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need batteries that are cheaper, safer, and 
more energy dense.[2] The World Eco-
nomic Forum projects that the annual 
battery production revenue will grow to 
300 billion dollars per year by 2030.[3] This 
demand from the market is compounded 
by the ambitious goals of the Paris Agree-
ment on climate change, which require 
the transition to renewable energy con-
version and storage technologies.[4] The 
development and large-scale production 
of sustainable high-performance batteries 
is one of the most intensely pursued tech-
nical research topics in the world today. 
Bold action is needed to meet this chal-
lenge. A coordinated and comprehensive 
effort spanning research and industry 
must be undertaken to develop battery 
technologies that achieve the strict perfor-
mance standards set by the market in a 
sustainable and cost-effective way.

Battery data plays an essential role 
in accelerating the development of new 
materials, cell designs, models, operating 
protocols, and manufacturing processes.[5] 

Recent advances in artificial intelligence (AI) methods such 
as, machine learning (ML) promise to greatly accelerate and 
improve insights into battery manufacturing, performance, 
and lifetime.[6–9] AI methods require vast amounts of data to 

Battery research initiatives and giga-scale production generate an abundance 
of diverse data spanning myriad fields of science and engineering. Modern 
battery development is driven by the confluence of traditional domains of 
natural science with emerging fields like artificial intelligence and the vast 
engineering and logistical knowledge needed to sustain the global reach 
of battery Gigafactories. Despite the unprecedented volume of dedicated 
research targeting affordable, high-performance, and sustainable battery 
designs, these endeavours are held back by the lack of common battery data 
and vocabulary standards, as well as, machine readable tools to support inter-
operability. An ontology is a data model that represents domain knowledge 
as a map of concepts and the relations between them. A battery ontology 
offers an effective means to unify battery-related activities across different 
fields, accelerate the flow of knowledge in both human- and machine-read-
able formats, and support the integration of artificial intelligence in battery 
development. Furthermore, a logically consistent and expansive ontology is 
essential to support battery digitalization and standardization efforts, such as, 
the battery passport. This review summarizes the current state of ontology 
development, the needs for an ontology in the battery field, and current activi-
ties to meet this need.
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1. Introduction

Batteries are essential to technological progress in the 21st cen-
tury.[1] Across the industrial landscape, designers and engineers 
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make meaningful predictions. Due to the sheer volume of data 
needed, datasets for AI may include data generated by different 
laboratories or field sources, which may use different formats, 
terms, or metadata schemas. Although large amounts of rele-
vant battery data exist, they are often distributed across a variety 
of online repositories, servers, or PCs, making it difficult to find 
and access.[10] The concept of data interoperability refers to the 
needs to integrate from different sources and ensure that data 
can interoperate with applications or workflows for analysis, 
storage, and processing.[11,12] Implementing reliable approaches 
for the interoperability of battery data is essential to fully exploit 
AI workflows in battery research and development.

Far from being a purely academic exercise, the need for bat-
tery data interoperability has a real and wide-ranging impact on 
the battery industry. Industrial trends toward digitalization of 
batteries and manufacturing processes, such as, digital twins, 
must efficiently bring together different types of data from 
many sources into a coherent framework. Furthermore, bat-
tery Gigafactories both require and generate an abundance of 
battery related data. Gigafactories must manage information 
coming from external suppliers, service providers, and equip-
ment manufacturers. These factories also constantly generate 
their own wealth of data from sensors in the manufacturing 
line, cell formation, quality control, and their own research 
and development laboratories. Achieving data interoperability 
among these sources is necessary to both manage the complex 
logistics within the factory and take full advantage of the gener-
ated data to optimize the production process and cell design.

As Gigafactory construction ramps up around the world 
and batteries become one of the most widely researched 
topics, vast quantities of battery related data are being gener-
ated. How can we distil this deluge of data into knowledge and 
meaningful action? The answer is to create a universal way of 
describing and sharing battery data, based on a common con-
ceptualization. This conceptualization can be embodied in a 
machine-readable battery language, containing both terms and 
relations needed to describe batteries and their data. The lan-
guage should be fully open-source and free-to-use so that it is 
accessible to the entire community. The development should 
be transparent and engage experts, students, and technicians in 
the battery space to ensure it reflects the current state of the art 
and responds to the needs of the community.

Consider the following simple example. If a battery cell man-
ufacturer labels a piece of data with the English word “battery,” 
they probably mean a battery cell. However, an EV manufac-
turer might use the same term to label data from a battery pack. 
In some countries, data might be tagged with a synonym like 
“accumulator,” or in a language other than English. Similarly, 
computers searching for data tagged with the term “battery” 
might not even refer to an energy storage device at all; it could 
just as well describe a fortified emplacement for heavy guns or 
a crime involving unlawful physical contact. Humans can often 
infer the intended meaning from clues in the context or the 
data, but machines need explicit and unambiguous descriptors 
to efficiently interpret the meaning of data.

The FAIR Guiding Principles for scientific data were created as 
a first step to help address these challenges. FAIR aims to enhance 
the ability of both humans and machines to (automatically) find 
and reuse data, and it stipulates that scientific data management  

should adhere to four core principles: Findability, accessibility, 
interoperability, and reusability.[11] The FAIR principles are not 
a formal standard and they do not establish specific technical 
requirements, rather they define guidelines.[12] Each of the core 
FAIR principles is supported by a defined set of criteria that 
should be fulfilled, as shown in Table S1, Supporting Information.

Among the criteria for FAIR data sharing are the require-
ments that: (meta)data use vocabularies that follow FAIR prin-
ciples, (meta)data include qualified references to other (meta)
data, and (meta)data meet domain-relevant standards. Across 
the battery community, research groups and journals have 
started to propose recommendations for data checklists,[13,14] 
benchmarks,[15] and guidelines[16–21] to improve interoperability. 
Some authoritative bodies maintain battery terminology glos-
saries to manage battery and electrochemistry domain vocabu-
laries. The “Electrochemical Dictionary”, edited by Bard et  al., 
contains definitions for over 3000 terms in electrochemistry 
and related fields.[22] These initiatives are helpful, but on their 
own they are insufficient to fully realize the FAIR data vision. 
The development of community-driven ontologies offer a solu-
tion well-suited to address these needs.[23,24]

Put simply, an ontology is a data model that represents 
knowledge as a map of concepts within a domain and the rela-
tionships between the concepts. Often taking the form an anno-
tated machine-readable knowledge graph, an ontology ascribes 
meaning to data, provides links to other pieces of data, and 
allows for machine reasoning according to that meaning. An 
overview of the aspects and applications of an ontology is shown 
in Figure 1. At its core, an ontology is a model of knowledge that 
is formalized in machine-readable code. Aspects of an ontology 
include annotations, which provide context and elucidations of 
concept. Relations are then used to link concepts together into 
a logical hierarchy. An ontology provides a common conceptu-
alization and consistent vocabulary to describe a domain. That 
has applications that include (but are not limited to) software 
design, data interoperability, and automation.

Ontologies have been applied with great success in the life 
sciences. The most prominent example is the Gene Ontology 
(GO).[25] The GO is an ontology of biology that provides struc-
tured, computable knowledge regarding the functions of genes 
and gene products.[26] Over more than 20 years, the GO has 
grown to become the world’s largest source of information on 
the function of genes and a cornerstone of bioinformatics.[27] 
Although the life sciences offer some of the most well-known 
examples of applied ontologies, they have been widely developed 
and applied throughout many fields of science and engineering. 
One challenge is that, even though there are substantial on-going 
efforts to develop new ontologies, the results are often piecemeal 
and isolated. For example, ontologies may be developed for some 
specific factory, lab, or niche application without engaging with 
the whole community or making the ontology openly available. 
As the battery community races to accelerate the discovery of 
new energy storage materials and chemistries, it can learn from 
the community-driven development and adoption of free-to-use 
and open-source ontologies in bioinformatics. There is a clear 
need for an analogous cheminformatics initiative to develop a 
comprehensive standard model of electrochemical systems.

Until only recently, the ontologies needed to fulfil the FAIR 
criteria and enable the large-scale interoperability of battery data 
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simply did not exist. Furthermore, many scientists and engi-
neers in the battery community are unfamiliar with ontologies 
and unaware of the benefits they could bring to their research 
or product development. This review introduces readers from 
the battery community to the role of ontologies in the digitali-
zation of battery research and manufacturing. It summarizes 
the overall role of FAIR data and ontologies in the Semantic 
Web, reviews the current state of ontology development, and 
discusses the suitability of existing ontologies to support the 
growing field of battery research and development.

The remainder of this review is structured as follows. In 
Section  2, the review begins with a summary of the Semantic 
Web and introduces W3C concepts related to data interoper-
ability. Section  3 provides an overview of the ontology field by 
introducing fundamental ontological concepts, an example of a 
widely used top-level ontology, and a review of current efforts to 
develop relevant domain ontologies. Section 4 reviews the status 
of dedicated battery domain ontologies, focusing on two on-going 
initiatives. Section 5 elaborates on the applications of ontologies 
in battery research and development, and Section 6 discusses the 
challenges and outlook for future development. This review may 
contain terms and phrases that are unfamiliar to some readers 
new to the field of ontology. The Supporting Information contains 
a glossary of terms in Table S1, Supporting Information.

2. The Semantic Web of Data

The World Wide Web project was originally developed as a “Web 
of Documents” to help scientists at the European Organization  

for Nuclear Research (CERN) share information stored on  
different devices.[28] The concept used hypertext to link a sec-
tion of text to some cross-referenced content. Today, the Web 
has gone on to revolutionize nearly every aspect of how people 
communicate, and it is populated mostly with content that is 
designed to be read, understood, and interpreted by humans.

As trends such as, Artificial Intelligence and the Internet of 
Things continue to grow, there is a need to share large amounts of 
information that can be interpreted not only by humans but also 
directly by computers. The World Wide Web Consortium (W3C) 
is tasked with developing Web standards that address these needs, 
and it has responded with the concept of the Semantic Web.[29]

The Semantic Web is a “Web of Data” that allows computers 
to interpret data and do some useful work, much in the same 
way that a human would interact with the classic Web of Docu-
ments. The term semantic refers to the branch of linguistics 
and logic concerned with meaning. In this context, a piece of 
data in the Semantic Web is supplemented with metadata that 
describes its meaning and relation to other pieces of data. By 
expressing or tagging data with semantic descriptors, com-
puters can interpret the information stored on the web to 
respond to a query or to achieve a goal.

