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Abstract

The rapid transition to carbon-neutral energy systems demands interdisciplinary and
increasingly complex energy research. Energy Research Software (ERS) has become in-
dispensable for analyzing and developing energy systems. However, its growing use comes
with long-standing challenges, including low software quality, missing documentation, and
limited testing. These factors lead to poor reproducibility and low reusability, which in
turn hinder the reliability and effectiveness of energy research.

The FAIR4RS principles (Findable, Accessible, Interoperable, Reusable for Research
Software) provide a framework for improving the reusability of research software, but their
adoption in the energy domain is still at the beginning. Therefore, this thesis outlines an
ecosystem for FAIR ERS consisting of different services and standards that can support
researchers to make their ERS FAIR. Furthermore, the thesis investigates three fundamental
components of this ecosystem in depth, resulting in three main contributions:

First, ten domain-specific recommendations for engineering ERS were derived from a
literature review and two interactive workshops. The resulting guidance addresses documen-
tation, modular design, testing, version control, and licensing, thereby providing practical
advice for improving the quality and FAIRness of ERS.

Second, a new metadata schema for ERS, called ERSmeta, was designed to improve
findability and reusability. Requirements were gathered from a qualitative interview-based
study and a review of research software literature. The resulting element set was aligned
with established schemas and ontologies, enriched with value vocabularies, and formalized
into a metadata schema. An evaluation involving energy researchers indicated that most
metadata elements are useful and relevant, while the overall number of elements introduced
a complexity that requires further research.

Third, the Software Metadata Extraction and Curation Software (SMECS) was developed
to help researchers to create metadata by harvesting existing information from repositories
and supporting manual curation through a web interface. Usability tests confirmed that
SMECS is functional, yet highlighted opportunities for extending extraction of information,
simplifying the user interface, and expanding the export capabilities.

Altogether, the three artifacts are an important step towards an ecosystem for FAIR

ERS that will enable efficient digitalized energy research required for the energy transition.






Zusammenfassung

Die notwendige Transformation zu klimaneutralen Energiesystemen erfordert eine inter-
disziplindre und zunehmend komplexere Energieforschung. Dabei ist Energieforschungs-
software zu einem unverzichtbaren Werkzeug fiir die Analyse und Entwicklung von En-
ergiesystemen geworden. Thre zunehmende Nutzung bringt jedoch auch zentrale Probleme
mit sich: Geringe Softwarequalitét, fehlende Dokumentation und unzureichende Tests
fiihren zu eingeschriankter Reproduzierbarkeit und niedriger Wiederverwendbarkeit und
beeintrachtigen damit die Effektivitdt und Zuverlassigkeit der Energieforschung.

Die FAIR4RS-Prinzipien (Findable, Accessible, Interoperable, Reusable for Research
Software) bieten einen wichtigen Rahmen fiir die Verbesserung der Wiederverwendbarkeit
von Forschungssoftware, doch ihre Anwendung in der Energieforschung steht erst am
Anfang. Um ihre Einfiihrung zu férdern, skizziert die vorliegende Dissertation ein Okosys-
tem fiir FAIRe Energieforschungssoftware, das aus verschiedenen Diensten und Standards
besteht und mit diesen Forschende dabei unterstiitzt, ihre Energieforschungssoftware FAIR
zu gestalten. Ausgehend von dieser Grundlage untersucht die Arbeit detailliert drei zentrale
Bausteine dieses Okosystems, die die Hauptbeitrige dieser Arbeit darstellen:

Als erster Baustein wurden auf Basis einer Literaturrecherche und zweier interaktiver
Workshops zehn zentrale Empfehlungen fiir die Entwicklung von Energieforschungssoftware
zusammengestellt. Die Empfehlungen adressieren Dokumentation, modulare Architektur,
Testsstrategien, Versionskontrolle und Lizenzierung und geben damit konkrete Ratschlage
zur Verbesserung der Qualitdt und FAIRness von Energieforschungssoftware.

Auflerdem wurde das Metadatenschema ERSmeta entwickelt, um die Auffindbarkeit und
Interoperabilitdt von Energieforschungssoftware zu erhéhen. Dafiir wurden Anforderungen
aus qualitativen Interviews mit Energieforschenden und einer Auswertung der Literatur
zu Forschungssoftware erhoben. Das resultierende Metadatenschema orientiert sich an
existierenden Standards und Ontologien, wurde um Vokabularien fiir die verschiedenen
Elemente ergédnzt und abschlieffend formalisiert. In einer Evaluation mit Energieforschenden
wurden die meisten Metadatenelemente als niitzlich und relevant eingeschétzt. Gleichzeitig
stellte sich die grofle Anzahl an Metadatenelementen als eine starke Komplexitét heraus,
die weitere Verbesserung erfordert.

Als dritter Baustein wurde das Tool SMECS entwickelt, um Forschende bei der Erstellung
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von Metadaten zu unterstiitzen. Dazu extrahiert das Tool vorhandene Informationen aus
Softwarerepositorien (GitHub, GitLab) und erméglicht iiber eine webbasierte Oberflache
manuelle Kuratierung sowie den Export der Metadaten. Nutzungstests bestatigten die
Funktionsfihigkeit von SMECS, aber zeigten auch Verbesserungsbedarf bei der Extraktion
von Informationen, der Benutzeroberfliche und der Exportfunktion.

Insgesamt bilden die drei Artefakte einen wichtigen Teil des Okosystems fiir FAIRe
Energieforschungssoftware, das effiziente digitalisierte Energieforschung erméglicht, die fiir

die Energiewende notwendig ist.
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Introduction

A rapid transition to carbon-neutral energy systems is fundamental to tackle the climate
crisis and is a key component of an 1.5°C-consistent pathway, according to the Intergovern-
mental Panel on Climate Change (IPCC)! [183]. This development includes the integration
of multiple new technologies into energy systems to enable a high share of distributed re-
newable power generation and of electrified end-use [183]. Partially, these new technologies
are enabled by increased digitalization, which leads to complex, interconnected, digital-
ized energy systems. The transformation of energy systems can only be successful when
supported by trustworthy research. For example, analyzing multi-technology interactions
in the energy domain becomes increasingly important to better understand the mutual
influence of these technologies, e.g., to reduce the risk of error propagation [159].

A fundamental vehicle for energy research is self-developed research software as com-
mercial tools are not flexible enough for complex research. This research software serves
multiple purposes, such as visualizing processes and values, for example, power quality [37],
the simulation of specific devices like fuel cells [223], the (co-)simulation of smart grids [200],
or the analysis of transition pathways [156]. Therefore, Energy Research Software (ERS)
contributes significantly to energy research and serves as the foundation for most research
outcomes in this domain. Thus, there is a direct link between the quality of ERS and the
quality of results in energy research.

In general, research software faces multiple challenges. For example, missing documen-
tation (e.g., insufficient instructions on how to use the software or on the underlying
assumptions) often hinders the reproducibility of research, which is one of the key elements
of science [109]. Furthermore, building on existing research software is often impossible
because suitable tools are either poorly documented or simply undiscoverable. Addition-
ally, building on existing research software often carries the risk of including unmaintained
software [8]. Overall, these issues have led to parallel developments of similar tools. For
example, 63 software frameworks exist for optimization-based energy system modeling,
many of which have highly overlapping features [118]. Often, new tools are developed

without reusing existing ones. Thereby, the research process is slowed down because a lot

"Mttps://www.ipcc.ch/, last accessed 2026-03-03
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of time is spent on (re)developing research software instead of doing research.

In 2022, Chue Hong et al. [39] introduced the FATR4RS principles (Findable, Accessible,
Interoperable, Reusable for Research Software) to address these challenges. They adapted
the FAIR principles (Findable, Accessible, Interoperable, Reusable) from Wilkinson et al.
[220] which mainly focused on research data. The FAIR4RS principles provide high-level
guidance on how research software should be treated to enable high reusability and support
good scientific practice. Each principle contains multiple subprinciples, including diverse
aspects such as metadata, interfaces, registering software, and versioning [39].

Generally, adopting the FAIR principles is a complex process [23]. For FAIR4RS, many
supporting resources are still missing, such as services to provide Persistent Identifiers
(PIDs), software registries, metrics, and others [15]. While some of these required re-
sources are domain-agnostic, domain-specific efforts are also needed, e.g., for metadata
standards [39].

Within the energy domain, the adoption of the FAIR4RS principles is in its early stages
and only few supporting resources have been developed so far, e.g., the framework factsheets
of the Open Energy Platform (OEP)2. Hence, the focus of this thesis is on the next relevant
steps to enable the adoption of the FAIR4RS principles in energy research. This leads
to the overall research goal: Identify process steps and define resources to enable
FAIR energy research software.

To approach this research goal, Section 1.1 defines and characterizes ERS. Afterwards
Section 1.2 presents the current state of FAIRness of ERS and a vision which resources can
improve it. Based on this conceptualization, three detailed Research Questions (RQs) are
developed and outlined in Section 1.3. The resulting structure of this thesis is presented

in Section 1.4.

Parts of this chapter are already published in [77, 8/, 89] (See Appendix A for detailed

descriptions of the author’s contributions to these publications).

1.1 ENERGY RESEARCH SOFTWARE

Definition Energy Research Software (ERS) is the central object of this thesis. The
term combines two concepts that are first clarified separately: research software and energy
research.

The definition of the term research software has been the subject of an extensive debate.

Gruenpeter et al. [102] summarized this debate and proposed an exclusive definition that

2https://openenergyplatform.org/factsheets/frameworks/, last accessed 2026-03-03
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focuses on all software created for or during scientific investigations:

“Research software includes source code files, algorithms, scripts, computational
workflows and other executables that were created during the research process

or for a research purpose.” [102]

While energy research is an often used term, it is not well defined in the literature [187].
It is generally understood to comprise investigations on technologies for energy supply
and/or end use [187]. This includes especially technologies that enable conversion and
transmission of energy. Nowadays, energy research is often defined in a mission-oriented
way, aiming at sustainability, net-zero emissions, and/or the energy transition, for example
in the 8" German Energy Research Program [1].

By bringing these components together, ERS is defined as:

Definition 1 Energy Research Software (ERS) is software that was created during energy
research and/or especially to support energy research. Energy research aims to understand,

analyze, improve, and/or design energy systems or components especially for energy systems.

Like all research software, ERS spans a wide spectrum of technical complexity. At the
simplest end are single-purpose scripts and small tools, e.g., written in Python. More
elaborate projects can consist of libraries, modular frameworks, or full-scale software suites
that integrate many different components and which might come with a user interface.
Energy researchers often refer to ERS as models or frameworks.

Regarding functionality, ERS can visualize measurements or simulation results, analyze
data from laboratory experiments or field deployments, and/or generate synthetic data for
testing or scenario analysis. ERS can also implement mathematical models of individual
energy components (e.g., heat pumps, batteries, or converters) or of entire energy system
configurations. It can support the analysis of specific designs, e.g., including design opti-
mizations, or control strategies which may also be implemented as prototypes. Additionally,
ERS can indirectly support energy research. Regarding other software, ERS can manage
other ERS and/or enable the orchestration of other ERS, like co-simulation frameworks.
Regarding data, ERS can facilitate the organization and management of research data in
energy research. Regarding hardware, ERS can enable hardware-in-the-loop experiments.

By fulfilling any of these purposes, ERS enables energy researchers to analyze current
energy systems or their components and to explore new solutions for energy systems,

thereby constituting an essential component of modern energy research.

Characteristics ERS has some typical characteristics which are summarized in Fig-

ure 1.1. Some of these characteristics are generally typical for research software:

3
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@ Domain-agnostic research software characteristics Difficult to establish a

ERS charactoristios common language High interdisciplinarity

Required coupling of

Difficult to understand
tools

Efforts rarely Evolving
acknowledged requirements

Changing level of
detail

High complexity

Missing software Informal development Data heterogeneity

engineering training process

/

High staff turnover Difficult verification Applied research

Changing time
horizons

Right outcome Difficult real world

Critical infrastructure
often unknown tests

Figure 1.1: Overview of characteristics of research software (and its development) and of
ERS. The arrows show how the different characteristics influence each other.

Efforts rarely acknowledged In many cases, research software often does not possess any
value for the researchers beyond its specific use case [134]. It is often highly specific
and created to solve a particular problem or set of problems [70]. Therefore, it is

usually not designed for reuse and has a short lifecycle.

Missing software engineering training Most researchers are not explicitly trained in soft-
ware engineering [59, 134]. Therefore, good practices from software engineering are

often not applied in research software development.

High staff turnover The developers of research software are often not reachable later since
they leave science directly or a few years after their degrees (PhD students and early

postdoctoral researchers) [134].

Evolving requirements One of the most significant characteristics of research software is
that the software requirements are mostly not known beforehand, but rather evolve
during development as research software is used to study unknown phenomena and

the knowledge on the topic evolves over time [70, 134].

Informal development process As a result of the evolving requirements, flexibility is es-
sential, and iterative development is normal [134]. This leads to the development of

research software often being done in an informal way [116].

Difficult verification The exact right outcome of an experiment is often not known which
is a fundamental aspect of scientific research [134]. Therefore, verification against the

real-world is an additional challenge for research software.
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High complexity Regardless of the documentation, research software is often complex
and difficult to comprehend, even for researchers from the same domain, due to the

inherent complexity of the solved problems [134].

ERS shares these characteristics of research software, while some general aspects can
be considered more critical in energy research. Additionally, ERS also has some special

characteristics:

High interdisciplinarity Energy research is a highly interdisciplinary field with researchers
having diverse backgrounds ranging from social science over engineering to different
natural sciences and mathematics. As a broad range of domains are involved, it is hard
to establish a common language. Therefore, it is difficult to achieve a mutual view of
the problems that must be solved as a team. This issue influences the development of
ERS as well as its capability of being understood by different interested researchers

like project partners.

Required coupling of tools As all research software, ERS is diverse and complex. As huge
infrastructure systems are under analysis, different types of simulation need to be

coupled to analyze different aspects together [200, 215].

Data heterogeneity ERS often needs to support many different analysis methods and vary-
ing detail levels (e.g., transient vs. steady-state). Also, ERS often considers diverse
time horizons, diverse spatial resolutions, and complex optimization problems [51,
67] which may lead to high performance requirements. To cover these different levels,
a lot of diverse and heterogeneous data are used for most simulations and ERS often

produces data different in structure, type, and size, which needs to be managed [226].

Applied research Energy research is an applied research field. Therefore, cooperation and
joint projects with industry are widespread. This also has implications on the engi-
neering of the jointly created software projects, e.g., with respect to open source or

use of commercial software.

Critical infrastructure Some energy research also includes field tests which require highly

reliable research software since energy systems are critical infrastructures.

Overall, energy research is highly diverse. As a consequence, it often takes a lot of
time to identify if existing software meets the requirements of a planned research or has
a different focus (especially regarding reliability, time horizons, and level of detail). This
comes together with a highly interdisciplinary field where different disciplinary backgrounds
lead to additional complications in communication. Concluding, the most essential aspects
of ERS are the people involved and working on different detail levels, spatial resolutions,

and time resolutions in a diverse and highly simulation-driven research area.
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1.2 FAIR ENERGY RESEARCH SOFTWARE

Current state After describing the characteristics of ERS, this section focuses on the
current state of FAIRness of ERS. The FATR4RS principles list general requirements how
FAIR research software should look like. For this purpose, each principle contains multiple
subprinciples which can be checked individually. The subprinciples especially cover topics
like metadata describing the research software, archiving research software, registering
research software, and more. A detailed overview of the FATR4RS principles is given in
Section 2.2.

As far as known, there exists no published systematic analysis of FAIRness of ERS to
date. However, Wieners presented an analysis of the FAIRness of three exemplary ERS
in his bachelor thesis [219]. The author investigated the frameworks mosaik, pandapower,
and HOMER Pro. The co-simulation framework mosaik [200] is available open source and
is developed and maintained by OFFIS?, a research institute based in Oldenburg. The
tool pandapower [209] can perform power flow calculation in power grids and can also
compute optimal power flows. It is also available open source and is developed and main-
tained by the Fraunhofer Institute for Energy Economics and Energy System Technology
(Fraunhofer IEE)* in Kassel. HOMER, Pro° is a software to simulate microgrids, which
was originally developed by the National Renewable Energy Laboratory (NREL)® but is
now commercialized and closed source.

Wieners performed a detailed analysis of all three tools regarding the FAIR4RS princi-
ples”. The results of Wieners are summarized in Figure 1.2. Generally, none of the software
fulfilled all FATR4RS principles. The major reported issue was the limited scope regarding
metadata. For HOMER Pro, metadata were not available at all. The existing entries in
software directories for the other frameworks were partly outdated and also limited due to
incompleteness of the metadata and the limitations of the underlying metadata approaches
(this aspect is further described in Section 4.1). All three frameworks missed PIDs. Partly
the user documentation of the software needed improvements to simplify reusability. [219]

As the three selected ERS were each maintained by established research institutions,
they are atypical for the wider ERS landscape. Thus, it is assumed, that the FAIRness of
smaller software is even worse. Overall, there is a substantial potential for improving the

FAIRness of ERS.

Shttps://www.offis.de/en/index.html, last accessed 2026-03-03

‘https://www.iee.fraunhofer.de/enhtml, last accessed 2026-03-03

Shttps://www.homerenergy.com/products/pro/index.html, last accessed 2026-03-03

Swhich is named National Laboratory of the Rockies (NRL) today; https://www.nlr.gov/, last accessed
2026-03-03

"Since his work predated the official release of the FAIR4RS principles, he mainly used the preliminary
principles as defined by Katz et al. [143].
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Figure 1.2: FAIRness evaluation of the ERS mosaik, pandapower, and HOMER Pro
from [219]. The highest scores are on the outside.

Vision To make ERS FAIR, distinct activities are required by researchers in many phases
of a typical research project cycle which ranges from analyzing existing solutions over
developing software to ensuring the FAIRness of the software. This new way of handling
ERS can be supported by a group of dedicated resources for each phase within the research
cycle which simplify the FAIR handling of ERS and, therefore, become key enablers for
FAIR ERS. Together, these resources form an ecosystem for FAIR ERS. In order to identify
the required resources, this section presents a vision as an ideal process of how ERS could

be managed in a FAIR way in future research projects.

The vision aligns the FATR4RS principles with a typical research project cycle, illustrating
where each resource can be used. The typical cycle of a research project is divided into five
distinct phases: (1) starting with the analysis of existing research software, (2) planning
for new software developments, (3) actual software development, (4) activities to make
software findable, and, finally, (5) ensuring the software fulfills FATR4RS principles to allow
reuse. Each phase poses unique requirements and challenges that should be addressed
while adhering to the FAIR4RS principles. Therefore, relevant services, standards, and
recommendations are proposed to support the different activities in each phase. While the
vision targets FAIR ERS, it includes domain-agnostic examples and examples from other
domains to showcase how these resources can be helpful for researchers. The entire cycle

is shown in Figure 1.3.

In the first phase (1), researchers will begin with an analysis of their relevant field

7
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Figure 1.3: Vision of an ecosystem enabling FAIR ERS in different phases of a typical
lifecycle of a research project.

by searching for ERS using an energy-specific software registry. Universally utilized and,
therefore, complete software registries allow software discoverability and improve research
transparency [95]. They only include software metadata while software repositories also
store the source code [95]. An example for an established software registry is bio.tools® [127]
in the life science domain.

The envisioned software registry includes metadata about different ERS like their title
or their license. Providing metadata is an important key to enable good findability and
reusability [39]. The metadata will follow a schema which standardizes the metadata
properties and makes the metadata easier to compare and machine-readable. The metadata
schema will be a domain-relevant community standard [39] that is interoperable with other
schemas [95]. For example bio.tools uses the specific schema biotoolsschema® [128]. When
the researchers find a fitting software in the registry, the registry links to the software
repository (e.g., on GitHub'?). The researchers will download the software and try it.

If the existing software does not fulfill all requirements, additional development will
be planned in the second phase (2). Since researchers are often not trained in Research

Software Engineering (RSE), they can get an overview of the most important RSE aspects

Shttps://bio.tools/, last accessed 2026-03-03
9Within this thesis metadata schemas and ontologies are written in italic.
Yhttps://github.com/, last accessed 2026-03-03
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by reading recommendations on RSE in their domain. Recommendations are an important
instrument to successfully integrate the FAIR4RS principles into the routine practice
of software design and use in research projects. Examples for relevant recommendations
papers already exist in life science, e.g., by List et al. [155] who recommend how to deal
with challenges like reproducibility, open source development, and other.

Based on the recommendations, the researchers will plan their specific development.
Therefore, they will first write a Software Management Plan (SMP) which will help to plan
and structure the development [4]. The SMP should be based on an energy-specific SMP
standard. The researchers will use a specific service supporting them in writing the SMP.
The envisioned service allows some automation, as proposed by Alves et al. [4], e.g., by
reusing software metadata as a starting point. Therefore, the SMP will be based on the
same metadata schema allowing high interoperability.

When planning their new software, the researchers will also consider and plan to use
energy-specific interface standards, especially for data exchange. This will ensure interoper-
ability with other ERS as emphasized by the first interoperability principles of FAIR4RS [39].

In the development phase (3), the researchers will first create a new repository, e.g., on
GitHub or GitLab'! to enable version control for their development. Ideally, the SMP service
will support the creation of the new repository and will allow to reuse the information
from the SMP. By sharing their developments early, the researchers will allow others to
collaborate. Afterwards, they will develop their software to their needs.

In the next phase (4), the researchers will publish their research based on the software
after finalizing it. Therefore, they will check the reproducibility of their work. For this step,
they will use a tool which simplifies the check for reproducibility, a reproducibility checker.
Also, they want to make their developed software findable. Therefore, they will create
relevant comprehensive and standardized metadata to add the software to the registry. To
simplify this process, they will be supported by a metadata generation tool which extracts
as many information as possible from the software repository and other available sources.
The tool will ensure that the metadata follow the metadata schema. It also allows the
researchers to review the metadata and to add additional information.

In the last phase (5), the researchers want to increase the visibility and FAIRness of
the software. Therefore, the researchers will publish their software in a software journal.
Software journals offer a legitimate publication medium to ensure peer-review of the
software components [198]. The software is normally presented in short articles which can
be properly cited [198]. An example for a software journal is the Journal of Open Source
Software (JOSS) [198].

"https://about.gitlab.com/, last accessed 2026-03-03
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Finally, to see if further improvements can be made, the researchers will check the
FAIRness of their software with a FAIRness checker. The service will work with the link
to the entry in the software registry and will verify to which extent the software fulfills the
FAIR4RS principles. A first approach for such a service is FAIRsoft which works on the
metadata of a software [160].

For new research projects, the researchers will start the cycle again. Most steps stay
relevant in every iteration, while some steps such as reading the recommendations get less
relevant. Based on this vision of an ecosystem for FAIR ERS, the next section details the

RQs addressing relevant resources of the ecosystem.

1.3 REseARCH QUESTIONS

Based on the research goal and the conceptualization in Section 1.1 and Section 1.2, three
detailed RQs are formulated for this thesis. These RQs focus on understanding three
specific resources of the conceptual ecosystem presented in Section 1.2 more in detail: the
recommendations for better engineering of ERS, the metadata schema, and the metadata
generation tool.

These three resources are selected due to their high relevance for FAIR ERS. The
recommendations for engineering of ERS are explored because they allow practical guidance
for energy researchers to improve their current practice towards FAIR ERS. Thereby, the
recommendations lay an important foundation for cultural change in the energy domain.
Developing the recommendations allows to gain a more detailed understanding of the
characteristics of ERS. Furthermore, the metadata schema is examined since metadata are
a key element of FAIR research software. The schema serves as the foundation for different
services, such as the registry which enables finding research software in the first phase of
the research cycle (1) and for the SMPs service which is important for the planning phase
(2). Additionally, a metadata generation tool is investigated because it plays a crucial role
in enabling FAIR ERS by lowering the entry barrier to create high-quality metadata. It
supports researchers in the fourth phase (4) and allows to simply adding ERS to a registry.

Targeting these resources, the following three RQs are formulated:

RQ1: Which recommendations can help energy researchers to develop more reusable
ERS?

The first RQ focuses on the recommendations for good engineering of ERS. The aim
is to identify the most important recommendations that can help energy researchers to

develop more reusable ERS. For this goal, it is relevant to balance the different, sometimes
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contradictory requirements for recommendations, such as being understandable for a broad
audience, covering all relevant topics, being practicable, and serving as a starting point for

readers who want to learn more about the topics.

RQ2: Which metadata are suited to improve the FAIRness of ERS and how can
they be structured within a metadata schema?

The second RQ concentrates on the metadata elements required for improved FAIRness
of ERS. It aims to identify the most important metadata elements that are necessary
for achieving FAIR ERS. Also, energy researchers should be able to create the metadata
with a reasonable amount of effort. Therefore, it is important to understand the level
of information required to get good search results, to choose a ERS for reuse, and to
achieve FAIR ERS. Meanwhile the elements should be accepted by researchers so they will
provide the specified information their ERS. The metadata elements should allow maximal
interoperability with existing standards for research software. To address this RQ, it is
also relevant to investigate to what extent controlled vocabularies, such as ontologies, can

be used to get harmonized metadata for ERS.

RQ3: How can a tool support the creation of metadata for ERS? ]

The third RQ focuses on ways to support the creation of metadata for ERS through a tool.
This includes understanding which existing information can be reused to create high-quality
metadata. Also, the RQ includes analyzing how a user interface can be designed to best
support researchers in creating metadata. To allow broad use, the approach should achieve
interoperability with domain-agnostic research software metadata while also supporting

domain-specific metadata schemas.

1.4 APPROACH AND STRUCTURE OF THE THESIS

This section presents the thesis structure to address all RQs. Figure 1.4 shows a summary
of the structure together with its relation to the RQs, the developed research artifacts, and
the related publications. A detailed overview of the scientific dissemination of this thesis
including resulting publications is provided in Appendix A.

First, Chapter 2 introduces general foundations for this thesis. It provides an overview
of RSE and introduces the FAIR4RS principles in detail. The chapter also outlines general

aspects of metadata, the semantic web, and metadata schemas.

11



12

| INTRODUCTION

C RQs N / Chapters N Artifacts R Publications

Towards Improved Findability of ERS by
- Introducing a Metadata-based Registry [84]

Enabling FAIR ERS [89]

Ten Recommendations for Engineering
Research Software in Energy Research [77]

|

RQ1 g 3. Recommendations ilpd Recommendations

Requirements for a Metadata Scheme to
Enable FAIR ERS [90]

4. Metadata Schema

SMECS: A Software Metadata Extraction
and Curation Software [82]

5. SMECS

6. Evaluation Towards a Metadata Schema for ERS [91]

7. Summary and Outlook

. .
| I
G $ +

N VAN 2N

Figure 1.4: Overview of the overall structure of the thesis including RQs, resulting artifacts,
and related publications.

Afterwards, Chapter 3 focuses on RQ1 regarding the recommendations for the develop-
ment of ERS. The recommendations are published in [77].

Next, Chapter 4 addresses RQ2 regarding the metadata elements. Therefore, a new
metadata schema for ERS was developed which is named FRSmeta. An important source for
requirements for this schema was an interview-based requirements analysis published in [90].
The final metadata schema was included in a paper that is currently under review [91].

Then, Chapter 5 focuses on RQ3 regarding the support for the creation of metadata
for ERS. The resulting artifact, the Software Metadata Extraction and Curation Software
(SMECS), was published in [82].

To extend the work on the second and third RQs, FRSmeta was integrated in SMECS for
further investigation. This part was included in a paper that is currently under review [91].
Chapter 6 presents this investigation with respect to RQ2 and RQ3.

Finally, Chapter 7 summarizes the results, draws a conclusion, and gives an outlook to

future work.



General Foundations

Within this chapter, the general foundations for this thesis are introduced, as summarized
in Figure 2.1. First, Section 2.1 outlines RSE as both a practical field and a research
topic. The different aspects of RSE influence how FAIR research software can be achieved
and supported. Afterwards, Section 2.2 describes the FAIR and FAIR4RS principles and
summarizes the current state of their adoption. For the three artifacts in this thesis, specific
technologies are relevant and, therefore, introduced in the subsequent three sections of this
chapter. First, Section 2.3 provides an introduction to metadata, historically influenced
by librarianship. In recent years, concepts from the semantic web have been applied to
metadata, enabling numerous new applications. Consequently, Section 2.4 gives a brief
overview of the concepts of the semantic web. Based on metadata and semantic web

technologies, Section 2.5 introduces metadata schemas and provides common examples.

2.1 RESEARCH SOFTWARE ENGINEERING

RSE, also referred to as computational science [109], constitutes a central foundation for this
thesis and is a relatively new field [70]. To present relevant aspects of RSE in this section,

the field is separated into multiple clusters as shown in Figure 2.2 together with relevant

FAIR4RS

Research Artifacts

Q

Recomm:endations SMECS ERSmeta

Core
Concepts

2.5 Metadata

2.3 Metadata Schema

Technical
Foundation

2.4 Sematic Web

Figure 2.1: Overview of the general foundations as the chapter’s sections, together with
the placement of the thesis’s research artifacts, illustrating how they relate to
the core concepts.
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Figure 2.2: Overview of the RSE clusters and their interactions, inspired by Grunske et al.
[103].

interactions between the clusters. The clustering takes into account that RSE is often
approached from two complementary perspectives: practitioners who develop and maintain
research software on a daily basis and researchers who study the underlying processes,
methods, and organizational aspects of software development. For the second perspective,
Felderer et al. [70] introduced the term RSE research. RSE research does not only cover
research software itself but also its entire lifecycle, emphasizing process improvement,
reproducibility, and sustainability [70]. On the practical side, RSE initiatives are often
mission-driven, aiming to enable a more supportive environment for the development of

research software [8].

