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1. Introduction

In this paper, we present an implementation of software to convert from Asset Administration Shell (AAS) tem-
plates to data characterized by the Resource Description Framework (RDF) and leveraging the RDF Schema and Web
Ontology Language concepts (RDFS, OWL, respectively). The AAS was introduced in the early 2010s as a solu-
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Abstract

The Asset Administration Shell (AAS) has been an important industry framework for modeling data to populate Digital Twins.
Recently, there has been interest in using AAS to populate Digital Product Passports. Since Digital Product Passport data can
involve domains other than industry, many relevant data standards are expressed using Semantic Web standards rather than AAS,
creating an interoperability issue. To address this issue, we present software for converting from AAS templates to a description in
the Resource Description Framework (RDF).

Most previous literature on such conversions has presented domain-specific solutions. Our solution is general-purpose, which
we demonstrate by applying it to various examples, including the Battery Pass and CarbonFootprint models. We also improve on
previous work by targeting the latest major version (3.0) of the AAS standard. Furthermore, our solution casts the conversion output
in terms of the OWL and RDFS standards, enabling Semantic Web tooling to consume detailed information from the AAS model
about type hierarchies and value ranges. We highlight these interoperability gains by applying the Semantic Treehouse toolsuite
to the converted AAS models, demonstrating new opportunities for model reuse and for consolidation of the AAS models with a
broader range of semantic standards.
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tion to address the fragmentation and lack of interoperability between machines and software systems from different
manufacturers.

This work’s primary motivation is the Digital Product Passports (DPP) usecase supporting the transition to a cir-
cular economy. The need for an interoperable digital framework for expressing DPP information is evident, and there
have been many recent advancements towards this goal both using the AAS framework [12, 16] and RDF [9, 10]. In
addition, the DPP reference architecture published in the CIRPASS-2 project recommends using RDF as the primary
DPP communication framework [15]. Through the present work we seek to close the perceived AAS–RDF bifurcation
in DPP developments; the conversion tool that we present is however domain-agnostic and can find usecases outside
of the context of DPPs.

1.1. Overview Semantic Technologies – AAS and RDF/OWL

An AAS submodel comprises the actual content, or asset description of the asset administration shell. For submod-
els a distinction can be made between a submodel instance and a submodel template [8, Chapter 4.5]; whereas the
former describes a concrete instantiation of an asset, the latter can be seen as a specification of how a submodel in-
stance can be shaped. In short, a submodel template constitutes the data specification, whereas the submodel instance
constitutes the data itself. The current research focuses on connecting the submodel template, specifically the data
specification contained within it, with the RDF.

The current latest major version of AAS (V3.0) [8] has been released in 2022 bringing an alignment with IEC and
ISO standards, while also improving the modularity and extensibility of the meta-models. RDF and OWL are semantic
web frameworks standardized by W3C11, used for representing machine-readable knowledge using classes, properties,
and relationships. RDF describes data as collections of subject–property–object triple statements, while OWL adds
expressiveness for reasoning about that data. In the scope of this research, only version 2 of OWL is considered,
alongside the recommendation of the ”QL” profile of OWL. This recommendation comes from the expectation that
each AAS template will result in a limited-size semantic data model.

Research has noted the parallels between AAS and semantic standards developed in the context of Semantic Web
[6], as well as the potential benefits of coupling the two. A notable overview of this is presented in Rongen et al. [18],
who highlight among others the powerful querying and inference capabilities for RDF-based tooling that might also
be unlocked for AAS data, if proper solutions for data transformation are in place. More recently, Louge et al. [14]
demonstrated the integration of AAS and semantic web tooling for service orchestration using their COMPAAS ontol-
ogy. They note (p. 9) that “converting asset descriptions [...] could encourage industrial applications [of COMPAAS]
on production lines.” Finally, we wish to highlight an additional benefit: by strengthening the link between AAS and
RDF contexts, AAS data can benefit from Semantic Web tooling for managing vocabularies. That is, users designing
new AAS templates can be supported by an interface for organizing and reusing existing standardized vocabularies
from both AAS and Semantic Web contexts. This can help to solve the challenge noted for AAS in van Leeuwen et al.
[13] of “providing models that refer to formal ontologies or international standards” (p. 2).

