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Abstract. Energy Research Software (ERS) is a central cornerstone to facilitate energy research,
e.g., by enabling data analytics or simulations of energy systems. However, most ERS does
not comply with the FAIR principles (Findable, Accessible, Interoperable, Reusable (FAIR)) and,
therefore, is often not reused. To enable FAIR ERS different domain-specific standards are
required, e.g., for metadata. Additionally, services can support researchers to make their ERS
FAIR. A good understanding of possible helpful and required standards and services is an
important first step towards their creation. Therefore, we provide a general definition of ERS and
present a vision which services and standards are needed to enable FAIR ERS. We analyze the
current state of these services and standards in the energy domain and provide an outlook to
further developments.
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1. Introduction

In energy research, self-designed research software is a fundamental tool for multiple purposes
like the visualization of processes and values, for example, of power quality [1], the simulation
of specific devices like fuel cells [2], the (co-)simulation of smart grids [3], or the analysis of
transition pathways [4]. Thereby, Energy Research Software (ERS) contributes significantly to
energy research and serves as the foundation for most research outcomes in this domain. Thus,
the quality of ERS directly influences the quality of results in energy research and its effectivity.

In general, research software faces multiple challenges. For example, missing documen-
tation of research software (e.g., with respect how to use the software, relevant assumptions)
often hinders the reproducibility of research which is one of the key elements of science [5].
Also, it is often not possible to build on existing research software, e.g., because the right
research software to build on can not be found or is not open source. Additionally, building
on existing research software often contains the risk of including unmaintained software [6].
Overall, these issues have led to parallel developments of similar tools, e.g., 63 frameworks
exist for optimization-based energy system modeling having highly overlapping features [7].
Often new tools are developed without reusing existing ones. Thereby, the research process
is slowed down because a lot of time is spent on (re)developing research software instead of
doing research [8].
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In 2022, Chue Hong et al. [9] introduced the Findable, Accessible, Interoperable, Reusable
for Research Software (FAIR4RS) principles to address these challenges. They adapted the
FAIR principles from Wilkinson et al. [10] which mainly focus on research data. The FAIR4RS
principles provide high-level guidance on how research software should be treated to allow high
reusability and to follow good scientific practice. Each principle contains multiple subprinciples
including diverse aspects such as metadata, interfaces, registering software, and versioning.

Generally, the adoption of the FAIR principles is a complex process [11]. In case of FAIR4RS,
a lot of supporting resources are still missing, e.g., services to provide Persistent Identifiers
(PIDs), software registries, metrics, and others [12]. While some of these required resources
are non-domain specific, also domain-specific efforts are also needed, e.g., for metadata
standards [9].

Applying the FAIR4RS principles to ERS can lead to better reusability and quality of ERS
and, therefore, better energy research. However, the adoption of the FAIR4RS principles in
the energy domain is currently at the beginning and only little resources to support them have
been developed so far, e.g., the framework and model factsheets of the Open Energy Platform
(OEP)1. Hence, the focus of this work is on the next relevant steps to enable the adoption of the
FAIR4RS principles in energy research. This leads to our research question: What resources
are required to enable FAIR ERS?

With this paper, we contribute to this field as follows:

• We provide a general definition of ERS (section 2).
• We present a vision how ERS can be treated FAIRly in a typical research project cycle

(section 3) based on the definition, literature, and existing approaches from other domains.
This vision includes multiple resources which can support FAIR ERS.

• We analyze the current state of maturity and availability of the outlined resources in the
energy domain (section 4).

We conclude this paper with an outlook on further required research on ERS in section 5.

2. Defining Energy Research Software

Energy Research Software (ERS) is the central object of this paper and, therefore, we provide
a precise definition in this section. 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 intensive debate.
Gruenpeter et al. summarized this debate and proposed an exclusive definition that 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.” [13]

While energy research is an often used term, it is less well defined in the literature [14]. It
is generally understood to comprise investigations on technologies for energy supply and/or
end use [14]. This includes especially technologies for energy systems, like conversion and
transmission of energy. Nowadays, energy research is often defined in a more mission-oriented
way, aiming at sustainability, net-zero emissions, and/or the energy transition, for example in the
8th German Energy Research Program [15].

By bringing these components together, we define ERS as:
1https://openenergyplatform.org/factsheets/models/add/ and

https://openenergyplatform.org/factsheets/frameworks/add/, last access 2025-11-27
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Definition 1 Energy Research Software (ERS) is software that was created during energy
research and/or specially to support energy research. Energy research aims to understand,
analyze, improve, and/or design energy systems or components specifically for energy systems.