As practical RSE and RSE research partly overlap and address similar aspects of RSE,
they are not suited as clusters for this overview but form an additional dimension. Table 2.1
gives an overview how the different clusters relate to RSE research and practical RSE.
Regarding suited clustering approaches for this section, Cohen et al. [40] identified four
pillars: software development, community, training, and policy. Meanwhile, Grunske et al.
[103] differentiated seven clusters: RSE practice, RSE training, RSE infrastructure, RSE
community, RSE career pathways, RSE lobbying, and RSE research. The overview in this
section as shown in Figure 2.2 and Table 2.1 extends the approach of Grunske et al. [103]. As
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Table 2.1: Overview of RSE clusters and their characterization as RSE research and/or

parctical RSE.

v:  cluster is a relevant field of interest for the respective category

(V): cluster is partly relevant for the respective category

X:  cluster is not relevant for the respective category

Practical RSE

Clusters RSE Research
Research software categorization and v
lifecycle

Contrasting RSE and software %

engineering

Design Science

Technical infrastructure for RSE based development

RSE stakeholders and roles (V)
Institutionalized RSE structures )
RSE community X

RSE skills and training Analyzing required

competencies
RSE practices Characterizing
(Quality) Metrics for research software v
RSE value, recognition, and awareness (V)
RSE funding and policy (V)

(v)
v)

Practical usage

v
v
4

Practical training
courses and curricula

Summarizing best
practices

(v)
v
v

already outlined, RSE research is not a distinct cluster but may cover many RSE aspects to

different extends. Yet, there are specific topics mostly associated with RSE research which

are added as additional clusters: comparison of RSE with traditional software engineering,

research software categorization and lifecycle, and the definition of quality metrics for

research software. The RSE infrastructure cluster can be further divided into technical

infrastructure (e.g., tools, platforms, and repositories) and institutionalized structures (e.g.,

organizational units and support services). Likewise, RSE lobbying encompasses funding

and policy as well as the broader recognition of the value of research software. While these

clusters are used to give a more detailed overview in the following, many clusters overlap

to a certain extent.
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Research software categorization and lifecycle The systematic categorization
of research software and definitions of its lifecycle constitute a core focus of RSE research by
providing a conceptual foundation needed for subsequent investigations across all other RSE
clusters. Hasselbring et al. [111] summarized existing approaches for the categorization of
research software and introduced a multidimensional categorization that captures aspects
such as the software’s role in research, technology-readiness level, developer profile, and
dissemination strategy. In particular, their role-based dimension distinguishes three clear
roles a software can take in research: modeling, simulation, and data analytics software;
technology research software (prototype tools that demonstrate specific functionalities
for emerging systems, further elaborated in [112]); and research infrastructure software
(systems that support research activities, e.g., data management platforms or orchestration
frameworks). This role centric view enables a software artifact to take multiple roles
simultaneously, thereby reflecting the complex ways in which research software is employed.

A specific way of categorizing research software is a lifecycle perspective. Courbebaisse
et al. [43] defined a lifecycle model and especially took Software Management Plan (SMP)
templates into account. Their model consists of six phases: initialization, planning, devel-
opment, publication, deployment, and community feedback. Yehudi et al. [224] proposed a
different framework by incorporating different existing software cycles. Their framework
addresses periods of reduced activity and potential re-activation, thus acknowledging that

research software may transition to a dormant state before being revived for new purposes.

Contrasting RSE and software engineering Software engineering research is a
classical research field in computer science, yet it had not covered the specific challenges of
RSE for a long time [70]. Consequently, the two fields evolved largely in isolation [64]. This
created an interesting opportunity for RSE research to examine how far classical software
engineering knowledge could be transferred to RSE and where approaches need to be
modified [70]. A major obstacle to this transfer is the divergent terminology used by RSE
practitioners who often employ key concepts differently from the definitions established in
traditional software engineering literature [146]. From a practical perspective, integrating
established software engineering practice into RSE workflows remains a relevant topic [59].
This is especially relevant for requirements engineering methods [59]. Such integration can

lead to better productivity and sustainability of research software development [64].

Technical infrastructure for RSE Effective development, use, dissemination, and
long-term maintenance of research software require dedicated infrastructure that is largely
composed of specialized software components offered as services. The infrastructure needs

technical standards like metadata schemas, enabling interoperability, discoverability, and
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Table 2.2: Overview of typical technical infrastructure for research software.

Types of Software for

Infrastructure Explanation

Software storing the source code of the software. The most
typical types are: (1) version control systems which store
different versions and are used for development, (2)
software archives which archive a specific version of the
software and often provide Persistent Identifiers (PIDs).

Repository

Registry Software only storing metadata of research software.

Software checking the quality of a provided software, e.g.,

Quality checker the FAIRness, often working on metadata.

Reproducibility checker Software checking the reproducibility of a certain result.

Software supporting the creation and/or management of

Metadata tooli
cradata Toole metadata (a detailed overview is provided in Chapter 5).

Software Management

Plan (SMP) tooling

Workflow managers
Orchestration software

High Performance

Software supporting the creation and use of SMPs.

Software allowing to run specific tools in a row.

Software allowing to couple different software to run in
parallel together, e.g., for co-simulation.

Software supporting HPC like job schedulers and others.

Computing (HPC) tooling

compliance to the FAIR4RS principles. The conceptual framework presented in Section 1.2
already outlines a suite of services that are important for research software. Table 2.2
extends this overview to present relevant software types necessary as infrastructure for

research software.

From an RSE research standpoint, the creation and evolution of such infrastructure can
be pursued through systematic scientific approaches, such as design science research or
engineering-focused investigations [112]. The requirements that shape this infrastructure
are derived from the intrinsic characteristics of research software, e.g., its rapid development
cycles and its environment. This makes the topic itself an additional interesting area for
RSE research. From a practical RSE perspective, the availability of robust, well-engineered
infrastructure is indispensable to develop, share, and sustain high-quality research software,

thereby supporting the broader goals of the FAIR4RS principles.
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RSE stakeholders and roles Anzt et al. [8] identified multiple relevant actors in RSE
ecosystems: domain researchers, research software engineers, research leaders, scientific
libraries, technical infrastructure units (e.g., for HPC), research performing organizations
(e.g., universities and non-university organizations such as the Helmholtz, Max-Planck,
Leibniz, and Fraunhofer societies in Germany ), and funding agencies. A clear understanding
of these actors is relevant for RSE research. Within RSE research, empirical work may
analyze concrete roles in research software development, e.g., Jung et al. [138] for a research
software project in ocean system modeling or Anderson et al. [6] for multiple GitHub
repositories of research software projects.

The role of a research software engineer is of special interest in RSE. Baxter et al. [22]
defined a research software engineer as a professional who combines software development
expertise with extended knowledge of at least one research domain. Consequently, a spec-
trum of research software engineers exists, ranging from domain scientists who code and
are primarily evaluated on their scientific output to dedicated research software engineers
whose career advancement depends on the quality of their software [22]. When research
software engineers primarily support researchers they take over software stewardship as
an analogy to data stewardship [218]. The backgrounds of research software engineers
are diverse and shape distinct career trajectories [42]. Many come from a domain science
background while others have training in computer science and/or software engineering
experience from industry [42]. Within their organizations, research software engineers may

hold academic positions at any rank or serve as research support staff [218].

Institutionalized RSE structures The organization of RSE activities within research
performing institutions varies considerably and most of the literature focuses on practical
implementations rather than on systematic research of optimal structuring which would be
part of RSE research. In many cases, the activities are embedded in existing units, either
decentralized in departmental laboratories or research groups or centralized in IT services,
libraries, or scientific computing centers. Additionally, they may be gathered in dedicated
central RSE units, e.g., at Heidelberg University! [148] . Kempf et al. [148] summarized
nine functional modules that can be covered by an RSE unit and analyzed to which extent
four existing units cover these modules.

While institutional RSE structures are a way to create attractive, long-term career
pathways for research software engineers [148], there are also challenges for these structures:
(1) limited knowledge about how to design effective RSE support structures [8], (2) strong

heterogeneity among research communities that leads to differing requirements for RSE

"https://www.ssc.uni-heidelberg.de/en, last accessed 2026-03-03
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services [8], and (3) insufficient recognition of research software as a scholarly output, which
hampers investment in dedicated staff [19].

Nationally funded structures may complement institutional efforts by aligning with
country wide research funding mechanisms [141]. The United Kingdom’s Software Sus-
tainability Institute (SSI)? [44] is a successful example for such a model. The SSI is a
partnership of four universities (Edinburgh, Manchester, Oxford, and Southampton) that
provides consultancy, community events, fellowship programs, coordinated training (e.g.,
through the Carpentries® who offer modular training material and coordinate trainings),
and policy support to foster cultural change [44, 145]. Similar initiatives are emerging in
other countries, e.g., in the United States and Australia [141]. In Germany, the FutuRSI
project” aims to establish a German research software institute that addresses the diverse
German research landscape, expertise gaps, visibility of career paths, and the reuse of
research software [157]. While such national entities are often limited by project-based

funding and resource constraints, they provide a coordination and advocacy.

RSE communities Beyond formal institutions, RSE communities play a relevant role
in knowledge exchange and professional development. Cohen et al. [40] identified commu-
nity as one of the four pillars of RSE, encompassing networking, technical seminars, and
collaboration. Numerous national and regional organizations exist across the United King-
dom, the Netherlands, Belgium, Germany, Denmark, the Nordics, Australia, New Zealand,
and the United States [59]. The Research Software Alliance (ReSA)® provides a global
platform for coordination. Katz et al. [145] offered a comprehensive overview of additional
community initiatives and their activities. Together, institutional units, national institutes,
and community networks constitute a multi-level ecosystem that supports the development,

sustainability, and recognition of research software and RSE.

RSE skills and training Incomplete expertise is a main challenge for the development
of sustainable research software since many research software engineers and researchers who
write code are largely self-taught and lack formal training [103]. Especially for researchers,
insufficient time for training is a major barrier [31]. Also, early access to targeted training
materials is especially valuable for novice research software engineers [42].

From an RSE research perspective, identifying precise RSE competencies and skill re-

quirements of research software engineers or researchers constitutes a relevant research

2https://www.software.ac.uk/, last accessed 2026-03-03
*https://carpentries.org/, last accessed 2026-03-03
“https://www.futursi.de/, last accessed 2026-03-03
"https://www.researchsoft.org/, last accessed 2026-03-03
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topic which is complicated by the diversity of envisioned roles and tasks as previously
introduced. For example, the skill set required for a dedicated research software engineer
does not map directly onto that of a researcher [99]. Also, the required skills are evolving
through the increased use of Artificial Intelligence (AI) for software development. Cohen
et al. [40] identified a tiered approach that includes basic and advanced skill development,
up-skilling of existing research software engineers, and support for newcomers. Goth et
al. [99] proposed a comprehensive competency framework clustered into communication,
research, and software skills, while Bernoth et al. [24] reported workshop outcomes that
highlighted competencies such as publishing, archiving, and citing research software as well
as developing and using research software.

While there are no accredited RSE training programs [42], there already exist a variety of
training formats for research software competencies. The Carpentries® provide introductory
workshops on programming, data handling, and HPC [40]. CodeRefinery® offers more
advanced technical lessons and best-practice guidance [40]. The Digital Research Academy’
delivers distributed training on software management topics. Additionally, some institutions
run in-house courses, often coordinated by central RSE units [40]. In addition, formal
academic pathways are emerging, e.g., the development of a master-level curriculum for

RSE in natural sciences [54].

RSE practices A substantial body of literature addresses concrete RSE practices. From
a practical RSE perspective, many publications summarize best practice recommendations
often presented in the form of “ten rules” papers, for example [155, 178, 189]. Some of these
focus on a specific research domain whereas others concentrate on particular aspects of
RSE. Typical topics include (i) software architecture and modularization [26, 58, 227], (ii)
development process (incl. documentation) [11, 114, 123, 126, 153], (iii) testing and quality
assurance [63, 163, 173], and (iv) publication and citation of research software [3, 20, 139,
142, 164, 197, 199]. Legal considerations, such as intellectual-property rights and software
licensing, are also relevant [8]. A more detailed discussion of existing RSE recommendations
is presented in Section 3.1. Additionally, there are introductory books synthesizing essential
practices [14] and institutional policies, like [190], that often codify important practices by
articulating the expectations of research performing organizations.

From a research standpoint, RSE practices constitute a relevant field of inquiry which
overlaps with the topics research software lifecycle and RSE roles. Interesting aspects
include (i) organizing and modeling the RSE development process, (ii) characterizing

research software creation and evolution [66, 107, 134, 138], (iii) studying software discovery

Shttps://coderefinery.org/, last accessed 2026-03-03
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and reuse patterns [121, 188, 202, 207], and (iv) analyzing emerging trends in practical
RSE, such as the integration of Al [69].

(Quality) Metrics for research software The primary purpose of metrics for re-
search software is to assess research software quality [65], e.g., to understand how the quality
compares to other software and how it can be improved. Thereby, the metrics can serve
as actionable guidelines, especially when accompanied by concrete recommendations for
improvement, and provide additional benefits for different stakeholder groups in practical
RSE which are discussed in detail by Castell et al. [32]. From an RSE research perspective,
the identification of precise, measurable quality indicators constitutes an active research
topic and enables further research, e.g., how certain activities influence the software quality.
The FAIR4RS principles are an important part of research software metrics and are
discussed in detail in Section 2.2. Their introduction started discussions about how to
make these largely qualitative principles measurable. Within the context of the European
Open Science Cloud (EOSC)®, Chue Hong et al. [38] proposed a set of 17 metrics to
quantify the FAIRness of research software. Meanwhile, several FAIRness checking tools
(e.g., FAIRsoft [160] and FAIRSECO [53]) embed these existing metrics while also extending
them by new ones based on observable software properties, e.g., Deekshitha et al. [52]
introduced a Research Software Maturity Model (RSMM) that additionally incorporates
sustainability, community engagement, and adaptability. At the institutional level, the
Helmholtz Association adopted quality indicators derived from the FAIR4RS principles
and extended them with metrics for scientific quality and technical competence [137].
Also, analyzing the adaptation of metrics from traditional software engineering ap-
proaches in RSE forms an interesting field of RSE research. An empirical study by Eisty
et al. [65] revealed a gap between awareness and usage of traditional software metrics.
Although research software engineers are familiar with traditional software metrics, they

seldom apply them in practice [65].

RSE value, recognition, and awareness Missing recognition and awareness of
research software constitute one of the most pressing challenges for RSE [8]. A growing
body of publications seeks to elevate the visibility of research software and the awareness
for its importance [55, 117, 119, 129]. A recurring difficulty is the measurement of research
software impact [8]. Consequently, the development of robust metrics and impact analysis

methods for research software remains a central topic.

Shttps://eosc.eu/eosc-about, last accessed 2026-03-03
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RSE funding and policy Insufficient funding and a lack of incentives for high-quality
research software remain among the most pressing obstacles for RSE identified by Anzt
et al. [8]. Criteria of funding agencies are a powerful lever for shaping researchers’ behavior
but current schemes often fail to reward sustainable software development [131]. The Ams-
terdam Declaration on Funding Research Software Sustainability (adore.software”) brings
together a range of funding organizations, including the German Research Foundation
(DFG)', which agreed to adopt recommendations in following four areas: (i) research
software practice, (ii) research software ecosystems, (iii) research software personnel, and
(iv) research software ethics [5]. The effectiveness of such policies is closely tied to the
broader recognition and awareness of research software and RSE within the scientific com-
munity [40]. From a research perspective, analyzing funding mechanisms is an active RSE
research topic, e.g., [130, 132, 144]. The findings point to the need for more coherent, long-
term funding strategies that explicitly address the full software lifecycle and the social
dimensions of RSE [132].

Institutional policies constitute another essential instrument to enable researchers and
research software engineers to allocate sufficient time to develop robust research software
and to receive appropriate incentives. Also, these policies can facilitate the recognition of
software contributions in hiring, promotion, and tenure decisions [179]. Therefore, Barker
et al. [19] argue that comprehensive RSE policies are needed across research institutions.
A joint working group from Research Data Alliance (RDA)!! and ReSA [16] compiled a
list of relevant resources for research organizations. Their analysis stressed that the in-
volvement of all relevant stakeholder groups, like researchers, research software engineers,
funders, and administrative units, is a key determinant of successful policy adoption [16]. In
Germany, the German Aerospace Center (DLR)'? developed their own institutional recom-
mendations [190] while the Helmholtz Association'® provided concrete recommendations
for implementing RSE policies at the institutional level [182]. The German Informatics
Society (GI)'* and the German RSE association'® released a generic RSE policy which
should serve as model for German research institutions [48]. Together, funding mechanisms
and institutional policies form a dual framework that can drive the cultural and structural

changes required for sustainable, FAIR research software.

“https://adore.software/, last accessed 2026-03-03
https://wuw.dfg.de/en, last accessed 2026-03-03
Yhttps://wuw.rd-alliance.org/, last accessed 2026-03-03
2https://wuw.dlr.de/en, last accessed 2026-03-03
https://wuw.helmholtz.de/en/, last accessed 2026-03-03
“https://gi.de/en/, last accessed 2026-03-03
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2.2 FAIR AND FAIR4RS PRINCIPLES

General FAIR principles The FAIR principles were introduced in 2016 as a set of
high-level, domain-agnostic guidelines for the management of research data to enhance
their reuse [220]. They emerged from a workshop that brought together a broad spectrum of
stakeholders including academic researchers, publishers, and representatives of the private
sector to define a common vision for data stewardship [220]. The overarching goal of the
principles is to improve the quality of research data so that it can be reused on its own or in
combination with other datasets for secondary data analysis and data-driven science [220].

FAIR consists of four interrelated principles: Findability, Accessibility, Interoperability,
and Reusability. Each of the principles is further refined by up to four subprinciples that
specify rules for research data and, in particular, its metadata [220]. The emphasis on
machine-actionable metadata enables automated discovery and integration of data, and,
thereby, supports both human knowledge discovery and computational workflows [220].
The principles do not require the data themselves to be openly available but mandate that
their metadata be openly accessible while allowing access restrictions on the underlying
data when appropriate [220]. The principles are technology-agnostic, so they do not suggest
any specific technology for their implementation [220]. By providing a clear set of objectives
for research data management, the principles support good scientific practice and help to
align research activities with the expectations of funding agencies and publishers.

Since its publication, the original FAIR article was cited more than 20.500 times'®. The
European Union incorporated the principles into its action plan for open science and sup-
ports their implementation through the EOSC® [56]. In Germany, the DFG'” has embedded
the FAIR principles into its guidelines for safeguarding good research practice [105] and the
federal and state governments have adopted FAIR as a guiding framework for the German
National Research Data Infrastructure (NFDI)!" [29].

Towards FAIR4RS While the original FAIR principles were formulated for research
data, the authors already noted that the principles should also apply to “algorithms, tools,
and workflows that led to that data” [220]. Because research software can be regarded as
a form of research data [109], a lively discussion has emerged on how the FAIR principles
can be mapped to software artifacts.

Examining the applicability of FAIR to research software,Hermann et al. [115] empha-
sized the central role of metadata and pointed out that versioning is an important aspect of

software that must be addressed. Hasselbring et al. [109] highlighted the need for research

16Google Scholar citation count, last accessed 2026-03-29
Yyww.nfdi.de/?lang=en, last accessed 2026-03-03
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software to be both FAIR and open. They also observed that code quality is not covered by
the original principles while it is often a main barrier for reuse. Their work offered a first
overview of software-specific reformulations of the FAIR principles. Lamprecht et al. [151]
summarized insights from multiple workshops and also presented a draft of FAIR princi-
ples for research software. They stressed multiple fundamental differences between data
and software: software is executable, frequently depends on other software packages, and
requires explicit version control. The authors also questioned whether FAIR software must
be openly licensed and argued that software quality aspects, particularly sustainability and
maintainability, should be incorporated into the FAIR framework. Their draft retained
the overall structure of the original principles but introduced detailed modifications for
interoperability and reusability [151].

To achieve a common definition, a FAIR4RS working group was established under the
RDA, the ReSA, and FORCE11'® [140]. The group organized several sub-working groups
that addressed distinct topics such as the precise definition of research software [102], the
broader conceptualization of FAIRness for software [152], and the formulation of the princi-
ples. Katz et al. [143] contributed a formulation of the principles that treats software as a
living, complex object emphasizing its executability and creative provenance. Their version
largely mirrors the data-centric wording but replaces data with software and introduces
specific changes to the interoperability and reusability subprinciples. They especially noted
that FAIR alone is insufficient for full computational reproducibility [143]. The collabora-
tive effort of the working group resulted in a final set of FAIR4RS principles published by
Chue Hong et al. on Zenodo [39] and subsequently described by Barker et al. in the journal
Scientific Data [18]. The proposed FAIR4RS principles provide a domain-independent,
technology-agnostic framework that extends the original FAIR principles to encompass
research software, explicitly addressing versioning, software dependencies, quality, and sus-
tainability while preserving the core goals of findability, accessibility, interoperability, and

reusability.

FAIR4RS principles The following description of the FATR4RS principles is based on
their publication by Chue Hong et al. [39]. All FAIR4RS principles and their subprinciples
are shown in Table 2.3. Generally, it should be acknowledged that the FAIR4RS principles
are meant to be aspirational and, therefore, do not always include practical guidance [39].
Similar to the FAIR principles, the FAIR4RS principles also cover the accompanying
metadata [39].

The findability principle should ensure that the software and its metadata can be dis-

Bhttps://forcell.org/, last accessed 2026-03-03
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Table 2.3: FAIR4RS principles as defined in [39].

Findable: The software, and
its associated metadata,
should be easy to find for
both humans and machines.

F1. Software is assigned a
globally unique and persistent
identifier.

F2. Software is described with
rich metadata.

F3. Metadata clearly and ex-
plicitly include the identifier of
the software they describe.
F4. Metadata are FAIR and
are searchable and indexable.

F1.1. Different components of the
software must be assigned distinct
identifiers representing different lev-
els of granularity.

F1.2. Different versions of the same
software must be assigned distinct
identifiers.

Accessible: The software,
and its metadata, must be
retrievable via standardized
protocols.

A1l. Software is retrievable by
its identifier using a
standardized communications
protocol.

A2. Metadata are accessible,
even when the software is no
longer available.

A1l.1. The protocol is open, free, and
universally implementable.

A1.2. The protocol allows for an au-
thentication and authorization pro-
cedure, where necessary.

Interoperable: The software
interoperates with other
software through exchanging
data and/or metadata,
and/or through interaction
via Application Programming
Interfaces (APIs).

I1. Software reads, writes and
exchanges data in a way that
meets domain-relevant com-
munity standards.

12. Software includes qualified
references to other objects.

Reusable: The software is
both usable (it can be
executed) and reusable (it
can be understood, modified,
built upon, or incorporated
into other software).

R1. Software is described
with a plurality of accurate
and relevant attributes.

R2. Software includes quali-
fied references to other soft-
ware.

R3. Software meets domain-

relevant community
dards.

stan-

R1.1. Software must have a clear
and accessible license.

R1.2. Software is associated with de-
tailed provenance.
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covered by machines and humans. Therefore, the software packages and the metadata
need PIDs. As previously mentioned, one specialty of software is the availability of differ-
ent versions. Therefore, each version must receive its own identifier and the relationships
among the versions must be expressed in the metadata, e.g., newer-than or derived-from.
Large software systems may also need distinct identifiers for sub-modules, libraries, or
plugins. To support machine-driven discovery, the metadata describing the software must
be machine-readable. They should conform community-specific metadata standards and
employ controlled vocabularies. The metadata record itself must be FAIR as well. There-
fore, it should link to the PID of the software and be published in or harvested by a software
catalog or registry. [39]

The accessibility principle concerns the ability to retrieve both the software artifact and
its metadata via standard, open communication protocols such as HTTP/HTTPS or FTP.
These protocols must be free of licensing restrictions to enable unrestricted technical access.
Similar to the FAIR principles, the FAIR4RS principles acknowledge that there are cases
where software can not be open due to intellectual-property, security, or privacy constraints.
In these cases, the protocol must support authenticated access and the metadata must
remain openly available even if the software itself is restricted. This ensures that users can
at least discover the existence of the software and understand the conditions under which
it may be obtained. [39]

The interoperability principle demands that the research software is capable to interact
with other software through well-defined APIs, e.g., for exchanging data. These interfaces
should follow domain-relevant standards and be described using formal specifications and
controlled vocabularies for data types, formats, and communication patterns. The software’s
metadata must explicitly reference any external objects required for operation, such as
reference datasets, configuration files, or dependent libraries. Where possible, those objects
should themselves satisfy the FAIR principles. [39]

The reusability principle encompasses two complementary aspects. First, the software
must be usable meaning executable by third parties. This implies that sufficient runtime
artifacts (e.g., binaries, containers, or build scripts) are provided. Second, the software
should be reusable, meaning understandable and modifiable, so that it can be extended or
incorporated into other projects. To achieve both aspects, the metadata must contain a
machine-readable license specifying the conditions under which the software is allowed to
be used, modified, and redistributed, as well as provenance information that records the
origin, authorship, and development history of the software. The software should reference
all its dependencies ideally with PIDs. Finally, the software should meet domain-relevant

standards with respect to documentation, license, coding conventions, and more. [39]
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Reception and adoption for the FAIR4RS principles The uptake of the FAIR4RS
principles is tightly intertwined with activities in the RSE community as introduced in
Section 2.1. When the principles were first published, Chue Hong et al. [39] already identi-
fied several obstacles that need to be addressed, e.g., domain-specific metadata schemas
and vocabularies existed only for a limited number of research areas. Likewise, there was
no common answer to the question which PID should be used for software artifacts and
their versions. Therefore, the authors called for additional efforts before the principles can
be widely applied [39].

Since their introduction, the two papers defining the FATR4RS principles [18, 39] have
been cited more than 600 times'?, indicating a growing interest. In 2024, Barker et al.
[17] presented a comprehensive report on the state of the adoption. Their analysis covered
five interrelated topics: policy, incentives, community, training, and infrastructure. They
concluded that progress is needed in all of them to achieve the cultural change required to
fully adopt the principles.

Some policy initiatives already exist at both national and institutional levels, e.g., national
policy documents in the Netherlands explicitly reference the FAIR4RS principles and tie
them to the creation of SMPs [17]. Overall, incentive structures are still scarce. Jensen and
Katz [130] examined the awareness of funding agencies which are generally less familiar
with FATR4RS principles than with the original FAIR principles.

Community engagement is fostered through several mechanisms. The RDA hosts a soft-
ware source code interest group that discusses FATR4RS related topics and the RSE commu-
nities promote the principles as part of their best practice repertoire (see Section 2.1). Also,
training programs increasingly embed FAIR4RS concepts, e.g., the Netherlands eScience
Center?’ includes the principles in its curricula for early-career researchers. These educa-
tional efforts are essential for translating the abstract principles into concrete actions [17].
Practical guidance for researchers and research software engineers often emerges in domain-
specific contexts. Patel et al. [172] offered actionable recommendations for biomedical
software developers, illustrating how the abstract principles can be translated into con-
crete development workflows. Such guidance overlaps with the broader effort to provide
recommendations on RSE.

Additionally, the FATR4RS principles increased the attention for infrastructure devel-
opment for research software which is partly described in Section 2.1. At the European
level, several large-scale initiatives are dedicated to making research software FAIR, e.g.,
the European Virtual Institute for Research Software Excellence (EVERSE)?!, the FAIR-

¥ Google Scholar citation count, last accessed 2026-03-27
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IMPACT project®?, and the FAIRCORE4EOSC??. They are funded in the context of the
EOSC and aim to provide tools, metadata standards, and sustainable infrastructure for
FATR4RS. In Germany, the NFDI started to address research software as a relevant digital
research object with working groups on RSE [106] and research software metadata [34].
The advances regarding metadata standards are detailed in Section 4.1. Although, Hounsri
and Garijo reported that adoption of metadata standards still remains low across European
Open Science Clusters [120].

2.3 METADATA

Section 2.2 highlights the important role of metadata in achieving FAIR research software.
Therefore, this section introduces the fundamental concepts of metadata.

The systematic description of objects in libraries and museums, as known today, can
be traced back to the 19th century, when they began to use catalogs governed by explicit
rules for recording information about physical items [225, p. 14]. With the upcoming of
electronic computing, these catalog systems were digitized [225, pp. 14-19]. The emergence
of the internet subsequently enabled the interlinking of disparate catalogs, creating a clear
need for shared metadata standards which were subsequently developed and refined [225,
pp. 14-19]. Today, metadata are not only used to describe tangible artifacts but also to
characterize digital resources such as research data and software.

Thereby, metadata serve multiple purposes: they describe resources, enable their sys-
tematic organization and discovery based on controlled criteria, support aggregation of
similar resources, facilitate information exchange, provide digital identification, and supply

essential information for long-term archiving [225, p. 11].

Fundamental principles Metadata contain multiple statements which each consist of
a single property-value pair that characterizes a specific resource®* [225, p. 3]. For example,
the statement illustrated in Table 2.4 makes it explicit that the programming language of
the software mosaik [200] is Python. The resource being described is also called an entity.
The property appears in the literature under various names, like attribute, field, tag, or
element [162, p. 13]. When multiple metadata statements are assembled they constitute a
description [225, p. 7] or a metadata record [162, p. 6] of the resource. Once the metadata

record is formalized and encoded, it is referred to as metadata [225, p. 7] (more information

’nttps://fair-impact.eu/wp4-metadata-and-ontologies, last accessed 2026-03-03

nttps://faircoredeosc.eu/eosc-core-components/eosc-software-heritage-mirror, last accessed
2026-03-03

24The terms further used in this thesis are emphasized in this paragraph.
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Table 2.4: Example metadata statements for mosaik [200].

Resource Property Value

mosaik programminglLanguage Python

mosaik developmentStatus Active

on encoding metadata is provided in Section 2.5). A set of elements forms an element set
which is a fundamental building block of any metadata schema or standard [225, pp. 12-13].

Metadata schemas are introduced in Section 2.5.

Metadata categories Metadata can be divided into several categories that correspond
to different purposes. Table 2.5 provides an overview of typical categories and their overlap.
Zeng and Qin [225, pp. 19-22] identified five primary categories: administrative, descriptive,
preservation, technical, and use metadata. Administrative metadata contain information
needed for managing a resource, such as access requirements, copyright statements, licensing
details, and technical data required for decoding or handling the item. Descriptive metadata
provide the elements that enable users to locate and understand a resource. They may
include basic bibliographic elements (author, title, keywords) as well as richer content-
level descriptors like about the context (e.g., author affiliation, geographic location) of the
resource. Preservation metadata are mainly relevant for metadata of physical objects, e.g.,

for documenting their condition. Technical metadata include information how a system

Table 2.5: Metadata categories based on Zeng and Qin [225, pp. 19-22].

