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Abstract. This paper presents the Hydrogen Ontology (HOLY), a domain ontol-
ogy modeling the complex and dynamic structures of hydrogen-based markets.
The hydrogen economy has become a politically and economically crucial sector
for the transition to renewable energy, accelerating technological and socio-eco-
nomic innovations. However, the attainment of market insights requires a large
variety of informational concepts which are predominantly found in unstructured
text data. HOLY provides the necessary structure for the representation of these
concepts. Through a top-down approach, HOLY defines taxonomies based on a
hierarchical structure of products and applications. In addition, to ensure reusa-
bility, the ontology incorporates components from established ontologies in its
structure. As a result, HOLY consists of over 100 classes defining information
about organizations, projects, components, products, applications, markets, and
indicators. Hence, our work contributes to the systemic modeling of the hydrogen
domain with a focus on its value chain. Formally, we represent and validate the
ontology with Semantic Web Technologies. HOLY includes lexical-semantic in-
formation (e.g., synonyms, hyponyms, definitions, and examples) to simplify
data integration into knowledge acquisition systems. Therefore, we provide a
foundation for the retrieval, storage, and delivery of market insights. A first ap-
plication based on HOLY at the Fraunhofer IS offers an up-to-date market over-
view of developments in the fuel cell environment.

Keywords: Hydrogen Ontology, Market Modeling, Ontology Engineering, On-
tology-based Information Extraction, Value Chain Representation, PEM Fuel
Cell.

1 Introduction

The hydrogen market is currently undergoing rapid changes. It is predicted to nearly
double in size from 170 billion USD in 2021 to about 300 billion USD by 2027 [1], and
- being a possible source for the green energy transition - it obtains strategic importance
for nations. The most significant contributor is the European Union (EU) with its EU
Hydrogen Strategy®. However, other countries such as China, India, and the United
States are also working to push this sector forward [2]. Consequently, the hydrogen
sector is becoming attractive to companies investing in hydrogen projects. It also raises

L cf,, https://energy.ec.europa.eu/topics/energy-systems-integration/nydrogen_en
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challenges concerning competition, development, and identification of key technolo-
gies to overcome current infrastructure limitations and political obstacles [3]. Hence,
industrial, governmental, and research institutions require continuous monitoring of
market developments to assess and tune their strategies.

In order to monitor developments in such a dynamic market, several aspects have to
be addressed. Firstly, dynamically-changing market structures (e.g., the emergence of
new stakeholders or new relations between existing stakeholders) as well as technolog-
ical developments (e.g., improvements of specific fuel cell [FC] types) must be mod-
eled in relation to each other. Secondly, these types of insights come from varying
sources (e.g., publications [4], magazines [2], public institutions?, company websites?,
and newspapers?). In other words, it is required to structure the necessary information
(i.e., which data entities and data relationships are of interest) and enable a continuous
process of retrieval (R), storage (S), and delivery (D) for the above-mentioned institu-
tions.

To represent heterogeneous information (e.g., about markets and technology), do-
main ontologies capturing the conceptual patterns of a domain have been proposed in
literature (e.g., in business [5], for infrastructure [6], or in the technology domain [7]).
Ontologies provide a common representation of the structure of information in a par-
ticular domain by defining a shared vocabulary to enable people and software agents to
share information [8].

Existing proposals are, to the authors’ knowledge, sparse and insufficient in captur-
ing the relevant information in the hydrogen domain. Therefore, the research question,
‘How can knowledge about hydrogen-related microeconomic systems (domains) be
modeled to enable extraction of market insights?’ guided our research.