As general research software, ERS spans a wide spectrum of technical complexity. At the
simplest end are single-purpose scripts and small tools. More elaborate projects can consist
of libraries, modular frameworks, or full-scale software suites that integrate many different
components and which might come with user interfaces.

Functionally-wise, ERS can visualize measurements or simulation results, analyze data
from laboratory experiments or field deployments, generate synthetic data for testing or scenario
analysis. Also, ERS can implement mathematical models of individual energy components
(such as heat pumps, batteries, or converters) or of whole energy system configurations. It can
support the analysis of specific designs, e.g., including design optimizations or control strategies
which may also be implemented as prototypes. Additionally, ERS can act as a framework that
indirectly supports energy research. Regarding other software, ERS can manage other ERS
and/or enable orchestrating 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 its components and to explore new solutions for energy systems, thereby
constituting an essential component of modern energy research.

3. Vision for FAIRly Treating Energy Research Software

This section focuses on what can enable and support FAIR ERS. To make their ERS FAIR,
researchers must treat their ERS differently than today at many stages of a typical research
project. This new way of handling ERS can be supported by a set of dedicated resources like
standards, recommendations, and services. By simplifying the FAIR handling of ERS, those
resources become key enablers for FAIR ERS. In order to identify the required resources, this
section presents a vision of how ERS could be managed in a FAIR way in future projects.
Thereby, we extend existing work on research software cycles in energy research like in [8].

The vision aligns the FAIR4RS principles with a typical research project cycle, illustrating
where each resource can be applied. 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 FAIR4RS principles to allow reuse. Each
phase poses unique requirements and challenges that should be addressed while adhering to
the FAIR4RS principles. Therefore, relevant resources are proposed to support the different
activities in each phase. While the vision targets ERS, it includes examples from other domains
to showcase how it could be for energy research. The overall cycle is shown in Figure 1.

In the first phase (1), researchers will start with searching for relevant ERS by using
a domain-specific software registry. Software registries allow software discoverability and
improve research transparency [16]. They only include metadata while software repositories
also store the source code [16]. The FAIR4RS principles recommend software to be registered
in a software registry [9]. An example for an established software registry is bio.tools2 [17] in the
life science domain.

2https://bio.tools/, last access 2025-11-27
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Figure 1. Vision for a research cycle enabling FAIR ERS

The software registry includes metadata about different ERS like its title or its license.
Providing metadata is an important key to enable good findability and reusability [9]. The
metadata should follow a metadata schema which standardizes the properties in the metadata
and makes them easier to be compared and used by machines. The metadata schema should be
a domain-relevant community standard [9] and should be interoperable with other schemas [16].
For example, bio.tools uses the specific schema biotoolsschema [18]. When the researchers
find a fitting software in the registry, the registry links to the software repository (e.g., on GitHub).
The researchers can download the software and try it.

Often, the existing software will not contain all functionalities needed by the researchers for
their own research. If that is the case, the researchers will plan some additional development
in the second phase (2). Since research software engineers are not commonly established
in research institutions the researchers are often responsible for the software development.
Since they are often not trained in Research Software Engineering (RSE) [19], [20], they should
read recommendations summarizing the most important aspects on RSE in their domain. The
recommendations are an important instrument to successfully integrate the FAIR4RS principles
into the routine practice of software development and use in research projects. Examples for
relevant recommendations papers already exist in life science, e.g., by List et al. [21] who
recommend how to deal with challenges like reproducibility, open-source development, and
other.

Based on the recommendations, the researchers will plan their own development. Therefore,
they will first write a Software Management Plan (SMP) which helps to plan and structure the
development [22]. The SMP is based on a domain-specific SMP standard. The researchers
will use a specific service supporting them in writing the SMP, a SMP service. The service will
allow some automation, as proposed by Alves et al. [22], e.g., by reusing software metadata as
a starting point. Therefore, the SMP should be based on the same metadata schema allowing
high interoperability. When planning their new software, the researchers will also plan the
usage of domain-specific interface standards, especially for data exchange. These standards
ensure interoperability with other ERS as emphasized by the first interoperability principles of
FAIR4RS [9].
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In the development phase (3), the researchers will first create their own repository or
decide to further use an existing one, e.g., when adding functionalities to an existing software.
To enable version control for their development, the researchers will use git, e.g., by creating
or using a repository on GitHub or GitLab. 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 want to publish their work after finalizing their research.
Therefore, they will first check the reproducibility of their research. For this step, they will use a
tool which simplifies and automates checking the reproducibility, a reproducibility checker.

