic analysis of these processes led to individual system models,
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including most relevant components. A comprehensive list of parameters was developed
and, where applicable, assigned to these components. The parameters were classified into
aspects, such as input/output, units, data types and similar properties. Additionally, the
parameters were assigned to the classes product, process, or quality. Finally, all parameters
were consolidated, harmonized, and aligned to ensure consistency and accuracy.

5.2. Development of a Harmonized and Modular Model Landscape

The second step was the development of a harmonized target landscape for the
information model focusing on modularization and reusability.

As mentioned in Section 4, several modeling decisions had to be made to find the
best possible balance between re-use of (parts of) existing information models and detailed
modeling of battery process specifics. To achieve a standardized, modular, and scalable
modeling framework for battery cell production, the developed approach employs a layered
architecture built upon the OPC UA for Machinery specification (OPC 40001). This structure
combines a generic interoperability layer with reusable technical abstractions and process-
specific detailing, enabling both generalization across processes and the necessary depth
for domain-specific implementation. The architecture compromises three key modeling
layers:

(1) The structural foundation defined by OPC UA for Machinery

(2) The newly developed GeneralTypes model capturing reusable production elements

(8) Process-specific models that encapsulate the unique requirements of individual pro-
duction steps

5.2.1. OPC UA for Machinery as a Structural Foundation

To ensure interoperability across machine types and system architectures, the devel-
oped information models consistently build upon the OPC UA for Machinery specification
(OPC 40001, part 1). This cross-industry approach of harmonization aims to reduce en-
gineering costs and integration time significantly. “Building blocks” with standardized
structures serve individual purposes and can be used independently. Key elements enable
common use cases, such as

Finding a machine or physical components in an information model

Obtaining static information about a machine or its component (nameplate information)
Observing the current state of the machine or its components

Retrieving process data

Being informed about events raised by a machine or components

These use cases are based on a specifically defined uniform structural template for ma-
chines (SpecificMachineType) and their components (SpecificComponentType). Machines
are structured by using standardized building blocks such as MachineldentificationType,
MachineComponentsType, MonitoringType, NotificationsType or the MachineryEquip-
mentFolderType, which are designed to represent both machine-level and component-level
semantics in a modular and reusable way. The information model for battery cell produc-
tion uses both the standardized OPC UA for Machinery building blocks (type definitions)
as well as the specified structure for modeling a machine and components. These model-
ing guidelines are adopted in the information model for battery cell production and are
represented by the BatteryMachineType, which is described in detail in Section 3. Each
machine instance is using the core elements of the BatteryMachineType, to maintain struc-
tural clarity and avoid unnecessary complexity. In essence, the adopted structure of the
OPC UA for Machinery serves as a standardized shell that governs the structuring and
accessing of machine-related information. The modeling rules enable uniform interactions,
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such as identification, state monitoring or process data acquisition across all equipment
and vendors.

However, the scope of this standard is restricted to defining the structure and access
of information, without prescribing what specific information is contained in the model. In
order to facilitate semantic interoperability and reusability on a lower level, it is essential
that information models also cover information such as detailed technical characteristics of
machines and components or process related aspects.

5.2.2. Extension by New Submodels Describing Cross-Process and Process-Specific
Technical Information

While the OPC UA for Machinery specification provides a robust and vendor-
independent structural backbone for modeling machinery, it deliberately omits the se-
mantic content required to describe technical components, parameters, and process-specific
logic. It defines how information should be structured and accessed, e.g., through uniform
building blocks such as Machineldentification, Monitoring or Notification, but not what
domain-specific content is relevant within those structures. Consequently, the OPC UA
for Machinery operates as a standardized structured shell, facilitating interoperability but
lacking the specific technical detail needed for actual production applications.

To address this gap, two complementary model layers, the GeneralTypes model and
the process-specific models, were developed in the scope of this work. Together, these
layers form the semantic core of the proposed modeling approach and serve to enrich the
structural OPC UA framework with reusable and domain-relevant technical content.