Category Example Elements Overlap

Provenance, technical,

Administrative  Rights, location information .
preservation, meta-metadata

Descriptive Keywords, authors, title Provenance

Preservation Physical condition Administrative
Provenance Creation history, rights information Administrative, descriptive
Technical Software requirements, authentication ~Administrative

Use Use record

License of the metadata, author of

Admini .
the metadata dministrative

Meta-metadata

Structural Part of
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works, e.g., on hardware and software requirements. Use metadata focus on the previous use
of the resource, e.g., how a resource is cited, downloaded, reviewed, or otherwise reused. [225,
pp. 19-22]

In practice these categories intersect. An additional category is provenance metadata
which capture the creation history, versioning, and rights information of a resource, thereby
supporting reproducibility and trust [225, p. 21]. Meta-metadata describe the metadata
themselves, such as the standard employed, the license governing the metadata, or the

creator of the metadata record [225, p. 21].

Metadata services Metadata services support the usage and/or creation of metadata.
They often rely on metadata schemas which are described in detail in Section 2.5. Metadata
can be embedded directly with the digital resource itself or in dedicated databases forming
a metadata service [225, pp. 256-271]. Zeng and Qin [225, pp. 256-271] distinguished three
main types of metadata services:

Metadata registries Metadata registries contain information about existing metadata
schemas including their element sets and further details. They enable users to dis-
cover and reuse domain-specific standards, thereby avoiding redundant schema de-
velopment [225, pp. 256-271].

Metadata repositories Metadata repositories store the actual metadata records that de-
scribe concrete resources, e.g., research software packages. The metadata repositories
act as registries for those resources. Metadata records from multiple repositories can
be harvested and aggregated through the Open Archives Initiative Protocol for Meta-
data Harvesting (OAI-PMH) [225, pp. 256-271]. For FAIR artifacts, the metadata

records need to be openly accessible.

Development and production services A range of tooling facilitate the creation, design,
and conversion of metadata, including utilities for schema development, automated
metadata extraction, and metadata harvesting [225, pp. 256-271]

Many of these services depend on technical standards to ensure interoperability and
machine-readability across heterogeneous platforms. They often use the semantic web

technologies [225, pp. 272-273].

2.4 SEMANTIC WEB

The FAIR4RS principles explicitly require that research software be discoverable not only
by humans but also by machines [39]. Achieving this level of machine findability depends

on semantic web technologies that provide the foundation to expose identifiers, provenance,
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dependencies, and licensing in a computable way.

The original vision of the semantic web is “to make the web more accessible to com-
puters” [7, p. 1]. By publishing metadata in machine-readable formats, the content of the
internet becomes understandable and processable by automated tools [7, p. 1]. Because
semantic web technologies enable systematic linking of metadata and thus between different
entities, they improve data quality, reduce the effort required for maintenance of meta-
data [225, p. 381], reveal previously hidden connections [2, p. 108], and allow automated

agents to interpret, integrate, and reuse the information.

Design principles The idea of the semantic web is to extend the connectivity of
the web by linking data items to one another. When such linked data are published as
open, machine-readable resources they form Linked Open Data (LOD). The design of
the semantic web rests on three fundamental principles [7, p. 2]: (i) structured and semi-
structured data must be offered in standardized formats; (ii) the individual data elements
that compose a dataset should be exposed as addressable units; and (iii) the meaning
(semantics) of the data must be formalized in a way that machines can interpret. In this
context metadata do not merely provide human-readable records but consist of statements
that articulate the meaning of each part, also for machines [162, p. 7]. Thereby, metadata
become essential building blocks that give the semantic web its “meaning” [7, p. 9]. Three
core technologies form the foundation of the semantic web: Uniform Resource Identifier
(URI), labeled graphs, and ontologies [7, p. 4].

URIs According to Berners-Lee’s guidelines for URIs?”, a URI should serve as a stable
name for a thing, be dereferenceable via HT'TP, return useful metadata when accessed,
and be linkable to other URIs so that additional resources can be discovered. Thereby;,
URIs serve as globally unique names for resources which can denote any identifiable
thing. In research practice, common URIs include the Open Researcher and Contributor
ID (ORCID) as identifier for researchers which conveys trustworthy information such as
affiliation [2, p. 141], and the Digital Object Identifier (DOI) for digital resources, e.g.,
scholarly outputs [2, p. 141].

Labeled graphs An important foundation of the semantic web is the graph-centric
Resource Description Framework (RDF) that is a data model standardized by the World
Wide Web Consortium (W3C)?°. Tt represents knowledge as a collection of statements

which consist of resources and properties [7, p. 26]. A resource denotes any identifiable

Zhttps://www.w3.org/Designlssues/LinkedData.html, last accessed 2026-03-03
2ohttps://www.w3.org/, last accessed 2026-03-03
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<http://mosaik. offis .de> <http://schema.org/programmingLanguage>
<http:/ /www. wikidata.org/entity /Q31205855>.

Listing 2.1: Small RDF example in turtle where http://www.wikidata.org/entity/
(31205855 is Python 3 (last accessed 2026-03-03)

@prefix schema: <http://schema.org/> .
@prefix wd: <http://www. wikidata.org/entity/> .

<http://mosaik. offis.de> schema:name "mosaik'™ “schema:string ;
schema : programmingLanguage wd: Q31205855 .

Listing 2.2: Extended RDF example in turtle

thing such as a specific research software like mosaik and is uniquely addressed by a URI [7,
p. 26]. Properties are special resources that also have a URI and express relationships to
other resources, e.g., the element programminglLanguage links a software resource to the
language it is written in [113, p. 37].

In RDF terminology a statement (also named triple) consists of a subject (the described
resource), a predicate (the property), and an object, which may be either another resource
or a literal like a string or a number [7, p. 27]. Listing 2.1 shows an example for such a
statement: “mosaik — programmingLanguage — Python 3”. The resource mosaik is repre-
sented by a URI. The programming language “Python 3” can be represented as a literal or
as shown in the example as another resource by referencing an external PID (in this case a
Wikidata entry®”). By combing multiple connected triples, RDF forms a directed labeled
graph [7, p. 29] in which nodes represent entities and edges encode their relationship. The
graph can be distributed across the web so that only a subset of statements is locally
available while other parts reside elsewhere [7, p. 29].

RDF triples may be expressed in a variety of syntaxes. A widely used easy-readable
syntax is Turtle [7, p. 31] which is used for the example in Listing 2.1. In Turtle, literals may
be typed like the name mosaik in Listing 2.2 which also shows that common prefixes can
be declared to abbreviate repeated vocabularies [7, p. 31-32]. Turtle also permits compact
grouping of statements that share the same subject, which enhances readability [7, p. 31].

Alternative syntaxes for RDF include RDFa, RDF /XML, Notation3 (N3), and JavaScript
Object Notation for Linked Data (JSON-LD). The latter is favored by programmers and
web developers for its seamless integration with JSON-based APIs [162, p. 338]. Regardless

Thttp://www.wikidata.org/entity/Q31205855, last accessed 2026-03-03
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of the chosen syntax, the underlying RDF graph remains the same, providing a flexible,
machine-readable foundation for linking resources, exposing their semantics, and enabling

the construction of large-scale graphs.

Ontologies An ontology is a semantic model that allows to formalize abstract concepts
in a domain and the logical relationships among them [7, p. 11]. Thereby, it represents
a shared understanding of a part of the reality [7, p. 11]. Potentially, there are multiple
ontologies for every domain [7, p. 194]. By providing controlled, machine-readable vocabu-
laries, ontologies make it simpler to reason over RDF graphs, to integrate heterogeneous
data sources, and to ensure that metadata convey a consistent meaning across different
communities. Therefore, ontologies can be used within metadata schemas as introduced in
Section 2.5 to semantically describe a resource or to form value vocabularies for certain
properties [162, p. 352].

An ontology consists of classes (the allowed types of entities), properties (the rela-
tions between those entities), and axioms that constrain how classes and properties may
be combined (e.g., subclass, domain-range restrictions, disjointness, value restrictions) [7,
p. 10] [225, pp. 61-64]. By assigning a URI and a definition to each class, ontologies re-
solve the problems of homonymy (the same word with different meanings) and synonymy
(different words with the same meaning) through disambiguation and equivalence relation-
ships [162, p. 168].

Ontologies are expressed in standardized web languages such as RDF Schema or the Web
Ontology Language (OWL) which both extend RDF. Both use URIs and support reasoning
over the defined structures [7, p. 69]. RDF Schema provides basic hierarchical constructs
(e.g., rdfs:subClass0f, rdfs:subProperty0f) and domain-range specifications. OWL
(especially OWL2) extends RDF schema, e.g., by adding richer logical features such as
cardinality constraints and class equivalence, enabling more expressive axioms [2, p. 113].

Two principal kinds of ontologies can be distinguished. Reference ontologies are broad
and aim to capture general, domain-wide semantics. Application ontologies are smaller and
tailored to the specific needs of a particular use case such as a metadata vocabulary [225,
p. 61].

Knowledge graphs By combining labeled graphs with ontologies, it is possible to
create machine-actionable networks of knowledge. In these networks, all entities have a
URI [162, p. 325], ensuring that they can be discovered, described, and interrelated in a
consistent, interoperable manner. These labeled graphs are sometimes also called knowledge
graphs. The standard query language for such graphs is SPARQL, which is specifically
designed to access RDF data [7, p. 69]. Public SPARQL endpoints make existing graphs
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accessible on the web.

An example for a labeled graph is Wikidata?® which provides a large-scale LOD collection
of entities such as people, places, and concepts [2, p. 119][225, p. 62]. A further example is the
Open Research Knowledge Graph (ORKG)?” [203] which uses RDF to represent scientific
publications, their content, and related metadata [10]. The ORKG allows users to add new
properties, suggests existing ones for reuse, and offers domain-specific templates to improve
comparability of research outputs [10]. Both examples provide SPARQL endpoints® and
illustrate how RDF based graphs enable machine-readable, interoperable representations

of scholarly information that can be explored and integrated into downstream applications.

2.5 METADATA SCHEMAS

High-quality metadata have to be created in a consistent way [162, p. 12]. A metadata
schema provides the formal framework for harmonizing the structure, content, permissible
values, and encoding of metadata, thereby making individual descriptions comparable,
interoperable, and subject to a minimum quality standard [162, p. 12][225, p. 39]. A
metadata schema may also be developed into a standard.

A metadata schema is composed of four tightly coupled aspects:
Structure The metadata structure defines the set of elements that a metadata record may

contain [162, p. 15]. These elements constitute the skeleton of the metadata.

Content The data content guidelines contain human-readable guidance for each element:
filling instructions, allowed abbreviations, and the distinction between mandatory
and optional elements [162, pp. 13-15]. This guidance ensures a uniform usage of the

metadata schema.

Value The value specifications restrict the admissible values for certain elements, typically
by referencing controlled vocabularies or value encoding schemes [225, p. 25]. By
limiting values to a predefined set, the schema reduces ambiguity and improves the

consistency of the resulting metadata.

Encoding The encoding specifications specifies the syntactic representation of the meta-
data, such as XML, RDF /Turtle, JSON-LD, or other formats [162, p. 15]. The chosen
encoding determines how the metadata can be exchanged, validated, and harvested

by downstream services.

nttps://www.wikidata.org/wiki/Wikidata:Main_Page, last accessed 2026-03-03

Pnttps://orkg.org/, last accessed 2026-03-03

30Wikidata: https://query.wikidata.org/, last accessed 2026-03-03, and ORKG:
https://orkg.org/sparql/, last accessed 2026-03-03
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A metadata schema may integrate all aspects or just specify some of them. It may be
organized into modular components which cover a coherent topic or a domain-specific
sub-vocabulary [225, p. 63]. Such modularity simplifies the reuse of existing modules, the
extension with new terms, and the alignment with community-driven standards, supporting

the broader goals of interoperability.

Data structure and content The data structure of a metadata schema consists of
elements which form an element set, also referred to as a property vocabulary, metadata
vocabulary, or element vocabulary [225, p. 39]. The element set specifies precisely which
pieces of information are allowed to describe a particular resource [225, pp. 39-41]. The
element set may be expressed as an ontology, providing a formal, machine-readable model
of the domain [225, p. 61]. The organization of the elements can follow a flat structure,
in which every element is a direct property of the primary resource, or a nested structure,
where sub-elements are linked to parent elements according to a defined hierarchy [225,
pp. 43-44].

Regardless of the layout, each element carries both structure and content information [225,
p. 40]. Table 2.6 shows an example for an element and its relevant information. A typical
element includes a clear, machine-readable name that follows a consistent naming conven-
tion, a human-readable label, and a unique identifier, usually a URI, that unambiguously
distinguishes the element within the vocabulary. The element also has a definition (or
description) that articulates its conceptual meaning.

The content information of a metadata schema is normally also organized by elements.
Therefore, an element is also accompanied by an obligation flag indicating whether the

element is mandatory, recommended, or optional [162, p. 400] and a cardinality specifying

Table 2.6: Example for an element in a metadata schema.

Characteristic Example

Identifier https://schema.org/programminglanguage

Label Programming language

Definition The ?omputer programming language in which the software
1s written.

Type Text

Data‘ Valu.e Limited List

specification

Cardinality n

Obligation Mandatory
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how many times the element may occur in a metadata record [162, p. 401], e.g., a software
may have multiple programming languages but only a single name. The data type declares
the kind of value the element can hold like string, date, integer, or URI. A data value spec-
ification may further restrict the permissible values by referencing controlled vocabularies
or value encoding schemes. Together, these characteristics define how metadata records
should be populated, validated, and interpreted, ensuring that the records are consistent

and usable for different purposes.

Value specifications Value specifications may define the admissible value space for
each metadata element [225, p. 26]. Thereby, they constrain what may be recorded for a
given element [225, p. 26]. This restriction can be achieved in two complementary ways.
On the one hand, a syntax encoding scheme governs the formal representation of simple
data types, e.g., dates, ensuring syntactic interoperability across systems. On the other
hand, a value encoding scheme addresses more complex values by providing a controlled
vocabulary also called value vocabulary. The value vocabulary lists the permissible options
and may take the form of a simple list, a synonym ring, a taxonomy, a thesaurus, or
a full ontology [162, p. 169]. The latter offers the richest set of semantic relationships
among terms. The definitions attached to each term in a controlled vocabulary should be
non-redundant, ensuring that every concept is uniquely described [225, p. 192].

Controlled vocabularies improve consistency by enforcing a uniform terminology [225,
p. 192]. They serve several interrelated purposes: they guarantee consistent use of concepts,
make semantic relationships explicit, support clear labeling and hierarchical browsing, and
facilitate reliable retrieval of resources [225, p. 193]. For example, keywords drawn from a
controlled vocabulary are better searchable than free-form strings. In RDF-based metadata,
literals represent free-form values such as strings, integers, or dates, whereas non-literals
are URIs that link to other resources, thereby embedding the element within a broader
knowledge graph [225, p. 76]. Existing value vocabularies can be reused, extended, or newly
created within a metadata schema, allowing the schema to evolve alongside the domain it
describes [225, p. 203].

Encoding a metadata schema The encoding of a metadata schema may turn a
human-readable metadata schema into a machine-actionable artifact, enabling automated
validation and processing of metadata records [225, p. 238]. Because no single serialization
can satisfy all use cases, most schemas are offered in several encodings, each with its own
strengths and weaknesses [225, p. 245]. The essential requirement for any encoding is that
a machine can automatically check whether a metadata record complies with the schema.

One widely adopted approach is to use JSON-LD together with a JavaScript Object
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Notation (JSON) Schema. JSON Schema allows the definition of constraints, like required
elements, data types, or pattern restrictions, and supports an automatic validation of
these constraints [21]. JSON-LD, a W3C recommendation®!, extends plain JSON with
linked data capabilities by attaching a context file that maps JSON keys to URIs in
the semantic web [21]. In this way the resulting metadata are both human-readable and
machine-actionable while existing JSON tooling can be reused without modification.

A complementary, more expressive option is the Shapes Constraint Language (SHACL),
also a W3C recommendation®?. SHACL is built on top of RDF and can be written in any
RDF syntax. While RDF’s flexibility can lead to data quality problems, SHACL allows
to formulate constraints that make it possible to enforce both structural and semantic
rules [169]. It defines shapes that act as templates and describe the expected structure of
an RDF graph and the semantic constraints that it must hold, e.g., allowed data types,
cardinalities, or limitations to controlled vocabularies [41, 177]. SHACL allows to limit a
value to a certain ontology class. Consequently, SHACL is well suited for encoding complex
metadata schemas where precise validation of element types and complex semantic value

vocabularies are required.

Application profiles Application profiles provide a pragmatic way to reuse existing
metadata schemas without having to create an entirely new schema. Thereby, they allow
to increase the interoperability of the metadata. Rather than defining a complete element
set from scratch, an application profile combines selected modules or individual elements
drawn from one or more established schemas, thereby tailoring the metadata to the spe-
cific needs of a given domain or use case [225, p. 54]. In the strict sense, an application
profile only combines elements from recognized standards [162, p. 394] while a broader
interpretation allows the inclusion of new elements when the existing element vocabularies
are insufficient [225, p. 54|. Frequently, an application profile also refines a single base
schema by adding extra guidance like more detailed definitions, usage recommendations, or
additional controlled value vocabulary [225, p. 55]. The development and methodological

considerations for constructing application profiles are discussed in detail in Section 4.2.

Crosswalks To improve the interoperability between different metadata schemas, cross-
walks can map the elements of one metadata schema to those of another one [225, p. 202].
By establishing a correspondence between elements, a crosswalk makes it possible to trans-
late metadata records from one schema into a different one, which is essential for exchanging

metadata across heterogeneous systems. Two principal strategies may be used to construct

3nttps://www.w3.org/TR/json-1d11/, last accessed 2026-03-03
https://www.w3.org/TR/shacl/, last accessed 2026-03-03
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a crosswalk. (1) An absolute crosswalk requires an exact one-to-one match. If a source
element has no precise counterpart in the target schema, the element is omitted. (2) A
relative crosswalk attempts to map every source element, selecting the closest possible
match when an exact equivalent does not exist [225, p. 207]. In practice, precise one-to-one
correspondences are rare and most crosswalks are directional because the mapping is not
invertible [113, p. 178]. This asymmetry can lead to information loss, especially when a
single concept in one schema is expressed by multiple elements in the other, when the
allowed data types or value vocabularies differ, or when no suitable counterpart exists
at all [162, p. 299]. Consequently, while crosswalks are a valuable tool for achieving se-
mantic interoperability, their design must carefully address these limitations to minimize

information loss during metadata conversion.

Commonly used metadata schemas Dublin Coreis one of the most widely adopted
metadata standards which was first introduced in 1995 [225, p. 45]. Its development and
maintenance are coordinated by the Dublin Core Metadata Initiative (DCMI) [162, p. 65].
The original core consists of fifteen elements that are deliberately generic [225, p. 45]. The
schema is flat and every element is optional and repeatable which makes Dublin Core
suitable as a general-purpose metadata framework [225, p. 45]. Since 2003 the elements
are expressed as an RDF vocabulary (the DCMI Metadata Terms) with distinct URIs for
each term, allowing metadata to be published as linked data [162, p. 323][225, p. 74]. For
each element the standard indicates whether the value must be a literal, a non-literal, or
may be either, thereby providing clear guidance on permissible value types [225, p. 78].
Schema.org®® originated from a joint initiative of multiple search-engine providers (Bing,
Yahoo, Google, and Yandex) to establish a common vocabulary that webmasters can
use to annotate their web pages in a machine-readable way [162, p. 385][225, p. 65]. By
exposing metadata that conforms Schema.org, content becomes more discoverable for search
engines and other automated agents [225, p. 68]. The development of Schema.org follows
a collaborative, community-driven model, and the vocabulary continues to grow as new
use cases emerge [225, pp. 65-68]. The vocabulary defines a hierarchy of resource types,
like Person, CreativeWork, Event, and many others [225, p. 68] where Table 2.7 provides
a short overview. For each type, there is a set of properties that can be used to describe
the resource [225, p. 68]. Sub-types inherit the properties of their ancestors while adding
additional, more specific elements [225, p. 66]. Every element has an expected value type
which may be another Schema.org type or a primitive data type (e.g., Text, Boolean, Date,

DateTime, Number, Time) [225, p. 65]. Together, these features make Schema.org a flexible,

33nttps://schema.org/, last accessed 2026-03-03
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Table 2.7: Overview of resource types and their definitions in Schema.org.

Thing Definition

The most generic kind of creative work, including books, movies,

CreativeWork
reativeyvor photographs, software programs, etc.

Organization  An organization such as a school, NGO, corporation, club, etc.

Person A person (alive, dead, undead, or fictional).

widely adopted framework for publishing structured, searchable metadata on the internet.

The Data Catalog Vocabulary (DCAT) is a W3C recommendation® first published in
2014 [225, p. 446]. It provides a standardized vocabulary for describing datasets and data
services, thereby supporting the discovery and reuse of data across organizations. The
specification reuses elements from fifteen existing namespaces, including Dublin Core [225,
p. 446]. Therefore, it can be integrated with a broad range of metadata ecosystems. DCAT
defines six core classes: Catalog, Resource, Dataset, Distribution, DataService, and
CatalogRecord [225, p. 446]. As an RDF vocabulary, DCAT can be expressed in any RDF
serialization and is linked to the Schema.org ecosystem through an explicit mapping [225,
p. 448]. In practice, a number of application profiles have been derived from DCAT for
specific countries and domains [225, p. 449]. These profiles often restrict the allowed value
spaces or cardinalities of particular elements to meet local requirements [225, p. 449].

This chapter introduced the fundamentals for metadata (Section 2.3), semantic web
(Section 2.4), and metadata schemas (Section 2.5) which are relevant for the investigation
of a metadata schema in Chapter 4 and the relevant tooling in Chapter 5. Also, this chapter
presented an overview of the current state of RSE and FAIR4RS which are further used for

developing RSE recommendations in the energy domain in the next chapter (Chapter 3).

3https://www.w3.org/TR/vocab-dcat-3/, last accessed 2026-03-03
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Recommendations for Engineering

Energy Research Software

As shown in Section 2.1, a relevant part of RSE literature concentrates on providing rec-
ommendations for RSE practices to researchers and research software engineers. Especially
published recommendations with a domain focus provide relevant domain-specific support
while also fostering cultural change towards better RSE in the related research domain.
For energy research, there was no comparable publication. Therefore, RQ1 focuses on

recommendations for the development of ERS:

RQ1: Which recommendations can help energy researchers to develop more reusable
ERS?

The goal is to identify the most important recommendations that can help energy
researchers write more reusable ERS. The recommendations should be understandable for
a broad audience, cover all relevant aspects, be practicable, and serve as a starting point
for readers who want to learn more about the aspects.

Within this chapter, Section 3.1 first presents a review of related work and especially
existing recommendations for general RSE and RSE in different research domains. After-
wards, Section 3.2 outlines the method used to derive recommendations. Then, Section 3.3
gives an overview of the derived recommendations. Subsequently, Section 3.4 shows the
analysis of the recommendations based on the evaluation of understandability and on com-
paring them to the existing recommendations from the related work. Finally, Section 3.5

discusses the results.

Parts of this chapter are already published in [77] (see Appendiz A for detailed

descriptions of the author’s contributions to this publication).

3.1 ReLATED WORK

Several existing publications provide recommendations or best practices on RSE. To give

an overview, the following types of publications were covered: publications providing recom-
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mendations, publications on the general state of RSE, and publications on FAIR principles

for research software.

Multiple publications can be found regarding recommendations for research software
in general [3, 8, 9, 11, 22, 32, 40, 44, 62, 65, 189, 205]. Additionally, as introduced in Sec-
tion 2.1, there are also institutional policies for RSE in some institutions, e.g., in the
German Aerospace Center (DLR) [190]. Additionally, some works consider best practices
for RSE in specific domains, for example in computational biology [155]. Others focus
on particular aspects of RSE, e.g., structuring research software [26], specific program-
ming languages such as Python [126], the documentation of software [114, 153], testing
research software [63], sharing and reusing research software [171], sustainability of re-
search software [185], or reproducibility of research software [204]. The aspect of open
source development is discussed as well [110, 227].

Additionally, there is the large body of publications in software engineering research
which is also relevant here, e.g., [135, 216]. Some publications also examine particular
aspects in this area that might be applied to developing ERS, such as robust software [208]
or code quality [210].

The publications discussing FAIR principles for research software [18, 100, 109, 143], as
introduced in Section 2.2, also cover different RSE best practices, e.g., registering research
software in a software registry. Also, from publications focusing on quality indicators for
research software, as introduced in Section 2.1, like [49], some recommendations for RSE
can be derived.

Based on the extensive research, four clusters were identified which are frequently dis-
cussed in the literature:

Architecture and software design This cluster includes the structure and reuse of existing
software. The literature recommends adopting community standards for input and
output data [32], providing a comprehensible, extensible, modular, and exchangeable
structure, as well as employing established design patterns, and following consis-
tent programming-style guidelines [36] and iterative processes regarding require-
ments [134].

Development process This cluster includes the development process itself, including or-
ganization, environment, documentation, and code reviews. Specific advice includes
the use of version control systems [32], structuring repositories according to commu-
nity standards [32], performing continuous refactoring and testing [36], and choosing

informative file-naming conventions [210].

Testing This cluster addresses test strategies and the variety of test types. Authors advo-

cate automated testing [32, 36], the use of unit, integration, system, and acceptance
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tests [36], end-to-end testing [123], systematic test strategy planning, and defining

and ensuring test coverages [36].

Publication of software This cluster includes aspects as licenses and the interaction with
the community. The literature recommends publishing source code [20] and also
developing open source [110]. Reproducibility and reusability of code are empha-
sized [100], together with the recommendation to provide everything required for re-
producibility [204]. Appropriate licensing [32], the assignment of Persistent Identifiers
(PIDs) [32], and the provision of well-structured metadata [32] are also highlighted.

Although much literature discusses general topics, none of the existing works derives

a unified set of recommendations specifically for RSE in the energy domain. While some

recommendations from other domains may be usable for the energy domain, ERS has

some unique characteristics as described in Section 1.1, like its high focus on simulations
across different expertise fields and its development close to industry. To close this gap, the
goal is to develop recommendations for engineering ERS together with energy researchers.

The outcome should be a single set of recommendations that covers the most important

aspects of RSE in the energy domain. It should incorporate domain-specific requirements

and concrete examples, such that the reader can gain a good overview by reading a single
set of recommendations. These recommendations should offer a practical starting point for

energy researchers to improve their software engineering skills and develop better ERS.

3.2 METHOD

This section outlines the exploratory approach to identify, organize, and prioritize recom-
mendations. The overall workflow is shown in Figure 3.1 and follows a method-triangulation
strategy [30] based on three main sources. Each step is detailed in this section after pro-
viding a general overview.

First, four clusters were identified based on the literature as described in Section 3.1 (see
Table 3.1). These clusters were used as the foundation for a first exploratory workshop.
From this workshop, a first set of recommendations was derived (see Box 3.1) which were
the starting point for a second consolidating workshop. The results of both workshops were
combined to define the detailed recommendations. Finally, a first draft of the recommen-
dations was tested for understandability, usability, and accessibility leading to the final
recommendations.

Generally, the focus is on ERS for modeling, simulation, data analytics, and technology
research software [111]. Infrastructure software was deliberately excluded because it is

driven by a different set of usability-centric requirements.
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Perform literature review
(Section 3.1)

Idea

Four general topics
(Table 3.1)

*Conduct first
exploratory workshop

Ten first recommendations
(Box 3.2)

*Conduct second
consolidating workshop

Ten detailed recommendations

Ten final recommendations

Conduct expert review (Section 3.3)

Figure 3.1: Overview of the method to develop the recommendations as Unified Modeling
Language (UML) activity diagram. Light-blue round boxes contain activities
where expert interactions are marked with *. Dark-blue rectangular boxes
contain (interim) artifacts and inputs.

First exploratory workshop The first workshop took place at the Energy Division
of OFFIS! in July 2024. Eight participants (one professor, five PhD students, and two
research staff) representing all energy-related research groups at the institute attended. All
of them had a high software engineering focus within their different research groups. The
workshop was conducted mainly in English, with occasional informal German exchanges,
and all outcomes were recorded directly on whiteboards.

The workshop comprised three phases. An introductory round highlighted the general
challenges of developing ERS and invited participants to voice initial ideas without any
preconceptions. In the second phase, the participants were divided into random small
groups which discussed sequentially all pre-identified clusters. Each cluster was moderated
by an expert from the author team of [77]. The groups were provided with the cluster topic
and related keywords as shown in Table 3.1. They discussed detailed ideas for relevant

LOFFIS - Institute for Information Technology, Energy Division,
https://www.offis.de/en/applications/energy.html, last accessed 2026-03-03
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Table 3.1: Input for the first workshop: four clusters and related keywords.

Cluster Related Keywords

Architecture and software design Interoperability, extendability, reusability
Publication Licensing, community, reproducibility
Testing (no keywords provided)

Documentation, version control, Continuous
Development process Integration/Continuous Delivery (CI/CD),
code-review

energy-specific aspects of the clusters which were captured on cards. In the final phase,
each participant selected four cards they considered most important, thereby revealing
the priority areas most relevant for the recommendations. Based on the outcome of the

workshop, a first draft of ten recommendations was formulated as shown in Box 3.1.

Second consolidating workshop To broaden the perspective, a second workshop
was organized in November 2024. Twenty external participants from thirteen German
research institutions attended. The recruiting was conducted in two ways. Representatives
of prominent ERS projects were specifically invited. Additionally, members of the Energy
Research Centre of Lower Saxony (EFZN)? were invited. The workshop was mainly held

in English, while many participants discussed in German.

o Test your software based on a test strategy
e Documentation with enough time
e Reuse and extend other software if possible and useful

o Use a project management that takes the size and skills of the involved
team members into account

e Consider reuse

o Keep the architecture as simple as possible

o Use version control

o Develop open source and use a license

o Use platforms where software can be easily found

o Explicitly consider the RSE process in your project proposal

Box 3.1: First preliminary set of ten recommendations

*https://www.efzn.de/en/, last accessed 2026-03-03
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The workshop was structured into four phases. It began with a keynote by a software
engineering professor (Anna-Lena Lamprecht) that gave a general overview of different
aspects of RSE. The presentation set the stage for the subsequent activities. Afterwards,
the invited researchers presented their most relevant ERS in a poster session, allowing the
audience to identify and discuss concrete challenges. Then, the participants were divided
into four random groups. Each group was asked to discuss all ten draft recommendations as
shown in Box 3.1 where only the headings were given to allow free associations. Again, the
discussions were moderated by four experts from the author team of [77] to ensure focus
and productivity. The groups recorded their associations and suggestions on cards. An
empty board was used to capture aspects which have not been discussed before. In the final
phase, each participant selected ten cards to prioritize the most pressing challenges and
innovative solutions. This voting mechanism helped to identify the key areas relevant for
further development of the recommendations. The collective feedback from both workshops

was synthesized into the detailed set of recommendations.