1.2. Mapping AAS to RDF/OWL – The Status Quo

A variety of works have investigated aspects of mapping between AAS and RDF [6, 7, 3, 17]. While different
papers have tried to tackle this challenge, we distinguish Bader and Maleshkova [1] as the foundation to our research,
as it presents an RDF ontology for the AAS data model, along with RML mapping specifications for mapping from
a serialized AAS instance to its semantic AAS counterpart in RDF. However, the ontology employs RDF concepts
only for descriptive reasons and to allow inference, while the classes and properties themselves are proprietary to the
Semantic Aspect Meta Model (SAMM) vocabulary9. Consequently, the SAMM ontology is not interoperable with
other public ontologies built based on RDF / OWL concepts for classes and properties. Another drawback to this work
is that it targets an outdated version of the AAS model.

Another relevant work is Da Silva et al. [3], where the authors provide a semantic Industry 4.0 component architec-
ture using RDF & OWL, covering the top level concepts of “AdminstrativeShell”, “Object”, “TechnicalFunctionality”,
“Manifest”, and “Data”. However, the proposed solution is limited to non-standardized AAS submodels, it does not
cover the AAS 3.0 specification. Furthermore, the paper also does not include a methodology or algorithm for auto-
mated translation of AAS formatted models to RDF / OWL.



Jesper Kuiper  et al. / Procedia Computer Science 277 (2026) 2943–2952 2945

Resource Descriptions

Asset Administration
Shells

Template Submodel
ontology

Goods transport ...

HouseNumber

Exp

C

Publication date

TCF quantity of ...

TCF CO2eq

zip code

Product carbon fo...

Expiration Date

TCF reference valu...

TCF calculation ...

Transport carbon ...

TCF processes fo...

r

impa

street

Country

ZipCode

Goods transport ...

Publication da

Street

quantity of measur...

CityTown

R

ProductCarb...
(external)

string

string

string

string

double

Carbon Footprint
(external)

string

string

double

string

string

string

double

string

TransportCar...
(external)

TCFGoodsTr...
(external)

TCFGoodsTr...
(external)

Submodel
Templates

RDF tooling Message schemas
{ "$schema": ... } 

<xs:schema ... />

... a sh:NodeShape

Message
model

AAS-RDF 
conversion

Ontology
import

(a) (b) (c)

Fig. 1. Data model manipulation pipeline enabled by AAS to RDF conversion. From an AAS template (a) we use the conversion tool to convert
to an ontology (b) that represents the AAS template datamodel. This ontology can be imported in tools like Semantic Treehouse, e.g. to create
concrete digital message schemas (c).

When assessing the entirety of the related work, we find a lack of an implementation of transforming template-
level data from an AAS submodel to an RDFS/OWL graph. Such a conversion capturing the entirety of the data
model described in the AAS submodels could serve to improve the semantic interoperability of AAS models with
one another and also with semantic data models developed outside of the AAS context. Only once converted to
an RDFS/OWL format, an AAS submodel can be leveraged using existent ontology manipulation and vocabulary
hub tools to create new value opportunities for parties using said models. In the following sections, we present our
conversion solution and demonstrate how one can leverage the resulting, interoperable RDFS/OWL graph for model
reuse and consolidation.

In Section 2 we briefly report on existing tooling within the AAS ecosystem and introduce the implemented AAS–
RDF conversion method. Section 3 then reports on conversion examples of select AAS submodel templates and
discusses their relevance and application. Finally, in Section 4 we conclude by discussing the general scientific con-
tribution.

2. Material & Methods

In this section we provide a succinct overview of available tooling for the AAS ecosystem, and give a conceptual
description of the proposed AAS to RDF conversion method. We provide a working example by converting several
AAS template submodels released by the Industrial Digital Twin Association6 (IDTA) to RDF resources, and show
how this fosters semantic interoperability by loading these resources into the aforementioned Semantic Treehouse.
This enables the data specification design pipeline as shown in Figure 1.

