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ABSTRACT

The use of equipment digital twins of standardized, multi-purpose units can accelerate process
development and reduce experimental effort. Experimental data are essential not only for identi-
fying critical process parameters and enabling model-based methods within a Quality by Design
framework, but also for constructing and validating the simulation models that describe digital twin
behavior. To achieve high-fidelity and robust predictive models, structured concepts are required
to manage metadata and process-, product-, and resource-specific information exchanged be-
tween physical and digital twins. Electronic lab notebooks (ELNs), which contextualize experi-
mental data, must therefore be structured and standardized to ensure interoperability and seam-
less data exchange. For integration into digital twin workflows and process transfer between
equipment instances of the same category, ELNs must comply with FAIR (Findable, Accessible,
Interoperable, Reusable) data principles. This work proposes a Semantic Integration Pattern for
FAIR-compliant ELNs to document simulated experiments using domain-specific, vendor-inde-
pendent standards such as DEXPI 2.0 and ISA 88/IEC 61512-1. DEXPI 2.0 supports standardized
descriptions of equipment and process steps, while ISA 88/IEC 61512-1 structures experimental
recipes. The resulting FAIR ELN Semantic Integration Pattern enables standardized data exchange
between ELNs and digital twin tools. Its applicability is demonstrated through an illustrative exam-
ple documenting simulated saponification experiments in gPROMS® using simple batch reactor
model. The results will support subsequent real experiments conducted in a 2L stirred tank unit.
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MOTIVATION

Digital twins can be utilized to support process de-
velopment, optimization, and scale-up. In modular and
multi-purpose process environments, application of digi-
tal twins of the equipment enables the reuse of simulation
models across different process applications and equip-
ment instances, thereby reducing experimental effort
and time-to-process. However, the predictive quality of
digital twins critically depends on the availability of high-
quality experimental and simulation data together with
rich contextual metadata.

Electronic lab notebooks (ELNs) play a central role
in capturing experimental data and associated metadata.
In current practice, ELNs are often used as flexible docu-
mentation tools with limited structure, leading to hetero-
geneous data representations, incomplete metadata, and
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poor interoperability. As a result, experimental data rap-
idly lose their value for reuse, model validation, and
transfer between projects, tools, and organizations.

To address these challenges, the FAIR data princi-
ples [1] provide a widely accepted framework for sustain-
able scientific data management. Applying FAIR princi-
ples to ELNs is particularly important in digital twin work-
flows [2], where experimental data from both the labora-
tory and simulation models must be exchanged between
modeling tools, automation systems, and laboratory or
pilot-scale equipment. This paper focuses on the docu-
mentation of experimental data from simulation models
(simulated experiments), which are a key component of
model-based process development and Quality by De-
sign (QbD) methodologies.

In this paper, first the relevant background is pre-
sented and key domains specific ontology, metadata

1786


https://doi.org/10.69997/sct.119476
mailto:amy.koch@tu-dresden.de

models, and data models presents. Next, a concept for a
structured Semantic Integration Pattern for FAIR-compli-
ant ELNs for simulated experiments based on estab-
lished, vendor-independent domain specific metadata
guidelines are proposed. This Semantic Integration Pat-
tern is explained for a saponification reaction in a 2L
batch process using a gPROMS® Process simulation.

METHODOLOGY

Digital Twins in Modular Plants

Digital twins for modular plants have been dis-
cussed in terms of a single PEA [3] and for process trans-
fer [2]. Here, the common approach is to use a Product-
Process-Resource-Model to structure the digital twin [4]
and leverage the knowledge distribution between the
equipment vendor and the owner/operator [3] as well as
for process transfer between modules [2]. A similar ap-
proach is used in the domain of discrete manufacturing
with a focus on standardized description of tasks and
skills of machinery, e.g. [6], [7], [8]. For modular plants,
these equipment-based digital twins can be used to fa-
cilitate faster time-to-process. These equipment -based
digital twins are integrated into digital twin workflows for
process development which typically span multiple asset
lifecycle phases, including process concept design,
model development, parameter identification, optimiza-
tion, and scale transfer. In modular plant concepts, digital
twins are often associated with standardized equipment
classes rather than single physical assets. This enables
the transfer of process knowledge between different
equipment instances of the same category.

Within such workflows, simulated experiments are
used extensively to explore design spaces, analyze pro-
cess dynamics, and support model-based design of ex-
periments. The results of these simulations must be
traceable, reproducible, and interpretable to be reused
for decision-making and subsequent validation with
physical experiments.

FAIR DATA

A critical consideration for the effective utilization
and reuse of experimental data is adherence to the FAIR
data principles [1]. Alignment with these principles en-
sures that metadata is sufficiently enriched with descrip-
tive information that captures the context in which the
data were collected, including data quality, collection
conditions, and other relevant characteristics. In accord-
ance with FAIR requirements metadata must “be richly
described with a plurality of accurate and relevant attrib-
utes.” Within the context of ELNs and simulated experi-
ments, these principles imply:

= Findable: Experiments and datasets can be located
based on product, process, resource, purpose, or
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author.

» Accessible: Data and metadata can be retrieved via
well-defined access mechanisms, including access
restrictions where required.

= Interoperable: Data and metadata use shared
vocabularies, formats, and semantics to enable
interpretation by humans and machines.

= Reusable: Data are sufficiently well-described to
allow repetition of experiments and reuse in new
contexts.