The Semantic Web is built on a set of fundamental stand-
ards adopted by the W3C, including the Resource Descrip-
tion Framework (RDF). The RDF is standard for describing 
web resources in a flexible and minimally constraining way. A 
“resource” can refer to anything from a real-world object to an 
abstract concept if it can be uniquely identified. The RDF uses 
a three-position statement, known as Triple, to formally express 
the relationship between two resources.

Figure 1. Conceptual overview of an ontology, its aspects, and applications. The core of an ontology is knowledge, which can be expressed as a map 
of concepts and relations, expressed in machine-readable code. Aspects of an ontology include annotations, which provide context and elucidations 
of concepts and relations that support the arrangement of concepts in a logical hierarchy. An ontology defines a consistent vocabulary and common 
conceptualization, which has applications that include software design, data interoperability, and automation.
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An RDF Triple contains three components: A subject, a 
predicate, and an object. The subject and the object are nodes 
that represent separable concepts, and the predicate is an arc 
that describes the relationship between the nodes. The direc-
tion of the arc is significant and always point toward the object. 
For example, a Triple could be a simple statement that a “Li-ion 
battery” (subject) “is a” (predicate) “battery” (object). Because of 
the directionality of the “is a” relation, it is known that all Li-ion 
batteries are batteries but not all batteries are Li-ion batteries.

Each of the components in an RDF Triple are referenced 
using a uniform resource identifier (URI). A URI is a unique 
string of characters designed to unambiguously identify a 
resource. While URIs are limited to US-ASCII characters, the 
internationalized resource identifier (IRI) is a type of URI that 
also supports non-Latin characters. Another common type of 
URI includes the uniform resource locator. The digital object 
identifier system also allows objects to be represented as a URI.

RDF Triples are essential to create the building blocks 
of the Semantic Web, known as Linked Data. Linked Data is 
structured data which adheres to a set of design principles for 
sharing interlinked data on the web.[30] Linked Data includes 
both factual data about some specific entities and semantic 
metadata defining the classes of objects, relationship types, 
and attributes needed to describe the data. This collection of 
semantic metadata is collectively referred to as an ontology.

3. Applied Ontology

Ontology is an intricate field that spans philosophy, logic, and 
computer science. Broadly defined, ontology is the field of phi-
losophy that studies existence, sometimes also referred to as 
the science of being. Ontologies for computer and information 
science began coming to prominence in the AI community in 
the 1970s and 1980s. Whereas normal software development 
approaches might focus on describing information and con-
cepts, ontologies go deeper to describe things and their natures. 
AI researchers identified ontologies to both store domain 
knowledge in a machine-readable format and support auto-
mated semantic reasoning about the nature of things using that 
knowledge. As digital information technologies grew into the 
1990s, ontologies were adopted as a layer of knowledge systems 
to create interoperability standards.[31]

Ontologies play a variety of roles within the scope of the 
Semantic Web.[24] One role is to assist data integration when 
ambiguities exist on the terms used in different datasets. For 
example, when researchers report the fraction of electric cur-
rent in an electrolyte carried by a certain ion, they might call 
that quantity the “ion transport number” or the “transference 
number.” Ontologies resolve these issues by assigning a unique 
identifier, or URI, to a class describing some concept and then 
annotating that class with information about its definition 
along with alternative names and links to additional informa-
tion. Although ontologies can be used simply as technical dic-
tionaries for a domain, their scope extends much further.

Another role of ontologies is to support semantic reasoning 
to infer new relationships in a dataset, which may yield novel 
insight to a given problem. Most ontologies applied in com-
puter science are based on so-called description logic, which 

has the great advantage of being decidable and ensures that 
computers can perform logical reasoning within a finite time 
(given sufficient memory). This allows some ontologies to avoid 
asserting the full taxonomy in the declaration of the ontology, 
but rather infer it from logical reasoning. For example, if it is 
defined that BatteryCell hasPart some ElectrochemicalCell and 
ElectrochemicalCell hasPart min 2 Electrodes, then it can be 
inferred that BatteryCell hasPart min 2 Electrodes.

The W3C has developed a dedicated standard called the Web 
Ontology Language (OWL) to integrate ontologies into the 
Semantic Web.[32] OWL is a computational logic-based language 
such that knowledge expressed in OWL can be exploited by 
computer programs. OWL builds on the RDF concept of Tri-
ples but has more extensive and versatile terms for expressing 
meaning. This allows OWL to express machine-interpretable 
information that is more semantically rich. An extension of 
the original OWL language known as OWL 2 was released by 
the W3C in 2009, and it has since become the most common 
ontology language in use.[33]

Ontologies can be constructed, shared, and modified using 
free open-source software. Protégé is an ontology editor and 
browser developed by Stanford University.[34] It provides a 
graphical user interface to define ontologies and includes 
semantic reasoner to make inferences from the asserted rela-
tions and axioms. Protégé is available both as a web-based 
application and as a desktop application and provides a wealth 
of documentation and tutorials to help orient new users.[35] 
Owlready2 is a package for ontology-oriented programming in 
Python.[36] It can load OWL 2.0 ontologies as Python objects, 
modify them, save them, and perform reasoning via the 
HermiT[37] and Pellet reasoners.[38] Owlready2 is open-source 
and available on Bitbucket under a GNU lesser general public 
license. Extensions of Owlready2 are available such as, EMMO-
Python,[39] which includes reasoning with FaCT++[40] and is 
specifically dedicated to providing tools and functionalities 
for developing and checking, but not restricted to, EMMO-
compliant ontologies.

Through these developments, the definitions of the scope 
and requirements for ontologies in the technical domain 
become more formalized. Specifically, the essential points of 
this definition of ontology are that i) an ontology defines the 
concepts, relationships, and other distinctions that are relevant 
for modelling a domain, and ii) the specification takes the form 
of representational vocabulary (classes, relations, etc.) which 
provide meanings for the vocabulary and formal constraints on 
its coherent use.[41]

3.1. Ontological Concepts

An ontology divides a domain into classes that have attributes 
and are connected by relations. Classes can represent collec-
tions of individuals, other classes, or a combination of both. 
For example, the battery domain ontology might define some 
classes for Battery (encompassing all self-contained contained 
electrochemical energy storage devices), LithiumIonBattery 
(describing a subclass of Battery), and GraphiteLCOBattery  
(a subclass of LithiumIonBattery containing some specific 
materials). These classes can be related to each other using 
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isA relations to create a hierarchy (GraphiteLCOBattery isA 
LithiumIonBattery isA Battery). This assembly of classes into a 
logical hierarchy using isA relations is called a taxonomy. Tax-
onomies are the backbone of ontologies, but ontologies also go 
beyond simple isA statements to define more relations, restric-
tions, and axioms that enable a richer description of the system. 
Some primitive elements of ontologies are described in Table 1,  
and descriptions of some common relations are provided in 
Table S2, Supporting Information.

One challenge of ontology development is that some 
classes might need to appear in many different domains. For 
example, an ontology of the battery domain also needs classes 
that describe fundamental concepts about physics, chemistry, 
materials, etc. It is simply not feasible or desirable for a given 
ontology to encapsulate every single aspect needed to describe 
some domain. It is more practical to structure ontologies in 
such a way that they interact with each other and re-use existing 
class definitions. It is for this reason that one often encounters  
a hierarchy of ontologies (plural) rather than an ontology  

(singular). The development of a hierarchical collection of 
ontologies that all stem from the same root of basic knowledge 
and adhere to a set of governing standards can help address 
this challenge.
Figure 2 illustrates the concept of an ontology hierarchy 

using the metaphor of a grapevine. This organizational hier-
archy is typically divided into four levels: top-level, middle-level, 
domain-level, and application-level. Top-level ontologies contain 
the common definitions and theoretical foundations shared by 
all ontologies in the hierarchy. The top-level ontology is typically 
small and includes only the essential concepts and well-defined 
logical theories. For example, definitions of SI units would be 
included in a top-level ontology. Middle-level (or mid-level) 
ontologies extend the top-level with concepts that are shared 
between several domains. For example, the concept of a meas-
urement could be shared by many different domains. In that 
case, the mid-level ontology might define how a measurement 
is related to properties, commonly used physical quantities, and 
units, etc. Domain ontologies describe a particular discipline or 

Table 1. Primitive elements of ontologies.

Ontological element Elucidation

Individuals Distinct basic entities in an ontology. Examples are a specific person, a specific version of a model, a specific dataset, etc.

Classes The collection of individuals that belong to the class. One can also think about individuals as instantiations of a class, for example, a specific  
person is an instantiation of the class Person, the specific model is an instance of the class Model, etc.

Relations Specifications of how classes and individuals are related to each other. An important relation is the isA or isSubclassOf relation, which is  
used to provide a classification of classes into a hierarchy of subclasses (the taxonomy).

Restrictions A way to define a class by restricting which individuals that can belong to the class. They are often expressed as a relation combined with an  
existential, universal, or cardinality requirement.

Annotations Additional content to the entities in the ontology, without being a part of the logical framework itself. They are very important for making the  
ontology human understandable.

Axioms Logical propositions that define the relations between the individuals and classes.

Figure 2. Overview of a hierarchical collection of ontologies, using the metaphor of a grapevine. The top-level contains relatively few core concepts, 
that are universally applicable, for example, physical units. Middle-level ontologies branch from the top-level and include concepts shared between 
many domains, for example, a measurement. Domain ontologies extend the middle level with concepts specific to some technical field, for example, 
a battery cycling measurement. The application ontology is the final level describing some specific use case for the ontology, for example, a specific 
laboratory with specific measurement equipment.
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field. Domain ontologies provide a common language within 
the domain, but stay generic, such that they can be used by all 
relevant applications within the domain. For example, while 
the mid-level ontology describes the general concept of a meas-
urement, a domain ontology might describe a domain-specific 
measurement like BatteryCycling. This means that, like top and 
middle level ontologies, they define classes but rarely individ-
uals. Application ontologies occupy the lowest level and define 
application-specific concepts and individuals of limited generic 
interest. For example, the application ontology might contain a 
description of the specific equipment (CyclerX) used to perform 
the BatteryCycling measurement. Within all these general cat-
egories, there may be sub-hierarchies of ontologies depending 
on each other.