We propose the domain-specific Hydrogen Ontology (HOLY) as a structural back-
bone for the hydrogen sector's R, S, and D processes, serving as a continuously-growing
knowledge base for strategic foresight purposes. The development of HOLY is based
on the Linked Open Terms (LOT) approach [9], an established methodology in the se-
mantic literature used in different domains (e.g., in agriculture [10], information and
communication technology [11], environmental management and sustainability [12],
and in industrial context [13]). HOLY is already being used by the Fraunhofer Institute
for Integrated Systems (11S) for R, S, and D of market insights in the Atlant-H® project.
The project aims to create a tool for automatically analyzing international market ac-
tivities in the hydrogen environment. Hence, it employs natural language processing
(NLP) for retrieval R and a graph database for storage S. Delivery D is based on
SPARQL, a query language for the Resource Description Framework (RDF). Query
results are presented in a user-friendly business intelligence front-end®. The ontology
advances the understanding of information conceptualization in a large, dynamically-
changing market while considering an automated process (R, S, D). At the same time,

2 cf., https://energy.ec.europa.eu/topics/energy-systems-integration/hydrogen_en

3 cf., https://www.ballard.com/fuel-cell-solutions/fuel-cell-power-products

4 cf., https://www.theguardian.com/environment/2018/sep/17/germany-launches-worlds-first-
hydrogen-powered-train

5 Atlant-H: https://www.scs.fraunhofer.de/de/referenzen/atlant-H.html

6 Atlant-H Front-end Demo: https://tinyurl.com/yr964ycu



HOLY provides a structured, yet dynamically-adaptable market model for the business
community in the hydrogen sector.

Chapter 2 introduces related work, focusing on the usage of ontologies to model
technical and market-related subjects and as enablers for the extraction of knowledge.
Our approach for HOLY is detailed in chapter 3, where we follow LOT’s set of struc-
tured development steps. We conclude with a summary and an outlook on future work
in chapter 4.

2 Related Work

Using domain ontologies to satisfy the analytical needs of market participants is a wide-
spread practice among institutions. The EU used ontologies in the early 2000s within
the Environmental Data Exchange Network for Inland Water (EDEN-IW) project to
model information on water quality by integrating heterogeneous databases from gov-
ernments [14]. The Market Blended Insight (MBI) project offered an approach to model
a Business-to-Business (B2B) market in a closed domain setting with seven key part-
ners. It includes market models in its ontology engineering process [5]. Domain ontol-
ogies position themselves as a recurring solution for areas requiring conceptual model-
ing and integrating information from different data sources [15].

In the hydrogen domain, knowledge graphs have been used to facilitate knowledge
representation and discovery in the field of scientific research [16-18]. Additionally,
interest in monitoring information pertaining to the hydrogen market can be seen in the
creation of databases for hydrogen projects”®, and hydrogen companies®. To monitor
the hydrogen market, the European Union realizes a rather broad approach based on the
Tools for Innovation Monitoring (TIM) toolset [19, 20]. The interactive tool uses graph-
based visualizations; however, these are not based on knowledge graphs or ontologies,
but on the co-occurrence of keywords in the same texts [19, 20]. Nevertheless, interest-
ing insights (e.g., into weak signals) are presented in curated reports (for 2021, see
[21]).

For ontology development, reusing and building on existing, established ontologies
is essential. The Organization Ontology was created in 2010 as a core ontology for
company information, providing a logical structure for linked company data across nu-
merous domains which includes roles and memberships [22]. The Registered Organi-
zation Vocabulary expanded upon The Organization Ontology in 2013 by extending
the formal organization section with unique properties for displaying legal status and
economic activities [23]. These activities can be classified using internationally ac-
cepted standards such as the Nomenclature of Economic Activities (NACE) [24], the
Standard Industrial Classification [25], or the International Standard Industrial Classi-
fication [26]. In 2020, the euBusinessGraph added depth on registered businesses in the
European Union by focusing on information concerning the harmonization of a com-
pany’s legal type, its registered economic activity, geographic location, founding date,

7 cf., https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
8 cf., https://commodityinside.com/reports/global-green-hydrogen-projects-database/
9 cf., https://www.enerdata.net/research/h2-database.html



classification as a start-up, and classifications for being state-owned or independent
using concepts from the Registered Organization Vocabulary [27].

Ontologies are also utilized for Ontology Based Information Extraction (OBIE).
OBIE is the conceptual structuring of information coming from Information Extraction
(IE) technologies [28]. Hence, OBIE systems utilize ontological structures to filter for
relevant terms or enrich them by setting extracted information into context with other
information. For example, Raza Rizvi et al. [29] use ontologies to enable generalization
of their OBIE system and extraction of tabular information from documents irrespective
of the domain. Furthermore, the MUSING IE architecture relies on an ontology to con-
solidate information from its different sources (e.g., company profiles from Yahoo! Fi-
nance, company websites, newspaper articles, and company reports) concerning
knowledge about companies, region-specific insights, and economic indicators [28].