2.1. Available Tooling for AAS

Since its publication in 2015, Asset Administration Shell has matured over the years, with a broader adoption
through IDTA since the period 2020–2022. In turn, this motivated the creation of multiple software tools to leverage
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this standardized digital representation. We provide a list of the most popular open source software tools we have
identified and how they are related to our AAS–RDF interoperability goal.

aas-core-works is an open-source initiative providing software tools designed to facilitate the creation, manipula-
tion, validation, and serialization of AAS models [2]. While the software toolbox provides an option for RDF
serialization of AAS models, it does not convert submodels present in an AAS model to an RDF / OWL-based
data model; rather, it introduces the submodels in the format of the AAS metamodel, serialized in RDF.

FA3ST (Fraunhofer AAS Tooling Suite) is a software development toolbox used for defining, validating and deploy-
ing AAS models.

Eclipse Digital Twin Multiple AAS-related software tools: AASX Package Explorer4 – a GUI-based tool used for
reading, designing, and packaging asset administration shells, submodels; BaSyx5 – an open source framework
for implementing and deploying AAS models.

Given this brief overview of existing AAS tools, we perceive a lack in coverage of the AAS–RDF interoperability
goal that we have defined: Semantic model interoperability at the level of combining (subsets of) AAS submodel
templates with other elements from non-AAS semantic models, as well as the creation of custom submodels based on
reusing a subset of properties of existent submodels and thus integrating existent definitions in a new AAS submodel.

2.2. Goals for Our Solution

The capabilities of the solution we sought to implement can be summarized as follows.

• Firstly, we aim to convert AAS submodel templates to an RDF/OWL format that conceptually reflects the
W3C fashion of nesting of properties and classes (e.g. submodel a owl:Class; submodelProperty a

owl:DatatypeProperty; submodelElementCollection a owl:ObjectProperty; and consequently
introduce a new owl:Class that reflects the collection of properties). In turn, this enables the two goals of
our research:

AAS submodel template combinability through reuse Current semantic web tooling enable the creation of
new named graphs / ontologies that reuse elements part of other semantic models. Converting the desired
to be combined AAS submodels would then allow for the creation of a new AAS submodel, through the
semantic web tooling

AAS submodel semantic interoperability with non-AAS semantic models By converting the data model
contained in AAS template submodels to a general OWL-based RDF format, enable the connection with
semantic models that are specified outside the AAS ecosystem.

• Secondly, the solution should be able to convert any AAS submodel template that adheres to the IDTA AAS
V3.0 meta-model [8], i.e. we aim to create a generic and domain-agnostic implementation.

2.3. Conversion Method from AAS-Formatted XML to RDF

We use the software toolsuite aas-core-works [2] for interpreting XML- or JSON-serialized AAS resources into
a runtime intermediate representation of the AAS structure. We then iterate over the deserialized AAS submodels
and from them build an RDF graph, using RDFLib [11]. This graph can now be serialized again into one of many
RDF formats, such as Turtle or JSON-LD. The intermediate representation is modelled after the aas-core-meta1

formalised meta-models for AAS components.
Every submodel is reflected in the RDF graph as a separate OWL class where metadata fields are converted to their

equivalent RDF relations that maintain the fields’ semantics. A minimal example of a conversion of a single AAS
submodel template can be found in Figure 2. Here, the CarbonFootprint submodel template and its description are
converted to RDF/OWL, shown in Turtle syntax. The displayName XML element of the submodel, shown in Figure
2 (a), is translated to RDF/OWL as rdfs:label using the RDF language-tagging feature to identify English and
German label values for the same property. The description XML element, expressed in Figure 2 (b), is translated
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<submodel>

<id>https://example.org#CarbonFootprint</id>

<kind>Template</kind>

<displayName> |

<langStringNameType> |

<language>de</language> |

<text>CO2-Fußabdruck</text> |

</langStringNameType> | (a)

<langStringNameType> |

<language>en</language> |

<text>Carbon Footprint</text> |

</langStringNameType> |

</displayName> |

<description> |

<langStringTextType> |

<language>en</language> | (b)

<text>The Submodel provides the means to access the Carbon Footprint (...)</text> |

</langStringTextType> |

</description> |

<submodelElements> (c) </submodelElements>

<submodel>

@prefix owl: <http://www.w3.org/2002/07/owl#> .