The GeneralTypes specification includes abstract, cross-process type definitions for
frequently used components and subsystems that occur repeatedly across different process
steps. These include standardized type definitions for commonly used technical elements
such as the VisuallnspectionModuleType, TraceabilityType, LaserModuleType or the Stor-
ageType. These GeneralTypes were identified through a structured top-down analysis (see
Section 4) and iteratively validated by domain experts. Their role is to provide reusable,
semantically enriched templates that bring actual content into the structural OPC UA
shell provided by the OPC UA for Machinery (see Section 5.2.1). Moreover, their general-
ity allows application beyond battery production, laying a foundation for cross-domain
modeling and long-term harmonization of standards.

Whilst GeneralTypes introduce reusable abstractions across processes, process-specific
models capture technical elements that are unique to individual production steps. These
submodels include highly specific technical elements. For example, for the coating process,
a unique PasteApplicationSystemType was developed with predefined parameters like the
SlotDieTemperature, the SlotDiePressure or the SlotDieGap, to model the paste application
system which is unique to the coating process. Such types are encapsulated in their
respective process submodels.

In parallel to the development of these GeneralTypes and process-specific types, a
systematic review of existing OPC UA Companion Specifications from other domains was
conducted. For each identified technical aspect, a validation was performed to determine
whether equivalent or related type definitions already exist within other standardized
models. If an existing type definition from another domain fully covers the required
characteristics, i.e., all relevant attributes and semantic properties can be represented
without loss of meaning or functionality, these types were directly referenced and reused
within our modeling framework. This strategy was applied to support cross-domain
interoperability, reduce redundancy, and ensure consistency with broader OPC UA stan-
dardization efforts. The inclusion of such externally defined types strengthens the general-
izability of the proposed model and facilitates its long-term integration into the wider OPC
UA ecosystem.
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This layered modeling approach was developed in response to the high degree of
heterogeneity observed across battery cell production processes, which include both con-
tinuous and discrete steps, varying machine architectures, and a wide range of component
types. Despite this complexity, several recurring structures and functional elements were
identified, enabling meaningful separation into general and specific model layers.

Overall this modeling strategy supports semantic standardization at both a general
and a specialized level. It enhances reusability, minimizes modeling effort, and ensures
maintainability of the information models. Furthermore, the modular structure provides a
scalable foundation for future extensions, such as new battery formats, up- and downstream
processes, or the transition towards battery module and pack production

5.2.3. Systematic Analysis of the Model Structure and Reuse Potential

To assess the effectiveness and generalizability of the developed modeling approach,
a systematic evaluation of the resulting OPC UA information models was conducted. This
analysis focuses on two core aspects:

(A) The scope and reuse of GeneralTypes across process steps
(B) The necessity of process-specific extensions in each submodel

A total of 16 GeneralTypes were developed as reusable, cross-process building blocks.
Examples include VisuallnspectionModuleType, TraceabilityType, WinderModuleType
or the PumpType. Their level of detail varies depending on their functional complexity,
with parameter counts ranging from 2 to 10 per type. Fifteen of the 16 GeneralTypes
comprise 78 parameters. One GeneralType references an existing standard [26] to enhance
standardization across boundaries.

As part of the analysis of the reusability of the GeneralTypes, a subprocess chain
including 8 process-specific submodels was examined. For this purpose, the process-
specific models of the subprocess chains for electrode production (mixing, coating, drying,
calendaring) and cell assembly of pouch cells (slitting, notching, separating, stacking) were
analyzed. Table 1 illustrates the reused GeneralTypes in the process-specific models, the
newly generated process specific types and the top-level parameter (Level 1 parameters)
that were defined at the first level of a machine specification.

Table 1. Reuse of GeneralTypes and newly developed types.

Process Step Reused Newly Developed Level 1
GeneralTypes Types Parameters

Mixing 2 0 5
Continuous Mixing 0 1 7
Batch Mixing 0 0 0
Coating 5 3 9
Calendaring 2 1 5
Slitting 2 0 8
Vacuum Drying 2 0 8
Notching 7 0 2
Separating 7 0 2
Stacking 8 0 3

The data confirms a high reuse rate of GeneralTypes, particularly in downstream
process steps. For example in stacking, all required technical elements could be covered
using existing GeneralTypes, eliminating the need for custom modeling. Notching and
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separating also relied entirely on previously defined types. This demonstrates that the
GeneralTypes layer provides a robust, scalable foundation for modeling recurring technical
functionalities. In contrast, upstream steps, such as mixing and coating, required a higher
degree of process-specific extension, reflecting the increased variability and complexity
of early-stage processes. For example, coating processes demanded additional types to
represent individual aspects such as paste application or solvent recovery units not covered
by generic modules.