3 The Hydrogen Ontology (HOLY)

3.1  Methodology

This paper's methodology for ontology development is based on the LOT framework
[9], as shown in Fig. 1. In the requirements specification stage, the ontology's require-
ments (i.e., the goal, scope, use cases, and functional requirements) are identified. The
implementation stage is an iterative process where a conceptual model describing the
problem and its solution is created; this model is formalized in an ontological language,
such as RDF, to generate machine-readable models and including metadata. Addition-
ally, existing ontologies are identified and integrated into the developed structure. In
the publication stage, the ontology is made available online via its URI, in both human-
readable documentation and machine-readable file formats. The maintenance stage
aims to keep the ontology updated throughout its lifecycle. Hence, activities can be
triggered during the development process or later on. As a supporting activity,
knowledge acquisition is constantly present in the ontology development process.
Knowledge acquisition® relies on a range of sources including interviews, publicly-
available resources from websites, magazines, books, non-ontological and ontological
types as well as best practices.

10 HOLY Knowledge Acquisition Process: https://purl.org/holy/knowledge_acquisition
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Fig. 1. The Linked Open Terms (LOT) Framework used to develop the Hydrogen Ontology.

The results of each stage are described in the following chapters. In addition to the LOT
framework, guidance from Ontology Development 101 by Noy & McGuinness [30] is
applied to develop class definitions, hierarchies, properties, and class instantiations.
Methods for knowledge acquisition follow the NeOn Methodology [31].

3.2  Ontology Requirements Specification

HOLY was developed within the Atlant-H hydrogen project to structure information
from the hydrogen economy and serve as the backbone of an OBIE and NLP-powered
text processing system for automatic market activity analysis. Hereby, HOLY’s objec-
tive is the representation of domain knowledge of the hydrogen sector to track devel-
opments in the market. Consequently, HOLY is intended to be used for decision-mak-
ing, market monitoring, and to facilitate research planning for industry players, govern-
mental institutions, and research institutions. In addition, HOLY’s lexical-semantic in-
formation and structure facilitate performing Natural Language tasks such as Named
Entity Recognition and Question Answering, which are employed to extract infor-
mation from natural language sources automatically. Aside from the requirements of
the Atlant-H project, other potential use cases'* have been identified. These applications
extend to various additional stakeholders, such as technology providers, investors,
product users, and educational institutions.

The specification of ontology requirements was carried out by utilizing different in-
puts and models gathered from the knowledge acquisition process. In order to cover

I HOLY Use Case Specifiation: https://purl.org/holy/use_case_specification



domain knowledge of the hydrogen sector, the ontology incorporates both market struc-
tures and technological knowledge of the hydrogen domain. The former requires con-
cepts and relationships of market actors, their roles, and interactions, while the latter
requires concepts and relationships of hydrogen technologies and their components.

Michael E. Porter’s ‘Five Forces’ framework structure has been identified as an ap-
propriate source for market structure conceptualization. Porter’s ‘Five Forces’ is an es-
tablished, domain-independent framework used to evaluate the competitiveness of in-
dustries. The framework is based on five forces in a market [32]. These forces are used
to identify required structures and corresponding knowledge (e.g., economic activities
coming from NACE and definitions coming from the Cambridge Dictionary).

Market insights are derived from the report ‘Geopolitics of the Energy Transfor-
mation: The Hydrogen Factor’ of the International Renewable Energy Agency
(IRENA) [2], the Hydrogen Council [3], the European Commission'?, news articles,
and company websites'®. The Hydrogen Council is an initiative comprising 150 organ-
izations that represent the global hydrogen value chain. Their Hydrogen Insight Report
from 2022 reflects on the maturity level of the hydrogen market and defines key factors
for sustainable industry-wide growth [3]. As such, the necessity of establishing a global
coverage perspective with details on geolocations was revealed since major hydrogen
players are distributed worldwide [2]. Furthermore, the importance of tracking projects
and indicators such as investments or funding was identified [3].