In 2020, United Kingdom Research and Innovation pub-
lished A Survey of Top-Level Ontologies[42] where they analyze 
37 top-level ontologies to support choosing a suitable top-level 
ontology for the development of a foundation data model. The 
ontologies were characterized according to their ontological 
commitments (e.g., whether space and time are unified or sepa-
rate, what mereological standard is being adapted, whether they 
adapt materialism, etc.), formal structure and how they address 
the individual universal choices. The development and distinc-
tions of top-level ontologies is an extensive topic unto itself, 
and readers should refer to the above survey for more informa-
tion. The main activities developing battery domain ontologies 
today utilize the elementary multiperspective material ontology 
(EMMO) as the top-level ontology.

3.2. Elementary Multiperspective Material Ontology

The EMMO is a multidisciplinary top- and middle level ontolog-
ical framework for applied sciences and engineering. EMMO is 
designed to address the needs for a semantic description which 
is deeply rooted in the physical sciences, incorporating:[43] i) 
Description of materials from a rigorous physics perspective; 
ii) formal relations between granularity levels to facilitate multi-
scale materials description; iii) definition of material processes 
to capture the changing and evolution of materials as chain of 
different states. The top level of EMMO is very small and con-
cise, only providing the necessary philosophical foundation. A 
detailed discussion of the structure of the top-level terms in 
EMMO is provided in the Supporting Information.

The mid-level of EMMO extends the top-level toward 
domains according to different perspectives. Currently four 
perspectives are defined: Reductionistic, physicalistic, percep-
tual, and holistic. The reductionistic perspective introduces 
a non-transitive direct parthood relation. Whereas a typical 
parthood relation is transitive (if x is a part of y and y is a part 
of z then x is a part of z), direct parthood can describe more 
nuanced situations. For example, we might say that a musi-
cian is part of an orchestra and a left arm is part of the musi-
cian, but few people would say that a left arm is a part in an 
orchestra.[44] It provides a powerful way to declare a range of 
well-defined granularity levels and how to walk between them. 
It also allows to define concepts like countability and ordering. 
The physicalistic perspective categorizes the world according 
to applied physics. Example of subclasses are atom, molecule, 

material, and continuum. The perceptual perspective catego-
rizes real world objects according to how they are perceived 
by a user as a recognizable pattern in space or time. Examples 
of subclasses include symbols, sounds, and formal languages 
like metrology or mathematics. The holistic perspective deals 
with processes that unfold in time and the role of the different 
participants in the process. Once such process is called a semi-
osis. In a semiosis—also called a sign process—an interpreter 
connects an object to some sign that gives it meaning. One 
example of a semiosis is a researcher (the interpreter) seeing 
a cat (the object) in their chemistry lab and yelling, “Cat!” (the 
sign). EMMO utilizes a special theory called Peirce semiotics,[45] 
which holds that there are three basic semiotic elements (the 
triadic model) connected by the interpreter: an object, sign, and 
interpretant. The interpretant refers to the interpreter’s internal 
representation of the object. In the previous example, this is 
the thought of the cat in the researcher’s mind. Within the 
ontology, semiotic processes are used to define concepts like 
properties, models, theories, experiments, and observations.
Figure 3 shows a simplified conceptual overview of the 

multidisciplinary links defined in EMMO. For the purpose of 
discussion, these disciplines are divided into three conceptual 
“worlds:” The physical world, the material characterization 
world, and the modelling world. In the physical world, mate-
rials are described according to both their parthood and their 
physical properties. The material characterization world ontolo-
gizes the general process of making a measurement. It uses the 
holistic perspective to consider a measurement to be a semiosis 
process an “Observer” perceives another “Object” through a 
specific perception mechanism and produces some measure-
ment data that is a measure of a physical quantity. That, in turn, 
can be assigned as a physical property of the object. Finally, in 
the modelling world, models are defined as being comprised 
of physics equations and material relations, which themselves 
contain physical variables that estimate physical quantities.

The development and use of EMMO is supported by the 
European Materials Modelling Council (EMMC), which aims to 
bring materials modelling closer to the demands of industry. 
One core focus of the EMMC is to facilitate the interoper-
ability of data and models across different technical domains. 
This is done by establishing common metadata schemas and 
roadmaps,[43] which can be used as a guide for EMMO domain 
ontologies.

3.3. Elementary Multiperspective Material Ontology Domain 
Ontologies and Resources

Domain ontologies are designed as extensions of top- and mid-
level ontologies to act like plug-and-play libraries of knowledge 
about a specific topic. They should be specific enough to resolve 
the necessary information and relationships to describe the 
topic, but general enough to remain flexible for different appli-
cations within the domain.

Consider the example of battery development. To completely 
ontologize the process of designing and building a new battery,  
one would need information about not only batteries and  
electrochemistry, but also models, characterization tools, data 
management, manufacturing processes, raw material logistics, 
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recycling, and much more. Even with well-developed top- and 
mid-level ontologies in place, ontologizing every aspect of battery  
development from scratch would quickly grow to become a her-
culean task. This challenge can be addressed by a well-managed 
ecosystem of coherent and consistent domain ontologies. For 
this reason, EMMC strives after keeping an overview over dif-
ferent initiatives developing EMMO-based domain ontologies 
(as listed in Table 2) and guide their harmonization.

The development of domain ontologies is not an isolated 
exercise; rather it should be done in close collaboration with 
relevant domain experts and consider existing standards, check-
lists, and templates used in the domain community. Before 
starting a new domain ontology, an ontologist should first check 
what is already available and determine to what extent existing 
domain ontologies can be reused. Table  2 presents an over-
view of public domain and application ontologies utilizing an 
EMMO top-level ontology. As the EMMO was originally devel-
oped to support physics-based modelling activities, a variety of 
domain ontologies exist to support modelling, simulation, and 
software development.

In the remainder of this section, we discuss efforts to create 
EMMO-based domain ontologies for two key topics relevant 
for battery development: modelling and characterization. More 
information on other ongoing initiatives developing domain 
ontologies is available in the Supporting Information.[46–48]

The European Union maintains a Review of Materials 
Models,[49] which monitors the progress of model develop-
ment in research and innovation projects funded under the 
Horizon 2020 program. Now in its sixth edition, the RoMM 
aims to define and classify the concepts necessary to describe 
common modelling methods used in industry and research. 
These definitions form the basis of a harmonized modelling  
language to help bridge the gaps between theoreticians,  

software developers, and end-users. The common modelling 
language can be used to create metadata definitions that sup-
port the goal of generating linked open data in the Semantic 
Web. The RoMM vocabulary is used as a basis for the Model 
Data (MODA) template.[50]

MODA is a metadata schema for the standardized description 
of materials models. It was developed with the goal of helping 
modelers generate high-level documentation for the models, pro-
viding all the information necessary to both reproduce the model 
and integrate it with other models. Metadata in MODA is defined 
using plain-text tables and graph notation that is intended to be 
human-readable. The definition of metadata using the MODA 
template has become a requirement in many EU-funded 
research projects to improve model standardization and inter-
operability. MODA supports modelers in creating standardized 
high-level documentation that describes all aspects of the model 
itself and the relevant computational details needed to reproduce 
the work or interface it to other models.

Although these EMMC initiatives standardizing the meta-
data have been successful in improving communication and 
interoperability among humans, they have some shortcomings 
regarding machine-readable semantic interoperability. Descrip-
tors in MODA are plain-text labels and do not support the inte-
gration of linked RDF resources. In MODA, the connections 
between steps in a modelling workflow are shown using blue 
arrows, which are ambiguous and can undermine technical 
reproducibility. The development of an ontological version of 
MODA could help not only support machine-readable interop-
erability but also improve the templates by introducing more 
extensive semantic descriptors. The VIMMP project created 
an ontology with the goal of addressing this need, called the 
Ontology for Simulation, Modelling and Optimization (OSMO). 
The OSMO is an ontological version of the MODA template[51]  

Figure 3. A simplified conceptual overview of the multidisciplinary links between the physical, material characterization, and modelling worlds in 
defined in EMMO. Terms are shown in blocks connected by arrows indicating relations. Arrows point from the subject to the object.
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and serves as a metadata standard for modelling and simula-
tion workflows in computational engineering. OSMO is  
developed with the goal of both making MODA metadata 
machine-readable and addressing its semantic shortcomings.

Experimental characterization of materials is also the focus 
of ongoing efforts to standardize data and metadata formats. 
The Characterization Data (CHADA) template is designed 
to standardize terminology, classification, and metadata for 
materials characterization methods.[52] It is analogous to the 
MODA template for modelling workflows and takes a similar 
structure, consisting of plain-text tables and graph notation to 
describe materials characterization workflows. As in the case of 
the MODA templates, the lack of semantic descriptors in the 
CHADA template limits its direct use in the creation of Linked 
Data. Early efforts have been made to ontologize aspects of the 
CHADA and it is currently under evaluation as source material 
for a dedicated domain ontology of the EMMO.

Domain ontologies like OSMO and others listed in Table 2 
offer some examples that can support the development of 
ontologies for battery digitalization. In the following section, 
current efforts to ontologize the battery domain are reviewed.

4. Battery Domain Ontologies

There have been relatively few attempts to develop dedicated  
ontologies for the battery domain, despite the immense  

popularity of battery development and the need to support 
interoperable data. The term “battery” appears in some domain 
ontologies, but these make no attempt to address the whole of 
the battery domain itself.[53–55] Dedicated battery domain ontol-
ogies can build on the existing initiatives to ontologize mate-
rials modelling and characterization workflows described in 
the previous section, but there is at least one under-developed 
domain that is needed: electrochemistry.

A domain ontology of electrochemistry can build on 
existing standards that are widely used and agreed upon in 
the community.[22] The International Union of Pure and 
Applied Chemistry (IUPAC) maintains recommendations for 
terminology. The latest IUPAC recommendations for elec-
trochemical methods of analysis were published in 2020,[56] 
and serve as an extension of the more general Compendium 
of Chemical Terminology (also known as the Gold Book).[57] 
The Electrochemical Society (ECS) has created an online dic-
tionary and encyclopaedia of electrochemistry, which contains 
over 1000 terms and uses hypertext links to couple entries.[58] 
The International Electrotechnical Commission (IEC) main-
tains an active international standard governing the vocabu-
lary of electrochemistry,[59] which is also available as an online 
digital reference available in a variety of European and Asian 
languages.[60] While the terminology recommendations from 
each of these sources are very similar, there do exist some 
deviations that should be elucidated in a formal ontology of 
the electrochemistry domain.

Table 2. Overview of public domain and application ontologies based using the EMMO as top-level ontology.

Ontology Description

Atomistic and electronic modelling domain ontology An EMMO-based domain ontology for atomistic and electronic modelling.