Mixing, as a heterogeneous process with both continuous and batch variants, also ne-
cessitated the development of one specialized type to capture an aspect (ZoneModuleType)
that is individual for the continuous mixing process. This differentiation underlines the
layered modeling approach as a key strength. The framework is able to generalize and
standardize where appropriate, while still allowing the required granularity in areas with
domain-specific requirements. The reuse of GeneralTypes also significantly reduces the
modeling effort and increases maintainability of the information models, while preventing
redundant definitions. In total, 35 General Types were reused across the 8 described sub-
models, meaning that 35 type definitions did not have to be created individually within the
respective process-specific models. This significantly streamlines the modeling process and
fosters consistency in the semantic representation of technical aspects.

Moreover, the clear distinction between general and specific model content enables
systematic expansion. As new applications emerge, such as new battery chemistries, cell
formats or inline quality control mechanisms, the GeneralTypes can be reused or expanded
incrementally. This modular extensibility is essential for ensuring long-term applicability
in rapidly evolving industrial sectors.

Ultimately, the analysis validates the initial modeling strategy of combining a strong
structural base (OPC UA for Machinery) with a semantically enriched, layered approach,
which leads to cross-process standardization and step-specific precision. This also reinforces
the model’s potential for cross-domain transferability, particularly with regard to technical
functions that are not unique to battery production, but common across industries.

5.3. Application of the Modeling Framework to Battery Cell Production

The basis for modeling a machine instance is the BatteryMachineType using OPC UA
for Machinery. Figure 3 shows the general structure.

The general BatteryMachineType is the BaseType from which all specific process types
can be inferred and extended with custom types. As an example, a winding machine
should be a subtype of this BatteryMachineType using all required building blocks. The
building blocks then are customized to meet the specific requirements of a welding ma-
chine. As described in Section 5.2, all elements of the BatteryMachineType comply with
the specifications of OPC UA for Machinery. A detailed description of the elements is
provided below.

The MachineldentificationType provides mainly static information about the machine,
such as a nameplate. It may include, e.g., the manufacturer, serial number, and similar
data. It can be extended to custom fields, e.g., a specific name used in a company. The
NotificationsType is used to provide other systems access to messages or events that are
raised by machines or components. In the Equipment folder, e.g., tools that are used
temporarily for a specific task can be added. In the MachineProperties folder, general
properties not related to a specific component may be added.

The MonitoringType is the most relevant object for monitoring and supervision of
the machine. It holds e.g., information about the current processing state of the machine
according to the MachineryltemState state machine. The MachineryOperationMode holds
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the planned state of the machine. If used throughout all the machines it builds the basis for
a rapid and efficient implementation of an OEE (Overall Equipment Effectiveness) analysis.

BatteryMachineType
4:MachineldentificationType
HasAddIn—>1 HasAddIn
[ reshcdn 2:ldentification
E— 4:MachineComponentsType SRR
Components

4:MonitoringType
Monitoring

0:FolderType
Status

4:MachinerltemState_StateMachineType

& HasAddin—]
MachineryltemState : ashcdin

4:MachineryOperationMode_StateMachineType
MachineryOperationMode

HasAddIn]

3:BasicStacklightType
Stacklight

0:FolderType
Process

0:FolderType
Consumption

0:FolderType
Health

4:NotificationsType
Notifications

HasAddin

4:MachineryEquipmentFolderType
Equipment

HasAddIn

0:FolderType
MachineProperties

0:FolderType
MachineryBuildingBlocks

Figure 3. General structure of the BatteryMachineType.

Furthermore, the MonitoringType can provide access to key machine process values
in the process folder. WebTension is an example of such a process value occurring, e.g.,
in a calendaring machine. Process values will be modeled as ProcessValueTypes (OPC
40001, part 2), which allows for gain multiple advantages compared to standard variables.
Configurable limits, precision information, or instrument ranges are examples of optional
properties. In addition, they might be used by external systems to write new setpoints.

The main part of the new specification can be found in the MachineComponentsType.
In this object, all key components relevant to the specific process can be modeled. To
simplify the interaction with the model, the components may include similar building
blocks as the machine itself. A component may also include e.g., a MonitoringType object
with relevant component related process parameters in a process folder. It also may provide
its current state according to the MachineryltemState.