Also, the researchers want to make their developed software findable. Therefore, they
will first 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 should ensure that the metadata follow the metadata schema. It should also
allow the researchers to review the metadata and to add additional information. The tool should
also be able to directly upload the metadata to a software registry and to the repository of the
software.

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 [23]. The software is normally presented in short articles which can be properly
cited [23]. An example for a software journal is the Journal of Open Source Software (JOSS) [23].

Finally, to see if further improvements to the FAIRness can be made, the researchers will
check the FAIRness of their software with a FAIRness checker. The service should work with
the link to the entry in the software registry and should verify to which extend the software
fulfills the FAIR4RS principles. A first approach for such a service are FAIRsoft which works on
metadata of a software [24] and FAIRSECO [25].

For new research projects, the researchers will start the cycle again. Most steps stay
relevant in every iteration, while some steps like reading the recommendations get less relevant.

Overall, four domain-specific standards and recommendations are identified that can signifi-
cantly contribute towards making the ERS FAIR: a metadata standard, RSE recommendations,
interface standards, and a SMP standard. Additionally, seven services were highlighted which
can support the adaption of the FAIR4RS principles for ERS.

4. Current State of Services and Standards for FAIR Energy
Research Software

In this section, we provide a comprehensive overview of the current state of the proposed
resources that support FAIR research software in the energy domain. We conduct a thorough
analysis of existing initiatives and approaches, highlighting their strengths and weaknesses. A
summary is presented in Table 1.

4.1 Standards

With respect to the proposed standards, there is a need for domain-specific approaches that cater
to the unique requirements of the energy domain. Currently, the energy domain lacks solutions
to all four aspects which are recognized as standard by enough stakeholders, highlighting a
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Table 1. Overview on the current state of the envisioned services and standards in the energy domain
including the need for domain-specific solutions

Domain-
specific
solution

required?

Current Status Next Steps

S
ta

nd
ar

ds

Metadata Schema Yes Available approach Usage in tools, standardization
RSE Recommendations Yes Available approach Standardization through usage

Interface Standards Yes Unsystematic
approaches

Systematization, derivation of
common standards

SMP Standard Yes Available approach Standardization through usage

S
er

vi
ce

s

ERS Registry Yes First approaches Integration of a metadata schema
Software Repositories No Available services -
SMP Service Partly Available service Implementation of more features
Reproducibility Checker Unclear Open Topic First approaches

Metadata Generation Tool Partly Existing software Connection to a registry, more
extraction sources

Software Journals No Available service -

FAIRness Checker Unclear Existing software
More harmonization of quality
indicators, integration with
registries

significant gap in the existing infrastructure. However, there are several initiatives and approaches
being developed to address this shortfall, offering promising prospects for the future.

Regarding the metadata schema, Ferenz et al. introduced ERSmeta, a formalized schema
developed based on a rigorous requirement analysis [26]. Although ERSmeta is a promising
approach, it currently lacks the status of a standard and is not yet widely adopted. Moreover,
there are no tools that utilize this metadata schema, highlighting the need for further development
and implementation to establish it as a widely accepted standard.

Regarding the recommendations, Ferenz et al. published a set of recommendations
for developing FAIR ERS [27]. These recommendations are available on GitHub for further
discussions and refinement through the community. While these recommendations present a
good first approach, they can only achieve the status of a standard through usage and adaptation
over time.

While there are some general approaches to interface standards, such as the FMI standard3,
there is currently a lack of standardized interfaces in the energy research domain. However,
some frameworks, such as oemof4 and PyPSA [28], have developed clear interfaces that are
used by their larger user community. But, these interfaces are not yet standardized on a larger
scope. A practical way to describe these interfaces may be derived from the work of Kuckertz et
al. [29]. Still, a large effort is required to collect and systemize the existing interfaces in order to
derive and promote interfaces that can be used for multiple frameworks and in multiple ERS.

Regarding SMP templates, NFDI4Energy is currently developing a SMP template that will
be available in their RDMO instance5. This template will provide a standardized approach to
creating SMPs for ERS.

3https://fmi-standard.org/, last access 2025-11-27
4https://oemof.org/, last access 2025-11-27
5https://rdmo.nfdi4energy.org/projects/, last access 2025-11-27
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4.2 Services

Some services do not require a domain-specific adaptation to energy research, such as software
repositories. When examining the approaches, we also differentiate between the provided
service and the underlying software solution, as the software may already be developed but not
yet available as a service.