Battery interface ontology (BattINFO) A domain ontology for battery cells and their material interfaces.

Battery value chain ontology (BVCO) A domain ontology for the battery value chain, including raw materials, manufacturing, and recycling.

Crystallography domain ontology A crystallography domain ontology based on EMMO and the CIF-ontology. It is implemented as a formal language.

Data model ontology An ontological description of a simple data model aimed to make application specific data semantic interoperable.

Mechanical testing A domain ontology for mechanical testing based on EMMO.

General process ontology (GPO) Describes processes as holistic perspective elements that transform inputs/educts (matter, energy, information)  
into output/products (matter, energy, information) with the help of tools (devices, algorithms).

Mappings domain ontology Ontology for mapping to domains and ontological concepts.

Marketplace-accessible computational resource 
ontology (MACRO)

Ontology for data and hardware related resources and infrastructure.

Materials modelling translation ontology (MMTO) Ontological formalization of the EMMC translation case template (ETCT).

Mechanical testing domain ontology A domain ontology for mechanical testing based on EMMO.

Microstructure domain ontology The microstructure domain ontology is intended to be a domain ontology for physical metallurgy.

Ontology for simulation, modelling, and  
optimization (OSMO)

Ontological formalization of the EMMC model data (MODA) template.

Ontology for training services (OTRAS) Ontology including a taxonomy of topics in materials modelling and a formalism by which learning  
outcomes and expert competencies can be described.

VIMMP communication ontology (VICO) Ontology describing metadata on messages exchanged at the VIMMP and participants that interact with the platform.

VIMMP software ontology (VISO) Ontology describing features and properties, including licensing aspects, that can be specified for software  
packages offered on VIMMP.

VIMMP validation ontology (VIVO) Ontology addressing model, solver, and processor errors, assessments of computational resource  
requirements, and benchmarking.

VIMMP ontology of variables (VOV) Ontology relating physical properties to models, solvers, and the variables occurring in them.
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A first attempt to represent electrochemistry as an inde-
pendent domain ontology was proposed by Deepak et  al. in 
2019.[61] Their ontology includes 18 terms describing different 
electrochemical cells and reactions. This provides a first intro-
duction and proof-of-concept for how one might approach 
ontologizing the electrochemistry domain. However, the scope 
of the ontology is limited. A more extensive description stem-
ming from an established top-level ontology is needed to fully 
develop an electrochemistry domain ontology.

A potential domain ontology for battery technology can also 
build on a rich existing standardization landscape. Many bat-
tery cell sizes and formats have been standardized for over  
100 years. The IEC 60 050 standardizes terminology for primary 
and secondary cells and batteries and is also available as an online 
digital reference. The IEC 60 086 series standardizes primary 
batteries with respect to dimensions, nomenclature, terminal 
configurations, markings, test methods, typical performance,  
safety, and environmental aspects.[62] While the IEC standards 
take precedence for establishing worldwide requirements, the 
American National Standards Institute (ANSI) maintains bat-
tery standards for the United States. The Institute of Electrical 
and Electronics Engineers (IEEE) standards association has 
published a glossary of stationary battery terminology.[63] An 
overview of relevant standards for battery technology is avail-
able in Table S3, Supporting Information.

A battery ontology was recently proposed by the German 
battery research cluster ProZell to target knowledge-based life 
cycle engineering.[64] They adopted a single-ontology approach 
for the whole system and has BatteryDataObject as central 
term, which refers to the Battery being handled, the current 
LifeCyleStage, the origin of the data object, AnalysisMethod 
used and TargetInfluence. This ontology is designed to capture 
life-cycle-oriented information, but also contains basic battery 
descriptions connected to the BatteryDataObject through the 
Battery which hasComponent Component. Although it is pub-
licly described, the ontology itself is not yet openly available.

There are currently two major ongoing initiatives dedicated 
to ontologizing the battery domain: The Battery Interface 
Ontology (BattINFO) and the Battery Value Chain Ontology 
(BVCO). BattINFO describes batteries on the cell level and 
below, including not only components, materials, and their 
interfaces, but also electrochemical processes, models, and 
characterization data. The objective of BattINFO is to sup-
port AI workflows and interoperability of battery data in the 
research and development community. On the other hand, 
BVCO describes aspects of the battery value chain with a strong 
focus on battery manufacturing and recycling. Both BattINFO 
and BVCO stem from the top-level ontology EMMO and are 
publicly available under open-source licenses. The remainder 
of this section provides an overview of the status of BattINFO 
and BVCO.

4.1. Battery Interface Ontology

The BattINFO is a domain ontology for battery cells, compo-
nents, materials, and their interfaces.[65] It is developed with 
the goal of creating a chemistry-neutral formalized descrip-
tion of batteries to support data interoperability and artificial  

intelligence workflows. It is defined as a domain ontology of the 
EMMO, which provides an extensive top-level library of classes 
and quantities. BattINFO is developed by the BIG-MAP consor-
tium[66] with the short-term goal of supporting data interoper-
ability and artificial intelligence workflows within the battery 
materials discovery and cell design process.

BattINFO is intended to be a resource available to the whole 
battery community, free of charge. It is hosted in a public git 
repository on GitHub and licensed under a creative commons 
CC-BY-4.0 license. Development of BattINFO began in Sep-
tember 2020. The first version was made public in February 
2021, and it is scheduled to have its first stable release in Feb-
ruary 2022. This review presents a snapshot of the content and 
features of BattINFO. Development is on-going, and readers are 
encouraged to interact directly with the BattINFO source code 
shared in the public git repository with for instance the free 
ontology editor Protégé or the python package EMMO-python.
Figure 4 shows an example of a term from BattINFO viewed 

in the Protégé environment. This example shows the annota-
tions for the Battery entity. The top row shows that the pre-
ferred label for the entity (skos:prefLabel) is “Battery,” with 
two alternative labels (skos:altLabel) “ElectricBattery” or the 
German word “Batterie” that could also be used. Although 
the primary development of BattINFO is in English, there are 
planned extensions to support labelling in other languages. The 
annotations provide links to the dbpedia and Wikipedia entries 
for the term, and provides the elucidation “One or more electro-
chemical cells fitted with devices necessary for use, for example 
case, terminals, marking and protective devices” taken from the 
IEC standard 60050–482 for electrotechnical vocabulary.[60]

At the heart of BattINFO, a domain ontology for electro-
chemistry encapsulates fundamental concepts common to 
all electrochemical systems. Electrochemistry is an intri-
cate and nuanced field. To create a robust and consistent 
domain ontology, care must be taken to adhere closely to 
well-established and agreed standards. The foundational 
classes and elucidations included in the electrochemistry 
ontology are based on the recommendations of the Interna-
tional Union of Pure and Applied Chemistry (IUPAC)[56] and 
the International Electrotechnical Commission (IEC). Where 
necessary, these are supplemented with information from 
preeminent electrochemistry textbooks.[67–69]

Electrochemistry is often framed within the scope of its 
coupled and foundational electrochemical components: an 
electrode, an electrolyte, and an electrochemical cell. It is at 
the electrode-electrolyte interface that many phenomena deter-
mining the behavior of the electrochemical cell occur. The 
electrodes and electrolytes exhibit intrinsic material properties, 
which determine observable cell-level quantities.[70] A compre-
hensive and well-grounded ontological description of an elec-
trode, an electrolyte, and an electrochemical cell are essential to 
an electrochemistry ontology. Ontological descriptions should, 
at a minimum, include an i) elucidation of the meaning of the 
term and information about ii) its properties and iii) relation-
ships with other terms.
Table 3 compares definitions of some foundational terms in 

electrochemistry from four authoritative sources. Even among 
these widely respected references, there is some significant var-
iation in the definitions.
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4.1.1. Electrode

An ontological description of an electrode must first contain 
a natural language elucidation of the term. Definitions from 
authoritative sources are compared in Table  3. The IUPAC 
definition focuses on the ability of an electrode to conduct elec-
trons between the electrochemical cell and the external circuit; 
a similar definition from Electrochemical Systems highlights 
that the electrons must be the mobile species in the material. 
The Handbook of Batteries views the electrode not as a part 

or material with certain properties but as a physical space at 
which electrochemical processes take place. Only the defini-
tion from the IEC highlights that the electrode must share an 
interface with a separate medium and exchange charge carriers 
to function. Recalling that ontological definitions should aim 
to encompass the nature of things (not only their properties) 
the definition from the IEC is most appropriate. It is accepted 
in BattINFO with the clarification that the term “conductive” 
refers to electronic conductivity. The other definitions are still 
included as comments in the entity to provide context to users.

Table 3. Definitions of some foundational terms in electrochemistry from authoritative sources.

Term Definition Source

Electrode An electron conductor in an electrochemical cell connected to the external circuit. IUPAC[56]

A conductive part in electric contact with a medium of lower conductivity and intended to perform one or more of the  
functions of emitting charge carriers to or receiving charge carriers from that medium or to establish an electric field in  

that medium.

IEC 60 050[60]

A material in which electrons are the mobile species and therefore can be used to sense the potential of electrons Electrochemical systems[67]

The site, area, or location at which electrochemical processes take place. Handbook of Batteries[69]

Electrolyte Conducting medium in which the flow of electric current is accompanied by the movement of ions. IUPAC[56]

Liquid or solid substance containing mobile ions that render it conductive. IEC 60 050[60]

A material in which the mobile species are ions and free movement of electrons is blocked. Electrochemical systems[67]

The medium which provides the ion transport mechanism between the positive and negative electrodes of a cell. Handbook of Batteries[69]

Electrochemical 
cell

A system that consists of at least two electron conductors (electrodes) in contact with ionic conductors (electrolytes). IUPAC[56]

A composite system in which the supplied electric energy mainly produces chemical reactions or, conversely, in which the 
energy released by chemical reactions is mainly delivered by the system as electric energy.

IEC 60 050[60]

A system containing two electrodes that allow transport of electrons, separated by an electrolyte that allows movement  
of ions but blocks movement of electrons.

Electrochemical systems[67]

The basic electrochemical unit providing a source of electrical energy by direct conversion of chemical energy. The cell  
consists of an assembly of electrodes, separators, electrolyte, container and terminals. (Definition of “Cells”)

Handbook of Batteries[69]

Figure 4. Example of annotations for an entity in BattINFO as visualized in Protégé.
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Figure 5 shows the basic relations for an electrode in Bat-
tINFO. From the elucidation, it is known that the electrode 
must contain one or more parts that support the conduction 
of electrons, it must have contact with an adjacent medium 
(electrolyte), and it must support the exchange of charge car-
riers across the interface (i.e., via an electrochemical reaction). 
It can be assumed that the electrode must remain physically 
intact to function. Therefore, the electrode must contain some 
part of a material that is electronically conductive and partici-
pates in an electrochemical reaction with the adjacent medium. 
In BattINFO, this material is termed the active electrochemical 
material.