A very useful approach is to create a MachineryBuildingBlock folder, as suggested in
the Machinery specification. It provides a complete and clearly structured list of links to all
the building blocks used within the machine. This systematic way of referencing creates
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a transparent view of the overall model and its data. The navigation within the model is
simplified for both manual interaction with an OPC UA client and automatic finding and
access to all required data.

After the creation of the basic structure common to all processes for each of the process
steps, a unique information model was created.

An extract from a machine type specification for the winding process shows the
approach in a very simplified way. In this context, winding refers to a process step in
cylindrical cell assembly where electrodes and separators are wound using a mandrel to
form the jelly roll. It is defined by the WindingMachineType, as shown in Table 2.

Table 2. Structure of the WindingMachineType.

Attribute Value
BrowseName WindingMachineType
IsAbstract False
References Node Class BrowseName DataType TypeDefinition Other
Subtype of the BatteryMachineType defined in . ..
0:HasAddin Object Components 3:MachineComponentsType M
0:HasComponent Object Monitoring 3:MonitoringType @)
0:HasComponent Object Equipment 3:EquipmentType @)

As shown in Table 2, only Components and Monitoring are necessary to model a wind-
ing machine. Some of the relevant subcomponents that constitute the WindingMachineType
are further defined in Table 3.

Table 3. Subcomponents of the WindingMachineType.

Source Path Reference NodeClass BrowseName TypeDefinition Others
Components 0:HasComponent Object UnwinderAnode X:WinderModuleType @)
Components 0:HasComponent Object UnwinderCathode = X:WinderModuleType @)

In this example, Unwinder for anode, cathode can be modeled. The Unwinder can be
instantiated as a type of WinderModuleType, shown in Table 4. As mentioned before, the
WinderModuleType is an example of a “General Type”, as it is used in multiple processes.

It includes a Monitoring object holding, e.g., WebTension, WinderTorque, Rotational-
Speed, etc., in its Process folder. As those parameters are modeled as ProcessValueTypes,
they may hold additional metadata, such as limits or multi-lingual descriptions.

5.4. Modeling and Use of Information Models
The information models that have been created exist in two formats:

(1) The specifications of the model are provided as documents in PDF format. It includes
references to other standards that are used for the specific model, tables as shown in
Section 5.3 and descriptions of each object and parameters.

(2) Nodeset files in XML format are also provided. Those files can be used in modeling
tools to create instances of real process machines and customize them for users’ own
needs. Those files can be imported into most OPC UA Servers, serving as the machines’
information model.

Two modeling tools were used to set up the base battery process models:
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(1) Siemens OPC UA Modelling Editor (SIOME Version 2.8.6, [32]), which is a free soft-
ware tool. It integrates well into Siemens TIA Engineering software, simplifying the
mapping of OPC UA nodesets to PLC symbols.

(2) Unified Automation UaModeler Version 1.7.1 [33], which is a commercial tool. It
provides the functionality to create OPC UA Server source code automatically based
on the nodesets.

Table 4. Process value types of WinderModuleType.

Source Path Reference NodeClass BrowseName TypeDefinition Others
Monitoring .
0:HasComponent Object WebTension X:ProcessValueType O,RO
Process
Monitoring ] .
0:HasComponent Object WinderTorque X:ProcessValueType O,RO
Process
Monitoring ) .
b 0:HasComponent Object RotationalSpeed X:ProcessValueType ORW
rocess