@prefix rdfs: <http://www.w3.org/2000/01/rdf-schema#> .

@prefix aas: <https://admin-shell.io/aas/3/1/> .

@prefix ex: <https://www.example.org#> .

ex:CarbonFootprint a aas:Submodel ;

rdfs:label "C02-Fußabdruck"@de, "Carbon Footprint"@en ; | (a)

rdfs:comment "The Submodel provides the means to access the Carbon Footprint (...)"@en ; | (b)

.

Fig. 2. An example of how an XML-serialized AAS template submodel is converted to RDF. (top) XML-serialized AAS submodel; (bottom) the
converted RDF resource, in Turtle-format. Marked sections show how specific components convert.

to RDF/OWL as rdfs:comment, only in English. Finally, the translation of the submodelElements element shown
in Figure 2 (c) will be touched upon in the coming paragraphs as it comes with additional complexity.

Note that we also annotate the created resources with the relevant class from the AAS ontology2 published by the
IDTA. As we will discuss later, this is helpful for converting back from an RDF representation to an AAS format.

Much of the logic of our implementation is in service of converting templates of submodel elements, i.e. the indi-
vidual data points present in the submodel which, through properties, element lists and element collections, combine
into a hierarchical data structure describing the asset. Submodel templates describe the submodel elements that are
expected in a derived submodel instance, which can include their types, semantics and e.g. cardinality constraints.
As the elements of submodel templates merely define the shape of the submodel’s data structures, there are no direct
instance values to convert.

2.3.1. Translating Submodel Elements
For our solution, submodel elements are converted to OWL object properties and datatype properties. A “property”

submodel element represents a single data point and is as such modeled as a datatype property with as domain the
submodel class itself (i.e. the class defined in Figure 2, bottom) and as range the XSD (XML Schema Definition)
data type of the data point. Submodel element lists and collections are containers for multiple submodel elements and
are therefore converted to OWL classes themselves, with an object property linked to it from the submodel class. An
example of how submodel elements in its many forms are converted to RDF, is shown in Figure 3. Note here how
a submodel element collection is converted to two RDF resources: an OWL class corresponding with the collection
itself, and an OWL datatype property that relates the submodel class with the submodel element collection class.
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This example also shows conversion for several submodel elements for different datatypes, and an expression of a
cardinality qualifier as an OWL restriction on the relevant class.

2.3.2. On Global and Local Identification
Within the AAS meta-model, some components have a globally unique identifier (i.e., identifiable) whereas some

other components have only a locally unique identifier “short ID” (unique within the set of components directly
contained within the component’s parent element), making them only refereable. Where submodels are identifiable,
submodel elements are only referable. This is problematic when converting them to nodes in the RDF graph, because
in RDF all nodes must have a global identifier (in the shape of an Internationalised Resource Identifier, or IRI). We
therefore construct RDF identifiers for non-identifiable components by prefixing the RDF identifier of its direct parent
to the component’s short ID. This makes non-identifiable components in an AAS submodel globally identifiable in
the RDF graph.

2.3.3. Available Serialization and Deserialization Methods
Currently, the deserialization of JSON- and XML-formatted AAS resources is supported. Reading the AAS pack-

age format AASX is not directly supported, but the constituting AAS resources can be extracted from such a package
through the AASX Package Explorer4 tool. The converted RDF graph can be deserialized into many serialization
formats such as Turtle, JSON-LD, N-triples, Notation-3, etc.

3. Results & Discussion

The source code for our conversion solution is publicly available under an open-source license in a git repository8.
Example conversions of submodel templates, can be found in a separate repository7 to maintain a separation between
the tool’s source code and its example artifacts. To illustrate the DPP usecase we converted some circularity and
provenance-related IDTA submodels6, as well as the Battery Pass data model3. The Turtle files that can be found
there have been automatically generated by the presented conversion tool. Currently the following submodel element
types are supported: Property, MultiLanguageProperty, File, SubmodelElementList, and SubmodelElementCollection.
These were found to be the most commonly occurring types, however during testing for the aforementioned conversion
instances we found the types ReferenceElement, Entity, and Range to also occur. These are marked as future points
of research and implementation.