Ontological descriptions must take care to be sure that 
the defined concepts and relations are not too restrictive. For 
example, when asked to describe a battery electrode, many 
researchers from the Li-ion battery field describe it as a com-
posite having parts current collector, active material, binder, 
and additives. That is a valid description of one type of elec-
trode. However, a battery electrode could also be a simple piece 
of zinc foil. BattINFO is designed to be chemistry neutral. 
Therefore, it is necessary to start by defining general descrip-
tions of the nature of things and adding layers of subclasses to 
achieve the required level of detail.

Electrodes are often classified according to whether the 
dominant electrochemical reaction is an oxidation (cathode) 
or a reduction (anode). For electrically rechargeable electro-
chemical cells, the electrodes assuming the roles of anode and 
cathode change between the discharging and charging process. 
Although the common practice in the battery field is to refer to 
the electrodes by their function during the discharging process, 
this introduces a semantic inconsistency in the description. For 
this reason, BattINFO distinguishes electrodes using the terms 
positive electrode and negative electrode. The positive electrode 

is defined as the electrode with the higher electric potential 
under open-circuit conditions, and it fills the role of cathode 
during discharging and anode during charging.

4.1.2. Electrolyte

The definition of electrolyte is more consistent across sources, 
as shown by the comparison in Table 3. Each of the four con-
sidered sources highlights that the essential aspect is the 
presence and movement of ions in the material. The Electro-
chemical Systems definition includes the caveat that the mate-
rial must also block the movement of electrons. This definition 
is accepted in BattINFO. The electrolyte is essential to the func-
tion of an electrochemical cell and is therefore classified as an 
electrochemical component in BattINFO. A simplified overview 
of some Electrolyte relations in BattINFO is shown in Figure 6.

The electrolyte is among the most important and complex 
materials in an electrochemical system. It can take many dif-
ferent forms including electrolytic solutions (using either 
aqueous or organic solvents), ion-conducting gels, polymer 
membranes, or solid-state ceramic materials.[71] However, there 
are some aspects of electrolyte design that are common to all 
electrolytes regardless of their exact composition.

Electrolytes are electronically insulating and ionically con-
ducting materials. They must resist the flow of electrons to 
force them through the external circuit while also shuttling 
ions to sustain the electrochemical reactions at the electrodes. 
An electrolyte must contain at least one mobile ion, known as 
the charge carrier ion, to shuttle charge between electrodes. To 
maintain charge-neutrality in the electrolyte, the charge carrier 
ion must be accompanied by a counter ion of opposite charge. 
The sum of positive charges, either mobile or immobile, must 

Figure 5. Simplified overview of some core concepts describing a battery in BattINFO. Arrows point from the subject to the object.
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be equal to the sum of negative charges to maintain the electro-
neutrality of the whole electrolyte. For an electrochemical cell to 
function, at least one type of the mobile ions in the electrolyte 
should participate as an electroactive substance electrochemical 
reaction at the electrode. For example, in the case of Li-ion bat-
tery electrolytes, the charge carrier ion is Li+ and the counter 
ion is usually PF6

–.

4.1.3. Electrochemical Cell

Definitions for an electrochemical cell usually describe it in 
terms of an assembly of some required parts, as shown by the 
comparison in Table 3. For example, IUPAC defines an electro-
chemical cell as a system that consists of at least two electron 
conductors (electrodes) in contact with ionic conductors (elec-
trolytes);[56] Electrochemical Systems defines it as a system con-
taining two electrodes that allow transport of electrons, separated 
by an electrolyte that allows movement of ions but blocks move-
ment of electrons.[67] Although they seem quite similar, both 
definitions have different benefits and shortcomings. On the 
one hand, the IUPAC version is preferable because it highlights 
that the cell must contain at least two electrodes, while Electro-
chemical Systems implies that it contains exactly two electrodes. 
Although most electrochemical cells have two electrodes, there 
do exist three-electrode electrochemical cells in which a third 
electrode is included to act as a reference to for electric potential 
measurement. On the other hand, the Electrochemical Systems 
definition is preferable because it states that the electrodes must 
be separated (i.e., not in contact with each other).

The requirement that the electrodes in an electrochemical 
cell be separated is potentially a source of a semantic incon-
sistency, which should be addressed. First, among the battery 

community, the physical space between the electrodes is often 
informally referred to as the “separator.” The same word is also 
used to describe a material (e.g., a porous polymer film) that 
is soaked with electrolyte and placed between the electrodes to 
prevent an internal short-circuit. There must be a distinction 
between the region called a separator and the material called a 
separator. Second, the implication inherent in the word “sep-
arator” as a description the domain between the electrodes is 
incomplete. It conveys the idea that the electrodes must not 
touch, but it does not convey the idea that the domain must 
also shuttle ions between the electrodes. The term salt bridge 
is also sometimes used to describe this domain. A salt bridge 
is defined by IUPAC as the means of making an electrolytic 
connection between two half cells without inducing a signifi-
cant liquid junction potential.[56] But again, this introduces a 
semantic inconsistency as there is also a specific electrochem-
ical device called a salt bridge. Furthermore, the term salt is 
misleading because not all ion transport is achieved using dis-
solved salts. To circumvent these challenges, BattINFO desig-
nates the domain forming an ionic connection between two 
electrodes (or half cells) as an ion bridge. The word “bridge” 
implies separation between two places and the word “ion” 
implies that ions travel across the bridge. A “separator” can 
then be described as a component in a particular type of “ion 
bridge.” Both “ion bridge” and “separator” retain unique IRIs 
for unambiguous referencing.

The ion bridge fulfils two essential roles in the cell: i) It pro-
vides physical separation between the two half cells (thus pre-
venting an internal short circuit) and ii) it provides a means 
to conduct charge carrier ions between the half cells. An ion 
bridge must contain some electrolyte material and may also 
contain an electrochemically inert component to provide struc-
tural stability or physical separation.

Figure 6. Overview of some electrolyte relations in BattINFO.
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4.1.4. Battery

The battery domain ontology in BattINFO builds on electro-
chemical knowledge to express information about the whole 
battery. Even the top class, Battery, can be the source of some 
semantic inconsistencies between different fields.

As mentioned above, a cell manufacturer might use the 
word “battery” to refer to a battery cell, while an EV manufac-
turer could use the same word to mean a battery pack. While 
humans might easily understand the difference from the con-
text, machines are not able to make that distinction. To address 
this issue, BattINFO defines both BatteryPack and BatteryCell 
as a subclass of Battery, with the relationship noting that a 
BatteryPack hasPart some BatteryCell and BatteryCell hasPart 
some ElectrochemicalCell, as shown in Figure 3.

There are a few ways to classify a type of battery cell. It can be 
classified according to its ability to be recharged (i.e., primary, 
secondary), the battery chemistry (e.g., Li-ion, Zn-air, etc.), or 
the format of the cell (e.g., cylindrical, pouch, etc.). BattINFO 
offers a flexible set of battery classification descriptors that are 
in alignment with common battery standards (e.g., IEC 60 086).

4.1.5. Measurements, Properties, and Material Relations

Battery data expresses information describing some observ-
able properties of a battery obtained from a real or simulated 
measurement. For example, an engineer might generate data 
about a specific battery cell using a cycler to measure the nom-
inal capacity. The nominal capacity is a property of the battery 
that can be expressed in terms of a physical quantity (i.e., elec-
tric charge with SI base units A∙s). A battery domain ontology 
should be able to describe the measurement process, the physical  

quantities obtained from the measurement, and how these 
relate to object properties.

A measurement in EMMO is a semiosis process that results 
in a quantitative comparison of a property of an object with a 
standard reference. Semiosis is a process in which an inter-
preter creates a sign to represent some object. EMMO contains 
terms for expressing the fundamental aspects of a measure-
ment as a process involving some measurement system and 
generating a measurement result. There is an ongoing effort 
to create an EMMO domain ontology for characterization based 
on the CHADA template. BattINFO intends to support the 
development of this ontology and import it when completed. In 
the meantime, development in BattINFO is focused on creating 
classes to ontologize battery measurement equipment and the 
resulting physical quantities and properties.

Measurements generating battery-related data can come 
from a wide variety of instruments, from common labora-
tory instruments like galvanostats, potentiostats, and cyclers, 
to equipment in Gigafactory production lines or large-scale 
nation research infrastructure like synchrotrons. Ontolo-
gizing the whole of this diverse field necessitates collabora-
tions with other domain ontologies. In its early development, 
BattINFO is focused on ontologizing measuring instruments 
needed to support the research and industry infrastructure 
used in the BIG-MAP consortium. Battery measuring instru-
ment classes in BattINFO define the roles and properties 
of the instruments in a measurement process, from which 
individual instances of the instruments can be declared in an 
application ontology. Within the context of a measurement, 
these instruments interact with some sample to produce a 
measurement result, which must be quantified. An overview 
of relations ontologizing the measurement process in Bat-
tINFO is shown in Figure 7.

Figure 7. Overview of relations ontologizing the measurement process in BattINFO. Arrows point from the subject to the object.
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Table 4 presents an overview of selected quantities used 
in the battery domain, listing the name of the class, its rela-
tions, elucidation, and physical dimension used in BattINFO. 
The information needed to ontologize these quantities is taken 
mostly from the IUPAC recommendations on Terminology 
for electrochemical methods of analysis[56] and standards for 
Quantities, Units and Symbols in Physical Chemistry.[72,73] A 
more extensive list is available in Table S4, Supporting Infor-
mation. Ontologizing quantities used in electrochemical and 
battery measurements allows the resulting data to be tagged 
with appropriate labels. Additional insight can be obtained by 
describing how quantities are related to each other through 
equations.