6. Reference Architecture for the Implementation of Information Models

To technically implement the developed information models, a reference architecture
was designed that enables seamless, standardized, and flexible integration of the equipment
and processes in battery cell production. The goal is to ensure consistent availability of
data throughout the entire production process and value chain, making it efficiently usable
for higher-level systems such as production-related applications (e.g., traceability, process
optimization) or enterprise-level applications (e.g., ERP, MES). The architecture is structured
into four functional layers: the field level, the data management level, the application
level, and the enterprise management level. The core principle of the architecture is
decentralized data acquisition via OPC UA servers, implemented at the field level on
machines and components. The structure of these OPC UA servers mirrors the developed
information models, creating a standardized data representation for all machines and
systems. Each server captures all relevant machine parameters—such as machine states
and process parameters—and makes them available in a unified structure. By implementing
the models, manufacturer-independent and consistent data collection is enabled, forming
the basis for all subsequent data processing steps. External machine sensors can also be
integrated directly into the data structure via OPC UA to capture additional operational or
quality-related parameters. A middleware layer consolidates the data into a central data
backbone at the data management level. The middleware performs central aggregation
and processing of the field-level data, harmonizes incoming data streams, and provides
them in a standardized format for use in higher-level systems. It also archives historical
data, establishing a scalable foundation for data-driven applications. This clear separation
allows for complex data processing, independently of the production control systems. At
the application level, the consolidated data streams are used to enable various production-
related applications. These include systems for process optimization, which utilize both
real-time and historical data to improve equipment performance. Traceability systems
can also be implemented, ensuring end-to-end tracking of products and associated data
along the value chain. Another key application supported by the information models is
the automated creation of the soon-to-be mandatory European Battery Passport [34]. All
applications at this level access the data management layer via standardized interfaces,
without being directly connected to the field level. This increases flexibility and decouples
the systems, enabling efficient integration or replacement of machines and equipment. The
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top layer of the architecture is the enterprise management level, where overarching systems
such as MES (Manufacturing Execution Systems) and ERP (Enterprise Resource Planning)
are located. These systems handle core functions such as production planning, order
management, material tracking, and business analytics. They access structured information
from the middleware and production-related applications. Standardized event formats
such as EPCIS ensure seamless integration of manufacturing data into enterprise processes.

However, the concrete interactions between the external applications, like ERP/MES
systems and the underlying production control systems, are not the primary focus of this
publication. The presented use cases are focused to key application scenarios within battery
cell production (traceability, Battery Passport for production), which were selected due
to their high relevance in current industrial practice and their particularly demanding
requirements regarding data structure and semantic consistency.

Overall, the reference architecture provides a robust and flexible foundation for im-
plementing the developed information models. It ensures that production data can be
efficiently collected, processed, and integrated into various applications and business
processes. At the same time, it supports the key requirements of battery cell production,
such as transparency, traceability, optimization, and regulatory compliance. A schematic
representation of the reference architecture is shown in Figure 4.
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7. Discussion and Possible Use Cases

The aim for the design of the discussed methodology was to enable the development of
standardizable and generalizable information models tailored to domains with high process
variability and interdisciplinary requirements. The methodology was applied and validated
against the domain of battery cell production, which is characterized by the distinct lack
of open and usable data standards. The resulting information models aim to represent
the state of the art of current battery cell production machinery and processes, while at
the same time being generalizable to novel production process and future generations
of machines. However, the development of the models was strongly influenced by the
infrastructure and processes available from the partners. The limitations resulting from
this are discussed below. Additionally, three use cases for the application of the developed
information models are presented, and the resulting advantages are discussed.

7.1. Machine Generalization

One key result of this work is the structured system models of all relevant machine
types in battery cell production. While these models try to represent an abstract repre-
sentation of certain types of machines, i.e., groups of machines that can be used for the
same task, they are based on specific partners” machines. These machines provided the
starting point for the modeling and, therefore, are represented well within the final models.
Generalizations were used whenever possible, and adjustments to the models were made
where necessary during the validation phase with the industry partners. However, it is
still possible that not all machines of a certain type can be exhaustively represented using
the developed models. Special consideration was therefore given during the modeling to
ensure that essential machine components are well generalized and cover a wide array of
different machines. The same is true for the parameters considered, aiming to cover the
most important machine and process parameters. However, they are not exhaustive and
cannot cover all parameters of all machines.

7.2. Considered Process Technology

The modeled machine types and corresponding process steps were chosen based on
the current state of the art in battery cell manufacturing processes. Battery production is an
evolving field, with process innovations such as slurry extrusion, dry coating, laser drying,
or innovative stacking techniques. The resulting Companion Specification was structured
in such a way that it can be adapted to changes to the process and the process chain in
the future, while at the same time already covering the most basic aspects of the process
in a generalized way (e.g., both wet coating and dry coating have a coating thickness,
represented in the Companion Specification).