Expert review As the target audience of the recommendations is highly heterogeneous
(see Section 1.1), an expert review was performed to improve the understandability of the
detailed recommendations. Thereby, the clarity and the practical relevance of the formulated
recommendations were assessed. Six colleagues (three with a computer-science background®
and three with an electrical-engineering background*) read the detailed recommendations
and answered four guiding questions adapted from [176] as summarized in Box 3.2.
Their written feedback (e.g., reformulating specific aspects for better understandability)
was used to improve the detailed recommendations to the final recommendations which

are presented in Section 3.3.

e 2
e Which relevant aspects of energy-domain research software are missing?

o How usable and applicable are the recommendations for your own work?

e Are the recommendations easy to understand?

Does the level of detail seem appropriate, and why (or why not)?

Box 3.2: Questions for expert review adapted from [176].

3from OFFIS - Institute for Information Technology, Energy Division,
https://www.offis.de/en/applications/energy.html, last accessed 2026-03-03
“from Leibniz Universitiat Hannover, Institute for Electric Energy Systems (IfES),
https://www.ifes.uni-hannover.de/en/, last accessed 2026-03-03
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Figure 3.2: Overview of all ten final recommendations.

3.3 RECOMMENDATIONS

Ten recommendations for engineering ERS were derived based on the method described
in Section 3.2. Figure 3.2 provides a general overview of the final recommendations. This
section describes the general structure and topics of the recommendations. The detailed
recommendations for energy researchers are published in [77]. The recommendations were
also made available as a moderated GitHub repository” where researchers can discuss the
recommendations and provide feedback.

FEach recommendation consists of two main parts. First, the background on the topic
motivates why the recommendation matters in the context of ERS. Afterwards, concrete,
actionable advice for the topic is given. This part also covers energy-specific characteristics
like working with industry. Many recommendations also include energy-related examples.
Although each recommendation offers a practical starting point, readers of the recommen-
dations are also encouraged to explore additional material, such as tutorials to deepen the
aspects which are most relevant for them.

The recommendations are ordered by the effort required for their implementation. The
first items can be incorporated into everyday workflows with little effort, while the later

items typically demand more resources and are especially relevant for larger software

"https://github.com/NFDI4Energy/ERSE_Recommendations, last accessed 2026-03-03
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projects or for senior researchers who are preparing research project proposals.

The first recommendation (“Reuse and extend other software if possible and
useful.”) addresses reusing ERS for the researcher’s project. It recommends to reuse ex-
isting software wherever possible instead of building everything from scratch. Thereby, it
highlights how existing, well-tested code can reduce required development time, improve
software quality, and foster collaboration. The recommendation also acknowledges the
bounded exceptions in which new implementations become justified, namely when existing
tools are obsolete, of low quality, or locked behind proprietary barriers. The recommenda-
tion provides practical energy-specific advice where to find existing ERS. Additionally, it
highlights relevant criteria for reuse such as license compatibility and emphasizes collabo-
rating with the developers of the existing ERS.

The second recommendation (“Use version control.””) focuses on keeping control of
different software versions. It motivates the need for version control based on a practical
example from energy research and explains typical terms in version control systems like
branch and merge request. Also, the recommendation underlines the importance of mean-
ingful commit messages. It emphasizes the use of git-based platforms like GitHub and
GitLab and hints at also using their additional capabilities, like issue tracking and CI/CD.

The third recommendation (“Develop open source and make your software find-
able.”) stresses that research software should belong to the public domain of science and
motivates open source development. This recommendation includes information on open
source licensing that makes the code freely reproducible and reusable. It also discusses
how to handle open source in cooperation with industry partners which is often relevant
for energy research projects. Additionally, the recommendation provides hints on how to
design a repository for better reusability, like using repository templates and providing a
Citation File Format (CFF) file. It also covers the topic of registering the software in a
domain-specific software registry, archiving the software, and minting a PID to make it
discoverable and citable. In this way, this recommendation covers multiple aspects relevant
for FAIR ERS.

The fourth recommendation (“Organize yourself and your team.”) addresses the
strategic organization of ERS projects and their teams. It stresses that a clear definition of
scope, purpose, and intended user base must be established early, because these factors drive
all subsequent decisions. It also highlights the importance of assessing the available team,
its size, and the members’ skill levels, since these determine the appropriate development
process. Due to the interdisciplinarity of many energy research projects, the team members
often have different backgrounds and experiences. The recommendation acknowledges that
no single organizational model fits every project. Instead it recommends to take all the

mentioned aspects into account to explicitly organize the development.
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The fifth recommendation (“Consider the reuse of your research software.”) fo-
cuses on different aspects to improve the reusability of the software besides being open
source. First, this recommendation highlights how the choice of the appropriate abstraction
level for the software can simplify reuse. It stresses that software must be neither overly
specialized nor needlessly generic. Instead, it is advised to find a sensible balance making
the code understandable, easy to adopt, and still flexible enough to address related prob-
lems. Additionally, it is recommended to follow community-specific conventions and ideally
integrate the code into established open source ecosystems where energy-specific examples
like oemof® are named. Additionally, the recommendation highlights the importance of a
good name and keywords, e.g., based on community-approved ontologies, to increase the
visibility of the software.

The sixth recommendation (“Keep the architecture as simple as possible (but
as complex as necessary).”) stresses that the way components are organized and the
design patterns that connect them determine how easily new features can be added, how
quickly bugs can be located, and how readily the code can be reused by others. Therefore,
the recommendation underlines the strategic role of the software architecture to increase
the scientific impact of research software. It is advised to choose a simple, well-defined
architecture and carefully document it including the reasoning for architectural decisions.
The recommendation highlights the importance of community-adopted interface standards
for APIs to keep the system maintainable and interoperable and it lists some of these
standards.

The seventh recommendation (“You are not done until the documentation is
done.”) covers the role of documentation as a prerequisite for any ERS to be usable,
reproducible, and expandable. It stresses that code without clear explanations is effectively
unusable for other researchers and, therefore, contributes little to scientific progress. The
recommendation emphasizes the use of different documentation types (code documentation,
README file, documentation pages) depending on the size of the ERS. It also links
documentation to other good practices such as open source licensing, version control, and
automated testing. Finally, the recommendation stresses the need to plan enough resources
for documentation, to define minimal documentation requirements, and to use readily
available tools for better documentation.

The eighth recommendation (“Test your software based on a test strategy.”)
concerns the role of systematic testing as a foundation for trustworthy ERS. This rec-
ommendation stresses that testing is not an optional but a core activity that guarantees

code behaving as intended and results remaining reproducible. To motivate the topic, the

Shttps://oemof.org/, last accessed 2026-03-10

49


https://oemof.org/

50

| RECOMMENDATIONS FOR ENGINEERING ENERGY RESEARCH SOFTWARE

recommendation includes energy-specific examples for testing, e.g., ensure that an efficiency
is less than one. It advocates moving from ad-hoc, manual sanity checks to a test strategy
that is early defined and documented. Regarding automation, the recommendation also
provides hints how to embed tests in continuous-integration pipelines and, therefore, enable
test automation. To clearly define required testing, different tests types are introduced like
unit, integration, and end-to-end tests. Overall, the recommendation advises to allocate
enough resources for testing.

The ninth recommendation (“Grow your community.”) focuses on making the ERS
more known and on establishing a user community which is especially relevant for larger
ERS. It motivates that these steps are important to increase the scientific impact of the
software. The recommendation advises to publish a software paper (in a software journal)
and to present the ERS at conferences to increase its visibility where also an example for
an energy-specific conference is given. At the same time, the recommendation shows the
importance of active community engagement like responding to issues and providing a
clear contribution guide to turn passive users into collaborators.

The tenth recommendation (“Include RSE in your research project proposals.”)
stresses the importance of research project proposals to get enough dedicated resources to
achieve high-quality ERS and to follow the other recommendations. This recommendation
advises to explicitly allocate time and budget for activities such as reusing existing frame-
works, maintaining and adapting code, testing, documentation, licensing, and community
engagement. When industry partners are involved, it is also advised to include resources
for legal support and for negotiating joint licensing arrangements in the proposal. The
recommendation also introduces Software Management Plans (SMPs) to systematically
describe the software development and to argue for the required funding to develop reusable
and sustainable ERS. Additionally, the recommendation advises to also include budget
for networking opportunities and training because many researchers have limited RSE

expertise and need support to deliver robust high-quality ERS.

3.4 ANALYSIS OF RESULTING RECOMMENDATIONS

The ten detailed recommendations were evaluated from two complementary perspectives.

First, the understandability of the recommendations was examined by asking a group of
colleagues to review them (see Section 3.2). The participants judged the recommendations
to be understandable, clear, and applicable to their own research. Most of them liked the
level of detail although one participant requested more details, while another requested
less details probably both as a result from their own background. Based on their comments

a few formulations were refined leading to the final recommendations.
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Table 3.2: Comparison of the developed recommendations for developing ERS with existing
recommendations.

v:  Includes similar recommendation X: Does not include similar recommendation

Final Recommendations  [11] [123] [133] [155] [168] [178] [208] [221]

1: Reuse and extend other

software if possible and v X X v v v v v
useful
2: Use version control X X X X v X v X

3: Develop open source and
make your software findable

4: Organize yourself and
your team

5: Consider the reuse of your
research software

6: Keep the architecture as
simple as possible (but as v 4 X X X 4 X X
complex as necessary)

7: You are not done until
the documentation is done

8: Test your software based
on a test strategy

9: Grow your community X X v X X 4 X X

10: Include RSE in your
research project proposals

Second, the recommendations were compared with the existing literature. As introduced
in Section 3.1, some papers focused only on one specific aspect of RSE like [26, 153,
175, 184, 186, 189]. These papers were excluded from the comparison since they focused
on a different level of detail. When comparing with literature, it was analyzed which
of the developed recommendations are also covered in existing recommendation papers.
Table 3.2 shows an overview of the comparison. A more detailed overview of the comparison
is provided in Appendix B. The recommendations concerning the organization of the
development team (“Organize yourself and your team”) and the inclusion of RSE aspects
in research proposals (“Include RSE in your research project proposals”) do not appear in

any of the surveyed works. Therefore, they constitute novel contributions. The remaining
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recommendations overlap with the ones found in literature but differ in the details. Logically,
other publications do not include energy-specific examples due to their different focus.
Additionally, other works rarely address collaboration with industry and interdisciplinary

team structures.

3.5 LIMITATIONS AND DiIscussIiON

As highlighted in Section 3.4, the recommendations align with existing literature but differ
in their energy-specific focus, attention to industry collaboration and interdisciplinary

teamwork, and the inclusion of RSE in project proposals.

Like all studies, the used method has some limitations that should be considered. First
of all, the second workshop was conducted in-person in Germany which may have narrowed
the geographic diversity of the perspectives captured. Although this allowed more personal
engagement and interactions without technical issues of an online setting. Therefore, it
enabled deeper and more fluent discussions. Second, while the participants already com-
prised an interdisciplinary group, not all possible perspectives may have been captured
due to the inherently interdisciplinary nature of energy research. Third, the participants
were primarily practical energy researchers with strong programming skills and some of
them were trained computer scientists. They provided valuable context-specific practi-
cal insights based on their own experience but may have limited awareness of the latest
software engineering technologies. Fourth, the diversity of ERS projects means that the
recommendations have different relevance depending on the context. Therefore, researchers
need to tailor their use to each project’s specific requirements and the type of research

software.

The resulting recommendations highly depend on existing infrastructure for ERS and
research software, like software registries, software journals, and other services, which are
introduced in Section 1.2. When further services and standards become available, the
recommendations should be adjusted. In this step, further community feedback can also

be included which is collected in the GitHub repository of the recommendations®.

The workshops revealed additional important themes beyond the core recommendations
for single researchers. Some participants emphasized the value of regular informal exchanges
on RSE within institutions. The topic of training also emerged in the workshops. Many
energy researchers lack formal software engineering training, yet skills in version control,
testing, clean code, and basic architectural knowledge are essential. These training needs

should be addressed at the beginning of projects potentially through internal experts or
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external providers such as the Digital Research Academy’.

Another significant theme that emerged from the workshops was the undervaluation
of research software as a scientific contribution which was also pointed out in multiple
publications as shown in Section 2.1. Research software is often viewed merely as a tool
for generating research results rather than as a valuable contribution in its own. However,
well-written and documented software can have substantial scientific impact through direct
reusability and extension by other researchers. The scientific community should place
greater value on research software development alongside traditional publications.

Most of these challenges are similar for all types of research software, where a general
overview was given in Section 2.1. Nevertheless, a domain-specific discussion of these
aspects is an important step to foster cultural change towards increased quality of ERS
which can improve the quality of energy research. Overall, the recommendations serve as
a starting point to better understand ERS and improve its engineering in energy research
towards FAIR ERS.

"https://digital-research.academy/, last accessed 2026-03-03
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Metadata Schema for Energy

Research Software

Besides practical guidance, achieving FAIR ERS requires consistent and comprehensive
descriptions of ERS through rich, standardized metadata. Thus, this chapter addresses
RQ2 of this thesis:

RQ2: Which metadata are suited to improve the FAIRness of ERS and how can

they be structured within a metadata schema?

As introduced in Section 2.5, the foundation of good metadata lies in a well-designed
metadata schema that establishes a shared, structured framework for capturing relevant
information in a consistent way. Therefore, this chapter focuses on a metadata schema
for ERS. The metadata schema should be both effective in enhancing the findability and
interoperability of ERS and practically feasible for energy researchers to use.

To guide the research on the metadata schema, a set of Core Metadata Requirements
(CMRs) is derived from the foundational concepts in FAIR research software, metadata
management, and metadata schema design, as introduced in Chapter 2. The CMRs are
summarized in Table 4.1. From a functional perspective, the metadata schema must cap-
ture sufficient energy-specific information (see Section 2.2) to enable robust findability
across the diverse landscape of ERS (CMR1). The schema must also incorporate all infor-
mation required to fulfill the FAIR4RS principles, such as licensing information (CMR2).
Meanwhile, the schema should also be as simple as possible to allow widespread adoption
and ease of use [225, p. 180]. It is important to ensure that the schema is accessible and
usable for energy researchers, with clear guidance, minimal burden, and an ensured qual-
ity, e.g., through mandatory elements (CMR3). Another relevant aspect of the metadata
schema is interoperability (see Section 2.5), which leads to multiple requirements: (1) The
schema should allow for semantic, syntactic, and functional alignment with other meta-
data standards either by reusing established elements or enabling crosswalks to existing
schemas [225, pp. 23-29] (CMR4). (2) To ensure consistency and machine-actionability,
many metadata values should be drawn from controlled vocabularies to improve preci-
sion [225, pp. 23-29] (CMRS5). (3) Furthermore, the schema should be formalized using
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Table 4.1: Core Metadata Requirements (CMRs) for a metadata schema for ERS. The
order of the requirements does not reflect relevance.

ID Requirement

CMR1 Capture sufficient energy-specific information.

CMR2 Incorporate all information required for FATR4RS.
CMR3 Be feasible for energy researchers.

CMR4  Align with existing standards.

CMR5  Use controlled vocabularies.

CMR6  Use widely adopted technologies for its formalization.

widely adopted (semantic web) technologies to ensure compatibility with existing tools

and workflows (CMRG6).

Based on these CMRs, an analysis of existing approaches is outlined in Section 4.1.
Since none of the existing approaches fulfills all requirements, Section 4.2 introduces the
methodology to develop a metadata schema for ERS. An important step of the methodol-
ogy is an analysis of the requirements which is presented in Section 4.3. The subsequent
development, described in Section 4.4, iteratively shapes the schema through design, vali-
dation, and refinement. Finally, the full metadata schema, called ERSmeta, is presented

in Section 4.5.

Parts of this chapter are already published in [84, 90] and other parts are included
in a paper that is currently under review, available as preprint [91] (see Appendiz A

for detailed descriptions of the author’s contributions to these publications).

4.1 ReLaTeED WORK

This section presents an overview of existing approaches to metadata schemas for research
software. While some are explicitly designed as metadata schemas, others are ontologies that
can serve as element vocabularies for metadata. The approaches vary significantly in their
use of metadata schema capabilities, such as defining mandatory elements, supporting
URIs, and integrating ontologies as value vocabularies to ensure semantic consistency
and interoperability. As a result, they address the presented CMRs to a different extent.

Table 4.2 summarizes the main characteristics of the reviewed approaches.
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Table 4.2: Overview of existing metadata approaches for research software.

v: fulfilled (v): partly fulfilled X: not fulfilled
— B L g
B I -
-8 o
56 2 2ES
= @® % = S
= O Q= Qo .=
T EE SE®
28 -2 Exg
Qe 28 £
Types Specific Approaches Scope < = = =8
CodeMeta' [136] General 4 X 4
Metadata  Citation File Format
Schemas  (CFF) [60] General X X X
DataDesc [150] General 4 X (V)
biotoolsSchema [128] Bioinformatics X v v
Ontologies OntoSoft [98] Geoscience X X v/
Software Description
Ontology® [96] General 4 4 v
Catalog of energy
Not co-simulation Energy X (V) X
formalized components [192]
approaches  ohenmod3 Energy X () X
OEP factsheets® Energy X ) X

Metadata for research software without an energy scope

Generally, package

registries for different programming languages like PyPi® for Python include some metadata

for the software packages. Since their underlying metadata schemas are always language

specific, they are out of scope for this overview.

CodeMeta' [136] is a community-driven metadata standard for research software. It is

built on Schema.org® and draws from existing practices across different software reposito-

"https://codemeta.github.io/, last accessed 2026-03-03
*https://w3id.org/okn/o/sd, last accessed 2026-03-03
*https://wiki.openmod-initiative.org/wiki/Open_Models, last accessed 2026-03-03
“https://openenergy-platform.org/factsheets/models/ and
https://openenergyplatform.org/factsheets/frameworks/, last accessed 2026-03-03

"https://pypi.org/, last accessed 2026-03-03

Shttps://schema.org/, last accessed 2026-03-03
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ries. Its development is still ongoing through an active community and public discussions
on GitHub. CodeMeta is formalized as a JSON-LD Schema and includes a broad range
of elements covering technical details (e.g., file size, supported operating systems), ad-
ministrative metadata (e.g., license, version), and contributor information. While allowing
free-text for most elements, it supports the use of URIs for authors, contributors, and
licenses, enhancing machine readability. However, CodeMeta does not enforce mandatory
elements and its domain-specific content is limited to application categories and keywords.
CodeMeta provides multiple crosswalks, e.g., to the Data Catalog Vocabulary (DCAT).

The Citation File Format (CFF) [60] is another approach which aims to enable proper
citation of research software. While it captures essential information such as authorship,
version, and license, it is not a full metadata schema but rather a lightweight format for
citation metadata. As such, it lacks structured definitions for its metadata elements and
does not include domain-specific or technical details, limiting its utility beyond citation.

Kuckertz et al. [150] introduced DataDesc as metadata schema that focuses on interfaces
of research software. This schema reuses multiple elements from CodeMeta and allows for
a detailed description of research software interfaces. It does not cover detailed domain-
specific aspects besides keywords and description.

In contrast, domain-specific approaches often allow providing richer metadata. Ison et al.
[128] introduced biotoolsXSD as a metadata schema in life sciences, developed for the
registry bio.tools” [127]. It is a formally defined XML schema with 55 metadata elements
of which ten are mandatory. biotoolsXSD leverages the EDAM ontology® as a controlled
vocabulary for key elements such as function, input, and output, ensuring consistency and
interoperability. The schema also includes technical metadata like programming language,
license, and operating system. However, the use of ontologies or URIs is not required for
these. The schema was shaped through community workshops, reflecting a participatory
design process [128].

Gil et al. [97, 98] introduced OntoSoft as an ontology for research software, initially
tailored to geosciences. For its development, they performed informal surveys [97] without
providing more details on their method. OntoSoft is organized in six thematic categories:
identify, understand, execute, do research, get support, and update. Thereby, it covers
both technical and descriptive aspects such as dependencies, contributors, and execution
environment. While OntoSoft allows free-text input for many elements to ease adoption,
this flexibility reduces the semantic interoperability of the created metadata. The creators

of OntoSoft also developed a registry”.

"http://bio.tools, last accessed 2026-03-03
8https://edamontology.org/, last accessed 2026-03-03
“https://www.ontosoft.org/portal/, last accessed 2026-03-03
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Further advancing semantic integration, Garijo et al. [96] expanded OntoSoft by creating
the Software Description Ontology®. Their development process was guided by competency
questions, ensuring alignment with real needs. The Software Description Ontology aligns
with CodeMeta and incorporates the Scientific Variables Ontology'’ to describe input
and output data, particularly relevant for scientific models. It enables rich linking to
external knowledge graphs such as Wikidata'' and supports publishing metadata in an
open knowledge graph. Kelley and Garijo [147] presented a tool for metadata extraction
that uses the Software Description Ontology (SOMEF).

Overall, the existing approaches reflect a spectrum of design philosophies: from lightweight,
simple formats like CFF over larger approaches like CodeMeta, biotoolsXSD, and OntoSoft
to rich, ontology-driven frameworks such as the Software Description Ontology. While
many approaches support URIs and semantic linking, only a subset enforce controlled
vocabularies or mandatory elements, impacting consistency and machine-processability.
Domain-specific schemas like biotoolsXSD demonstrate the value of integrating domain
ontologies to capture meaningful, reusable metadata. However, none of these approaches

fully addresses the unique needs of ERS, particularly in terms of energy-specific elements.

Metadata for research software in the energy domain There exist only a few
approaches for metadata of research software in the energy domain. Schwarz and Lehnhoff
[192] presented a way to catalog energy-related simulation components by utilizing a
semantic media wiki'? to collect information on simulators. They used the Functional
Mock-up Interface (FMI) to describe simulation interfaces. Although the elements of their
catalog could serve as a metadata schema, they lack formalization and detailed description,
limiting their utility for widespread adoption and integration.

The open energy modeling initiative (openmod) hosts a wiki® that lists numerous energy
models, each accompanied by metadata such as license information, links to code reposi-
tories, model classifications, and detailed model descriptions. The template for the model
entries systematically includes multiple metadata elements. Still, the description is not a
formalized metadata schema and controlled vocabularies are neither used for the elements
nor for the values.

The Open Energy Platform (OEP) extends this approach by providing factsheets on
models and frameworks in energy research?. The metadata elements in the factsheets are
based on the ones of the openmod wiki and partly mandatory. However, the factsheets

also lack a formalization. They only partly employ controlled vocabularies for elements or

Ohttps://scientificvariablesontology.org/svo/, last accessed 2026-03-03
"https://wuw.wikidata.org/wiki/Wikidata:Main_Page, last accessed 2026-03-03
12https://www.semantic—mediawiki.org/wiki/SemantiC_MediaWiki, last accessed 2026-03-03
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values but do not use domain ontologies for this purpose, which hampers interoperability
and discoverability.

While there are some metadata schemas available in other domains and in general as
shown before, a formalized metadata schema specifically designed for ERS is still missing.
But, the presented efforts by the OEP, the openmod, and Schwarz and Lehnhoff [192] offer

valuable starting points for developing such a schema.

4.2 OVERARCHING METHOD

As none of the existing approaches fulfills all CMRs, this section outlines the overall
method used to develop a metadata schema for ERS. According to CMR4, the metadata
schema should align with existing standards. Therefore, it should reuse existing metadata
elements from various ontologies and schemas and, thereby, forms an application profile
(see Section 2.5). While mainly methods for application profiles were used, this thesis also
uses the term metadata schema since it is the more common term.

Several methodologies and summaries have been proposed for developing application
profiles, including the Singapore framework [166], the Method for the development of Meta-
data Application Profiles (Me4dMAP) by Curado Malta and Baptista [45, 46, 47], the work
of Miller [162, pp. 395-404], and the work of Zeng and Qin [225, pp. 222-223]. Each of them
outlines a structured process for creating an application profile, emphasizing the impor-
tance of domain analysis, stakeholder involvement, and iterative refinement. However, there
is no single, universally accepted methodology for developing application profiles, reflecting
the diversity of application domains and the evolving nature of metadata standards. In
the following, additional details are provided on these methods.

Me4MAP, developed by Curado Malta and Baptista [45, 46, 47], argues for a collaborative
approach, defining four key roles (project manager, system analyst, integrator, and final
user) that work together in the development of the application profile. The methodology
starts with defining functional requirements which serve as a foundation for a domain
model. Afterwards, it includes an environmental scan, which analyzes existing schemas,
and the development of an element set, syntax guidelines, and usage guidelines.

Miller [162, pp. 395-404] outlines a six-step approach to develop application profiles. His
process includes analyzing context, content, and users; selecting an element set; establishing
element specifications; creating controlled vocabularies; developing content guidelines; and
documenting the profile.

Zeng and Qin [225, pp. 222-223] present a twelve-step process, divided into three phases:
analyzing and understanding the collection, developing the element set, and preparing the

specification. This approach covers relevant aspects such as examining resources, drafting
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desired elements, designing a domain model, and creating crosswalks.

Key aspects from these different methods are combined to a methodology which was used
in this thesis to develop the metadata schema for ERS. Generally this methodology follows
the process outlined by Curado Malta and Baptista [45, 46, 47] and is shown in Figure 4.1.
First, requirements were collected from two complementary sources, which is discussed
in detail in Section 4.3: an interview-based requirements analysis with energy researchers
and a review of requirements reported in the research software literature. Together these
inputs led to a domain model for the metadata schema which defines and clusters the core
properties needed to describe ERS. The development part, outlined in Section 4.4, started
with a detailed analysis of elements in existing schemas to complete the domain model.
After refining the domain model, a first element set was drafted. The element set was
then reviewed by a few domain experts, whose feedback informed further adjustments. To
ensure high interoperability, the refined elements were aligned with established metadata
schemas and appropriate controlled vocabularies were defined for multiple elements. The
preliminary schema was evaluated by applying it to two ERS, allowing to assess its practical
applicability and to identify any remaining gaps. Finally, the schema was formalized in both
JSON-LD and SHACL representations, and a concluding validation test was performed to

confirm its consistency and readiness for use. The final schema is named ERSmeta.

4.3 REQUIREMENTS FOR A METADATA SCHEMA FOR ENERGY

RESEARCH SOFTWARE

Developing a comprehensive metadata schema for ERS requires a thorough requirement
analysis addressing the three facets identified by Miller [162, p. 395]: context, content, and
users. Thereby, the content-oriented CMRs are detailed into more specific requirements.
The analysis began with an interview-based study of energy researchers. Following
Castro et al. [33], in-depth interviews are an effective way to capture domain-specific
needs. Thereby, CMR1 was specified by focusing on a user’s perspective to get a better
understanding of the required content. Section 4.3.1 introduces the detailed method used
for the study. Afterwards, Section 4.3.2 presents the resulting specific requirements, which
led to a first domain model, defining the core properties needed to describe ERS. As
highlighted in the Singapore Framework [166], the domain model is a crucial artifact in
the development of a metadata schema serving as the foundation for the following steps.
In addition to user insights, Section 4.3.3 derived contextual requirements from the
broader RSE literature, as introduced in Section 2.1, and from the FAIR4RS principles,
detailing CMR2. This ensured that the schema would not only satisfy the immediate infor-
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Experience from *Perform interview-based
Energy Researchers requirement analysis

1st domain model

Requirements

. Gather requirements from
e research software literature

2" domain model

Existing schemas
(research software
and ERS)

Add elements
from existing schemas

34 domain model

Expert Develop the first element set

Feedback Input (*including feedback from experts)

1st element set

Align element set with existing metadata schemas

Development

2nd aligned element set

Define value vocabularies
(*including 15t test)
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ERS Informal metadata schema

Prepare specification
(*including 2" test)

Formalized metadata schema ERSmeta

5

Figure 4.1: Method to develop the metadata schema as UML activity diagram. Light-blue
round boxes contain activities where expert interactions are marked with *.
Dark-blue rectangular boxes contain (interim) artifacts and inputs.
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mation needs of energy researchers but also remains compatible with evolving community
standards and organizational practices for FAIR research software. These requirements

were added to the domain model, leading to its second version.

4.3.1 Research Design and Method, Data Collection and Analysis

To explore the requirements for ERS metadata, a qualitative approach was employed, in-
volving 32 expert interviews with energy researchers. As research software engineers are
yet not established in the energy domain, the interviews focused on researchers who mostly
also develop ERS. To ensure a diverse range of perspectives, a wide range of research
backgrounds were included, ranging from system-level studies to component-level inves-
tigations. Although, some subcommunities may be underrepresented due to the highly
interdisciplinary nature of energy research. The selection process aimed to include a bal-
anced representation of both male and female researchers and of different career levels
(Ph.D. students, postdoctoral researchers in academia and industry, and professors). By
this diversity, the effects of individual biases should be minimized and a comprehensive
representation of opinions should be ensured. In terms of career levels, an equal distribu-
tion was targeted to avoid response biases, as highlighted by Noble [167]. The interviewees
were identified through the researchers’ professional networks and invited to participate
via email. Figure 4.2 and Table 4.3 provide a detailed overview of the distribution of the
interviewees. While the recruitment process aimed to include international researchers,
approximately 80 % of the interviewees were based in Germany, which is a limitation of

the study as it may have narrowed the geographic diversity of the perspectives captured.

Field of Expertise Academic Level Gender

37%

16% 38%
= Energy systems = Junior researchers/ Ph.D. students = Male
= Energy components
- - . ) = Postdoctoral researchers = Female
Visualization, analysis, and processing of data
u Related research fields (e.g., heat) Professors

Figure 4.2: Characteristics of interviewees.
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Table 4.3: Characteristics of interviewees.