For submodel element qualifiers, the conversion tool supports conversion of cardinality and one-of (“choices”)
constraints. Other qualifiers that were found commonly relate to data entry illustration, such as example values and
form titles. These were not considered for conversion as they have limited value in RDF graphs.

3.1. Leveraging AAS-RDF in Semantic Treehouse

The benefit of having an RDF representation of an AAS model is given by the available open source tooling
to use the RDF representation for interoperable data specifications. For semantic web data model manipulation we
consider the open-source vocabulary hub solution Semantic Treehouse10 which facilitates semantic interoperability
within data spaces. The most notable feature that provides value to our solution is its interface to guide users through
the process of configuring customized data specifications starting from one or multiple vocabularies (JSON Schemas
or RDF ontologies). The resulting customized data specifications are materialized by generating JSON (instances and
schemas), XML (instances and schemas), and OpenAPI specifications, based on the selection made by the users via
the GUI.

To illustrate this, we consider modeling a Carbon Footprint data specification. Carbon Footprint as an AAS sub-
model is described by both the IDTA template repository and the Battery Pass data model. Having both submodels
converted to RDF, we can now generate data specifications that reuse and repurpose elements from either submodel or
the entire submodels all together. Figure 4 highlights how inside a Battery Pass specification, we can use the Semantic
Treehouse interface to replace the specification of the Carbon Footprint property, switching between or even combine
the IDTA template and the Battery Pass submodels. Crucially we retain a semantic backing of both submodels (albeit
converted to RDF), enabling support for rigorous machine validation and semantic provenance for instance data.
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<!-- as part of Submodel https://example.org#CarbonFootprint -->

<submodelElements>

<property>

<idShort>CarbonEquivalent</idShort> |

<qualifiers> |

<qualifier> | |

<kind>ConceptQualifier</kind> | |

<type>Cardinality</type> | (a) | (d)

<valueType>xs:string</valueType> | |

<value>One</value> | |

</qualifier> | |

</qualifiers> |

<valueType>xs:double</valueType> |

</property>

<submodelElementCollection>

<idShort>HandoverAddress</idShort> |

<value> |

<property> |

<idShort>Street</idShort> | (b) |

<valueType>xs:string</valueType> | |

</property> | (e)

<property> |

<idShort>HouseNumber</idShort> | (c) |

<valueType>xs:integer</valueType> | |

</property> |

</value> |

</submodelElementCollection>

</submodelElement>

ex:CarbonFootprint rdfs:subClassOf [ (a)

a owl:Restriction ;

owl:cardinality 1;

owl:onProperty ex:CarbonFootprint/carbonEquivalent ;

] .

ex:CarbonFootprint/HandoverAddress/street a aas:Property, owl:DatatypeProperty ; (b)

rdfs:domain ex:CarbonFootprint/HandoverAddress ;

rdfs:range xsd:string ;

.

ex:CarbonFootprint/HandoverAddress/houseNumber a aas:Property, owl:DatatypeProperty ; (c)

rdfs:domain ex:CarbonFootprint/HandoverAddress ;

rdfs:range xsd:integer ;

.

ex:CarbonFootprint/carbonEquivalent a aas:Property, owl:DatatypeProperty ; (d)

rdfs:domain ex:CarbonFootprint ;

rdfs:range xsd:double ;

.

ex:CarbonFootprint/HandoverAddress a aas:SubmodelElementCollection; (e)

.

ex:CarbonFootprint/handoverAddress a owl:ObjectProperty ; (e)

rdfs:domain ex:CarbonFootprint ;

rdfs:range ex:CarbonFootprint/HandoverAddress ;

.

Fig. 3. An example of how submodel elements are converted to RDF, which would be embedded in Figure 2. (top) XML-serialized AAS Submod-
elElements component, substitutes Figure 2 (c); (bottom) Converted RDF resources in Turtle format. Some details, like Turtle @prefix-statements,
are omitted for brevity.



2950 Jesper Kuiper  et al. / Procedia Computer Science 277 (2026) 2943–2952

Fig. 4. Consolidation of a battery product passport data model by sourcing specifications from both the BatteryPass CarbonFootprint model and the
IDTA CarbonFootprint template submodel

In this fashion the resulting data specifications thus enhance the interoperability of the two Carbon Footprint AAS
models, as they can now be used interchangeably or mixed together, in combination with properties from other AAS
and RDF data models.