7.3. System Boundaries

Further, a system boundary was set during the development of the Companion Speci-
fication regarding the aspects of cell production that should be covered by the specification.
Here, a trade-off between simplicity, generalizability, and comprehensiveness had to be
made. For example, parts of battery cell production take place in so-called clean and
dry room environments with high requirements regarding the process air. The process
environment can have a significant influence on the production process and product quality,
as well as energy consumption. However, it was explicitly not considered for this version
of the specification, because the HVAC equipment used stems from a significantly different
domain than production equipment and would require the consideration and integration
of a set of further existing standards and specifications. For the final Companion Specifi-
cation, only equipment directly related to the production process, such as the machines,
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included sensors and measurement equipment, was considered. Clean and dry room:s,
environmental parameters, consumables, and auxiliary materials were not considered for
this first version of the specification. A widespread use of the standard by cell manufactur-
ers and equipment manufacturers is key for realizing the potential of standardized data
descriptions in cell manufacturing. It is therefore important that there is a low barrier of
entry for implementing the specification initially. Because of this, an iterative approach
for the extension of the specification regarding the topics mentioned above was chosen.
The aspect of energy consumption was not considered because it is rather generic and
applies to a wide range of different manufacturing equipment. There exist ongoing efforts
to standardize data collection regarding energy related topics in the form of a OPC UA
Companion Specification for Energy Consumption Management [27].

7.4. Traceability Use Case

The project results provide the basis for and enable advanced data-driven use cases
in battery cell production that would have required significant data integration efforts
without the use of the created information models. An example of this is the traceability of
battery subcomponents throughout the production chain. In battery cell production, there
are many transitions between batch, continuous and discrete subcomponents (e.g., elec-
trode paste (liquid) to coated electrode rolls (roll) to electrode sheets (sheet)). This makes
it challenging to precisely track process parameters and measurements throughout the
process and relate them to the corresponding intermediates. One of the related problems is
the lack of common data descriptions between consecutive process steps. For example, the
coating thickness is a parameter initially defined during the coating step. In the following
calendaring step, the electrode is compacted, and its coating thickness changes. In this
context, the information models are used to clearly differentiate the different types of
coating thickness, their meaning, data format and unit, as well as defining which of the
values are passed on to the following production stages. Additionally, the information
models introduce a specific Traceability Type that defines the content of traceability events
such as StatusCode, RequestTime and RequestData. This ensures that traceability events
are handled consistently throughout different machines and IT systems. Without stan-
dardized data descriptions, this would require a labor-intensive manual integration of the
machines, involving experts from the cell manufacturer, as well as the machine vendors.
The use of standardized data descriptions therefore reduces the cost of implementing
product traceability, which is a foundational service that enables further use cases along the
process chain.

7.5. Process Optimization Use Case

Newly constructed battery cell production facilities frequently face high scrap rates,
especially during the ramp-up phase. Data-driven process optimization techniques promise
to support the ramp-up by reducing the number of required experiments, allowing for
faster iteration. However, the cost of implementing these data-driven process optimization
systems is often prohibitive, especially because of the high integration effort. A system
designed for one machine or production line is developed for a specific use case and
cannot easily be transferred to similar machines and environments in many cases. For
example, an optimization system for the coating step might be designed to work with
available data from the machine to make predictions about the coating thickness under
different conditions. Based on the prediction, the system may propose optimal parameter
configurations for the coating machine. The system is therefore highly dependent on the
measurements and input parameters of a specific coating machine. Transferring it to a
different coating machine from a different vendor would require a manual mapping of
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the process parameters, as well as a validation of the parameters units, data types and
measurement frequencies. If both coating machines in this scenario follow a common data
description, most of the required adaptation effort could be automated. The conceived
data models therefore enable the development of machine-agnostic process optimization
systems. Additionally, such systems can make use of data passed between machines along
the process chain, enabling novel, cross-process optimization approaches.