A material relation in EMMO is an equation that stands for 
a physical assumption specific to a material and provides an 
expression for a “physics_quantity” (the dependent variable) 
as function of other variables, physics_quantity or data (inde-
pendent variables).[74] Equations that form the foundation of 
electrochemical and battery analysis can then be ontologized as 
material relations, using the hasSpatialDirectPart relationship 
to form links between quantities. For example, consider two 
equations often used in electrochemistry: The Nernst equation 

and the Butler–Volmer equation. The Nernst equation is an 
expression derived from the law of mass action that describes 
the effects of concentration and temperature variations on the 
equilibrium potential of an electrochemical reaction:

E E
RT

nF
Q( )= − lneq

�  (1)

where Eeq is the equilibrium electrode potential, E○ is the 
standard electrode potential, R is the molar gas constant, T is 
the temperature, n is the charge number, F is the Faraday con-
stant, and Q is the reaction quotient.

The Butler–Volmer equation, sometimes also called the 
Butler–Volmer approximation or the Erdy–Gruz–Volmer equa-
tion, is a phenomenological model for electrode kinetics, 
describing the relation between the electrode current from an 
electrochemical charge-transfer reaction and the surface over-
potential of the electrode:
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Table 4. Overview of selected quantities used in the battery domain, as defined in BattINFO; A more extensive list and a guide to interpreting the 
physical dimensions are provided in Tables S4 and S5, Supporting Information.

Class Relations Elucidation Physical Dimension Source

ChargeNumber isA  
ElectrochemicalKineticQuantity

Number of electrons transferred in a charge transfer  
reaction between an electrode and a single entity (ion,  
radical-ion, or molecule) of an electroactive substance,  

whose identity must be specified.

T0 L0 M0 I0 Θ0 N0 J0 [56]

ChargeTransferCoefficient isA  
ElectrochemicalKineticQuantity

The fraction of the electrostatic potential energy affecting  
the reduction rate in an electrode reaction, with the remaining 

fraction affecting the corresponding oxidation rate.

T0 L0 M0 I0 Θ0 N0 J0 [73]

ElectrodePotential isA ElectricPotential Electric potential at an electrode, reported as the difference  
in potential relative to a reference electrode.

T-3 L+2 M+1 I-1 Θ0 N0 J0 [56]

ElectrodeSurfaceArea isA ElectrochemicalQuantity Area of electrode—solution interface. T0 L+2 M0 I0 Θ0 N0 J0 [56]

EquilibriumElectrodePotential isA OpenCircuitPotential Potential of an electrode when no electric current  
flows through the cell and all local charge transfer  

equilibria across phase boundaries that are represented  
in the cell diagram (except at possible electrolyte-electrolyte  

junctions) and local chemical equilibria are  
established.

T-3 L+2 M+1 I-1 Θ0 N0 J0 [56]

ExchangeCurrent isA ElectricCurrent The common value (i0) of the anodic and cathodic partial  
currents when the reaction is at equilibrium.

T0 L0 M0 I+1 Θ0 N0 J0 [57]

FaradaicCurrent isA ElectricCurrent Electric current that results from the electrooxidation or  
electroreduction of an electroactive substance.

T0 L0 M0 I+1 Θ0 N0 J0 [56]

OpenCircuitPotential isA ElectricPotential Electrode potential of working electrode relative to the  
reference electrode when no potential or electric current  

is being applied to the electrochemical cell.

T-3 L+2 M+1 I-1 Θ0 N0 J0 [56]

Overpotential isA ElectricPotential Electrode potential (E) minus the equilibrium electrode  
potential (Eeq) of an electrochemical reaction.

T-3 L+2 M+1 I-1 Θ0 N0 J0 [56]

SurfaceOverpotential isA Overpotential The potential of a working electrode relative to a  
reference electrode of the same kinds placed in the solution  
adjacent to the surface of the working electrode (just outside  

the double layer).

T-3 L+2 M+1 I-1 Θ0 N0 J0 [67]

TransportNumber isA 
ElectrochemicalTransportQuantity

Quotient of the current carried by an ionic component  
and the total current.

T0 L0 M0 I0 Θ0 N0 J0 [57]
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where i is the electrode current, i0 is the exchange current, 
α is the charge transfer coefficient, and ηsurf is the surface 
overpotential:

E E Eη = − −surf elde elyte eq  (3)

Figure 8 shows a simplified overview of the relationships 
used to ontologize the Nernst and Butler–Volmer equations. 
Including these descriptions in BattINFO allows machines 
to reason about the quantities involved. For example, even 
though the quantity electrode equilibrium potential does not 
appear explicitly in the Butler–Volmer equation, using relation-
ships over the surface overpotential clarifies that this quantity 
is a point of coupling with the Nernst equation. Although this 
is clear to humans working in the field of electrochemistry, 
expressing these relations in a machine-readable format paves 
the way for future work in computational battery research.

4.1.6. Battery Interface Ontology Outlook

BattINFO is a living repository of battery knowledge, and it 
will continue to grow and develop through both the work of 
the BIG-MAP consortium and its engagement with the larger 
battery community. As of August 2021, BattINFO contains  
271 terms, and many of these (205) are factored out into an 
“electrochemistry” branch for easier distinction between these 
domains if necessary. Furthermore, around 30 more generic 
terms that might be found in the EMMO ontology itself at a 
later stage are factored out into a sub-branch.

Readers are encouraged to use the free ontology editor Pro-
tégé to interact directly with BattINFO.[34] A Semantic Medi-
aWiki is also in development for users to view BattINFO in a 

web browser. The BattINFO repository is available to the public 
on GitHub. The repository facilitates public comment and is 
intended to support open development of the ontology. The 
first stable release of BattINFO is planned for February 2022.[65]

4.2. Battery Value Chain Ontology

The BVCO is a sister ontology of BattINFO, which aims to 
ontologize essential parts of the battery value chain.[75] BVCO 
is dedicated to the higher-level process chains for material pro-
cessing and manufacturing. It imports BattINFO and applies 
the basic definition of the battery as a system made in that 
ontology. The BVCO also interacts directly with the General 
Process Ontology (GPO),[76] which describes terms common 
across different process engineering domains. The BVCO is 
being developed under the coordination of Fraunhofer ISC as 
part of both EU and national research projects. It is hosted in 
a public repository on GitLab[75] and available for use under a 
creative commons CC-BY-4.0 license.

To define the battery value chain, BVCO expands the EMMO 
process definition to include concepts such as, inputs and out-
puts as well as predecessor and successor. Furthermore, where 
EMMO limits process participants to matter, BVCO introduces 
the use of energy and information as process participants. 
Thus, the processes in BVCO are holistic perspective elements 
that transform inputs/educts (matter, energy, information) into 
output/products (matter, energy, information) with the help of 
tools (devices, algorithms). They can be decomposed into sub-
processes and have predecessor and successor processes. Infor-
mation as process output plays an important role especially for 
measurement processes while energy is of central importance 
for the LCA evaluation of process chain.

Figure 8. Simplified overview of quantities coupling the electrochemical relations in the Butler–Volmer equation and the Nernst equation.
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Figure 9 shows an overview of the process steps of the battery 
value chain, as defined in the BVCO. The value chain begins 
with the mining of battery raw materials such as, lithium and 
cobalt ores. The battery raw material is then passed to the bat-
tery raw material refining process, in which it is refined and 
purified for use in battery manufacturing. The manufactured 
batteries are used in some application, such as electric vehicles. 

At the end of their lifespan, the spent battery is sent to the bat-
tery recycling process to recover raw materials, refined mate-
rials or even components, and the cycle begins again. Each of 
these high-level processes consists of many sub-processes.
Figure 10 shows a simplified overview of some of the bat-

tery manufacturing sub-processes, which are aligned with the 
BattINFO definition of a battery. The essential steps of battery 

Figure 10. BVCO-BattINFO alignment.

Figure 9. Overview of the battery value chain definition. Arrows point from the subject to the object.
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manufacturing, common to all chemistries and cell types, are 
the production of the base components: Electrodes, electrolyte, 
and separator. BVCO distinguishes fabricated components 
from the components themselves. For example, according to 
the definition of an electrode in BattINFO, the active electro-
chemical material in the electrode must have contact with some 
electrolyte. Within the scope of the manufacturing process, the 
manufacturing object that is intended to be used as an elec-
trode is known as a “fabricated electrode.” It only becomes an 
electrode after the electrolyte is injected during the cell filling 
step.

For the manufacturing of simple battery cells, only an enclo-
sure is added to the cells made from these components (com-
pare simple cylindrical consumer batteries). In more complex 
systems, such as an EV battery, the cells are bundled into mod-
ules and packs and assembled into a battery system. In addition 
to the actual cells and an enclosure, this then also includes sup-
porting components such as, electronic battery management 
systems or cooling systems.

In summary, BVCO defines physical material parts as the 
result of manufacturing processes (fabricated parts). BattINFO 
defines functional parts within the functional electrochemical 
system (functional parts with a role). At certain points in time 
there is a transition between the two ontologies and concepts, 
such as during manufacturing when the cell is filled with elec-
trolyte or when the electrolyte is removed during battery recy-
cling (see Figure 10).

5. Applications of a Battery Ontology

The fundamental application of an ontology is to improve 
communication between humans and/or computers.[31,77] 
Before discussing the details of specific applications of a bat-
tery ontology, we first highlight some prominent examples of 
ontological applications in other fields to provide context and 
guidance. These examples include: i) Comparison to the Gene 
Ontology resource, ii) multi-scale modelling workflows, and iii) 
digital twins.

Applied ontology has been used to great effect in the life 
sciences, with the most well-known example being the Gene 
Ontology (GO) resource. The GO resource provides a computa-
tional representation of current scientific knowledge about the 
functions of genes from many different organisms.[27] The GO 
offers two primary resources: i) The GO itself, which provides 
a logical structure describing the full complexity of biology, 
and ii) the body of GO annotations which provide traceable, 
evidence-based statements relating a specific gene product to 
specific ontology terms to describe its normal biological role. 
GO annotations are statements about how a gene functions 
at the molecular level, where in the cell it functions, and what 
biological processes it helps carry out. A battery ontology like 
BattINFO could provide similar resources. The ontology itself 
offers a logical structure describing electrochemistry, which 
could be of great utility to research and development in a 
variety of fields beyond batteries (e.g., fuel cells, electrolyzers, 
corrosion, etc.). Creating and compiling BattINFO annotations 
could, for example, relate specific molecules to the roles they 
play in battery systems.