The acquisition of technological knowledge included identifying and categorizing
the hydrogen market and its underlying products, components, and composition. Infor-
mation was derived from the IRENA report [2], leading to the requirement of modeling
the structure as displayed in Fig. 2. The structure follows the energetical path of hydro-
gen by showing the value chain from production to the end-user.

12 ¢f., https://energy.ec.europa.eu/topics/energy-systems-integration/hydrogen_en
13 cf., https://www.ballard.com/fuel-cell-solutions/fuel-cell-power-products
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Concepts and definitions were extracted from the analysis of descriptions of govern-
mental institutions'®, websites from active market participants'é, and scientific journals
[32]. In order to properly represent said concepts for NLP tasks, it is required to include
lexical-semantic data in the ontology. Therefore, synonyms, definitions, and examples
for each class are included.

Every value chain stage of the hydrogen market can be detailed to a high granularity
level. To exemplify detailed modeling of the different stages through HOLY, we exten-
sively modeled the reconversion stage (i.e., reconversion of hydrogen into electrical
power). More specifically, we focused on the established Proton-exchange Membrane
Fuel Cell (PEMFC) technology, a sub-technology of fuel cells that is forecasted to re-
ceive the fastest commercial growth among fuel cell technologies in the next few years.
At the same time, it is prognosed to stay in competition with other maturing and poten-
tially upcoming fuel cell technologies [2].

We used test cases to formalize the functional ontology requirements identified. Test
cases are formal descriptions of input, action, and outcomes used to ensure that a Linked
Data resource conforms to a given set of requirements [33] - in this case, our ontology
requirements specification document (ORSD)Y". As such, they enable the evaluation of
the quality and interoperability of HOLY by verifying that the terms are clearly and
unambiguously defined [34]. Test cases were collected from industry participants as a
set of competency questions as part of the Atlant-H project. We then defined our test
cases based on the competency question in collaboration with Fraunhofer I1S internal

14 cf., https://www.tuvsud.com/en/themes/hydrogen/explore-the-hydrogen-value-chain
15 cf., https://www.energy.gov/eere/fuelcells/hydrogen-storage

6 cf., https://www.ballard.com/fuel-cell-solutions/fuel-cell-power-products

17 HOLY Requirements Specification: https://purl.org/holy/requirements

-



market experts and H20hm?® hydrogen experts. Ontology requirements and corre-
sponding test cases as either “Technological’ or ‘Market’ depending on the type of in-
formation to which they are related. A comprehensive list of our test cases can be found
in our repository?®.

3.3 Ontology Implementation

In order to address the ORSD, two orthogonal dimensions - market and hydrogen tech-
nology - have to be conceptualized in the ontology.

The market dimension requires terms which enable the development of reusable
abstract microeconomic structures. As a result, HOLY consists of the six main classes
listed below and conceptualizes market relationships such as production, cooperation,
geographic placement, and provision of goods or services.

e Product: delineates relevant and substitute technologies, products, and their com-
ponents along the hydrogen value chain to cover the need for segmentation outlined
by the market.

o Application: covers use cases for products and technologies under the categories of
stationary and mobile applications.

¢ Organization: contains structural information about market participants and organ-
ization types following NACE.

e GeographicMarket: focuses on geographic units at the level of countries and con-
tinents. Smaller units (e.g., states or provinces) are mapped to these two classes.

e Project: provides a structure to classify project types by purpose and state and dis-
play their market role using object properties connected to the other five classes.

¢ Indicator: has connections to all other classes, allowing it to store performance in-
formation.

18 Institut fiir Angewandte Wasserstoffforschung, Elektro- und Thermochemische Energiesys-
teme (H20hm):

https://www.th-nuernberg.de/einrichtungen-gesamt/in-institute/institut-fuer-angewandte-was-
serstoffforschung-elektro-und-thermochemische-energiesysteme/

19 HOLY Test Cases: https://purl.org/holy/test_cases
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Fig. 3. Overview of the Hydrogen Ontology’s six main classes and related properties.