There are several approaches for ERS registries, including the OEP model and framework
factsheets1, the NFDI4Energy community in nfdi.software6, and the openmod-tracker7. However,
these approaches currently lack the use of a formalized metadata schema, such as ERSmeta,
which is necessary to achieve FAIR ERS.

Most researchers in the energy domain already utilize general-purpose software reposito-
ries, such as GitHub8 or GitLab9, often hosted on-premise. While there may be some limited
advantages to domain-specific solutions, such as improved metadata representation, these
benefits do not outweigh the effort required to develop and maintain domain-specific repositories.

Regarding the service for SMPs, the tool RDMO [30] already supports SMPs. However,
its current limitations include the lack of support for metadata exchange with registries and
repositories and the lack of support for machine-actionable SMPs. The later is currently being
targeted by DMP4NFDI [31]. While the service needs to be able to include domain-specific
templates, the required efforts for the SMP service are mainly non-domain specific. Nevertheless,
further development of the tooling is still needed to simplify this process for researchers.

Regarding the reproducibility checker, existing approaches primarily rely on human
intervention to perform the reproducibility check, such as CODECHECK [32] or the use of
notebooks in R or Python to simplify the testing of reproducibility.

Regarding the creation of metadata, two tools currently support the combination of extracting
metadata and allowing curation: the Auto CodeMeta Generator10 [33] and SMECS [34]. Notably,
SMECS includes the energy-specific metadata schema, ERSmeta. In contrast to the Auto
CodeMeta Generator, SMECS is currently not available as an online service. However, both
tools lack the ability to directly push the created metadata to a software registry. Furthermore,
the amount of extracting sources can be further increased in both tools. SMECS is further
developed in the project ConnOSS [35].

There are already multiple software journals that contain ERS, such as the Journal of
Open Source Software (JOSS)11, SoftwareX12, and the Journal of Open Research Software
(JORS)13. While domain-specific software journals may offer some advantages, such as better
fitting reviewers and improved findability, the current journals are already adopted in energy
research and provide suitable reviewing mechanisms for ERS.

Regarding the FAIRness checkers for research software, FAIRsoft [24] is a pioneering
approach that can check the metadata of a research software against the FAIR4RS principles to
a certain extent. However, it is currently only available locally. The discussion of suitable (and
possible automated) metrics for the FAIR4RS principles is still ongoing and it remains unclear
whether a FAIRness Checker requires domain-specific components.

6https://nfdi.software/communities/nfdi4energy/software, last access 2025-11-27
7https://openmod-tracker.org/, last access 2025-11-27
8https://github.com/, last access 2025-11-27
9https://about.gitlab.com/, last access 2025-11-27

10https://autocodemeta.linkeddata.es/, last access 2025-11-27
11https://joss.theoj.org/, last access 2025-11-27
12https://www.sciencedirect.com/journal/softwarex, last access 2025-11-27
13https://openresearchsoftware.metajnl.com/, last access 2025-11-27
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5. Summary and Outlook

Within this paper, we have provided a general definition of ERS which is a crucial step towards
creating a nomenclature as well as an understanding about the needs and requirements
regarding research software in the energy domain. While this definition is already helpful, a
more fine-grained categorization of ERS may be required to better specify the needs and the
required services. The multi-dimensional categorization of research software by Hasselbring et
al. [36] can be a good starting point, as it differentiates between research infrastructure software,
technology research software, and modeling, simulation, and data analytics. A categorization
can be particularly useful for the recommendations and the interface standards which would
benefit from a more detailed and nuanced understanding of the different types of ERS.

As we outlined in this paper, there are still many challenges to be addressed in terms of
providing standards and services that support FAIR ERS. While progress has been made in this
area, there is still much work to be done, particularly in terms of developing community-based
standards. We believe that providing these resources is only one side of the equation and that
general awareness and education about research software (engineering) in the energy domain,
as well as about FAIR4RS, are also crucial for their adoption.

In addition, we also see the support from research institutions and funding agencies as
essential for the successful adoption of the FAIR4RS principles in the energy domain. Research
institutions should provide guidance and support for researchers developing and using FAIR
ERS. Funding agencies should prioritize funding for FAIR ERS and require SMPs for research
projects.

In conclusion, the development of standards and services for FAIR ERS is an ongoing
process that needs the sustained efforts of researchers, research software engineers, and
additional stakeholders in energy research. We hope that this paper will make a meaningful
contribution to this effort and serve as a foundation for future work in this area.
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