Academic Junior researchers/ Postdoctoral
Professors
. Level Ph.D. students researchers
Field
of Expertise
n 11 12 9
17, 111, 113, 118, 110, 112, 129, 117,
Energy systems 12 126 194 127, 131
Energy components 5 12, 15 14, 18, 116
Vlsuahzatlop, analysis, 4 119, 121, 130 120
and processing of data
Related research fields 16, 19, 114,
(e.g., heat) 11 1 13, 122, 123, 132 115, 125, 128

Additionally, the interviews addressed the needs of energy researchers with respect to the
findability and selection of ERS from their perspective. Additional perspectives, e.g., re-
garding provenance, citation, or long-term preservation, are incorporated through a review
of the RSE literature (see Section 4.3.3).

To conduct the interviews along established practices with an appropriate level of relia-
bility [196], an interview guideline was developed as a semi-structured questionnaire based
on the FAIR4RS principles and a first analysis of related work as described in Section 4.1.
The interview guideline, published as [73], allowed the participants to flexibly express
their information needs regarding ERS and was structured into seven parts outlined in
Figure 4.3. Tt began with introductory questions about the interviewees’ research and
their use of research software (1). The subsequent five sections addressed different aspects
of metadata usage for ERS, based on the FAIR4RS principles: findability from a search
perspective (2), findability from a selection perspective (3), accessibility (4), interoperabil-
ity (5), and reusability (6). The guideline ended with concluding questions (7), e.g., the
participants’ opinions on a research software registry in the energy domain. A pretest
interview was conducted with a Ph.D. student to validate the guideline and adjustments
were made based on the received feedback.

The interviews took place between August 2022 and January 2023, resulting in a total
of 32 expert interviews. They were conducted in either German or English, with some
held in-person (n=7) and others online (n=25), and lasting between 20 and 80 minutes.
To minimize potential response biases, confidentiality of the interview transcripts was
promised, as suggested by Myers and Newman [165]. Theoretical saturation was reached

after conducting 32 interviews, as no new themes or concepts emerged, aligning with the
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existing ERS characteristics  *Quality interfaces +integrating additional relevant
when searching characteristics the software colleagues
*Thematic
Technical

Figure 4.3: Overview of the interview guideline.

principles outlined by Strauss [206].

All interviews were audio-recorded with the consent of the participants. They were
transcribed in their original language using whisper'® [181] and the transcriptions were
manually reviewed. The primary data analysis involved qualitative content analysis, using
MAXQDA 2022 Analytics Pro'. It started with an examination of all available data,
identifying common themes and assigning first-order codes based on information areas of
ERS, e.g., community. These first-order codes (see Figure 4.4) were then split into particular
information needs which were labeled with second-order themes, e.g., contributor. These
needs closely resembled potential metadata elements. The derived metadata elements were
systematically organized into a first domain model which is outlined in the following section
(Section 4.3.2). This domain model serves as a structured framework for understanding the
complex information requirements for ERS, derived from the qualitative content analysis.
To ensure consistency and completeness, additional elements were introduced to fill existing
gaps. For each element, initial definitions were drafted, with reusing existing definitions

from CodeMeta whenever possible to leverage the established standard.

4.3.2 Detailed Requirements

The domain model provides a structured framework for understanding the information
needs of the energy research community and is broadly visualized in Figure 4.4. It is orga-
nized around six primary thematic areas (the first-order codes) which serve as the top-level
categories: provenance, usage, community, interface, software-specific, and functionalities.
These categories are explored in detail in the following part, providing an in-depth exami-
nation of each aspect. Thereby, this section presents a general overview of the first domain

model, while descriptions for all elements can be found in Appendix C.

Yhttps://github.com/openai/whisper, last accessed 2026-03-03
“https://www.maxqda.com/de/produkte/maxqda-analytics-pro, last accessed 2026-03-03
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Provenance

Energy Research

Functionalities Software

Community

Software-specific Interface

Figure 4.4: First general domain model with the thematic areas. They present the first-
order codes of the interview analysis.

Provenance The category provenance focuses on information about the origin of the
software. The different identified elements are summarized in Figure 4.5.

The researchers are interested in general background information about the software,
such as a publication. Also, they want to know how many people contributed to the software.
This number is also seen as an indicator for the quality of the software by the researchers
(I27: “So if it’s like [...] there’s a bunch of people involved in this community, it must be
good.”).

Regarding the institution behind the software, the interviewees can be divided into
two groups. The first group is interested in this information for multiple reasons: if an
institution with a high reputation is developing the software, that can be an indicator for a
bigger user base (19: “But maybe if there are researchers at MIT that developed something,
they could do a better job in publicizing this and as a result of this, they have a larger user
base.”) or can be an indicator for quality if the researcher is familiar with the research group
behind the software and the typical quality of that group’s work. Information about the
actor behind a software also allows the researchers to see possible economic interests behind
the software. On the other side, a smaller portion of the interviewees is not interested in
the information or even expects that they will have an unwanted bias towards software

from institutions with better reputations when this information is given.

- Foundation
Named in n interviews [ Categorization ] Software ]
C__Jo4
58 ;
o 12 Related Project Provenance
= 13:;2 Publication
Contributor Describing the Institution

I Software

Number of Geographical Country of
Contributors Spread Origin

Figure 4.5: Detailed domain model for provenance.
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Interval of
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Download Link

Long, Paper,...)

Figure 4.6: Detailed domain model for usage.

Usage This category summarizes information that the researchers want to know to
simplify using the software. This includes information on different versions, the given
support, and the planned future development of the software. All elements are displayed
in Figure 4.6.

Concerning versions, the researchers would like to see information about how often the
software is updated (I7: “Which I [...] think is a very important indicator [...] is how long,
I say, or how often the code is updated.”) and when the last version was published. With
this information, they would like to get an impression if problems or bugs they find in the
software will be fixed on short notice.

The researchers are especially interested in examples to see if they can directly use the
software (I25: “One of the big things that I look for in software is are there examples that
are provided with the software”). They want to understand how the software can be used
and want to be able to directly run it. Besides examples, they would also like to see a link

to the documentation of the software.

Community Different aspects of the engagement with the community and estimating

the size of the community are combined in this category. Figure 4.7 gives an overview of all

Type of
Interaction

Existing

Communit Number of Git
Named in n interviews Inoteracutic;ny Stars
0-4 —
)58 PJ‘;'rfatt;;” c it Number of Git
o 912 P ommunity Forks
E_— 13-16
s 17-26 Number of Git Downloads Number of Git
Downloads Issues

Figure 4.7: Detailed domain model for community.
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elements of this category. In general, the researchers would like to know how many users a
software has, e.g., by seeing the number of downloads for the software.

The researchers are interested in knowing for which publications the software was already
used. On one side, the pure number is interesting for the researchers (I7: “The number
of scientific papers that cite the software would actually be super cool”) as it is a good
equivalence to paper citations. On the other side, the researchers are looking for examples
of what can be done with the software and how it can be done. They expect to get this
information from the publications using the software (I9: “So, in many cases, you do not
know how to initialize these parameters, and if you see that someone else has used this
software in their research, you can also look for, hopefully, that particular section in the
paper that explains how this is done, and you can reproduce this and be able to use that
software.”).

Additionally, the researchers would like to know if there is a community around the
software and how it interacts. This interaction can for example include issues on GitHub
or GitLab, mailing lists, or community events. Based on this information, the researchers
would like to estimate how easy or difficult it is to get support when using the software
(I15: “I think a mailing list [...] is very good, because it gives you the opportunity to share

your problem with the community of users”).

Interface This category summarizes all information needs around the interaction of an
ERS with the outside world. This includes information on the available APIs, the types
of input the software can read from files (e.g., specified via the command line), or the
types of output the software produces (e.g., file types or the command line), as well as
links to required or related datasets and software. All related elements are displayed in
Figure 4.8. Typically, a software has multiple inputs and outputs. Also, some software can
be integrated into other software or a software allows the integration of other software
components, e.g., certain models.

The researchers are interested in knowing the interface of the software including its

[ Required? [ Resolution ]

Named in n interviews Direction (Input, Content
)04 Output, ... ) (Semantic)
— Compatibl
= T e Interface Standard Used
S 7-26 Automatic Compatible
((Added to be consistent | Research
Hardware

Figure 4.8: Detailed domain model for interface.
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syntax, its semantics, a general API description, and the information if the API follows
a standard (I21: “But also standardized interfaces to control laboratory devices when it
comes to recording measurement data. There are standards, so it would be good if they
were at least partially supported.”). This information is useful to the researchers to roughly
estimate how difficult it is to include the software in their ecosystem of other software
and/or laboratory hardware.

Besides the description of the interfaces, the researchers would like to have an overview
of compatible data and software (120: “Not only compatible but what other software can
be used together with it?”). Besides better estimating the required integration work, the

researchers also hope to find additional relevant software based on this information.

Software-specific In the context of software-specific information, some aspects are
already top-level categories by themselves, e.g., usage and interface. The remaining software-
specific information can further be separated into quality, licenses, technical requirements,
and performance. Figure 4.9 provides an overview of the identified elements.

Concerning the quality of research software, tests are often mentioned but are also
controversial. Some researchers state that knowing the number of the tests without knowing
the quality of the tests is not useful. (I120: “That depends on how good the tests are. I
think the number is not reliable.”). On the other hand, interviewees see having tests as a
quality indicator for research software (126: “That’s always a good indication that you’ve
at least thought about a few tests. So that’s already a plus point.”).

For license information, some researchers only require the general information if the

Name
Open vs. f
I A What is
Not Open
Named in n interviews Quality Sieense costs

Stars

)04
5-8 -
o 9-12 Software-specific
. 13-16 Compat
- patible :
s 17-26 Programming Programming Operating

Language System

Languages
Software Type
(GUI vs.
Commandline

Technical

Performance .
Requirements

Minimal System
Configuration
Real-time
Capability

—

[ Dependencies License
|
] [ Availability ] Version Number]

Parallelization
Capability

Figure 4.9: Detailed domain model for software-specific.
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software is open source while others want to know the exact license. In the context of
commercial licenses, the researchers want to know possible license fees (I6: “I don’t think
I’ve mentioned license costs yet. That is of course also fundamental. Typically, of course,
we don’t have huge budgets to procure software licenses in the research projects.”).

For the technical requirements, the researchers want to get information about which
programming languages the software is compatible with, especially if they have an engi-
neering background (I3: “But if I have to integrate it into my programs myself, then it
has to have a Python interface and yes, I think that’s my criterion.”). Also, they want to
know the supported operating systems because being compatible to a specific operating
is sometimes a clear requirement for reusing a research software (I127: “I should say, I do
have a preference if it doesn’t work on a Mac. I don’t have a Windows machine. And
there’s some energy software that doesn’t work on Macs like Energy Plus or yeah, CAD
software.”).

In terms of performance, most researchers see a problem in simply comparing execution
times since they highly depend on the used hardware according to the researchers. Never-
theless, an estimated execution time would be helpful for the researchers. Also, they like
to know if the software can be run on a laptop or if a HPC cluster is required (125: “Do I
need to deploy this on an HPC cluster [...]7”).

Functionalities Within this category, different elements on the functionalities of ERS
are clustered. Figure 4.10 shows all elements of this category. The researchers want to get
a fast overview of the relevant functionalities of the software to estimate if the software
fits their use case and requirements. Therefore, many researchers want to see a graphical
abstract of the software, e.g., an UML diagram of the primary functions (I11: “But then a
small, for example, abstract or an UML diagram is always nice to see. Or simply a flow
diagram, a black-box model, or small boxes that say this goes into a model and this comes
out. Simply a small illustration that tries to explain the model to me in fewer words.”).

To estimate if the software fits the problem, the researchers would like to see for which
use case the software was originally developed and which use cases are currently supported
(I15: “Why was this software created? Which problem can now be solved with this tool,
which was not reasonably solvable before?”).

In the energy domain, location and time are important factors. Therefore, the researchers
want to know the geographical and temporal scope as well as the possible geographical and
temporal resolutions of the software. Based on this information, the researchers can decide
if the software fits their requirements (I18: “This also makes it easier to evaluate, whether
this is a similar flight altitude to the one you are looking for.”). When looking at certain

components, the spatial dimensions which they support are also relevant. Concerning
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Figure 4.10: Detailed domain model for functionalities.

energy grids, the information if transient effects are covered and which voltage levels are
included are also of interest (I17: “In thermal systems, we often do not know before we use
libraries, whether transient behavior can be covered or whether capacitive behavior can be
included.”).

The researchers also want to know which sectors and technologies are covered and
modeled. They often look for models of specific components in energy systems that they
need in their research (I1: “Are models available for pumps? Are models available for
storage tanks?”). Also, the level of detail of the components is relevant. The models need
to include enough details to cover the relevant effects but should not be too detailed because
that slows down the overall simulation (I118: “If this is now modeled in more detail, then
it probably includes more physical effects, which run on time scales that are not relevant
for us and would then make the simulation slower.”).

To see if a software fits, the researchers would also like a quick overview of the assumptions
of the model implemented in the software. Since many ERS deal with optimization, the
researchers also want detailed information on the optimization, e.g., regarding the solver
or the method.

4.3.3 Requirements from Research Software Literature

To ensure that the envisioned metadata schema not only meets the requirements of energy
researchers but also contributes to the development of FAIR research software, an analysis of
the FATR4RS principles [39] (see Section 2.2) and additional RSE literature was conducted
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(see Section 2.1). This analysis aimed to identify additional specific requirements for the
proposed metadata schema.

A relevant work to this regard are the Research Software Metadata (RSMD) guidelines
introduced by Gruenpeter et al. [101]. The RSMD guidelines outline a set of relevant
requirements for research software metadata based on the FAIR4RS principles. They pro-
vide recommendations for reference and identification, including tracking versions, using
intrinsic and extrinsic identifiers, and selecting the appropriate granularity level for identifi-
cation. In addition, the guidelines suggest adding descriptive metadata, such as names and
descriptions, and citing related resources, while avoiding duplication of information. They
also provide advice on credit and attribution, including adding information about authors
and contributors, specifying citation preferences, and identifying owners. The guidelines
also cover reuse and legal aspects, such as determining rights holders, adding embargo
dates, and licenses, as well as verifying license compatibility and including file headers with
license information. Moreover, the guidelines address re-executability, recommending the
description of dependencies, operating systems, hardware requirements, and required data
as well as the provision of build instructions and user documentation.

These guidelines and additional requirements from RSE literature led to the identification
of specific elements that were added to the domain model leading to its second version.
For example, Lamprecht et al. [151] defines the need of a metadata license which led to the
element metadata license in the domain model. Overall, additional aspects from broader
initiatives in research software metadata and the FAIR4RS principles were incorporated

into the domain model.

4.4 DEVELOPMENT OF THE METADATA SCHEMA

This section presents the development of the metadata schema which is based on the second
domain model from the requirement analysis. The development systematically followed the
steps, which Section 4.2 introduced and Figure 4.1 summarized. It led to the new metadata
schema ERSmeta.

4.4.1 Elements in Existing Schemas

The development of a metadata schema requires an environmental scan, as introduced in
Me4MAP [47]. This process involves a thorough analysis of existing metadata approaches to
identify additional relevant elements. The environmental scan serves as a third information
source for the domain model, complementing the requirements gathered from users and

RSE literature. To this end, an analysis of elements from related metadata schemas was
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Table 4.4: Overview of the analyzed metadata schemas.

Scope Software-focused Data-focused

CodeMeta [136], DataDesc [150],
R Package Metadata'®, Python Package

General Metadata'®, CFF [60], RSD Data Model'7,
Software Description Ontology [96]
Engineering Metadata4Ing [125]
. Open Energy Metadata
3 4
Energy openmod®, OEP Factsheets (OEMetadata) [122]
Other domains ontosoft [97], BiotoolsSchema [128]

conducted, which are summarized in Table 4.4. Through this analysis, additional elements
were identified and incorporated into the domain model filling gaps and broadening its
coverage. Thereby, a more robust and inclusive third domain model was created that is

able to cover all relevant information on ERS.

4.4.2 Development of the First Element Set

Miller [162, p. 397] suggested that the analysis of context, content, and users, coupled with
the determination of functional requirements, should lead to a preliminary set of desired
elements. Before defining such element set, the underlying domain model must be prepared.
Since the third domain model captures requirements from different sources, it contained
redundancies and areas for improvement. To resolve these issues, a consolidation and
refinement of the third domain model was undertaken. This involved removing duplicate
entries, ensuring that each element was unique. Additionally, the grouping in the thematic
areas was improved, creating a more organized and structured framework.

Building on this improved domain model, a first element set was drafted for the metadata
schema. To ensure global accessibility and usability, all elements were exclusively expressed
in English to facilitate their adoption by the international energy research community.
Definitions were added for all elements. When elements were derived from existing schemas,
their original definitions were reused whenever possible to maintain consistency, avoid
duplication of effort, and leverage established standards. In line with Miller [162, p. 400],

each element was further specified by assigning a data type, a cardinality, and an obligation

Yhttps://r-pkgs.org/description.html, last accessed 2026-03-11

https://packaging.python.org/en/latest/specifications/core-metadata/, last accessed 2026-03-03

"https://research-software-directory.org/documentation/users/adding-software/, last accessed
2026-03-03
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level (mandatory, recommended, or optional) based on the information from the interviews
and existing approaches. This prioritization provides users with clear guidance on which
elements are essential and which may be omitted in particular contexts.

To ensure the quality and relevance of the element set, five experts were invited to review
it. They had knowledge in both research software metadata and ERS and worked at different
research organizations in Germany. They were provided with the element set including
the descriptions, the obligations, and the cardinalities in an Excel sheet and were asked
to complete a brief survey to provide their feedback. The primary focus of this feedback
process was to identify any missing elements, unclear descriptions, and inconsistencies
within the schema, thereby ensuring its completeness and accuracy. The experts assessed
the element set as useful and provided minor suggestions for improvements, indicating a
high level of satisfaction with the schema’s overall structure and content. They provided
detailed comments to roughly half of the presented elements. Their feedback was carefully
incorporated into the element set, leading to improved descriptions and changes in the

obligations. Thereby, the element set was improved.

4.4.3 Alignment with Existing Metadata Schemas

To foster interoperability and enable seamless integration with existing metadata standards,
the element set must align with related metadata schemas. This process, referred to as
vocabulary alignment in Me4MAP [47], is vital for ensuring that the developed metadata
schema can be easily used with other established schemas. Miller [162, p. 397] suggested to
consider the most relevant metadata schemas in the target community to achieve optimal
interoperability.

The element set was carefully aligned with a range of established metadata schemas

Table 4.5: Overview of the schemas to which the developed element set was aligned.

Scope Software-focused Data-focused
General CodeMeta [136], CFF [60], DataDesc [150],
Software Description Ontology [96]
Engineering MetadataIng [125]
Energy OEP Factsheets’ OFEMetadata [122]

ontosoft [97], BiotoolsSchema [128],

Other d i . j
€r domains Bioschemas ComputationTool'®

Bhttps://bioschemas.org/profiles/ComputationalTool/1.0-RELEASE, last accessed 2026-03-03
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summarized in Table 4.5. Therefore, the elements were first mapped to the schemas. No-
tably, many elements in the element set had multiple corresponding elements across the
different schemas and ontologies, highlighting the complexity and richness of the existing
metadata landscape. Figure 4.11 shows the method for choosing an element for reuse.
For reuse, priority was given to the elements from Schema.org because it is the most
widely adopted ontology and, therefore, allows to maximize compatibility and consistency.
Therefore, elements which are part of CodeMeta and Schema.org were reused first, e.g.,
identifier. Otherwise, a short check for related elements in Schema.org was performed.
For example, the element abstract is reused from Schema.org while it does not exist in
CodeMeta. If no fitting element was found, the other mappings (Table 4.5) were checked
to identify an element for reuse. For each reused element, its original name, description,
and URI were adopted, ensuring transparency and traceability. Furthermore, an effort was
made to reuse the data types for these elements if they are common data types, like date,
Uniform Resource Locator (URL), or text. In some cases, adjustments to the hierarchy of
the elements were necessary to better fit to the other elements in the element set.

The alignment process not only ensured that the element set builds upon established
standards but also led to the creation of crosswalks to other metadata schemas. These
crosswalks allow the mapping and transformation of metadata between different schemas,

further enhancing the usability of the element set for different tasks.

4.4.4 Definition of Value Vocabularies

Controlled value vocabularies are essential to ensure the consistency, accuracy, and interop-
erability of the metadata as introduced in Section 2.5. Establishing them is a relevant step
in the development of a metadata schema, as emphasized by Miller [162, p. 402] and Zeng
and Qin [225, p. 222]. Consequently, the development of this metadata schema included the
identification of value vocabularies for multiple elements to limit their admissible values

and, therefore, promoting consistency across the metadata.
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The process began by identifying the elements that require controlled vocabularies, fol-
lowed by the selection of suitable vocabularies from existing ontologies and knowledge
graphs. Regarding energy-specific elements, the selection of value vocabularies was in-
formed by the comparative analysis of energy-specific ontologies by Steinert et al. [201],
which guided to the use of the Open Energy Ontology (OEQ) [25] as the primary domain
ontology. Regarding domain-agnostic elements, especially knowledge graphs like Wikidata
were leveraged, utilizing their established vocabularies to ensure broader interoperabil-
ity. In cases where suitable existing ontologies or knowledge graphs were not available,
simple value vocabularies were constructed from existing taxonomies in literature, expert
knowledge, and other relevant sources. For example, literature on specific topics was con-
sulted to inform the development of some value vocabularies, e.g., the work on real-time
capabilities by Shin and Ramanathan [195] was used to define the value vocabulary for
realtimeCapable. This approach ensured that the value vocabularies were comprehensive
and relevant to the energy research domain.

Together with the element set, 24 value vocabularies were then incorporated into a
metadata schema, which was subsequently tested with two ERS to validate its usability
and effectiveness. The testing involved collaborative metadata creation with the developers
of the software, providing valuable insights into the schema’s practical applicability and
identifying areas for improvement. Based on the observation and feedback from this testing
with both ERS, the schema was refined.

4.4.5 Preparation of the Specification

The final phase of developing the metadata schema entails preparing a comprehensive
specification, as outlined by Zeng and Qin [225, p. 222]. This involves producing a com-
plete, machine-actionable specification compatible with semantic web applications. The
specification should include the relevant aspects of the schema, like the element set, the
element definitions, and the controlled value vocabularies. Also, the schema needs to be
documented, e.g., with detailed guidelines on how to use the metadata schema, content
guidelines, and crosswalks.

Therefore, the element set and the value vocabularies were combined into a single meta-
data schema named FRSmeta. To satisfy both semantic web requirements and practical
usability, FRSmeta was formalized in two syntaxes: SHACL expressed in Turtle and JSON-
LD Schema. Both formats are introduced in Section 2.5. The SHACL representation was
chosen to ensure high semantic web compatibility, enabling complex constraints for all
elements, such as restricting an element to a specific ontology class, which is particularly

beneficial for dynamic value vocabularies and the linkage to external knowledge graphs.
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Additionally, a JSON-LD Schema was employed to provide easier human readability and
to facilitate better interoperability with CodeMeta, which is also available in that format.

The formalization process started with the definition of the SHACL using the AIMS
platform'?, which allowed the creation through a graphical user interface. Afterwards, the
SHACL definition was refined in detail using a text editor. It was then translated into
a JSON-LD Schema, which was manually improved to include all required information.
To facilitate interoperability with other metadata standards and promote the reuse of
ERSmeta, crosswalks were defined for CFF, CodeMeta, DataDesc, Software Description
Ontology, and the OEP Framework Factsheets. These crosswalks enable the mapping
and transformation of metadata between different schemas, enhancing the usability and
adaptability of ERSmeta across various research contexts.

Following the formalization, a second test was conducted to verify the formalization of
ERSmeta regarding correctness and usability. Informal metadata for one of the software
from the first test round were used to create formal metadata in both formats (Turtle fol-
lowing the SHACL and JSON-LD following the JSON-LD Schema). Also, formal metadata
were created for an additional software together with a developer that is responsible for that
software. The test assessed how well all information could be expressed in both formats
and evaluated the automatic validation against the schema. This rigorous testing allowed
the identification and correction of errors, as well as improvements to the descriptions,
refining ERSmeta.

ERSmeta was published in both SHACL and JSON-LD Schema together with its descrip-
tions, crosswalks, and an example (metadata for a framework for agent-based simulation
called mango [191]) in a GitHub repository?’ and archived on Zenodo [71] allowing for
straightforward use and adoption by the research community. The resulting FRSmeta
schema is presented in Section 4.5, providing an overview of its structure, elements, and

formalization.

4.5 METADATA SCHEMA: ERSMETA

The development led to EFRSmeta which is illustrated in full in Figure 4.12. ERSmeta
comprises 86 top-level elements clustered into ten thematic areas. For instance, the func-
tionality area focuses on domain-specific aspects of a software’s functionality, while other
areas cover different facets of the software, such as its technical requirements, provenance,
and usage. 23 of the top-level elements utilize data types that require separate schemas,

such as author, which uses the data type Person to allow a more detailed description.

Yhttps://coscine.ruth-aachen.de/coscine/apps/aimsfrontend/, last accessed 2026-03-03
2Onttps://github.com/NFDI4Energy/ERSmeta, last accessed 2026-03-04
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Figure 4.12: FRSmeta: a metadata schema for ERS including additional schemas for certain
data types (on the outside in gray). The obligations of the elements are color-
coded.
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Figure 4.13: Distribution of the obligations in ERSmeta over the different thematic areas:
mandatory, recommended, and optional.

To address this, additional 16 metadata schemas with 48 elements were defined, as shown
in Figure 4.12. These supplementary schemas provide further granularity, ensuring that
the captured metadata is accurate and comprehensive. When considering each top-level
element filled at least once, the total number of elements presented in FRSmeta is 158.

To provide clarity on the importance and priority of the elements within the ERSmeta
schema, they were sorted into one of three obligation levels: mandatory, recommended,
or optional. Figure 4.13 provides an overview of how the mandatory, recommended, and
optional elements are distributed across the ten thematic areas of ERSmeta. 14 mandatory
elements ensure a basic level of metadata quality. These elements provide fundamental infor-
mation about the software, such as its name and programmingLanguage. 35 recommended
elements offer a more detailed overview of the software and users of the schema are en-
couraged to fill them. Examples of recommended elements include referencePublication
and purpose. While not mandatory, these elements enhance the metadata’s usefulness and
facilitate a deeper understanding of the software’s capabilities and limitations. 37 optional
elements, while not essential, can still provide useful information about the software. Ex-
amples include funding, input, and output, which can offer additional insights into the
software’s development context and operational characteristics.

To achieve high interoperability with other metadata schemas, existing elements were
reused for 133 elements in FRSmeta. Figure 4.14a provides a detailed overview of the reuse

of elements from various existing metadata schemas and ontologies. The majority of reused

79



80

| METADATA SCHEMA FOR ENERGY RESEARCH SOFTWARE

New Terms: 25 Websites: 3 Ontologies: 6
OEO: 7
OntoSoft. 5
Software Description Literature: 3
Ontology: 9
m4i: 5 Schema.org: Expert Existing approaches
102 knowledge: 11 combined with expert
CodeMeta: 5 knowledge: 5
(a) Reuse of elements. (b) Sources for value vocabularies.

Figure 4.14: Statistics of reused elements and used value vocabularies in FRSmeta.

elements originated from Schema.org. For the purpose of this analysis, elements reused from
CodeMeta that are also part of Schema.org are counted as Schema.org. In addition to the
elements from Schema.org, some elements were reused from CodeMeta that are not yet part
of Schema.org, such as developmentStatus. To cover additional general aspects of research
software, elements were also reused from the Software Description Ontology [96], including
preferredCitation, and from OntoSoft [97], such as compatibleSoftware. For more
energy-specific aspects, elements were drawn from the OFO [25], including coversSector,
and from MetadatafIng [125], such as method. Furthermore, 25 new elements were defined
to cover both domain-agnostic and energy-specific aspects of ERS. These include elements
like developerStructure, which provides information on the organizational structure of
the development team, and energyComponent, which is specific to the energy domain. The
integration of these new elements, along with the reused elements from existing schemas,
ensures that FRSmeta fulfills the relevant requirements while also being interoperable to
existing approaches.

The sources used for the value vocabularies in FRSmeta are illustrated in Figure 4.14b,
showcasing the diversity of resources leveraged to ensure the comprehensiveness and ac-
curacy of the vocabularies. Existing concepts from ontologies, e.g., from the OEO [25],
were incorporated, along with knowledge graphs like Wikidata''. Literature-based cate-
gorizations were also utilized, for example, the categorization for roleInResearch from
Hasselbring et al. [111]. Also, approaches from websites were used, e.g., repository status®!
for developmentStatus. In some cases, existing approaches were extended with expert
knowledge, such as the value vocabulary for softwareType, which expanded a vocabulary
from BiotoolsSchema [128]. Additionally, predefined lists of elements were created using
expert knowledge, such as the list for supportedVoltageLevel.

To further evaluate ERSmeta, a quantitative study was performed which is presented in
Chapter 6.

2https://www.repostatus.org/, last accessed 2026-03-03
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Metadata Extraction and Curation

While a well-designed metadata schema, like ERSmeta, is a prerequisite for FAIR research
software, the actual creation of metadata remains a complex task. A wide variety of
information, e.g., technical details, provenance, licenses, and usage instructions, must be
collected and entered manually to produce meaningful metadata. In many cases, much of
this information already exists in different locations such as in GitHub repositories or in
README files. However, it is often fragmented, incomplete, or not known in its entirety
by a single person, especially for long-standing software projects. Consequently, generating
high-quality metadata for ERS is currently often a labor-intensive activity that calls for

dedicated support tools.

Automated or semi-automated tools can address this problem by harvesting existing

information and guiding users through the remaining gaps. This leads to RQ3:

RQ3: How can a tool support the creation of metadata for ERS? ]

To address this RQ, Section 5.1 first derives a set of functional and non-functional
requirements for such an automated tool. Next, Section 5.2 surveys existing approaches
and evaluates them against these requirements. As none of the existing tools fulfills all
requirements, Section 5.3 introduces the newly developed tool, the Software Metadata
Extraction and Curation Software (SMECS), and describes its architecture and main
features. Section 5.4 reports a small initial evaluation of SMECS and discusses its limitations

and results.