Fig. 3 provides an overview of the ontology schema including main classes and rela-
tionships. Organization and Project classes are defined by existing ontologies - The
Organization Ontology (org) and Schema.org (schema) respectively - while the other
classes belong to HOLY’s vocabulary. The subclasses of org:Organization and
holy:GeographicMarket structure information to identify rivalry within the market
based on segmentation by a player's economic activity and geographic location. The
alignment with terms from official economic nomenclatures under org:Organization
enables identification of buyers and suppliers. A threat of substitutes is addressed using
the classes holy:Product and holy:Application by providing a structure to cluster PEM-
FCs and their substitutes according to their related applications. The class schema:Pro-
ject provides a set of terms to model market players' efforts to develop the industry and
classify them by objective (e.g., research-oriented, product-oriented, infrastructure-
oriented or oriented to projects concerning circular economy) and state (finished, on-
going, or planned). The class holy:Indicator categorizes strategic information influenc-
ing the strength of a market participant and barriers faced by parties interested in com-
peting in the hydrogen industry. Indicators are, for example, market share, investment,
market size, and patents. Hence, the model covers the ‘Market’ requirements from the
ORSD.

The hydrogen dimension specifies products and component classes related to the
hydrogen domain and splits the market into segments along the stages of the hydrogen
value chain (conversion, storage, transport, and reconversion). The separation between
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products and their components enables detailed insights into product composition. The
modeling example of PEMFC technology embeds a more detailed level of granularity
into the product taxonomy. A part of the hydrogen schema is shown in the following
Fig. 4, illustrating different types of products on multiple levels of abstraction.

| holy:Product |

-3
rdfs:subClassOf
1

holy:HydrogenProduct I< detsPartOf / dethasPart ‘;I holy:HydrogenProductComponent |

rdfs:subClassOf rdfs:subClassOf
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—{ holy:HydrogenStorage | —{ holy:HydrogenStorageComponent |
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Legend
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definition
AEMFC*
Abbreviations

SOFC:  holy:SolidOxideFuelCell

PAFC:  holy:PhosphoricAcidFuelCell

PEMFC: holy:PolymerElectrolyteMembraneFuslCell
AEMFC: holy:AnionExchangeMembraneFuelCell
AFC: dbr:Alkaline_fuel_cell

PEMFC*

Fig. 4. A fragment from HOLY’s taxonomy focused on the holy:HydrogenProduct and
holy:HydrogenProductComponent classes. A complete representation is available in the HOLY
documentation?®.

With the purpose of ensuring the reusability and extensibility of the ontology, existing
ontological concepts are integrated into HOLY's structure. Following best practices,
HOLY applies a multi-tiered approach to enable semantic interoperability using a range
of ontologies - from top-level to low-level abstractions - across different domain sec-
tions [35]. The frameworks of RDF Schema (RDFS) and Simple Knowledge Organisa-
tion System (SKOS) act as top-level ontologies in HOLY and provide extended struc-
tures of hierarchical knowledge representation, establishing a common vocabulary.
RDFS is used to define concepts and relationships while SKOS enables lexical-semantic
information integration.

Mid-level ontologies cover areas of representation such as organizations, locations,
and projects. The Organization Ontology provides a widely used and accepted frame-
work for classifying organizations. Schema.org's vocabulary delivers extensions to
classify a project while providing structures for geographic segmentation. Lower-level
ontologies extend these mid-level ontologies by building upon their class structures

20 HOLY Documentation: https:/purl.org/holy/doc
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[35]. The Registered Organization Vocabulary (rov) extends The Organization Ontol-
ogy regarding organizations' classifications and economic activities. At the same time,
the euBusinessGraph (ebg) expands the Registered Organization Vocabulary even fur-
ther towards additional company classification criteria such as defining whether an or-
ganization is state-owned, publicly traded, or a start-up [27]. Schema.org is enriched
with the Metadata4Ing (m4i) ontology, which provides an extended information struc-
ture for identifying project participants and the status of projects. The DBpedia Ontol-
ogy (dbo) offers geographic mapping through entity linking against its knowledge
graph [36].