3.2. Limitations & Future Work

The current implementation of the AAS–RDF conversion tool is limited in a number of ways: firstly, it does
not yet support all AAS submodel element types, and secondly, the tool considers all AAS identifiers glob-
ally unique, making deduplication strategies necessary and reducing the interpretability of the output RDF on-
tologies. Furthermore, we have found that some AAS constructs (notably submodel element lists and collec-
tions) warrant the generation of two RDF constructs, namely an object property, and a class. An example is
ex:CarbonFootprint/[H|h]andoverAddress from Figure 3 (e). This hinders a consistent identification in the
RDF graph – ideally, both the property and the class should have the identifier of the original AAS construct to ensure
proper back-referencing, yet they must also have different identifiers to ensure uniqueness. All these points need to be
addressed before the tool can be reliably used in any domain.

A point of future work to fully integrate the proposed tooling with existing AAS infrastructure is to also implement
the backwards conversion, namely from RDFS/OWL graphs to an AAS model. This point has also been mentioned
by Rongen et al. [18] who outline the viability of such an RDF-to-AAS conversion and provide a rigorous ruleset for
converting RDF classes and relations to submodels, elements, and collections. In our proposed AAS-to-RDF conver-
sion tool, we support the conversion by annotating each RDF resource with its original AAS class type, which would
significantly simplify this ruleset. Note that this annotation isn’t always necessary, for example an owl:Restriction

subclass with an owl:cardinality constraint always originates from an AAS Qualifier class of type “Cardinality”.

3.2.1. Conversion as a Mapping Specification
Another technical improvement for our solution could be to describe it as a mapping that can be consumed by

generic mapping software. Bader and Maleshkova [1] took this approach; their conversion solution is cast as a specifi-
cation for RDF Mapping Language [5]. The benefit of such approaches over custom scripting is that it splits the logic
of how to calculate or construct the output from the description of what the desired transformation should be. The latter
can be its own knowledge object, which could also be easier to inspect by users that might otherwise lack the famil-
iarity with the programming language or codebase of the scripts. Suitable frameworks for describing the conversion
include RML, which has seen continued development, and Facade-X [4]. Having a consistent AAS–RDF mapping
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description would also more tightly support the AAS–RDF complementarity that is highlighted in i.a. Rongen et al.
[18].

4. Conclusion

In this paper, we reported on an implementation of general-purpose conversion software from Asset Administra-
tion Shell templates to RDF-formatted data that leverages general RDFS and OWL standards. We demonstrated the
conversion functionality for several examples, notably by converting select IDTA submodel templates and BatteryPass
data models to Turtle, which is an RDF serialization. In addition to the benefits of Semantic Web standards for the
AAS context identified by previous literature, we highlighted the fact that converting AAS templates to W3C-standard
RDF enables their use in the Semantic Treehouse vocabulary hub tooling.

Through this work we contribute to closing the perceived semantic and tooling gap that exists between AAS and
RDF, with a direct usecase in the domain of Digital Product Passports. Ideally, our solution would be addressing inter-
operability and user-friendliness challenges of adopting AAS for DPPs, as they are described by Valtanen et al. [19].
Finally, we connect our research with existing work around AAS–RDF complementarity – combining the strengths
of both while cross-compensating for their weaknesses. Thus, we hope our work will help users reap the maximal
rewards from all data modelling and standardization efforts.
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[9] Jansen, M., Blomqvist, E., Keskisärkkä, R., Li, H., Lindecrantz, M., Wannerberg, K., Pomp, A., Meisen, T., Berg, H., 2024. Modelling digital
product passports for the circular economy, in: Proceedings of the The 2nd International Workshop on Knowledge Graphs for Sustainability



2952 Jesper Kuiper  et al. / Procedia Computer Science 277 (2026) 2943–2952

(KG4S 2024) colocated with the 21st Extended Semantic Web Conference (ESWC 2024), Hersonissos, Greece, pp. 14–28. URL:
https://www.ida.liu.se/~huali50/papers/2024-KG4S-JBKLLWPMB.pdf.
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