Parts of this chapter are already published in [82] (see Appendiz A for detailed
descriptions of the author’s contributions to this publication). The initial evaluation
presented at the end of this chapter and included in [82] was conducted as part of the
master thesis of Aida Jafarbigloo which was supervised by the author of this thesis.
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5.1 REQUIREMENTS

Within this section, an overview of the functional and non-functional requirements for
a tool supporting metadata creation is presented. Generally, the tool must minimize the
manual effort required to create metadata for research software by automatically harvesting
information that already exists in a variety of resources, while still allowing to review,
correct, and enrich the extracted data. Therefore, its intended users are research software
engineers and researchers who develop software (collectively referred to as users).

The Software Requirements (SRs) for the tool are derived from general RSE literature

(see Section 2.1), from metadata fundamentals (see Section 2.3 and Section 2.5), and from a

Table 5.1: Overview of the Software Requirements (SRs) classified as requirements for basic
and extended features.

ID Requirement

SR1  Extract metadata from structured files (e.g., CodeMeta).

SR2  Extract metadata via APIs (e.g., GitHub!, GitLab?, Zenodo®, Open
Researcher and Contributor ID (ORCID)*).

% SR3  Allow full curation of extracted metadata (review, edit, add).
E SR4  Provide a user-friendly, sectioned interface suitable for researchers.
'% SR5  Enforce and support controlled value vocabularies.
8 SR6  Export metadata as a structured file (JSON or RDF-based).
SR7  Support CodeMeta as metadata standard for research software.
SR8  Allow exchange of the metadata schema (e.g., via JSON Schema).
z SR9  Extract metadata from unstructured files (e.g., README).
% SR10  Allow dynamic sources for value vocabularies (e.g., Wikidata®).
ﬁ SR11 Enable upload of metadata to knowledge graphs, repositories, and/or
”qé registries (e.g., Zenodo®, Open Research Knowledge Graph (ORKG)%).
3
5 SR12 Reuse existing open source frameworks for handling research software

metadata.

"Mttps://github.com/, last accessed 2026-03-03

*https://about.gitlab.com/, last accessed 2026-03-03

3https://zenodo.org/, last accessed 2026-03-03
‘https://info.orcid.org/documentation/, last accessed 2026-03-15
Shttps://wuw.wikidata.org/wiki/Wikidata:Main_Page, last accessed 2026-03-03
Shttps://orkg.org/, last accessed 2026-03-03
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first analysis of the landscape of existing tools as described in Section 5.2. The requirements
are differentiated between those for basic features for the tool and extended features. Basic
features are necessary for a first working prototype while extended features can further
improve the usability of the tool. Table 5.1 summarizes all requirements with identifiers
and differentiates them between basic and extended features. All SRs are presented in

more detail in the following.

Metadata extraction When a research software project is hosted in a repository on
GitHub or GitLab, the tool must start by extracting as much metadata as possible from
that repository. By invoking the respective APIs (SR1), it can retrieve some metadata, e.g.,
name, programminglanguage, and dateCreated. In addition to API calls, the tool must be
able to read structured files that are commonly present in software repositories (SR2), e.g.,
CodeMeta files, CFF files, or language-specific files such as pyproject.toml for Python
and DESCRIPTION file for R. Table 5.2 lists possible sources and indicates whether they
are basic or extended features.

Beyond structured sources, the tool should also be capable of parsing unstructured
files (SR9), such as README, source code, and documentation files, to harvest additional
information (e.g., usage instructions or high-level descriptions). Because extracting infor-
mation from free-text material is a complex task and depends on how consistently the

source is written, this is an extended feature.

Table 5.2: List of possible extraction sources classified as basic and extended features. The
sources are grouped into three categories: (1) structured files that follow a
defined format and, therefore, are machine-readable, (2) web APIs that expose
specific information, and (3) unstructured files requiring advanced techniques
to extract the relevant data.

Structured Files APIs Unstructured Files
o & o CodeMeta o GitHub!
7 %  Citation File Format o GitLab?
R &  (CFF)
« git history e Zenodo® « README
T 5 * Pyproject.toml, « Digital Object e Source code
< % setup.py (Python) Identifier (DOI) e Documentation
£ § « DESCRIPTION (R) « ORCID* o License text
M e Cargo.toml (Rust) o OpenAlex’

o package. json (Node)

"https://openalex.org/, last accessed 2026-03-03
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Curation and user interaction All extracted data must be presented to the users
for review and editing (SR3). The interface must be user-friendly, organizing the metadata
into logical sections rather than displaying all elements on one single page (SR4). It should
be intuitive for the users who may not have deep expertise in ontologies or semantic web
technologies. Users must be able to add metadata that cannot be obtained automatically,
e.g., developmentStatus. For every element that is linked to a controlled vocabulary, the
tool must enforce the use of that vocabulary (SR5). Ideally, the tool should support dynamic
vocabularies (for instance, queried from Wikidata) to remain up-to-date without manual
effort (SR10).

Output and interoperability The final metadata record must be exportable as a
structured file, either in JSON format or an RDF-based representation (e.g., JSON-LD
or Turtle) (SR6). Ideally, the tool should be able to directly upload the created meta-
data to relevant knowledge graphs (like the ORKG), repositories (such as Zenodo), or
dedicated research software registries (like the research software directory®) (SR11). Full
compatibility with CodeMeta is required (SR7), as it is the de-facto general standard for
research software metadata (see Section 4.1). Moreover, the tool must allow to change the
underlying metadata schema without much effort, thereby facilitating reuse in different
research domains (SR8). Finally, whenever possible the tool should build on existing open
source frameworks for handling research software metadata because the reuse of established

libraries reduces development effort and improves the reliability of the tool (SR12).

5.2 ReELATED WORK

After outlining the requirements for the metadata tool, this section presents existing
approaches and analyzes to which extent they fulfill the SRs. Table 5.3 outlines a summary
of this analysis.

The CodeMeta Generator”, developed by the Software Heritage initiative'?, is a web-based
form that enables users to manually create a CodeMeta record. The interface presents the
majority of CodeMeta elements on a single page and provides drop-down menus for 1icense
and developmentStatus. Users can import an existing CodeMeta file, validate it, and ex-
port a metadata record as a JSON-LD file. The tool does not retrieve any information
from external sources, nor does it offer a mechanism for uploading the generated metadata

to external services.

Shttps://research-software-directory.org/, last accessed 2026-03-03
Shttps://codemeta.github.io/codemeta-generator/, last accessed 2026-03-03
Yhttps://wuw.softwareheritage.org/, last accessed 2026-03-03
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Table 5.3: Overview of existing approaches to create research software metadata analyzed
based on the requirements from Section 5.1.
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Betty’s research engine [193, 194] is a specialized search engine for research software,
available as a web service''. The system harvests structured metadata from a broad
range of available services, including GitHub, GitLab, Zenodo, OpenAlex, DataCite'?, and
OpenCitations'. It combines these sources using a cascading-search strategy. Although
the engine aggregates different metadata, it does not support CodeMeta. Users can select
records of interest and export them as JSON, CSV, or bib file. The tool allows users to
upload the metadata to the ORKG and to briefly edit them beforehand. Thus, the engine
satisfies many extraction requirements and provides a minimal form of curation, but it has
a different scope, lacks support for controlled vocabularies, and does not support CodeMeta.

The Helmholtz Rich Metadata Software Publication (HERMES) [57, 149, 161] framework

automates the publication of software metadata by using CI/CD pipelines. Its workflow is

"https://nfdiding.rz-housing.tu-clausthal.de/, last accessed 2026-03-03
2https://autocodemeta.linkeddata.es/, last accessed 2026-03-03
https://datacite.org/, last accessed 2026-03-03
“https://opencitations.net/, last accessed 2026-03-03
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organized into five sequential phases: harvest, process, curate, deposit, and post-process.
It uses a CodeMeta-based data model to pass metadata from one phase to the next.
During the harvest phase, HERMES extracts structured metadata from a limited set
of sources: CFF files, CodeMeta files, the local git history, and the pyproject.toml file.
Curation is carried out indirectly via pull- or merge-requests on GitHub or GitLab, without
a dedicated graphical interface. After processing, the final record can be deposited in
InvenioRDM -based platforms such as Zenodo. HERMES meets several of the extraction
and upload requirements. However, its extraction functionalities are confined to a narrow
set of structured sources and its curation capability is limited. HERMES allows to add
additional functionalities as plugins for each phase. Thus, HERMES forms a good base to
build on.

The Software Metadata Extraction Framework (SOMEF) [94, 147, 158] focuses on the
extraction of metadata. It harvests structured information from the GitHub API and
from common configuration files such as setup.py, pyproject.toml, and package. json.
Additionally, it parses unstructured files, including README, license, and Docker files, to
capture usage instructions and other information. SOMEF does not provide any curation
interface. The extracted record can be exported to a CodeMeta JSON-LD file or to an RDF
representation based on the Software Description Ontology. Designed for strong semantic
web compatibility, SOMEF can be employed to generate knowledge graphs, as demonstrated
by Kelley and Garijo [147]. A web demonstrator (SOMEF-Vider) is publicly available!®.
Since SOMEF focuses on extraction, a harvest plugin for HERMES can be developed that
uses SOMEF.

The Auto-CodeMeta Generator [93] extends the original CodeMeta Generator by incor-
porating SOMEF and is available as on online demonstrator'?. It automatically harvests
both structured and unstructured information from a repository, including information
from README files. The resulting record is displayed in the single-page form used by the
CodeMeta Generator. By combining these tools, the Auto-CodeMeta Generator brings to-
gether good extraction capabilities with curation. Still, it does not provide a well-structured
curation interface and lacks functionality for directly uploading the completed record to
external services.

Overall, Betty’s research engine offers a broad source coverage but does not adopt
CodeMeta. The CodeMeta Generator and SOMEF each only address a single aspect, curation

or extraction. While the Auto-CodeMeta Generator combines both tools, it still lacks a

15InvenioRDM is a framework for research data management repositories initially developed by European
Organization for Nuclear Research (CERN) and used by multiple research institutions, like the
Helmholtz-Zentrum Dresden-Rosendorf (HZDR) or the Universitdt Minster;
https://inveniosoftware.org/products/rdm/, last accessed 2026-03-03
Yhttps://somef.linkeddata.es/, last accessed 2026-03-03
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user-friendly curation interface. HERMES provides an end-to-end pipeline, but its curation
is limited to pull-requests and its extraction scope is narrower than the one of SOMEF. These
observations reveal a clear gap: no existing solution combines comprehensive extraction
with an intuitive curation interface. The proposed tool, SMECS, is designed to fill this niche

by integrating the strengths of the existing approaches while addressing their shortcomings.

5.3 DEScRIPTION OF THE DEVELoPED TooL: SMECS

To meet the requirements for the basic features outlined in Section 5.1, SMECS was de-
veloped as a new web application. The software builds on the architecture of the Meta
Tool [124] created by the Reiner Lemoine Institut'”, which already supports the creation
of metadata for energy research data following the Open Energy Metadata (OEMetadata)
schema [122]. For the automatic extraction of software metadata, SMECS uses HERMES
extending it with additional plugins that enable new harvesting sources. SMECS is writ-
ten in Python using the Django framework (v4.2.22)'®. The frontend relies on standard
JavaScript, HTML, and CSS. The source code is hosted on GitHub'’ under an AGPL
license and stable releases are archived on Zenodo [80]. A dedicated branch incorporates
ERSmeta®® while the main branch uses CodeMeta 3.0 addressing requirement SR7. SMECS
follows a workflow consisting of four phases as illustrated in Figure 5.1: start, extraction,

curation, and export.

Start On the landing page of SMECS (see Figure 5.2), a user can enter the URL of a
software repository hosted on GitHub or GitLab and, optionally, a personal access token for
the corresponding platform. The token is used by SMECS to authenticate calls to the API
of GitHub or GitLab, which can increase the amount of retrievable metadata. Tokens are
mandatory for private repositories and self-hosted GitLab instances. For public repositories
on GitHub or the main GitLab instance, SMECS can use internal default tokens if the

user do not provide one.

Extraction Based on the provided information, SMECS invokes the harvesting compo-
nent of HERMES in the extraction phase. Minor modifications to HERMES (v 0.8.1) were
made to handle remote repositories, which will be included in the official HERMES release.

For additional functionalities, plugins for HERMES were written to harvest metadata from

"https://reiner-lemoine-institut.de/en/, last accessed 2026-03-03
Bhttps://www.djangoproject.com/, last accessed 2026-03-03
Yhttps://github.com/NFDI4Energy/SMECS, last accessed 2026-03-04
2Onttps://github.com/NFDI4Energy/SMECS/tree/v0.9.1_ERSmeta, last accessed 2026-03-03
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\_ CodeMeta )
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Figure 5.1: UML activity diagram of SMECS with the four phases: start, extraction, cu-
ration, and export. Round boxes contain activities. Rectangular boxes contain
inputs and output.

SMECS | Home AboutSMECS  Legals/Impressum

SMECS

Software Metadata Extraction and Curation Software

Project URL @

e.g.: https://github.com/NFDI4Energy/SMECS

Token Key €

(Optional) Enter your personal token key from GitHub or GitLab =2

Figure 5.2: SMECS landing page for its start phase: a user can enter the URL of a software
repository (e.g., on GitHub or GitLab) and, optionally, a personal access token.
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GitHub and GitLab. Thereby, long-term interoperability with future versions of HERMES
is achieved.

As summarized in Table 5.4, four harvesters are employed addressing the requirements
SR1 and SR2: two query the GitHub and GitLab APIs, while the other two read CFF
and CodeMeta files that may be present in the repository. The original harvesters have
been extended to operate on remote repositories. Information obtained from the APIs is
translated to CodeMeta-based metadata using the published crosswalk for GitHub and a
custom crosswalk that was developed for GitLab. The crosswalk maps 16 distinct elements,
that can be retrieved from the APIs, covering aspects such as the project description,
programming languages, collaboration metrics (e.g., issueTracker), and activity statistics.
The quality of the extracted metadata highly depends on the available information in a
repository.

All harvested data are merged by using the process phase of HERMES, yielding a single
coherent metadata record. Finally, SMECS converts this record to the currently active

schema, either CodeMeta or ERSmeta, so that it can be shown to the user for curation.

Curation The curation page shows the harvested metadata according to the active
schema, which is loaded as JSON Schema. From the schema file, SMECS gets the obligation
level, the data type, the cardinality, and any associated controlled vocabulary for each
element. In this way, the metadata schema can be exchanged, addressing requirement SRS.

Based on this information, the tool renders a form-like interface organized into tabs.
Figure 5.3 illustrates the first curation tab for a CodeMeta record. When using CodeMeta
as metadata schema, the tabs are General Information, Provenance, Related Persons, and
Technical Aspects. For ERSmeta, the thematic areas are used as tabs with small adjustments.
Thereby, the interface fulfills the requirement SR3 and SR4. It accepts free-text for the
data types URL, text, and numbers, while elements that have controlled vocabularies, like
license or programminglanguage, are accompanied by selection boxes that offer filterable

lists of admissible values addressing requirement SR5. Nested elements are shown as tables

Table 5.4: Overview of the supported extraction sources via HERMES and the reference
for their mapping to CodeMeta.

Source Description Reference for Mapping

GitHub  Metadata are extracted from GitHub API Official CodeMeta crosswalk
GitLab Metadata are extracted from GitLab API Self-created Crosswalk
CFF CFF files in a repository Crosswalk by HERMES
CodeMeta CodeMeta files in a repository No Crosswalk needed
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Metdata in JSON format

SMECS Home AboutSMECS  Legals/Impressum
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General Information
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&
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{
“@context”; "https://raw.githubusercontent.com/codemeta/
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“@type”: “SoftwareSourceCode”,
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“description": “Software Metadata Extraction and Curation
Software (SMECS)",
“keywords [
“codemeta”,

l This section gives general information about the software.

Name +© Identifier®

SMECS 796699799

N *curationt,
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“fairdrs",
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Y “research-software”,
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*software-metadata"
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“referencePublication”: |
{
"@type “ScholariyArticle”
"identifier”; ™"
}

Keywords +0

codemeta x  curation x  extraction x  fair-software x

fairdrs x  repository x  research-software x

Reference Publication®

h-softy = - fy HE =
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“license”; [

“httpsi//spdx.org/licenses/AGPL-3.0"
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“url® [
*https://github.com/NFDI4Energy/SMECS"
L

“copyrightHolder” []

“saftwareVersi
“dateCreated”

Development Status +0 License *&

Select an option - 1. Suggestion: Curate here Got it!

url®

hitps://spex.org/licenses/AGPL-3.0 x

Search and select from the list

“dateModified": "2026-02-17",
“funding": I,
“contributor": [
{
“@type”: “Person”

“iddentifi
“givenName": “Aida",
“familyName": "Jafarbigloc,
“email': [
*aidaafarbigloo.274@gmail com”

httpsi//github.com/NFDI4Energy/SMECS x

Type and press Enter to add

Copyright Holder® 1

“affiliation’s "*
Legal Name © Identifier @ b
{
"@type”: "Person”.
Legal Name Identifier Add *identifier”: "
"givename": *Aidajafarbigloo”,
“familyName"; ™',
e “email's
*143706305 + aidajafarbigloo@users.noreply.github.com”

Figure 5.3: SMECS curation page: extracted metadata are displayed in editable fields
organized by thematic tabs as shown at the top.

and the cardinality defined in the schema determines whether a single entry or multiple
entries are allowed for a certain element. Some of these features are specific to FRSmeta
and are not required for CodeMeta.

Required fields are marked with an asterisk. If the automatic extraction fails or is not
available for these elements, the corresponding input box is shown in red in order to
draw the user’s attention, e.g., developmentStatus in Figure 5.3. The input boxes of
recommended elements are shown in yellow if no information was extracted. The user can
freely edit any field, add missing information, or select values from the provided lists. Next
to the form, SMECS directly shows the resulting JSON code.

Export After the user reviewed and completed the record, the metadata can be exported

as a JSON-LD file that conforms to the selected schema addressing requirement SR6.
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5.4 INITIAL EVALUATION

As an initial evaluation of SMECS, a small study involving six participants was carried
out. Section 5.4.1 describes the methodology of this study, including data collection pro-
cedures and analysis techniques. Afterwards, Section 5.4.2 presents the findings. Finally,

Section 5.4.3 discusses the limitations and outcomes of the study.

5.4.1 Research Design and Method, Data Collection and Analysis

The initial evaluation focused on the usability of SMECS, an important requirement identi-
fied in Section 5.1. Consequently, a usability study was conducted concentrating on the user
interface. The study used an earlier version of SMECS?! with the CodeMeta configuration
of the tool.

Usability testing is an established method to evaluate how easily users can interact
with a system and for identifying problems early in the development process [104]. The
performed usability testing aimed to determine how effectively users can navigate the
interface, comprehend the tool’s functionalities, and operate the available features.

Six researchers from OFFIS?? were invited to participate in the study. They were chosen
to cover different perspectives on energy research and different familiarity with metadata.
All participants (P1-P6) were PhD students in energy research working on medium- to
large-scale research projects. Their academic backgrounds were mainly in computer sci-
ence (master’s degrees), with one participant holding a degree in engineering physics.
Self-reported familiarity with metadata ranged from two to four on a five-point scale (five
indicating expert knowledge). The study was conducted in-person in English between
September and October 2024. Each session lasted between 45 and 60 minutes.

Figure 5.4 shows the overall structure of the usability test. Each session began with
a brief introduction that explained the purpose of the study and assured participants
confidentiality to minimize potential response biases, as suggested by Myers and Newman
[165]. As second step, participants performed a set of predefined tasks designed to test key
aspects of the user experience and to exercise the main functions of the tool. The tasks
were organized around two scenarios:

Familiar repository In the first scenario, participants used SMECS on a repository they
were familiar with. They entered the GitHub or GitLab URL, optionally supplied a
personal access token, and initiated the extraction. After the automatic harvest, they

reviewed and edited the extracted information, added any missing elements such as a

21Commit number: aefc7a9. Subsequent updates added HERMES integration, support for multiple inputs
per element, an expanded curation page, redistributed tabs, and improved responsiveness.
nttps://www.offis.de/en/index.html, last accessed 2026-03-03
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Figure 5.4: Structure of the usability testing: The workflow comprises an introductory
briefing, two scenario-based tasks with the think-aloud method, the System Us-
ability Scale (SUS) questionnaire, and a concluding semi-structured interview.

license, and exported the curated metadata as a JSON-LD file while freely exploring

the interface and providing comments.

Unfamiliar repository The second scenario required participants to repeat the workflow
with an unfamiliar repository supplied by the experimenter. In this case, they com-
pared the extracted metadata against a printed reference sheet, added contributor
details, and exported the final record.

The think-aloud method was used during the tasks to capture the participants’ feed-

back, insights, and observations. In this approach, users verbally express their thoughts

while performing a task or immediately afterward, providing real-time insight into their
decision-making process [61]. All verbalized ideas and thoughts were audio-recorded with
the consent of the participants for subsequent analysis.

As third step, participants filled out the System Usability Scale (SUS) questionnaire [28]
after completing the tasks. The SUS questionnaire is a common approach to quickly assess
the usability of a system [154]. It provides a robust quantitative assessment of perceived
usability even with small sample sizes [211]. The SUS questionnaire includes ten statements
rated on a five-point Likert scale ranging from Strongly Disagree to Strongly Agree [28]
and is widely employed to evaluate the usability of mobile applications, software, and
websites [174].

As fourth and final step, the session concluded with a semi-structured interview that
gathered additional qualitative insights. The interview guide addressed participants’ back-

grounds, initial expectations, first-time experiences, specific features, encountered challenges,
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and overall impressions. With the consent of the participants, the interviews were also
audio-recorded.

The audio recordings of the think-aloud part and the semi-structured interviews were
transcribed using Whisper?® [181] and subsequently reviewed for accuracy. The transcripts
were analyzed using qualitative content analysis. Relevant statements were highlighted and
coded into categories, like positive impressions, negative impressions, reported bugs, and
suggestions for improvement. Responses to the SUS questionnaire were scored following

the standard SUS scoring procedure [28] and reported as an aggregate usability metric.

5.4.2 Evaluation Results

The SUS scores obtained from the usability experiment are shown in Figure 5.5 as a box
plot?*. The distribution indicates a positive experience: the mean score is 92.08 and the
median is 92.5, both well above the Acceptable threshold of 70 by Bangor et al. [13] and the
Ezcellent threshold of 85 by Bangor et al. [12]. Five of the six scores fall in the Ezcellent
range, while the remaining participant still reports a high level of usability. This consistent
pattern indicates the tool meets user needs and expectations.

The qualitative data gathered through the think-aloud method and the semi-structured
interviews provide valuable insights into users’ experiences and perceptions. Overall, par-
ticipants expressed positive impressions, emphasizing the clarity, navigation, and ease of
use of SMECS. Several users described the interface as intuitive (P1: “It’s very easy to
use, very fast. You can change your information quite fast and it already gives you a lot of
information.”, P2: “The tool is plain, but in a good sense.”). Two participants highlighted
the smooth, responsive behavior of the application, similar to familiar web-based tools (P4:
“The tool feels organized, easy to use and feels like an online tool.”).

All participants commented that organizing the metadata into separate tabs made the
interface well-structured and simple to curate (P2: “The curation form looks really good. It

looks clean in my opinion and less intimidating for users that are not technically inclined.”,

Not acceptable Marginal Acceptable

All participants (n=6) }—I.-I mean: 92.08

0 20 40 60 80 100
SUS Score

Mean == Median

Figure 5.5: SUS scores for the initial evaluation of SMECS with a mean of 92.08.

®https://github.com/openai/whisper, last accessed 2026-03-03
24The box plot was generated using [72].

93


https://github.com/openai/whisper

94

| METADATA EXTRACTION AND CURATION

P5: “I think it helps not to have too much information on one page, especially when the
list of contributors gets very long. If all the metadata is on a single page, you might have
to scroll a lot before reaching the next point.”). They acknowledged the color-coded clues
matching familiar web conventions (P3: “Colors in color coding perfectly matching to the
expectation and they are perfectly matching to the standard, the typical things you would
see on the Internet and you are used to.”). The dual visualization during the curation
phase, the editable form alongside a live JSON viewer, was well received (P1: “The live
view of the JSON is pretty nice, and makes it easy to edit metadata in the form and see
the result simultaneously.”).

However, the participants also suggested several enhancements. One request was for ad-
vanced automation, such as automatically selecting the appropriate license and generating
a software description. Another idea was to allow users to import an existing metadata
record, produced by SMECS or obtained elsewhere, so that it could be edited and curated
within the tool. Additional suggestions included adding validation rules for specific meta-
data types and enabling verification of the data displayed in the JSON viewer. Finally,
participants recommended providing more detailed role information for authors and con-
tributors (e.g., code development, documentation, writing), similar to the contributor role
statements used in scientific publications.

As a result of the feedback during the usability testing, the copy-function in the contrib-
utors table was removed during later development. Originally, it was meant to let users
duplicate a contributor entry into the authors table, but the participants found the purpose
unclear and often misused it. Consequently, contributors and authors have been combined
into a single table. The new layout lists each individual once and provides check-boxes for

the associated roles, allowing a person to be marked as a contributor, an author, or both.

5.4.3 Limitations and Discussion

Although the initial evaluation provided some interesting insights, some limitations also
need to be acknowledged. First, the study was limited to six participants, all of whom
were PhD students in computer science oriented energy research. This homogeneity does
not reflect the full spectrum of the intended users of SMECS, such as domain scientists
from other domains and/or with limited software development experience. Consequently,
the findings cannot be assumed to generalize to all potential users. Future evaluations
should recruit a larger and more diverse cohort to capture a wider range of expertise and
expectations.

Second, the study employed a set of predefined tasks that focused on specific functionali-

ties of SMECS. While this approach ensured that key features were used, it also constrained
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participants to a narrow workflow and may have omitted usability issues that arise in more
exploratory or real-world usage scenarios. Complementary field studies, e.g., letting re-
searchers just create metadata without further tasks, could reveal additional strengths and
weaknesses.

Third, the study was conducted with direct interaction between the participants and the
interviewer. Although this setting facilitated direct observation and immediate feedback, it
may have introduced a social-desirability bias [108], with participants potentially providing
more favorable comments in the presence of the interviewer.

Fourth, the version of the tool used in the experiment predates several recent enhance-
ments, e.g., the integration of HERMES, support for multiple inputs per element, and
improved responsiveness. Consequently, the usability observations refer to an earlier ver-
sion and may not fully represent the experience with the current version.

Despite these limitations, the study led to valuable insights. Participants consistently
rated the tool with high SUS scores, described the navigation as intuitive, and appreciated
the tabbed layout and the color-coded cues. Specific suggestions, such as removing the
copy-function for authors and contributors and merging them into a single table, have
already been incorporated into the subsequent development.

In summary, the evaluation demonstrates that SMECS is a promising solution for sup-
porting metadata creation, but further research is required to confirm its effectiveness
across a broader user base and with the most recent software version. The integration of
ERSmeta into SMECS introduces an additional use case that is examined in detail in the

next chapter (Chapter 6), where Section 6.4 continues the discussion of SMECS.
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Evaluation

After introducing multiple artifacts in the previous chapters, this chapter focuses on evalu-
ating two of them more in detail. Chapter 4 presents the metadata schema FRSmeta and

provides first answers to RQ2.

RQ2: Which metadata are suited to improve the FAIRness of ERS and how can

they be structured within a metadata schema?

In order to determine whether the schema is usable for energy researchers, it is necessary
to investigate how they perceive the schema during the metadata creation process. For this
purpose, the semi-automated metadata generation tool SMECS, introduced in Chapter 5,
can be employed. Evaluating ERSmeta integrated into SMECS can lead to additional,
relevant knowledge about the schema itself, addressing RQ2. Simultaneously, it can provide
further insight into SMECS addressing RQ3.

RQ3: How can a tool support the creation of metadata for ERS?

Consequently, this chapter presents a combined evaluation of the two artifacts. First,
Section 6.1 outlines the methodology for the evaluation. Afterwards, Section 6.2 presents

the empirical findings and discusses the study’s limitations.

Finally, the implications for RQ2 and RQ3 are examined by integrating the insights
presented in Chapter 4 and Chapter 5 with the results of the evaluation. To keep the
discussion focused, it is divided according to the two RQs. Section 6.3 addresses the
findings related to ERSmeta and RQ2, whereas Section 6.4 focuses on SMECS and RQ3.

Parts of this chapter are included in a paper that is currently under review, available
as preprint [91] (see Appendiz A for detailed descriptions of the author’s contributions
to this publication).
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6.1 ReEseArRcH DeEsiGcN AND METHOD, DATA COLLECTION AND

ANALYSIS

This evaluation aims to assess how easily researchers and research software engineers in
the energy domain can create metadata for their own ERS by using FRSmeta together
with SMECS. To test both artifacts in a realistic, domain-specific setting, an in-vivo
experiment was designed. Participants generated metadata for an ERS that they actively
maintain. For this purpose, they used SMECS which embeds ERSmeta'. They reported
their experience by filling an online questionnaire. This approach follows the established
practice of evaluating metadata schemas with questionnaires, as illustrated by Palavitsinis
et al. [170].

The questionnaire designed for this evaluation is published as [88] and comprised several
sections, as shown in Figure 6.1. First, participants provided demographic information, e.g.,
years of research experience, field of experience, and self-rated familiarity with metadata
and ERS. In the second step, they were asked to open an online instance of SMECS
and create metadata for their own ERS. Afterwards, the participants returned to the
survey and answered question items about their experience (step 3 and 4). Because the
participants interacted with both SMECS and ERSmeta in a single workflow, a clear
differentiation between those artifacts is a difficult task for the participants. Nevertheless,
the questionnaire contained separate blocks of questions targeting the tool and the schema
individually.