To facilitate OBIE, which utilizes NLP methods to extract information, natural lan-
guage descriptors for the classes on both dimensions are necessary. To this end, an
additional lexical-semantic layer is included in the ontology structure, explicitly declar-
ing synonyms, abbreviations, keywords, examples, definitions, and definition sources.
The main goal of this information is to provide a mapping between the words in source
texts and the concepts represented in the ontology, allowing NLP techniques to identify
the concepts being referred to. Hence, computational representations of the meaning of
words in context are created including lexical relations between words in a language
(e.g., synonyms or hyponyms). HOLY primarily uses the SKOS ontology and the Word-
net RDF Ontology (wn) to model information required for NLP pipeline processes. For
example, skos:altLabel is used to capture class synonyms and abbreviations, wn:hypo-
nym is used to represent relevant keywords that denote subtypes of a more general term,
and skos:hiddenLabel is used for class-relevant keywords that can be used for text-
based indexing in a more general context. In addition, skos:example is used to annotate
specific examples such as companies (e.g., Plug Power Inc.), product names (e.g.,
FCwave™), or applications (e.g., Toyota Mirai) available on the market. The property
skos:definition describes the terms used in the ontology, and the sources of these de-
scriptions are given using the dct:references property.

The Hydrogen Ontology is built using OWL 2. HOLY combines newly created clas-
ses and properties with existing ontologies and vocabularies such as The Organization
Ontology, Schema.org, and the euBusinessGraph. HOLY consists of 109 classes (6
main classes and 103 sub-classes), 35 object properties, 8 data properties, 544 instances,
and actively uses 5 annotation properties. The distribution between native and foreign
classes and properties implemented in HOLY is listed in Table 1.

Table 1. Distribution of native and foreign classes and properties in HOLY.

Classand Main Clas- Sub-classes  Object Proper- Data Annotation
Property ses ties Properties Properties
Type
Native 4 97 18
Foreign 2 6 17

Total 6 103 35
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3.4  Evaluation

An evaluation was performed following various criteria. In order to evaluate the RDF
implementation of the Hydrogen Ontology, it was cross-checked for ontology pitfalls.
These ontology pitfalls cover human understanding, logical consistency, elimination of
modeling issues and errors in the representation of the real world, and compliance with
the ontology language [36]. The validation was realized with the OntOlogy Pitfall Scan-
ner (OOPS!). OOPS! is a web-based ontology checker which helps to validate ontolo-
gies by identifying previously-defined ontology pitfalls. Evaluation results of OOPS!
contain a list of pitfalls and their severity alongside the categories 'minor’, 'important’,
and ‘critical’ [37].

When cross-checking the Hydrogen Ontology, 12 minor issues and one important
issue were detected. Two minor issues referred to classes merging different concepts
and ten referred to inverse relations not being explicitly declared. Six out of the ten
inverse relations labeled as not declared are object properties directly taken from The
Organization Ontology and the Registered Organization Vocabulary. Creating inverse
relationships for the remaining four inverse relationships would be redundant and leads
to an increase of important pitfalls of recursive definitions. The two minor issues related
to classes merging different concepts come from organization types created by follow-
ing NACE. Modifying the structure would hinder adherence to the NACE standard.
The important issue (recursive definition) is derived from using a class and its definition
from Schema.org. Nevertheless, the ontology's consistency and reasoning are not af-
fected by these pitfalls, as they are caused by the generality of OOPS! which is neces-
sary to cover different knowledge models.

Additionally, following the LOT framework, test cases were used to verify the fit to
functional requirements. Throughout the evaluation, four approaches using SPARQL
were followed, similar to those followed by Lisena et al. [38].

1. Explicit Relations: query for relations that directly connect classes
Example: ‘Which applications are there for a given product?’

2. Inference/Aggregation: query using aggregation or inference (e.g., group by, count,
property chains, etc.)
Example: ‘In which vehicles are PEM fuel cells more often used?’

3. Linked Open Data: query required information outside the scope of the model, but
accessible through Linked Open Data (e.g., DBpedia)
Example: ‘In which countries is a given company present?’

4. OBIE: query requiring an extension of the model or information extraction through
NLP, as is present in an OBIE system.
Example: ‘Do product components change over time?’