7.6. Use Case Battery Passport for Production

The EU Battery Passport is a regulatory framework that requires battery manufacturers
to provide a digital product passport for each battery sold. Its primary objective lies in
enabling transparency by systematically disclosing critical information across the battery
lifecycle, including material composition, production processes, and end-of-life recycling
pathways. Furthermore, it serves as a mechanism to promote sustainability by incentivizing
the responsible sourcing of raw materials and integrating recycled materials into battery
production processes. Compliance with the Battery Passport imposes specific obligations
on manufacturers, including the provision of detailed data on battery composition, perfor-
mance metrics, and environmental footprints. Moreover, manufacturers are required to
ensure full traceability of materials throughout the value chain, from sourcing to disposal.
The Battery Passport therefore consists of data that is generated in the raw material supply
chain, during the manufacturing process as well as consecutive steps such as pack and
module assembly. The developed information models can be used as the basis for a Battery
Passport for production containing all relevant parameters that originate in production.
This supports battery manufacturers in complying with Battery Passport regulations, by
making the needed information easily accessible to overarching Battery Passport platforms.
Similar to the process optimization use case, Battery Passport platforms therefore do not
need to be adapted manually to different IT architectures and data models at different
cell manufacturers. Rather, they can import data from the Battery Passport for production
directly. Relevant data is subsequently made available to the following steps along the
value chain, such as module assembly. For example, this can be cell data originating from
end-of-line testing such as cell state of charge or self-discharge-rate, reducing the need
for incoming goods inspection. Information such as the type and amount of electrolyte
(parameters originating from the production machines) contained in each cell are passed
along and can later be used during the assessment of second-life applications or recycling,
therefore increasing the sustainability of batteries along the entire battery value chain.

8. Summary and Outlook

This paper presented a methodology for deriving generalizable OPC UA information
models for industrial domains characterized by heterogeneous and complex process chains.
Using battery cell production as an application example, the approach demonstrated how
system analysis, modular submodel development, and expert-driven validation can be
combined to create interoperable and industry-ready information structures. A harmonized
model landscape and a reference architecture were developed to ensure scalable and
consistent implementation across different system layers and use cases.

The resulting models and architecture not only enable seamless integration of machine
and process data but also support higher-level applications such as traceability, process
optimization, and compliance with regulatory requirements like the Battery Passport.

In particular, the developed model serves as a first standardized semantic framework
for battery cell production that is aligned with the OPC UA for Machinery meta-model.
This foundation enables vendor-independent interoperability and establishes a common
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language across equipment and software systems, which is an innovation for the rapidly
growing industrial sector of battery cell production.

A systematic evaluation of the resulting model structures confirmed the effectiveness
of the modular and layered approach. Across eight process-specific submodels, 35 Gen-
eralTypes were reused, eliminating the need to define equivalent elements individually
within each submodel. This high reuse rate demonstrates that the GeneralTypes provide
a robust and scalable semantic foundation that captures recurring technical functional-
ities across different stages of the process chain. In downstream steps such as stacking
and notching, all required components could be modeled using preexisting types, high-
lighting the generalizability of the approach. In contrast, upstream steps like coating re-
quired additional domain-specific extensions, underlining the importance of the combined
two level modeling strategy.

Through the development of GeneralTypes, domain-independent core elements were
also formalized, which can be applied across disciplines and industries. These abstracted
structural elements support the long-term vision of converging specialized standards into
a unified semantic framework for manufacturing.

To further increase cross-domain applicability, relevant GeneralTypes and process-
specific types were also evaluated with respect to existing OPC UA Companion Speci-
fications from other domains. Where possible, references to these existing types were
integrated directly into the model to enhance interoperability and reduce redundancy. This
strategy supports long-term harmonization efforts and strengthens the model’s role as a
bridge across industrial boundaries.

The scope of the paper is deliberately focused on machine-related production systems,
reflecting a pragmatic starting point for standardization efforts. Involving equipment
manufacturers and aligning their system structures provides an essential first step towards
broad industrial applicability. Future expansions of the model are envisioned to gradually
incorporate upstream and downstream domains, such as logistics and recycling. This
step-by-step-approach ensures feasibility, stakeholder alignment, and incremental maturity
of the standard.

Looking ahead, the proposed methodology offers a transferable foundation for other
domains with similar complexity and interdisciplinary characteristics. Future work will
focus on integrating the developed information models into operational production en-
vironments and validating their effectiveness in practical use cases, such as traceability
applications. In addition, the extension of the architecture with a job-control layer will be
explored to further enhance process orchestration and automation.

These developments will help demonstrate the long-term value of standardized infor-
mation models, not only as technical enablers but as strategic infrastructure for resilient,
flexible, and intelligent manufacturing systems. This will contribute to the broader adop-
tion of OPC UA-based information models and their role in advancing digitalization and
data-driven manufacturing.
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