Since SMECS is the primary instrument that participants interacted with, the question-
naire began with items focused on SMECS in the third step. First, the System Usability
Scale (SUS) [28] was used to get an impression on the usability also allowing comparability

with the results of Section 5.4. Additional items comprised behavioral-intention questions

1. Demographic 2. Using SMECS to 3. Questions on 4. Questions on 5. Upload of
questions create metadata SMECS ERSmeta metadata

* General « Usage of + SUS questions + Amount of + Optional upload
Information on SMECS with . Behavioral elements of the created
the research ERSmeta intention to use + Usefulness of metadata
background « Creation of SMECS elements * The metadata

+ Experience with metadata for the « Quality of « Description of allow further
metadata and ERS of the extraction the elements investigation
ERS participant + Additional + Usefulness of

features the value
. Open questions vocabularies

* Open questions

Figure 6.1: Overview of the evaluation process.

"https://github.com/NFDI4Energy/SMECS/tree/v0.9.1_ERSmeta, last accessed 2026-01-19
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derived from the Unified Theory of Acceptance and Use of Technology (UTAUT) [214] and
its third-generation extension (UTAUT3) [68]. Also, the quality of extraction was focused
with items based on the Technology Acceptance Model 2 (TAM2) [213]. Additionally, open
questions invited suggestions for new features and general comments on the tool.

The fourth step addressed FRSmeta. Participants rated the number and obligation
(mandatory, recommended, and optional) of the elements with items adapted from TAM [50]
and UTAUT [214]. They judged the usefulness of the elements and of their descriptions
using items inspired by TAM [50], TAM2 [213], TAM3 [212], and UTAUT [214]. Also, the
controlled vocabularies were evaluated with items inspired from TAM [50].

In the fifth and last step, a separate submission form allowed the participants to upload
their metadata files which were generated with SMECS. Thereby, the produced metadata
can be examined without deanoymizing the questionnaire responses. The whole setup
including the questionnaire and the usage of SMECS was pretested with three researchers?
without revealing any problems.

Regarding the participants recruitment, a broad field was aimed. Therefore, multiple
channels were used: the Strommarkttreffen mailing list®, the open energy modeling ini-
tiative (openmod) mailing list?, the German National Research Data Infrastructure for
Interdisciplinary Energy System Research (NFDI4Energy) newsletter’, the NFDI4Energy
LinkedIn page®, and direct e-mail invitations to known German ERS developers. The sur-
vey remained open from July to September 2025. It was accessed 79 times of which twelve
participants completed the whole questionnaire. In ten cases, the metadata files generated
with SMECS were also submitted. Figure 6.2 visualizes where participants dropped out
of the process. Besides early dropouts, it was stated ten times that the software under
consideration was not publicly available or hosted in a closed repository. The dropout rates
are similar over all domain backgrounds.

The survey responses are publicly available in [87] while the metadata files created by
participants remain confidential due to privacy constraints. For the analysis, the SUS scores
were derived following the standard scoring procedure [28]. The Likert-scale items were
mapped to numbers (strongly disagree = 1, ... | strongly agree = 5) and the submitted meta-

data were analyzed regarding used elements and number of entries for these elements. All

2All from OFFIS - Institute for Information Technology, Energy Division,
https://www.offis.de/en/applications/energy.html, last accessed 2026-03-03
3https://www.strommarkttreffen.org/english/, last accessed 2026-03-03, a mailing list of energy
professionals in research and industry in Germany
“https://groups.google.com/g/openmod-initiative, last accessed 2026-03-03
Shttps://nfdidenergy.uol.de/community-and-updates/newsletter/, last accessed 2026-03-03,
NFDI4Energy is the consortium for energy research with the NFDI aiming to establish infrastructure
services for research data and research software in the energy domain
Shttps://www.linkedin.com/company/nfdidenergy/, last accessed 2026-03-03
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Figure 6.2: Overview of survey completion and dropout reasons.

quantitative data were processed with descriptive statistics by calculating means, medians,
and inter-quartile ranges. Qualitative comments underwent a broad content-analysis to
identify recurring themes and suggestions. All analysis and visualization scripts, including
the code generating the figures in this chapter, are released as open source software [72].

Section 6.2 presents the empirical findings.

6.2 RESULTS AND LIMITATIONS

Results The following presents an analysis of the answers provided by the twelve par-
ticipants who completed the full questionnaire. They held a variety of positions within
their research institutions, including research-supporting staff, PhD students, postdoctoral
researchers, and other research staff. Their disciplinary backgrounds comprised economics

(1), computer science (5), and engineering (6). All participants reported experience with
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Figure 6.3: Impression of the extraction capability of SMECS (n=12).

ERS. Two participants indicated no familiarity with metadata schemas, a factor that later
proved relevant for their perception of the tool and the schema. Even though the analysis
only consists of twelve data points for each survey item, an aggregated visualization was
chosen to present a clearer overview.

When evaluating SMECS, the participants rated the quality of the automatic extraction
on average neutral, as illustrated in Figure 6.3. When looking at the median, both the
functionality of the extraction component and the overall quality of the extracted meta-
data received slightly positive evaluations. However, the free-text responses highlighted a
desire for improvements in the quantity and precision of the extracted information. This
desire was also reflected in the rating of prospective extensions of SMECS which are sum-
marized in Figure 6.4. The majority expressed a need for broader extraction capabilities
(e.g., information from package repositories and information from related publications).
Participants also slightly indicated a willingness to directly publish the resulting metadata
in a dedicated software registry, although this aspect was not mentioned in the free-text
responses.

The SUS scores are shown in Figure 6.5. Over all participants, the mean of 61.75 lies

Extracting additional information for my software from

: 3.75
provided links to literature (e.g., software paper or other 1 O (@) I O 3;??“130
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Extracting additional information from package repositories | o .- mean: 4.25
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directly to my repository var: 1.54

I would like to have an option to directly publish the | o - - mean: 3.50
metadata in a software registry var: 1.55
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Figure 6.4: Attitude towards additional features in SMECS (n=12).
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Figure 6.5: SUS scores for participants with and without familiarity with metadata schemas
and the overall distribution.

in the marginal range. Participants without metadata schema experience (n=2) gave clear
low scores, reflecting a more critical view. This trend is also observed in other survey items,
suggesting that a lack of experience or motivation for metadata schemas may contribute
to a more negative perception of SMECS and ERSmeta. It is assumed that this missing
experience affects the various survey items in different ways, while a detailed analysis of
this effect is not possible due to the small sample size. Regarding the SUS, the items
that most contributed to the reduction in SUS scores concerned perceived complexity
(“I found the system unnecessarily complex”) and the missing desire to use the system
frequently (“I think that I would like to use this system frequently”). This criticism is
assumed to be primarily caused by the high number of elements in ERSmeta, as the free-text
responses revealed that participants were concerned with the high number of elements and
the time-consuming nature of the metadata creation process. This is additionally reflected
in the participants’ responses to the items related to the amount of elements, as shown in
Figure 6.6. Notably, the majority of participants agreed that “The amount of elements is
too high”, indicating that participants prefer less elements to be filled.

Nevertheless, the usefulness of the elements was rated positively, indicating that the
element set contributed to a rich description of ERS. This is further supported by the free-
text responses, where participants mentioned that the metadata were relevant and helpful.
The analysis of the ten submitted metadata records revealed that only three elements
(typicalExecutionTime, example, and estimatedCosts) were never populated. Recom-
mended elements were filled more frequently than optional ones, as shown in Figure 6.7,
confirming that participants followed the prioritization suggested by the obligations in
the schema. The distribution of populated elements across thematic areas is illustrated in
Figure 6.8. Elements related to functionality were often left empty, likely because they are

not applicable to every ERS and they are also optional to a large degree.
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Figure 6.6: Impressions on the amount of elements and their usefulness (n=12). For the
usefulness of elements, items from the construct (questions aiming for the same
aspect) are averaged based on the Likert responses mapped to numbers (1 =

strongly disagree, ..., 5 = strongly agree).

Almost none of the participants missed elements to describe their ERS, as shown in

Figure 6.6. Also, when asked to specify missing elements in the free-text responses, only

one participant mentioned four aspects. Of these, two are already included in the schema

(related publication, related projects), one is out-of-scope (metadata for data), and the

fourth (intended public) can be added to the metadata schema.
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Figure 6.7: Filled elements per obligation category (mandatory, recommended, and op-

tional) (n=10).
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Figure 6.9 displays the ratings for the clarity of the element descriptions and the useful-
ness of the controlled value vocabularies. Participants judged the descriptions as neutral
to slightly positive, indicating that they are a useful starting point but would benefit from
additional information, e.g., examples as mentioned in the free-text responses. The value
vocabularies received a more positive assessment. Respondents found them flexible and
helpful, although a few suggested modest extensions to increase coverage.

Overall, the evaluation demonstrates that SMECS provides a useful platform for gen-
erating ERS metadata and that FRSmeta supplies a comprehensive, but too extensive,
metadata schema. Quantitative evidence shows a modest SUS mean (61.75), solid perceived
extraction quality, and positive judgments of the usefulness of the elements despite con-
cerns about their total number. The qualitative comments complement these findings by
highlighting desires for broader extraction capabilities, richer examples in element descrip-
tions, and minor extensions to the value vocabularies. These results inform the discussion
of ERSmeta and SMECS in the following sections (Section 6.3 and Section 6.4).

Limitations While the evaluation led to valuable insights, the study also had some
limitations. The submitted metadata sets showed that the participant pool was geographi-
cally concentrated in Germany, which may have narrowed the diversity of the perspectives
captured. Energy research spans many disciplines and although the requirement analysis
phase incorporated a broader set of perspectives [90], the evaluation did not capture the
full diversity of this research field. While developers of smaller ERS were underrepresented
in the survey, it captured developers of large-scale ERS well. Therefore, it remains unclear
to which extent the results also represent developers of smaller ERS. The limited number of
participants prevented an analysis of how participants’ background or prior experience with
metadata influenced their perception of ERSmeta and SMECS. Nevertheless, meaningful
general results concerning both artifacts were obtained.

Evaluating SMECS and ERSmeta together yielded valuable insights but introduced a
confounding factor: participants accessed the schema only via the tool, so their impressions
of ERSmeta were inevitably shaped by SMECS’s user interface and vice versa. Even
though the questionnaire was structured to address SMECS first, the feedback on ERSmeta
remained intertwined with perceptions of the tool and vice versa. This made it difficult to

isolate the specific strengths and weaknesses of each artifact.

6.3 DiscussioN ERSMETA

Despite its limitations, the evaluation in Section 6.2 delivered additional insights into

ERSmeta while Chapter 4 describes the development process of FRSmeta and the schema
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itself. Also, that chapter introduces the Core Metadata Requirements (CMRs) for the
metadata schema, summarized in Table 4.1, which are all addressed by the schema. The

most relevant aspects of ERSmeta are brought together and discussed in the following.

Coverage of relevant aspects FERSmeta is based on a detailed requirements anal-
ysis based on over 30 interviews with energy researchers and on a profound analysis of
relevant RSE literature as described in Section 4.2. The evaluation revealed that FRSmeta
covers all aspects deemed relevant by the participants. No substantial gaps were reported
and nearly no additional elements were suggested. Also, nearly all elements of ERSmeta
were used by the participants of the evaluation.

Still, there are some small areas to include additional information in ERSmeta, e.g.,
more detailed information on software interfaces or a better representation of research
software quality. Their integration would need to be handled with care since the size of

the metadata schema which was already criticized as complex in the evaluation.

Descriptions and value vocabularies For the elements, mainly existing descrip-
tions were reused in ERSmeta. Still, the descriptions only received a neutral to slightly
positive rating in the evaluation, indicating that they are usable but could benefit from
additional examples and clarification. In contrast, the controlled value vocabularies were
rated positively and were highlighted by the participants as a strong point of the schema.
These vocabularies contributed to the perceived usefulness of the metadata and support

consistent, machine-readable annotation.

Interoperability Due to its formalization, ERSmeta is more flexible and interopera-
ble than the previous, informal approaches described in Section 4.1. For example, this
formalization enabled the seamless integration of ERSmeta into SMECS.

Also, numerous controlled value vocabularies were incorporated into FRSmeta to ensure
consistent, interoperable, and machine-readable metadata. In this way, the schema supports
additional use cases such as Software Management Plans (SMPs) or simulation coupling.

Moreover, ERSmeta reuses a large number of elements from established metadata
schemas and ontologies, especially from Schema.org and CodeMeta as shown in Section 4.5.
This ensures interoperability with those sources and allows the reuse of the resulting meta-
data in a variety of contexts. The compatibility with CodeMeta additionally supported the
integration of FRSmeta into SMECS because the metadata extraction of SMECS (and
HERMES) is based on CodeMeta. Also, future extensions to CodeMeta can be incorporated

into ERSmeta with minimal effort.
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Relevance for domain-agnostic research software metadata While most el-
ements of FRSmeta are reused from existing standards, some new elements were introduced.
Part of them are domain-agnostic, e.g., communityInteraction, and could be valuable ad-
ditions to generic schemas such as CodeMeta. Also, a few CodeMeta elements were refined,

e.g., with value vocabularies which are potentially also relevant for CodeMeta.

Overall, ERSmeta includes relevant metadata for ERS and shows their formalization as
metadata schema. The evaluation presents a mixed assessment of FRSmeta: the elements
of ERSmeta were rated useful, yet the overall number of elements resulted in complexity,
a clear drawback of the schema. Nevertheless, the findings provide input to refine the
schema. Further research, particularly within a software registry context, is needed to
further assess usability. Still, ERSmeta is already usable to describe ERS in a structured,

machine-readable way and, therefore, contributes to the realization of FAIR ERS.

6.4 DiscussioN SMECS

Chapter 5 describes the development of SMECS and outlines its first initial evaluation. The
development of the tool is based on Software Requirements (SRs) which are summarized
in Table 5.1. The development of SMECS addressed all SRs for the basic features, such
as extraction of structured metadata, provision of a user-friendly interface, and export of
a JSON file. Several SRs for extended features (e.g., support for unstructured extraction,
advanced export destinations, and richer export formats) remain only partially addressed
and will require further investigation. Additionally, the evaluation brought further insights
into SMECS. These different facets of SMECS are discussed in the following.

Extraction capabilities and future extensions The current metadata extraction
of SMECS covers Citation File Format (CFF) and CodeMeta files as well as the GitHub
and GitLab APIs. Participants rated the overall extraction quality positively, yet they also
highlighted the need for more harvesting functionalities. Table 5.2 outlines different sources
that could be incorporated while SR9 explicitly calls for extraction from unstructured
files. Because README files are the most prevalent description in research software
repositories [120], integrating functionalities from SOMEF [158], which can parse README
files, Dockerfiles, and other free-text resources, would substantially broaden the coverage
of SMECS. By using HERMES as foundation for the extraction of metadata, further
metadata harvesters can be used in a broader context. Also, SMECS can directly profit

when additional harvesters become available as part of HERMES.
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Frontend usability The initial evaluation of SMECS (see Section 5.4) that employed
CodeMeta as the underlying schema yielded high SUS scores with a mean of 92.02. These
contrast with the lower scores (mean: 61.75) in the evaluation with ERSmeta presented
in this chapter. Two factors may explain this discrepancy: first, the initial evaluation
used a more direct interview methodology, possibly leading to some degree of a social
desirability bias. Second, FRSmeta contains substantially more elements than CodeMeta.
Besides improving ERSmeta, additional features in the frontend of SMECS may address
the second factor, e.g., mechanisms to hide or collapse non-essential elements or to adapt
the displayed elements based on the number of automatically extracted elements or on the
user’s expertise level. Generally, users with less metadata experience rated the interface

more negatively indicating potential to especially improve the frontend for this user group.

Export and publishing functionality While SMECS can currently export metadata
as a JSON-LD file, participants expressed a desire for more integrated publishing options.
One option is to include a direct upload to the repository of the research software (e.g.,
on GitHub or GitLab), so the metadata becomes directly available next to the source
code. Another option is a direct upload of the metadata to software registries or knowledge
bases such as the Open Research Knowledge Graph (ORKG) as highlighted by the SR11.
Extending the export module to support these destinations, e.g., by integrating such
functionality from HERMES, would close a relevant gap in the workflow and strengthen
compliance with the FATR4RS principles which require the registration of a research

software in a registry in addition to providing good metadata for it.

Semantic web limitations The frontend of SMECS uses the information of a meta-
data schema provided as JSON-LD Schema since CodeMeta uses this format. Although
JSON-LD enables basic semantic web capabilities, it offers limited support for dynamic
ontology-based value vocabularies and complex class hierarchies. Consequently, fulfilling
SR10 (dynamic value-vocabulary integration) is challenging within the current technical
stack. Investigating alternative formats for the metadata schema (e.g., SHACL) could
provide the necessary expressivity for future extensions.

Overall, SMECS proves to be a usable and interoperable tool for generating metadata
for research software. By building on HERMES; it inherits a solid foundation for metadata
harvesting. Nevertheless, opportunities for improvements remain, especially in expanding
the extraction to unstructured sources, simplifying the user interface, enhancing export
features, and overcoming the semantic web constraints. Continued research, e.g., with more
diverse participant groups and deeper integration into software registry ecosystems, will be

essential to fully realize the potential of SMECS as a catalyst for FAIR research software.



Summary and Outlook

While ERS is an important foundation for energy research, it faces multiple challenges, e.g.,
missing documentation, leading to limited reproducibility and reusability. The FAIR4RS
principles provide a general framework to improve the reusability of research software, but
their adoption in the energy domain is still at the beginning. Therefore, the overarching
goal of this thesis was to identify process steps and define resources that can enable FAIR
ERS. In the following, Section 7.1 first summarizes the key findings of this thesis along
with answers to the RQs. Subsequently, Section 7.2 provides an outlook on future work
including open research challenges to achieve fully FAIR ERS and improve the environment
for RSE.

7.1 Key FINDINGS

Section 1.2 introduced a conceptual ecosystem composed of resources that support and
enable FAIR ERS. An overview of the ecosystem is published in [89] and visually sum-
marized in Figure 7.1. Based on this conceptualization, Section 1.3 formulated three RQs
for this thesis which target three central resources, marked in magenta in Figure 7.1: the
recommendations for engineering ERS, the metadata schema, and the metadata generation
tool. In the following, the key findings for each RQ are presented including the related

main contributions of this thesis and their limitations.

7.1.1 Recommendations for Engineering Energy Research Software

RQ1: Which recommendations can help energy researchers to develop more reusable
ERS?

Key findings Chapter 3 presented a set of ten recommendations for energy researchers
that was derived from three sources. An initial literature review identified the most rel-
evant RSE topics, which formed the basis for a first exploratory workshop with energy

researchers. The outcomes of this workshop were refined in a second consolidating workshop.
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Figure 7.1: Vision of an ecosystem enabling FAIR ERS supported through resources (ser-
vices and standards) extending Figure 1.3. The resources focused in this thesis

are highlighted in magenta.

The combined results constitute the final recommendations published in [77]. Generally, the
recommendations align with existing domain-agnostic research software guidance and es-
pecially emphasize energy-specific aspects such as industry collaboration, interdisciplinary
collaboration, and the explicit inclusion of RSE in project proposals. Besides the recom-
mendations, the workshops conducted in this research step suggest that training of RSE
skills should be focused early in research projects. Since the implementation of the recom-

mendations depends on existing infrastructure for ERS as presented in Section 1.2, they

need to be revised as new resources emerge.

Limitations The recommendations resulted from the two interactive workshops which
were mainly joined by energy researchers with many practical experience. Consequently,
the insights reflect the perspectives of practitioners but may not capture the latest ad-
vances in software engineering. Additionally, due to the heterogeneity of ERS projects

the recommendations cannot be applied uniformly but the special characteristics of each

project need to be taken into account.



7.1 KEY FINDINGS |

7.1.2 Metadata Schema for Energy Research Software

RQ2: Which metadata are suited to improve the FAIRness of ERS and how can

they be structured within a metadata schema?

Key findings Chapter 4 introduced ERSmeta as a metadata schema specifically de-
signed to improve the FAIRness of ERS. Its metadata elements are based on the re-
quirements derived from more than 30 semi-structured interviews with energy researchers,
published in [90], and enriched by insights from the RSE literature. The elements were
combined to a formalized schema, available as JSON-LD and SHACL, demonstrating how
the metadata can be structured in a machine-readable way. The formalized schema in-
cludes descriptions, obligation levels, and data types for all elements. By reusing many
elements from CodeMeta, ERSmeta is interoperable with domain-agnostic research software

metadata and can accommodate future extensions of CodeMeta with minimal effort.

The schema was evaluated positively in a quantitative in-vivo study presented in Chap-
ter 6. The results, submitted as [91], showed that the metadata elements were rated as
useful and relevant without identifying substantial gaps. This indicates that the schema
captures relevant aspects of ERS. In summary, FRSmeta constitutes an important first
step towards a community-wide metadata standard for ERS while already being ready to

describe ERS in a machine-readable way.

Limitations The interview-based requirement gathering was centered on the perspec-
tives of energy researchers, ensuring that the resulting metadata elements are directly rel-
evant to their daily practice. Perspectives from other key stakeholders, such as RSE/HPC
units or funding agencies, were incorporated only indirectly via the RSE literature. Also,
the viewpoint of industry was not focused by the requirement analysis. Consequently, the

requirements may be incomplete with respect to the needs of these additional stakeholders.

Regarding the element descriptions, the evaluation yielded neutral to slightly positive
ratings highlighting the need for more explicit documentation and concrete examples.
Additionally, concern about the high number of metadata elements was expressed in the
evaluation, noting that a large element set can impose a substantial burden on those
creating the metadata. Finally, FRSmeta has so far only been integrated into SMECS and
not in any software registry or other ecosystem components, which limited the insights

gathered from the current evaluation to a specific environment.
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7.1.3 Metadata Extraction and Curation

RQ3: How can a tool support the creation of metadata for ERS?

Key findings Chapter 5 presented the current landscape of tools that support research
software metadata creation and introduced SMECS as a novel solution that combines
multiple aspects and is published in [81]. SMECS can automatically extract existing infor-
mation for a software from its repository (GitHub, GitLab), provides them in a web-based,
user-friendly interface for curating, and can export them as a JSON-LD metadata record
following CodeMeta or ERSmeta. For the extraction, SMECS uses the framework HER-
MES and currently supports extraction from CFF and CodeMeta files as well as from the
GitHub and GitLab APIs.

The initial usability study of SMECS yielded an excellent mean System Usability Scale
(SUS) score, as presented in Section 5.4. A marginal mean SUS score was produced by a
subsequent study in which FRSmeta was integrated into SMECS as described in Chapter 6.
This decline is probably due to the larger number of metadata elements introduced by
ERSmeta and, possibly, to a social-desirability bias in the first, interview-based assessment.
In summary, SMECS constitutes a usable and interoperable platform that supports the
creation of ERS metadata, laying the groundwork for FAIR-compliant metadata workflows

for research software.

Limitations While SMECS is designed to be applicable beyond ERS, the evaluation was
conducted exclusively with energy researchers. As a result, the extent to which the findings
can be generalized to other research domains remains uncertain. The current extraction
module is limited to a few structured sources (CodeMeta and CFF files as well as GitHub
and GitLab APIs). It does not handle unstructured documentation, which restricts its
applicability. Moreover, the evaluation revealed that working with large metadata schemas
such as ERSmeta is demanding, contributing to the lower usability scores observed in the
second study. Finally, the frontend’s reliance on JSON-LD offers only basic semantic web

functionality, impeding the integration of dynamic, ontology-based value vocabularies.

7.1.4 Summary

Beyond the artifact-specific considerations, several overarching limitations affect all find-
ings that should be acknowledged. Even when an international perspective was sought,
the data gathering from the energy research community had a German focus, e.g., in the

requirement analysis for ERSmeta approximately 80 % of interviewees were based in Ger-
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many. This geographic concentration likely narrowed the diversity of viewpoints captured.
In addition, although the participants formed an interdisciplinary cohort, the inherently
broad and heterogeneous nature of energy research may have led to some subcommunities
and disciplinary perspectives not being fully represented.

Overall, this thesis establishes a solid foundation for a deeper understanding of ERS and
for advancing its engineering towards FAIR ERS. Thereby, the thesis achieved its primary
objective. As prototypes for three resources, three concrete artifacts were created to support
researchers in this endeavor: First, a set of ten domain-specific recommendations offers
practical guidance for developing reusable ERS. Second, the metadata schema FERSmeta
structures the information required for making ERS FAIR. Third, the tool SMECS simplifies
the creation of ERS metadata. While technical solutions such as ERSmeta and SMECS
are indispensable for lowering the practical barriers to FAIR compliance, the findings
also underscore the need for a cultural change. The workshops and interviews revealed
that research software is still undervalued as a scientific contribution, often being seen
merely as a means to generate results rather than as a citable, reusable research output.
Recognizing and rewarding high-quality, well-documented research software is therefore
a prerequisite for encouraging researchers to invest the additional effort to improve the
quality and FAIRness of their ERS. The introduced artifacts can help catalyze this cultural

change, paving the way towards more transparent, reproducible, and reusable ERS.

7.2 FUTURE WORK

The work presented in this thesis not only achieved its primary objective but also revealed
a number of promising avenues for further work. While some of them arose from the
boundaries of the thesis, others emerged directly from the findings and the development of
the three artifacts. The following section outlines the most compelling directions. While
some of them constitute research topics, others represent additional features for the artifacts
or necessary steps to enable their broader adoption. Table 7.1 summarizes and clusters

these various aspects.

Recommendations Because ERS is highly heterogeneous and the presented recom-
mendations target all types of ERS, energy researchers must adapt them to the specific
type and maturity of their ERS. Future research can analyze how the recommendations
can be tailored for the different types of ERS to provide more nuanced, context-sensitive
advice. To this end, a better understanding of the different types of ERS is necessary. This
can be achieved by extending the multi-dimensional research software categories proposed

by Hasselbring et al. [111] with domain-specific aspects.
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In addition, the transferability of the recommendations to other research domains is
interesting for further investigation and may also lead to a better understanding of the
variations of RSE in different research domains.

The recommendations should be further updated when new resources become available
and the community evolves. To facilitate ongoing community engagement, a moderated
GitHub repository' was established where researchers can discuss the recommendations
and provide feedback. Finally, the recommendations should be further disseminated, so
that energy researchers can use them for their ERS development. This is planned within

the consortium NFDI4Energy.

ERSmeta Table 7.1 outlines multiple new features that may improve FRSmeta and
shows various aspects for further research. One of them concerns the provision of richer,
machine-readable interface descriptions, similar to DataDesc [150]. Additionally, ongoing
advances in research software, e.g., regarding quality metrics, should be monitored closely
so they may be integrated into FRSmeta. To include these additional information, it is
necessary to investigate how they can be added without increasing the perceived complexity
of the schema. Especially regarding the perceived complexity, further investigations of the
effect of prior metadata experience and training is relevant.

By integrating ERSmeta into a dedicated software registry, additional insights into its
impact on the discoverability of ERS can be gained. Within NFDI4Energy, the development
of such a registry with ERSmeta as the underlying metadata model is planned [180],
providing a concrete evaluation environment and fostering broader community uptake.

Finally, the schema’s contributions should be carefully examined for relevance to other
metadata standards. For example several newly introduced, domain-agnostic elements, e.g.,
the element communityInteraction in ERSmeta, could be valuable additions to generic
frameworks such as CodeMeta. Thereby, the impact of ERSmeta can be extended beyond

the energy domain strengthening the overall FAIR research software ecosystem.

SMECS The functionalities of SMECS can be improved in multiple ways as summa-
rized in Table 7.1. The evaluation identified a need for broader harvesting, especially from
unstructured sources like README files. Incorporating parsers, e.g., from SoMEF, and
exploring Al-driven techniques for extraction will increase coverage. HERMES as founda-
tion of SMECS allows new harvesters to be plugged in as they become available. In further
research, it can be investigated which mechanisms can deal with larger metadata schemas
to increase the usability of SMECS. In terms of export, SMECS should support direct

uploads to software registries and knowledge graphs, e.g., to the Open Research Knowledge

"https://github.com/NFDI4Energy/ERSE_Recommendations, last accessed 2026-03-03
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Graph (ORKG), to close a workflow gap. Some of these functionalities will be included into
SMECS as part of the project Connected Open Source Software (ConnOSS) [35]. They
would broaden SMECS’s applicability and improve its user experience.

By offering a public instance of SMECS, it can be evolved into a research infrastructure
software. Additionally, embedding SMECS into existing software registries or using it to
populate sections of SMPs would streamline metadata creation and establish SMECS as
a central component for handling metadata creation for research software. This would
allow further research on SMECS, e.g., how its usability perception depends on different
metadata experience levels and on its usability in other domains. Furthermore, its adoption

across the energy research community and beyond can be promoted.

Further resources for FAIR ERS The envisioned ecosystem, as shown in Figure 7.1,
contains multiple resources that can simplify and enable FAIR ERS. While three of them
were already covered through the artifacts of this thesis, further resources are needed for
the ecosystem, e.g., a software registry or interface standards. To tailor those resources to
the needs of energy researchers, a deeper understanding of the characteristics of ERS is
necessary. Therefore, further research on the special characteristics of ERS is needed. Also,
the required interactions between the resources in the ecosystem need further investigation,
e.g., how to synchronize up-to-date metadata between different resources.

Another critical area to enable reusable ERS concerns the assessment of its quality
and its overall maturity. Interview participants in the presented requirement study (see
Section 4.3) stressed that perceived quality is a relevant factor for reuse. Standardized
quality metrics can simplify the selection of ERS for reuse and enable better targeted
funding for ERS. Yet, reliable quality metrics and maturity models are currently lacking
for research software. Developing them based on existing software engineering approaches,
like the Technology Readiness Levels (TRLs), would provide a systematic way to evaluate

and communicate the robustness of ERS, thereby supporting the FAIR4RS principles.

Impact of resources The evaluations presented in this thesis showed that the three
developed artifacts generally support the FAIRification of ERS. However, the broader
behavioral consequences of making these resources available have not yet been quantified.
Therefore, future research should analyze to which extent the artifacts stimulate a cultural
change towards FAIR ERS, e.g., by measuring changes in metadata creation practices or
reuse patterns among researchers. In parallel, it should be investigated to which degree the
developed artifacts can be adapted to other research domains and if the chosen methods
are reusable for other domains. Thereby, a wider cultural change towards FAIR and more

reusable research software can be fostered across science.