Some test cases required additional information obtainable through an OBIE system.
As an example, assume that we are interested in the change of PEMFC components
over time. In that case, we require a temporal structure and data gathered across a time
span. Hence, in the fourth approach, information from the Atlant-H use case was used
to evaluate whether requirements could be answered; we consider all other cases to be
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satisfied by the ontology. Table 2 shows a summary of our results classified by test
case type.

Table 2. Type of SPARQL Queries by Test Case type for HOLY listing.

Type Explicit Relation  Inference/Aggregation LOD OBIE  Total
Technological 5 2 0 1 8
Market 3 1 6 0 10
Total 8 3 6 1 18

3.5  Publishing

The Hydrogen Ontology is implemented in RDF format and published?* under a Crea-
tive Commons 4.0 CC-BY-SA license. The ontology requirements specification pro-
cess as well as validation and evaluation results are available in the resource reposi-
tory?. Ontology documentation is accessible online?. Other related resources devel-
oped and published in the context of this work are attainable through the Future Engi-
neering homepage?.

3.6 Maintenance

In order to support the continued use of the ontology, a maintenance plan has been
developed which aims to continually evaluate the structure and accuracy of the ontol-
ogy and provide feedback regarding areas of high potential for future growth endeavors.
For bug detection, we employ the GitHub issue tracker which keeps control of the list
of issues. For the identification of new requirements, a questionnaire consisting of
fixed, mostly open-ended questions has been made publicly available to allow for ex-
ternal input about the current state of the hydrogen market. Submissions will be regu-
larly reviewed and considered regarding changes for further versions of HOLY.

4 Contribution and Future Work

In this paper, we introduced the Hydrogen Ontology, a domain ontology modeling the
hydrogen economy. We followed the LOT framework and developed an ontology
which combines established business models with technological domain knowledge.
As such, HOLY's structure is composed of two orthogonal dimensions. The first com-
prises six main classes representing market structures while the second organizes tech-
nological knowledge in hierarchical structures to enable the classification of products

21 HOLY URL.: https://purl.org/holy/ns

22 HOLY repository: https://purl.org/holy/repository

23 HOLY Documentation: https:/purl.org/holy/doc

24 HOLY Website: https://purl.org/holy

%5 Maintenance feedback questionnaire: https://purl.org/holy/feedback
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along the hydrogen value chain and the identification of components and substitutes.
We included existing ontologies and vocabularies to address reusability challenges and
allow expansion within other segments. To handle heterogeneous and fast-growing data
sources, the model includes a lexical-semantic layer, which provides the necessary in-
formation to aid NLP of texts in the hydrogen domain, thus facilitating the construction
of an OBIE system around the ontology. Additionally, the ontology was validated
through a pitfall scanner and evaluated to ensure the satisfaction of its functional re-
quirements.

At the time of writing, the published version of the ontology is being used in the
Atlant-H project and is planned to be applied in the follow-up project from Atlant-H,
also in cooperation with the Fraunhofer 11S. As part of this project, we intend to expand
and improve the HOLY model. Thus, future research may extend the conceptual model
to other hydrogen technologies or value chain stages. Similarly, classes like Projects
and Indicators can be further detailed (e.g., via subclasses) to provide a more compre-
hensive market representation. Moreover, to ensure support of OBIE systems, inte-
grated lexical-semantic information for NLP should be further evaluated to ensure
proper coverage concerning available natural text in the domain (e.g., hydrogen market-
related press releases, news, and publications). Furthermore, HOLY's applicability is
not limited to the Atlant-H project alone, as it is intended to be employed in other third-
party hydrogen projects such as the DuraFuelCell project, a German national research
project led by the H20hm.

Resource Availability Statement: Source code for HOLY, test cases, ontology require-
ments specification, use case specification, maintenance feedback questionnaire, and
Atlant-H use case are available from Github?®. The Hydrogen Ontology and its docu-
mentation are available from Zenodo?”. The HOLY website is available from the Tech-
nische Hochschule Nirnberg Georg Simon Ohm?. The Hydrogen Ontology is pub-
lished under the Creative Commons 4.0 CC-BY-SA license.
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