Going beyond the life sciences, the use of ontologies in tech-
nical and software domains is also growing. One area which 
has received recent interest is ontology-based multi-scale mod-
elling workflows. The concept of multi-scale modelling is appli-
cable to a variety of systems, whose performance is determined 
by processes occurring on different time and length scales. 
While there exist well-developed methods to model individual 
processes on their own characteristic scales, establishing links 
between the scales has proved difficult.[78] An interoperability 
framework for computational tools spanning different time 
and length scales was recently proposed by Mir et al. and dem-
onstrated by modelling steel corrosion in concrete.[79] In that 
example, the authors linked DFT simulations of material prop-
erties performed in VASP to continuum-scale simulations of 
the corrosion process performed in COMSOL Multiphysics by 
passing data inputs and outputs in JSON files and storing the 
results in a common HDF5 file format. Multi-scale modelling 
is an essential tool in battery development, and the inefficiency 
of coupling scales is one of the main challenges slowing its use. 
A battery ontology that builds on these activities ontologizing 
modelling workflows could have great impact facilitating not 
only multi-scale couplings, but also linking to parameter data-
bases and open-source modelling frameworks to reduce the 
time and cost needed to parameterize models.[80]

Digital twins are another area that have seen recent pro-
gress in ontology-driven approaches. A digital twin is a virtual 
representation of some real component or system. It must 
contain information about the properties of the real compo-
nent, models that describe its performance, and sensor data 
describing the state of the system (often in real time). The 
vision for smart manufacturing in modern factories is one 
area that has seen concerted efforts to develop ontology-driven 
digital twins.[81–83] Implementing standards for reliable and effi-
cient interoperability of data and tools is essential to the func-
tionality of digital twins. Furthermore, the meaning of the data 
itself must be correctly understood. Ontologies help make this 
happen. In the scientific literature, there are many recent exam-
ples demonstrating the development of ontology-based digital 
twins for manufacturing and other cyber physical systems.[84–86] 
Ontology-based approaches are also integrated into commercial 
digital twin platforms, such as Microsoft Azure which imple-
ments customized ontologies in its JSON-LD based Digital 
Twin Definition Language.

The rest of this section discusses potential applications of 
a battery ontology, which can be grouped into three broad cat-
egories: i) Neutral authoring, ii) concept-based search, and iii) 
common access to information.

5.1. Neutral Authoring

The concept of neutral authoring is to describe an artifact (e.g., 
a dataset, software, or other domain ontology) using a single 
language, such that it can be converted into a different form to 
be used by multiple target systems.[77]

Data stored and exchanged following a neutral format out-
lined by a battery ontology improve compliance with FAIR data 
principles. The ability to reuse data beyond its initial scope 
benefits i) academic researchers, by maximizing the visibility 
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of their results, ii) data scientists, by unlocking access to new 
sources of data, and iii) industries, by minimizing redundant 
activities and so the costs of generating data. However, in large 
research projects or battery Gigafactory supply chains, the 
absence of commonly defined data descriptors and exchange 
formats are large barriers in the development of an interop-
erable data infrastructure. As an example, a computational 
chemist might state that an infrared spectrum of a positive 
electrode active material must include some measure of sample 
purity, to assess deviations between simulated and measured 
spectra. For an experimental electrochemist, the same dataset 
must specify the sample conditions during measurement (e.g., 
operando, post-mortem, etc.) to understand whether dynamic 
cycling processes are expected to influence the spectrum. 
Besides requiring different data descriptors, researchers likely 
use data formats that are incompatible with each other.

Ontologies may solve these issues. In essence, ontologists 
and infrastructure developers decide on using a common, neu-
tral language to locate and exchange data across the domain. 
Developers then build parsers and application interfaces com-
plying with the agreed language. Last, users operate the devel-
oped tools to store and query data. A domain-neutral language 
may serve to automate not only the translation of datasets into 
different formats, but also the generation of parsers and appli-
cation interfaces to support new data flows.[77] Such an infra-
structure might, for instance, query a relevant microscope 
image and autonomously parse it from its proprietary binary 
format into a 2D array of contrasts for numerical analysis, or 
into a graph-modelling format for training graph neural net-
works, or print it as a raster graphics (e.g., jpeg) for visualizing 
in a document.

Ontologies can also support the development of software 
tools for the battery domain. An intelligent code design is 
imperative for engineering interoperable, flexible software. 
To this end, code written in a specific programming language 
can be structured mirroring the coherent hierarchy of con-
cepts encoded in the ontology, resulting in a codebase that 
naturally inherits a logical structure and renders maintain-
able and understandable software. More importantly, the one-
to-one correspondence between code and ontological concepts 
enables translating the code into other languages via concept-
object mappings.[87] For instance, an ontology-compliant mod-
elling software might be written in a high-level, user-friendly 
language as Python, and be translated to a lower-level but 
highly efficient language such as C to benefit from improve-
ments in computational performance. When software is devel-
oped within an interoperable framework, developers gain the 
freedom of coding in their preferred language while enjoying 
access to heterogeneous resources from peers.

The Global Battery Alliance (GBA) has called for immediate 
action to enable the exchange of battery data using a common 
battery passport.[3] The GBA envisions the battery passport as 
a digital asset that conveys all the necessary environmental, 
social, governance, and lifecycle requirements for the battery 
to ensure compliance with laws and regulations. However, cre-
ating a standardized digital framework for sharing information 
about specific individual batteries has great potential beyond 
simply tracking sustainability targets and regulatory compli-
ance. Different approaches for a battery passport have been 

proposed focusing on sharing data across the battery supply 
chain[88] or monitoring performance data.[89] A battery passport 
requires, at a minimum, a standardized language for describing 
data based on a shared concept of a battery. However, to reach 
its full potential, a battery passport must be based on a lan-
guage that is machine-readable and enhanced with semantic 
descriptions.

5.2. Concept-Based Search

An ontology-based database (OBDB) annotates datasets with 
semantic concepts that can be queried and explored with pow-
erful computational tools.[90] Take as an example a tomography 
image of a LiNiO2 composite electrode stored in a repository. 
Using a conventional database, the image dataset would be 
tagged with identifiers such as “X-ray tomography,” “LiNiO2,” 
while in an OBDB it would be associated with ontological classes 
like “tomographic measurement” or “positive electrode.” A 
human user querying for “cathode particle volume expansion” 
would struggle finding the image from the conventional data-
base as the query does not contain any of the tags. In contrast, 
an ODBD-aware search engine would identify the image as valid 
query result since it would recognize that the “tomographic 
measurement” class is associated to the determination of par-
ticle volumes, and the “positive electrode” concept is described as 
synonym of cathode. Synonyms, parenthood, and parthood are 
some of the relationships that make concept-based search pos-
sible, and they are all formally encoded in the ontology.

Machines also benefit from the ability of accessing highly 
heterogeneous datasets using flexible queries. An OBDB could 
support workflows where a simulation accesses datasets during 
runtime. For instance, a continuum simulation of a Li-ion cell 
could automatically request ab initio datasets from an OBDB to 
parametrize the transport equations (e.g., diffusion coefficients 
from an ab initio molecular dynamics simulation), compute the 
results and compare to experimental voltage curves also stored 
in the ODBD. Such workflow can be designed to autonomously 
explore large dataset spaces with minimal human intervention. 
Likewise, software may also be indexed with ontological tags to 
facilitate storage, query, access, and interoperability with third-
party applications.

5.3. Common Access to Information

Ontologies may be applied to facilitate common access to het-
erogeneous sources of information among multiple targets 
(humans or machines).[77]

The expansion of Li-ion battery Gigafactories around the 
world and the billions of new cells entering the market are the 
source of some concern regarding both regulatory compliance 
and recycling.[88] Furthermore, battery passports are intended to 
be digital information assets accompanying a battery through 
its entire lifetime. Both Gigafactories and battery passports 
require some universal way to describe the manufacturing 
information, materials, or performance history of a given bat-
tery cell. Ontologies meet these needs by powering formal tools 
to encode, consult, and exchange information.
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From the perspective of human communication, a battery 
ontology such as, BattINFO includes a canonical conceptual-
ization of a battery as an electrochemical energy storage device 
that human actors can consult for definitions, relevant observa-
bles (e.g., electrochemical properties), and relationships among 
concepts within the domain. In this application, the knowledge 
encoded in the ontology can be represented as digital glossa-
ries using, for instance, semantic wikis, where users browse 
concepts, definitions, etc., within a Wikipedia-like interface.[91] 
A unified description of a battery cell, accessible through user-
friendly tools, encourages scientists to adopt a common and 
citable vocabulary for reporting research work and arguing sci-
entific findings, which altogether improve the transmission of 
knowledge and the impact of their research work.

Common access to data is equally crucial in research and 
industrial applications. Data annotated with structured, well-
defined ontological concepts help both humans and com-
puters to understand the provenance of data, its spatiotemporal 
domain, and the observable being characterized by the data-
generating process (e.g., an experiment, a simulation, etc.). In 
addition, as mentioned above, neutrally-authored and ontolog-
ical indexed data ensures that multiple actors can access and 
reuse the same resources independently of how and why these 
resources were generated. Ontologies also facilitate common 
access to code. Software tagged with ontological concepts 
not only improves accessibility as discussed above, but also 
enriches code documentation. In this way, developers and end-
users establish a common language to facilitate communica-
tion and development.

Ontologies may also be used to power digital research infra-
structures. In particular, ontologies can leverage the devel-
opment of multiple standardized application programming 
interfaces (APIs) to build a constellation of shared services.[77] 
Just as web microservices manage enormous fluxes of data in 
large websites,[92] research-oriented shared services may orches-
trate the interchange and analysis of scientific data. Consider as 
an example a user searching for the Li+ coordination number 
in a specific electrolyte. In a shared services infrastructure, the 
user would submit a query to a client API that in turn coordi-
nates calls to multiple services: A search via a OBDB-powered 
engine, a service retrieving relevant resources (e.g., the Raman 
spectra and DFT-calculated molecular structures of the electro-
lyte), a verification of whether the data is raw or processed, a 
service requesting further data processing scripts to estimate 
the coordination number (e.g., from the spectrum and the DFT-
relaxed structures), and finally a service to retrieve the result as 
a structured table. Each service is accessed through its associ-
ated API; hence, for such infrastructure to work, the API con-
stellation must be aware of the relations among the query, the 
data resources and the relevant software. Ontologies not only 
provide an explicit encoding of these conceptual relations, but 
also may automate the challenging process of developing API 
hives with the help of interface generators.[77]

From the perspective of machines as targets, ontologies may 
unlock access to large amounts of research data to train artifi-
cial intelligence (AI) algorithms. While recent milestones in the 
development AI have taken place in areas with high or unlim-
ited data availability, (e.g., speech processing, image processing, 
and game AI), the pace in research-oriented AI applications is 

severely limited by the enormous cost of acquiring scientific 
data, especially in battery research.