Related Publications and Outcomes

In the course of this thesis a number of peer-reviewed publications, conference presentations,
poster contributions, and research artifacts were produced. This first part of the appendix
provides an overview of these outputs and clarifies the author’s role for each. Therefore, the
contributions of all co-authors are classified according to the Contributor Role Taxonomy
(CRediT)! for each listed work to highlight the specific responsibilities of the thesis author.
First, Section A.1 lists the publications that lie directly within the scope of this thesis.
Section A.2 then summarizes additional papers that are closely related to the research
in this thesis. Regarding the dissemination activities at scientific conferences, Section A.3
summarizes oral presentations that are not directly connected to a publication, while
Section A.4 documents the poster sessions in which results of this thesis were showcased.
Finally, Section A.5 presents research artifacts that were created and released as part of

this work including research data, research software, and a metadata schema.

A.1 WITHIN THE ScoPE OF THIS WORK

The following publications present early and final results of the research outlined in this
thesis, directly contributing to the different chapters. Table A.1 shows the contributions
of the authors for each publication based on CRediT.

Towards Improved Findability of Energy Research Software by Introducing
a Metadata-based Registry (first author, 2023) [84] This publication intro-
duces and formally defines Energy Research Software (ERS) for the first time. It motivates
that describing ERS with rich metadata and registering it in a metadata-based registry are
essential aspects to improve its findability and overall FAIRness. Building on a review of
the state of the art, the paper proposes an initial set of requirements for both the metadata
schema and the registry.

This publication laid the foundation for the conceptualization in Chapter 1 and the early

analysis of the state of the art of metadata schemas outlined in Chapter 4. The work was

"https://credit.niso.org/, last accessed 2026-03-03

117


https://credit.niso.org/

118

| RELATED PUBLICATIONS AND OUTCOMES

presented at the NFDI/Ing Conference 2022 by the author of this thesis and subsequently

published as a post-conference proceeding in the journal ing.grid”.

Table A.1: CRediT roles of all authors for all related publication within the scope of this
work.

Conceptualization

Formal analysis
Methodology

Project administration
Writing — original draft
Writing — review & editing

Investigation
Visualization

Author

Towards Improved Findability of Energy Research Software by Introducing a Metadata-
based Registry [84]

Stephan Ferenz v v v
Astrid Niefe v v
Ten Recommendations for Engineering Research Software in Energy Research [77]

Stephan Ferenz v v v v v v v
Emilie Frost v v v v
Rico Schrage v v v v
Thomas Wolgast v v v v
Inga Beyers v 4 4
Oliver Karras v v
Oliver Werth v v v
Astrid Niefle v v v
Requirements for a Metadata Scheme to Enable FAIR Energy Research Software [90]
Stephan Ferenz v v v v v v v
Oliver Werth v v v
Astrid Niefle v v v

Continued on next page

*https://www.inggrid.org/, last accessed 2026-03-03
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Table A.1: CRediT roles of all authors for all related publication within the scope of this
work (continued).
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SMECS: A Software Metadata Extraction and Curation Software [82]
Stephan Ferenz v v v v
Aida Jafarbigloo v v v v 4 4 v
Oliver Werth v v v
Astrid Niefle v v v
Towards a Metadata Schema for Energy Research Software [91]
Stephan Ferenz v v v v v v
Oliver Werth v v v
Astrid Niefle v v v
Enabling FAIR Energy Research Software [89]
Stephan Ferenz v v v v
Oliver Werth v v
Astrid Niefle v v

Ten Recommendations for Engineering Research Software in Energy Re-
search (first author, 2025) [77] This article introduces ten recommendations to
improve the engineering of ERS. The recommendations span the full software lifecycle
including conceptualization, development, testing, and publication. They are based on the
outcomes of two interdisciplinary workshops with energy researchers. By raising aware-
ness of RSE best practices, the recommendations are intended to increase the quality and
reproducibility of energy research.

The recommendations and their creation are discussed in Chapter 3, while Appendix B

presents all recommendations. The paper was presented at the 16" ACM International
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Conference on Future and Sustainable Energy Systems (ACM e-Energy 2025)° by the

author of this thesis and is part of the conference proceedings®.

Requirements for a Metadata Scheme to Enable FAIR Energy Research Soft-
ware (first author, 2025) [90] This paper reports a qualitative requirement analysis
for a FATR-compliant metadata schema for ERS. The study identified a set of metadata
elements, e.g., community information, support options, and domain-specific properties
like temporal and geographical scope, that are essential for FAIR ERS. Based on these
requirements, a domain model was constructed, providing the conceptual foundation for a
metadata schema for ERS.

The requirement analysis is presented in Section 4.3 as part of the development of
ERSmeta. The results were first presented at the 4 Conference for Research Software Engi-
neering in Germany (deRSE 2024)° by the author and later published in the post-conference

proceedings®.

SMECS: A Software Metadata Extraction and Curation Software (first au-
thor, 2025) [82] The publication describes SMECS, a tool that can automatically
harvest software metadata from a public repository (e.g., GitHub) and offers an interactive
web interface for manual curation and export of the metadata. By simplifying the creation
of metadata, SMECS can lower the barrier to FAIRifying research software. A usability
study demonstrated that SMECS delivers a satisfactory user experience.

The related work, architecture, and evaluation results are detailed in Chapter 5. The
software was presented at the 5 Conference for Research Software Engineering in Germany
(deRSE 2025)" by the author of this thesis and subsequently appeared in the post-conference

proceedings®.

Enabling FAIR Energy Research Software (first author, 2026) [89] This ar-
ticle refines the definition of ERS and surveys the ecosystem of services required to make
ERS FAIR. Thereby, it provides the state of the art for each service category for ERS.
The definition of ERS is presented in Section 1.1 in this thesis. The general overview
of potential services is described in Section 1.2. The overview of the state of the art of

all services summarizes different results of this thesis. The work was presented at the 3%

Shttps://energy.acm.org/conferences/eenergy/2025/, last accessed 2026-03-03
“https://dl.acm.org/doi/proceedings/10.1145/3679240, last accessed 2026-03-16
Shttps://events.hifis.net/event/994/contributions/7927/, last accessed 2026-03-03
Shttps://eceasst.org/index.php/eceasst/issue/view/205, last accessed 2026-03-03
"https://events.hifis.net/event/1741/contributions/13331/, last accessed 2026-03-03
8https://eceasst.org/index.php/eceasst/issue/view/207, last accessed 2026-03-03
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NFDI,Energy Conference’ by the author of this thesis and is included in the conference

proceedings'’.

Towards a Metadata Schema for Energy Research Software (first authog
submitted to PeerJ Computer Science) [91] This manuscript presents the meta-
data schema ERSmeta and reports on an empirical evaluation in which researchers applied
the schema to describe their own software artifacts.

The schema description is integrated in Chapter 4, while the evaluation design, results,
and discussion are described in Chapter 6. The paper has been submitted to PeerJ Com-

puter Science'' and is currently under review. A preprint is published on arXiv'?.

A.2 CLOSE TO THE ScoPE OF THIS WORK

While the following publications are not part of the core of this thesis, they provided
valuable insights that informed the research presented herein. Many of them arose from
collaborations with multiple research groups fostering scientific exchange. The specific

contributions of each author are shown for these publications in Table A.2 using CRediT.

Reactive Power Markets: A Review (second author, 2022) [222] This paper
offers a comprehensive review of reactive power markets, describing their main character-
istics and design options (both local and system-operator level). Thereby, it summarizes
current trends and research gaps based on the literature synthesis and formulates general
research recommendations to guide future work in this field.

The study underlines the necessity of clear classifications for approaches used in ERS

to foster reuse and interoperability. The article was published in IEEE Access'.

“https://events.hifis.net/event/3058/contributions/22331/, last accessed 2026-03-04
POhttps://www.tib-op.org/ojs/index.php/ocp/issue/view/189, last accessed 2026-03-28
"https://peerj.com/computer-science/, last accessed 2026-03-04
https://arxiv.org/, last accessed 2026-03-29

Bhttps://ieeeaccess.ieee.org/, last accessed 2026-03-04
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Table A.2: CRediT roles of all authors for all related publication close to the scope of

this work.
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Reactive Power Markets: A Review [222]

Thomas Wolgast v  / v v /
Stephan Ferenz v 7/ v 7/
Astrid Niefle v v v

Requirements for an Open Digital Platform for Interdisciplinary Energy Research and
Practice [217]

Oliver Werth v v v / v /
Stephan Ferenz v v / v /
Astrid Niefle v Ve

An Open Digital Platform to Support Interdisciplinary Energy Research and Prac-

tice—Conceptualization [86]

Stephan Ferenz v v v v /
Annika Ofenloch v v v /
Fernando Penaherrera Vaca v v v /
Henrik Wagner v v v /
Oliver Werth v v v /
Michael H. Breitner v v
Bernd Engel v v
Sebastian Lehnhoff v V4
Astrid Niefle v v

Continued on next page
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Table A.2: CRediT roles of all authors for all related publication close to the scope of
this work (continued).
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Choosing the right model for unified flexibility modeling [27]
Jonathan Brandt v v v / v v v /
Emilie Frost v v v
Stephan Ferenz v v v
Paul Hendrik Tiemann v v
Astrid Bensmann v v
Richard Hanke-Rauschenbach v
Astrid Niefle v v v

DataDesc: A framework for creating and sharing technical metadata for research soft-
ware interfaces [150]
Patrick Kuckertz v v v
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Table A.2: CRediT roles of all authors for all related publication close to the scope of
this work (continued).
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Soéren Auer v v
Detlef Stolten v v
Choosing the Right Ontology to Describe Research Data in the Energy Domain [201]
Alexandro Steinert v v 7/ 7/
Stephan Ferenz v v v v
Astrid Niefle v v v

Multi-Dimensional Research Software Categorization [111]

Wilhelm Hasselbring v v v /
Stephan Druskat

Jan Bernoth

Philine Betker

Michael Felderer

Stephan Ferenz

Ben Hermann

Anna-Lena Lamprecht

Jan Linxweiler

Arnau Prat

Bernhard Rumpe

Kathrin Schoening-Stierand
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Shinhyung Yang
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Requirements for an Open Digital Platform for Interdisciplinary Energy Re-
search and Practice (second author, 2022) [217] This article investigates the
concept of an open digital platform for sharing knowledge and experience across the energy
sector. Requirements were identified from 36 semi-structured interviews with diverse stake-
holders and organized around five core elements: competence, best practices, repository,
simulation, and transparency.

The findings provide first insights into current research software practice in the energy
domain and, thereby, inform the conceptualization in Section 1.2. The methodology also
inspired the requirement analysis presented in Chapter 4. The work was presented at the
Wirtschaftsinformatik 2022'* by Oliver Werth and was included in its proceedings'®.

An Open Digital Platform to Support Interdisciplinary Energy Research and
Practice — Conceptualization (first author, 2022) [86] Building on the require-
ments identified in [217], this paper presents a detailed functional and technological concept
for an open digital platform to support researchers and practitioners in the energy domain.
The platform combines six elements: (1) Competence — matchmaking of researchers and
practitioners; (2) Methods — an overview of applicable research methods; (3) Repository
— discovery of data sets and models; (4) Simulation — coupling of models and data for
scenario execution; (5) Transparency — publication of results and related artifacts; and
(6) Core — a unified entry point that integrates the other elements. Use case discussions
illustrate how the platform serves different stakeholder groups.

The conceptual design contributed to the conceptualization in Section 1.2. The article

was published in Energies'S.

Choosing the Right Model for Unified Flexibility Modeling (co-author, 2022)
[27] This contribution surveys a range of flexibility modeling approaches and evaluates
five selected models against an introduced metric. The best performing models were sub-
sequently implemented and simulated to illustrate their practical flexibility potential and
to compare them more in detail.

The comparative analysis highlights the heterogeneity of existing models and under-
scores the need for improved reusability of ERS. The paper appeared in Energy Informat-

ics'T.

YMhttps://wi22.de/, last accessed 2026-03-04
https://aisel.aisnet.org/wi2022/, last accessed 2026-03-04
Ynttps://wuw.mdpi.com/journal/energies, last accessed 2026-03-04
"https://link.springer.com/journal/42162, last accessed 2026-03-04
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DataDesc: A Framework for Creating and Sharing Technical Metadata for
Research Software Interfaces (co-author, 2024) [150] The article introduces
DataDesc, a metadata schema and framework that enable the description of software
interfaces with machine actionable metadata. In addition to a dedicated metadata schema,
the publication presents supporting tools that automate the collection and publication of
interface documentation, thereby increasing the FAIRness of research software.

The approach is included and discussed in the related work on metadata schemas in
Section 4.1 and contributes to the broader discussion of metadata schemas in this thesis.

The paper was published in Patterns'®.

Choosing the Right Ontology to Describe Research Data in the Energy Do-
main (co-author, 2025) [201] This study compares eight energy domain ontologies
using a set of 21 criteria grouped into four categories, thereby providing a systematic
decision support for researchers. The analysis identifies the Open Energy Ontology (OEO)
as the top-ranked option.

The paper informed the selection of value vocabularies for ERSmeta in Chapter 4. The
work was presented at the 15 DACH+ Conference on Energy Informatics'? by Alexandro
Steinert and was published in the ACM SIGEnergy Energy Informatics Review? .

Multidimensional Research Software Categorization (co-author, 2025) [111]
This paper proposes a multidimensional categorization for research software that combines
role-based, readiness-based, developer-based, and dissemination-based categories.

The discussion that led to the taxonomy informed the conceptualization in Chapter 1
and several of the categories were incorporated into FRSmeta in Chapter 4. The article

was published in Computing in Science & Engineering’’ by IEEE.

A.3 PRESENTATIONS

In addition to the peer-reviewed publications and their associated presentations, many
results of this thesis were disseminated through oral talks by the author of this thesis at

several conferences.

Bhttps://wuw.cell.com/patterns/home, last accessed 2026-03-04
Yhttps://energy-informatics2024.org/, last accessed 2026-03-04
2Onttps://dl.acm.org/toc/sigenergy-eir/2024/4/4, last accessed 2026-03-04
*'https://www.computer.org/csdl/magazine/cs, last accessed 2026-03-04
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Improved Findability of Energy Research Software by Introducing a Meta-
data-based Registry (NFDI4Energy Conference 2024) [83] The general idea
of this thesis was presented at the 1% NFDI/Energy Conference in 2024

Towards Guidelines for Engineering of Energy Research Software (deRSE
2025) [79] The ten recommendations for RSE in the energy domain, as presented in
Chapter 3, were showcased at the 5 Conference for Research Software Engineering in
Germany (deRSE 2025)%3. The talk highlighted the domain-specific characteristics identi-
fied in the study and sparked a discussion on whether similar domain-tailored approaches

are needed in other research fields.

Towards Services to Enable FAIR Research Software in a Typical Research
Project Cycle (deRSE 2025) [85] The conceptual model of services, standards,
and recommendations required for FAIR research software as described in Section 1.2
was presented and discussed at the 5% Conference for Research Software Engineering in
Germany (deRSE 2025)**. This presentation led to a paper [89].

Towards a Metadata Scheme for Energy Research Software (NFDI4Energy
Conference 2025) [92] A preliminary version of ERSmeta was introduced at the 2°¢
NFDI}Energy Conference in 2025%°. The schema is described in full detail in Chapter 4.

Towards Common Metadata for Research Software in the NFDI (CoRDI 2025)
[76] Results of the NFDI working group on research software metadata were presented
at the 2" Conference on Research Data Infrastructure (CoRDI) 2025°. The discussion

led to improved interoperability of the metadata schema presented in Chapter 4.

A.4 POSTERS

Besides oral talks, the thesis outcomes were also communicated through poster presentations

at several conferences.

nttps://nfdidenergy.uol.de/community-and-updates/1st-nfdidenergy-conference-2024/, last
accessed 2026-03-04

Zhttps://events.hifis.net/event/1741/contributions/13914/, last accessed 2026-03-04

Zhttps://events.hifis.net/event/1741/contributions/13929/, last accessed 2026-03-04

Phttps://nfdidenergy.uol.de/community-and-updates/2nd-nfdidenergy-conference-2025/, last
accessed 2026-03-04

2onttps://www.nfdi.de/cordi-2025/, last accessed 2026-03-04
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Towards More Findable Energy Research Software by Introducing a Meta-
data-based Registry (DACH+ Conference on Energy Informatics 2022) [74,
75] The core idea of the thesis, a metadata-based registry to make Energy Research
Software more findable, was displayed as a poster at the 11%* DACH+ Conference on
Energy Informatics®”. The poster subsequently led to a more detailed paper [84].

Towards Guidelines for Engineering of Energy Research Software (NFDI4-
Energy Conference 2025) [78] The ten engineering recommendations for ERS,
presented in Chapter 3, were summarized in a poster presented at the 2"¢ NFDIjEnergy
Conference in 2025°8.

A.5 PuBLISHED RESEARCH ARTIFACTS

Several research artifacts were created to obtain the results presented in this thesis. These
artifacts are described in the following. Table A.3 provides a concise overview of the
contributions to each artifact, using an adjusted version of CRediT in which the Software

role has been replaced by Development.

ERSmeta (Metadata Schema) [71] FERSmeta is the metadata schema for ERS
that was developed as part of this thesis. Its evolution is described in detail in Chapter 4.
The schema is maintained on GitHub?? to ensure full traceability of changes. Each released

version has been archived on Zenodo [71].

SMECS (Research Software) [80] The Software Metadata Extraction and Curation
Software (SMECS) is a software for extracting and curating research software metadata,
developed within the scope of this thesis as technology research software. The full descrip-
tion of its architecture, implementation, and user interface is provided in Chapter 5. The
code base is hosted on GitHub?", where every change is tracked, and released versions are

deposited on Zenodo [80].

*"https://energy-informatics2022.org/, last accessed 2026-03-04

nttps://nfdidenergy.uol.de/community-and-updates/2nd-nfdidenergy-conference-2025/, last
accessed 2026-03-04

*https://github.com/NFDI4Energy/ERSmeta, last accessed 2026-03-04

3https://github.com/NFDI4Energy/SMECS, last accessed 2026-03-04
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Table A.3: Contributor roles for all published research artifacts based on CRediT with
development instead of software.
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ERSmeta [71]
Stephan Ferenz v v v v
Software Metadata Extraction and Curation Software (SMECS) [80]
Stephan Ferenz v v v v /
Aida Jafarbigloo v v v
Syed Sundraiz Shah v

Interview Guide for the Requirements Analysis for an Application Profile/Metadata
Schema for Energy Research Software [73]

Stephan Ferenz v v 7/
Dataset of the Evaluation of a Metadata Schema for Energy Research Software [87]
Stephan Ferenz v /  / v /
Oliver Werth v v 4
ERSmeta Evaluation Scripts [72]

Stephan Ferenz v v v

Interview Guideline for the Requirement Analysis of ERSmeta (Research
Data) [73] The interview guideline documents the protocol used to gather requirements
for FRSmeta in Section 4.3. The final version of the guideline has been archived on

Zenodo [73]. All raw interview data are kept confidential to protect participant privacy.

Evaluation Dataset (Research Data) [87] The evaluation dataset comprises the
raw responses for the empirical assessment of FRSmeta and SMECS. Also, it includes

the full questionnaire. The design of the evaluation, the applied methodology, and the
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results are described in detail in Chapter 6. The complete dataset has been deposited on
Zenodo [87].

Evaluation Scripts (Research Software) [72] The evaluation scripts constitute
the data analytics software that was developed to process the material gathered for the
evaluation of ERSmeta and SMECS. The entire code base is version-controlled on GitHub?!,
guaranteeing that every change is recorded, and frozen releases have been archived on
Zenodo [72]. The scripts were used to analyze the evaluation data and to generate all result
figures presented in Chapter 6 which describes the evaluation, including its methodology
and results. Also, the script to produce the figures in Section 5.4 (Figure 5.5) is included

in the repository.

31h‘ctps ://github.com/Digitalized-Energy-Systems/ERSmeta-survey-analysis-scripts, last
accessed 2026-06-08
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Detailed Comparison Between

Different RSE Recommendations

This part of the appendix focuses on the recommendation for engineering ERS. As pre-
sented in Section 3.4, the created recommendations are compared with different sets of
recommendations introduced in the literature (precisely with [11, 123, 133, 155, 168, 178,
208, 221]). In Section 3.4, Table 3.2 already shows a summary of this comparison. Within
this part, Table B.1 and Table B.2 provide a detailed comparison, also providing the names
of the recommendations in the other papers. Table B.3 shows recommendations in the

other publications where no equivalent is available in the developed recommendations.
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Table B.1: Detailed comparison between the developed recommendations for the energy domain and existing recommendations
in other domains (Part 1).

The developed
recommendations [77]

Ten simple rules for quick
and dirty scientific
programming [11]

Ten simple rules on
writing clean and
reliable open-source
scientific software [123]

Four simple recommendations
to encourage best practices in
research software [133]

Ten Simple Rules for
Developing Usable
Software in Computational
Biology [155]

1: Reuse and extend other
software if possible and
useful

2: Use version control

3: Develop open source and
make your software
findable

4: Organize yourself and
your team

5: Consider the reuse of
your research software

6: Keep the architecture as
simple as possible (but as
complex as necessary)

7: You are not done until
the documentation is done

8: Test your software based
on a test strategy

9: Grow your community

10: Include RSE in your
research project proposals

3: Look for opportunities
for code reuse

1: Think before you code,
4: Modularize your code

8: Write self-documenting
code for programmers and
a readme file for users

3: Reduce complexity
when possible

1: Make source code publicly
accessible from day one,

2: Make software easy to
discover by providing software
metadata via a popular
community registry,

3: Adopt a license and comply
with the license of third-party
dependencies

4: Define clear and transparent
contribution, governance and
communication processes

1: Identify the Missing
Pieces

4: Use Standard Data
Formats for Input and
Output

4: Use Standard Data
Formats for Input and
Output




Table B.2: Detailed comparison between the developed recommendations for the energy domain and existing recommendations
in other domains (Part 2).

The developed
recommendations [77]

Ten Simple Rules for
Effective Computational
Research [168]

Ten Simple Rules for the
Open Development of
Scientific Software [178]

Ten simple rules for
making research software
more robust [208]

Best Practices for Scientific
Computing [221]

1: Reuse and extend other
software if possible and
useful

2: Use version control

3: Develop open source and
make your software
findable

4: Organize yourself and
your team

5: Consider the reuse of
your research software

6: Keep the architecture as
simple as possible (but as
complex as necessary)

7: You are not done until
the documentation is done

8: Test your software based
on a test strategy

9: Grow your community

10: Include RSE in your
research project proposals

1: Look Before You Leap

7: Version Control
Everything

9: Share Everything

3: Make Your Code
Understandable to Others
(and Yourself)

3: Make Your Code
Understandable to Others
(and Yourself)

1: Don’t Reinvent the
Wheel

4: Be Transparent

5: Be Simple

7: Nurture and Grow Your
Community,
8: Promote Your Project

5: Reuse software (within
reason)

1: Use version control,
4: Version your releases

2: Document your code and
usage

4: Don’t repeat yourself (or
others)

7: Document design and
purpose, not mechanics
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Table B.3: Overview of recommendations where no equivalent is included in the developed recommendations.

Ten simple rules for
quick and dirty
scientific
programming [11]

Ten simple rules
on writing clean
and reliable
open-source
scientific
software [123]

Ten Simple Rules
for Developing
Usable Software
in Computational
Biology [155]

Ten Simple Rules for
Effective
Computational
Research [168]

Ten Simple
Rules for the
Open
Development of
Scientific
Software [178]

Ten simple rules for
making research
software more
robust [208]

Best Practices
for Scientific
Computing [221]

2: Start with
prototypes and
expand them in short
development cycles

5: Avoid premature
optimization

7: Refactor
frequently

9: Grow your
libraries and tools
organically from your
research

10: Go explore and
be rigorous when you
publish

1: Choose a style
guide—And
stick with it

2: Consider
using an
integrated
development
environment

4: Refactor as
needed

5: Program
defensively

2: Collect
Feedback from
Prospective Users

3: Be Ready for
Data Growth

5: Expose Only
Mandatory
Parameters

6: Expect Users
to Make Mistakes

7: Provide
Logging
Information

8: Get Users
Started Quickly
9: Offer Tutorial
Material

10: Consider the
Future of Your
Tool

2: Develop a Prototype
First

4: Don’t Underestimate
the Complexity of Your
Task

5: Understand the
Mathematical,
Numerical, and
Computational
Methods Underpinning
Your Work

6: Use Pictures: They
Really Are Worth a
Thousand Words

10: Keep Going!

2: Code Well

3: Be Your Own
User

6: Don’t Be a
Perfectionist

9: Find Sponsors

10: Science
Counts

3: Make common
operations easy to
control

6: Rely on build tools
and package
managers for
installation

7: Do not require
root or other special
privileges to install
or run

8: Eliminate
hard-coded paths

9: Include a small
test set that can be
run to ensure the
software is actually
working

10: Produce identical
results when given
identical inputs

1: Write
programs for
people, not
computers

2: Let the
computer do the
work

3: Make
incremental
changes

5: Plan for
mistakes

6: Optimize
software only
after it works
correctly

8: Collaborate




Requirements for Metadata for

Energy Research Software

This part of the appendix provides additional information on the results of the requirement

analysis for the metadata schema as presented in Section 4.3 and published in [90]. Table C.1

lists the identified elements and their definitions for all parts of the domain model while

figures of the different parts are shown in Section 4.3.

Table C.1: Definition of elements in the domain model.

Element Definition
L Research category for which the software was
Categorization ]
written.
Contributor A person who has contributed to the software.

Country of Origin

Country of the institution.

Research domain for which the software was

Domain .
8 written.
=
g Geographical Spread Geographical spread of the contributors.
>
© Institution Institution which developed the software.
o
Name Name of the software.
Number of Contributors Number of contributors.
Publication Describing the . o
An academic publication related to the software.
Software
i Name of the project during which the software was
Related Project
developed.
Software Foundation Software this software is based on.
o Contact Mail Individual responsible for maintaining the software.
:C)‘g . . The date on which the CreativeWork was initially
Date of First Version

created.

Continued on next page
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Table C.1: Definition of elements in the domain model (continued).

Element

Definition

Usage

Date of Last Version

Download Link

Example
Example/Link
Example/Type
Further Development
Planned?

Interval of Updates

Link to Documentation
Required Training Period

Support Given?

The date on which the CreativeWork was most

recently modified.

If the file can be downloaded, URL to download
the binary.

Examples for using the software.
Link to the example.

Type of the example (e.g., minimal).
Is a further development planned?

How often is the software updated?
Link to documentation.

How long would a researcher need to be able to use

the software?

Will support be given?

Community

Existing Interactions

Existing Interactions/Link

Existing Interactions/Type

of Interaction

Git Downloads
Number of Downloads
Number of Git Forks
Number of Git Issues
Number of Git Stars

Publications Using the

Software

Ways how the software developers interact with the

software users (community).

Link to further information on the community

interaction.
Type of the interaction.

Number of Git downloads.
Number of downloads.
Number of forks on Git.
Number of Git issues.
Number of Git stars.

A publication that uses the software for its

research.

Continued on next page
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Table C.1: Definition of elements in the domain model (continued).

Element

Definition

API

Compatible Research Data

Compatible Research
Data/Automatic Download

Compatible Research

Description of the input and output functions
(APIs) of the software.

Research data that is compatible with this

software.

Is compatible data automatically downloaded by

the software?

Research hardware that is compatible with this

g Hardware software (e.g., in labs).
—~
Fé’ Compatible Software A software which is compatible with this software.
~ Content (Semantic) What type of data is usable as input?
Content (Semantic)/ . .
. Resolution of the variable.
Resolution
L How does the connected element relate to the
Direction (Input, Output, ..)
software?
Required? What data is required to get the software running?
Syntax What should the data look like?
Standard Used Standards for In/Output.
. . Target programming environments to which the
Compatible Programming ] . ) )
code applies. If applies to several versions, just the
Languages
product name can be used.
Dependencies Required software dependencies.
& Dependencies /Availability The availability of the dependency.
é Dependencies/License The license of the dependency.
n
¢ Dependencies/Version .
s The version number of the dependency.
£ Number
fa
@ Licenses /Costs Typical cost for licensing the software.
Licenses/Name Name of the license.

Licenses/Open vs. Not

Open vs. Academic

A flag to signal that the software is accessible for

free.

Continued on next page
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Table C.1: Definition of elements in the domain model (continued).

Element

Definition

Software-specific

Licenses/What is Allowed?

Minimal System

Configuration
Operating System

Parallelization Capability
Programming Language
Quality /Number of Tests
Quality/Open Review
Quality /Stars
Quality/Validation
Real-time Capability
Software Type (GUI vs.
Commandline)

Typical Execution Time

Typical Hardware

Details on the allowed reuse with these licenses.
Minimal hardware requirements.

Operating systems supported (Windows 7, OSX
10.6, Android 1.6).

Does the software support parallelization?

The computer programming language.

Number of tests.

A review of the software.

Rating of the software in stars.

Information on validations done for the software.

Does the software support real-time simulations?
How can I interact with the software?

Typical execution time of the software.

Typical hardware which is required to run the

software.

Functionalities

Abstract

Assumptions

Category

Component Model

Component Model/Level of

Detail
Component Model/Name
Feature

Goals/Purpose

A description of the software.
A required assumption of the software.

Research category for which the software was

written.

A component of the energy system included in the

software.
Level of detail of the component.

Name of the component.
A feature of the software.
A general goal of the software.

Continued on next page
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Table C.1: Definition of elements in the domain model (continued).

Element

Definition

Functionalities

Graphical Abstract

Method

Optimization
Optimization/Features
Optimization/Method
Optimization/Problem
Type
Optimization/Solver
Parameters

Primary Use Case
Sector

Technology

Time-Space

Time-Space/Dimensions

Time-Space/Geo Scope

Time-Space/Possible Time

Resolution

Time-Space/Transient vs.

Stationary

Time-Space/Voltage Level

Use Case
Used Datasets

Graphical overview of the functionality of the

software.

An used method in the software.
Optimization used in the software.
Features of the optimization.

Method of the optimization.
Problem class of the optimization.

Used solver for the optimization.

Relevant parameters of the software.

Primary use case of the software.

A supported sector of the software.

A supported technology of the software.

Time and space required for using the software.
Supported dimensions of the software.

Support geographical scope of the software.
Supported time resolution of the software.

Does the software support stationary or transient
effects?

Supported voltage level of the software.
A supported use case.

Is compatible data used within the software?
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