Text-mining is receiving growing interest as a means of com-
piling battery databases from natural language information 
published in the scientific literature.[93–95] Tools such as, Chem-
icalTagger[96] and ChemDataExtractor[97] use natural language 
processing to automatically extract information about chemical 
entities, properties, and relationships directly from research 
articles. In this context, a battery domain ontology may serve 
to define a common format supporting the ingestion and inter-
change of heterogeneous datasets, compiled from mining the 
battery research literature.

Alternatively, the demand for experimental data to train AI 
algorithms can be significantly reduced in multiple ways. For 
one, experimental data can be complemented with virtual data 
generated from simulation models, which are comparably more 
scalable and easier to automate.[98] However, the availability 
of simulation models varies widely across applications. While 
powerful ab initio methods are readily available to calculate 
macroscopic properties of metals, the modelling of polymeri-
zation reactions is still very challenging. Even more difficult is 
the simulation of complex systems such as a battery, in which 
various chemical and physical effects couple over several scales. 
In these areas in particular, the inclusion of explicit knowledge 
is therefore additionally required to reduce data requirements.

This enables AI to include explicit relationships between 
data in addition to data (hybrid AI). Explicit relationships can 
be, for example, unambiguous relationships such as chemical 
constituents or physical laws, but also weaker forms such as an 
assumed but unquantifiable relationship between parameters. 
However, this requires that the explicit knowledge is expressed 
(formalized) in a machine-readable form. This is exactly what 
ontologies can do by transferring the almost unlimited com-
plexity of human knowledge into a strict description language 
without loss of information. At the same time, they enforce a 
standardization, which is necessary for the multidisciplinary 
consolidation of explicit knowledge. The knowledge contained 
in BattINFO and BVCO about the internal relationships in the 
battery and the external relationships in its manufacturing can 
therefore help to significantly reduce the data requirements in 
future AI applications.

6. Challenges

The creation of ontologies for linked battery data in the 
Semantic Web is the subject of intense research and develop-
ment around the world. Although this initiative is making fast 
progress and building on the current momentum of data-driven 
approaches across technical disciplines, it does face some chal-
lenges. These challenges deal primarily with the vast scope 
of knowledge and heterogeneous data required in the battery 
domain. Specific challenges include: i) Creating and inte-
grating well-developed domain ontologies, ii) engaging the bat-
tery community in ontology development and application, and  
iii) applying ontologies in existing digital tools for processing 
battery data.

BattINFO begins by creating a domain ontology of elec-
trochemistry. The proposed electrochemistry ontology is the 

Adv. Energy Mater. 2021, 2102702



www.advenergymat.dewww.advancedsciencenews.com

2102702 (20 of 26) © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

most advanced currently available, but it is impossible to fully 
separate electrochemistry from other domains such as phys-
ical chemistry, thermodynamics, kinetics, and transport phe-
nomena. In the absence of a well-developed and maintained 
domain ontology ecosystem, the task of ontologizing a single 
domain can quickly creep beyond its intended scope. Although 
relevant domain ontologies exist and others are in develop-
ment, there are currently too few to fully cover the needs of 
diverse technical fields like battery research. This challenge can 
be addressed through the establishment of clear standards for 
domain ontology generation overseen by an active and engaged 
coordinating body.

The success of an ontology depends on developing an active 
base of contributors and users. It is essential that there exist 
quick and easy pathways for users to access, understand, and 
apply the ontology in their work. Researchers and engineers 
worldwide must be able to share their research data and find-
ings in semantically readable formats without being experts 
in data science themselves. The BIG-MAP project will provide 
training materials to introduce new users to the ontology and 
demonstrate the creation of BattINFO compliant metadata. 
One example could be the use of BattINFO IRIs as property 
names in JSON-LD metadata. Encouraging the long-term adop-
tion of the ontology in battery workflows requires a two-tiered 
solution: i) Engaging the community in the development of the 
ontologies and ii) creating simple user-interfaces for generating 
and sharing metadata.

The task of bringing together a volunteer community to 
create and manage knowledge content is a challenge, but there 
exist guiding precedents to achieve it. Wikis are hypertext 
publications that can be collaboratively created and edited by 
their users in a web browser. Semantic MediaWiki is a type of 
wiki enables users to annotate content with explicit, machine-
readable information.[99] Semantic MediaWikis offer a simple 
Wikipedia-like interface for users to browse the ontology, 
participate in discussions, and submit requests for modifica-
tions.[100,101] A Semantic MediaWiki is currently in development 
for the battery domain.[102] Engaging the community through 
benefits the ontology development by ensuring that it is suf-
ficient to describe the relevant data. On the other hand, the 
wiki also provides users with a consolidated source of battery 
knowledge that can support their research or design activities. 
However, developing robust ontologies and engaging with the 
community is only half the battle. To be successful, the ontolo-
gies must be actively used to share battery data.

The burden of time and effort needed to share data in a stand-
ardized format and generate the appropriate metadata is one 
of the main hurdles discouraging the uptake of data into the 
semantic web. Easy-to-navigate graphical user interfaces and 
semi-automated conversion tools are needed. The use of elec-
tronic lab notebooks coupled to semantic data repositories can 
help address this challenge. There are a few notable initiatives to 
develop digital infrastructure for handling battery data, including 
(but not limited to) Kadi4mat, the Battery Archive, battery evalua-
tion and early prediction (BEEP), and Galvanalyser.

The Kadi4mat initiative has developed digital research data  
infrastructure for materials science to enable structured  
data storage and exchange with documented and reproduc-
ible data analysis and visualization.[103] Kadi4mat combines an  

electronic lab notebook interface and data repository with tools 
for efficient searching and retrieval of data. Furthermore, 
simple workflows can be defined with a web-based node editor 
and be run locally. Although Kadi4mat was ostensibly developed 
for materials science, early use cases have focused on research 
data from the battery domain.[104] Kadi4mat is a recent devel-
opment, with the first beta release in 2020. In the long-term, 
it aims to offer well-defined semantics by integrating domain 
ontologies based on the EMMO.

In the battery community, there are similar initiatives to sup-
port the easy management and exchange of battery data between 
devices and groups. The Battery Archive is a web-based reposi-
tory supported by the United States Department of Energy for 
easy visualization, analysis, and comparison of battery data 
across institutions.[105–107] Battery data generated by different 
entities can be submitted to the site, where it is converted into a 
standard format to allow for easy cross-comparison.[108]

The BEEP tool is an open-source python package to manage 
high-throughput battery cycling data.[109] BEEP is designed to 
automate the process of organizing, parsing, and structuring 
large battery datasets to support exchange between research 
groups and machine-learning workflows. Similarly, researchers 
at Oxford are developing a solution called Galvanalyser to sup-
port standardization and exchange of data for different battery 
testing equipment.[110] Galvanalyser is a database for collecting 
and collating different types of battery test data, with a focus on 
data acquisition, parsing, and storage. The concept is to auto-
matically collect raw data generated by battery test equipment, 
parse it into a common format, and store it in a single Post-
greSQL database. It is currently undergoing early trials and not 
yet available to the wider battery community.

Although each of these tools approaches the challenge of 
battery data management in a different way, they all serve the 
common goals of reducing the burden for researchers to share 
their data and ensuring that the data adheres to common for-
mats and metadata standards. Efforts are underway to align the 
further development of battery data management tools into at 
least one open-source suite of interoperable software tools that 
align experimental protocols and data formats.[111,112]

7. Summary

The future of the battery industry depends on data. Data drives 
the discovery of new battery materials, it optimizes the links 
between manufacturing and performance, it gives engineers 
critical insight into the health and lifetime of their products, 
and it allows recyclers to efficiently recover raw materials.

Around the world, battery research labs and Gigafactories 
are generating an unprecedented wealth of battery data. How-
ever, the battery community has so far only utilized a fraction of 
its full potential. The problem is that data is often isolated and 
insufficiently annotated, so that it can only be used at its source 
for a limited purpose. To extract the full value of data, it must be 
interoperable. Data generated by different devices made by dif-
ferent manufacturers should be able to be seamlessly exchanged 
and understood by different computers on a network. Realizing 
this goal requires the development of a common machine-read-
able language for annotating battery data.
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A common language is needed to describe battery data, 
so that different groups or devices use the same unambig-
uous vocabulary when referring to a given concept. But this 
need extends beyond simply aligning terminology. In today’s 
research and industrial landscape, there is a growing need for 
computers to interact directly with data. While humans can 
infer information and relationships about data from the con-
text, machines need explicit instructions to understand data 
and its meaning. Therefore, the common language we develop 
must not only be human-readable, but also provide machine-
readable, semantically rich information about the data itself 
and its relationships to other data.

Ontologies offer an excellent tool for creating a common 
conceptualization of the battery domain and applying it to 
semantically annotate battery data. The EMMO is a multidisci-
plinary effort to develop a standard representational framework 
for applied sciences. It provides a top-level ontology based on 
physics, analytical philosophy and information and communica-
tion technologies to provide a framework for knowledge capture 
that is consistent with scientific principles and methodologies. 
EMMO hosts an eco-system of domain ontologies to support 
interoperability of data in the battery community. There are cur-
rently two main initiatives aiming to create fully open EMMO-
based battery domain ontologies: the BattINFO and the BVCO.

BattINFO is an ontology of battery cells, materials, and their 
interfaces developed by the BIG-MAP consortium. It is devel-
oped with the goal of creating a chemistry-neutral formalized 
description of batteries to support data interoperability and arti-
ficial intelligence workflows. While BattINFO ontologizes the 
battery domain from the cell-level and down, the BVCO ontolo-
gizes the battery value chain. Considering the process of battery 
manufacturing from raw materials mining all the way through 
applications and recycling, the BVCO supports interoperability 
of data between different actors in the value chain.

Using ontologies to create unified descriptions of battery 
data has the potential to open the battery field to a new era of 
open research and development. A battery ontology can support 
visions for a digital battery passport to share manufacturing 
information and performance history about a battery across its 
lifetime. It can distil the deluge of data currently being gener-
ated in laboratories, factories, and field applications around the 
world to artificial intelligence workflows. It can support stand-
ardized reporting of research results to help address the repro-
ducibility crisis in scientific publishing. Ultimately, the battery 
ontologies reviewed in this work are a resource for the commu-
nity. They provide a well-developed source of battery knowledge 
and give researchers and engineers the tools they need to get 
the greatest value from their data.
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