Applying FAIR principles requires explicit information
models and controlled vocabularies rather than ad-hoc
documentation.

Electronic Lab Notebooks

The increasing shift towards digitalization in the la-
boratory extends beyond the use of electronic devices to
encompass the networking of experimental workflows
and the management of research data in accordance with
the FAIR principles. Electronic laboratory notebooks
(ELNs) support structured, machine- and human-reada-
ble metadata capture, enable direct integration of meas-
urement data, and facilitate data traceability, reuse, and
long-term archiving.

NFDI4Chem [9] provides guidelines for managing
research data in chemistry and chemical domain specific
guidelines for the following aspects: type of experiment,
planning of experiments, documentation of experiments,
data producing methods, data analysis, and publication.

Simulation-Supported DoE

Model-based Design of Experiments (MBDoE) [10]
integrates simulation models, typically formulated as dif-
ferential-algebraic equations, with classical Design of Ex-
periments to systematically plan informative experi-
ments. Simulation models incorporating prior knowledge
of process structure and parameter estimates are used
to identify experimental variables with high sensitivity to
model parameters, thereby maximizing information gain.
This model-driven approach enables efficient identifica-
tion of optimal process conditions while reducing experi-
mental effort, making it particularly valuable in time- and
resource-constrained process development.

Information Models and Standards

In addition to the FAIR Data requirements [1], other
ontology and data model standards exist to describe the
high-level metadata.

Dublin Core Metadata Terms

The Dublin Core Metadata Element Set [11] is a
widely adopted standard for describing digital and phys-
ical resources to support discovery, interoperability, and
long-term access. It consists of 15 core metadata
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elements, such as title, creator, subject, description, pub-
lisher, and date, which are designed to be simple, ge-
neric, and domain independent. Dublin Core is formally
standardized as ISO 15836. The standard supports ex-
tensibility through qualified elements and encoding
schemes, allowing more precise descriptions when re-
quired by specific communities.

ProMetaS

ProMetaS [12] is a comprehensive metadata
schema designed to document and describe data gener-
ated in chemical process engineering and industry to
support interoperability and reuse. The schema was de-
veloped within the KEEN research project to address the
diversity and complexity of industrial and research data,
improving findability and understanding. In line with FAIR
principles ProMetaS builds on international metadata
standards (e.g., Dublin Core) and was iteratively refined
with domain experts to include only relevant metadata el-
ements. The applicability of this schema has been
demonstrated for real use cases in process data collec-
tion and management in the KEEN project.

The information model divides the data in the pro-
cess industry into categories: plant info, process info,
chemical, sensor, image control valve, time series, and
machine learning.

DEXPI 2.0 for Process and Equipment
Descriptions

DEXPI (Data Exchange in the Process Industry) is an
initiative of the process industry to create a universal
data model for the information described in flow dia-
grams along the asset lifecycle. DEXPI Plant [13] provides
a standardized, vendor-independent representation of
process equipment and piping and instrumentation dia-
grams. DEXPI Plant can be used to describe equipment
classes and topology. DEXPI Process serves to describe
the block and process flow diagram type information
which can be mapped to simulated data, particularly for
flowsheet simulation. The DEXPI 2.0 und data model
serves to provide a consistent reference between simu-
lation models and physical assets.

ISA-88 / IEC 61512-1 for Recipe Descriptions

In addition to the process description, it is necessary
to describe the experimental procedure, or “recipe.”
ISA-88 which is formally standardized in Europe with the
IEC 61512 [14] specifies a hierarchical recipe model con-
sisting of procedures, unit procedures, operations, and
phases. This structure is well suited for documenting ex-
perimental workflows in both simulation and laboratory
contexts. In the FAIR ELNs, ISA-88 is used to: (1) structure
the experimental procedure of simulated experiments,
(2) define input parameters, control actions, and execu-
tion order, and (3) support repeatability and comparison
between experiments.
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PEA Harmonization for Modular Plants

Additionally, for modularization further
requirements with respect to the documentation are
needed. Here, it is important to be able to describe both
process and equipment in a modular way. To address this
challenge, the Process-to-Order Group has introduced a
PEA Harmonization [17] which aligns the hierarchical
modular terms from process engineering [16] and
automation engineering [17] and links it to the process
steps in the DEXPI Process specification [18]. This
harmonization enables a direct link from the domain
specific terms in modularization to domain specific
process steps used in the process industry to describe
process phenomena in different levels of abstraction.

REQUIREMENTS

Based on experience from experimental and simula-
tion studies, several challenges motivate this work. First,
the same process step can be carried out in models as
well as different apparatus configurations, leading to am-
biguous documentation. This is an issue for both real ex-
periments as well as simulation runs. A second issue is
that equipment of the same category may exist in multi-
ple instances with different geometries, sensors, or per-
formance characteristics. This is important because de-
pending on the purpose of the simulation, the same sim-
ulation models can be applied to different equipment in-
stances, but with different parameterization. Another is-
sue is sensors. Sensors with different accuracies and
variances are often used without explicit documentation
of uncertainty models, however, uncertainty models and
estimates play a significant role on the predicted out-
come of a simulation. Another challenge is the data itself,
experimental data may originate from both online (time-
series) and offline (sample-based) sources, which are
rarely integrated consistently. These challenges highlight
the need for structured, semantically rich ELNs.

Another issue to address is the separation of the do-
main specific data. Here, it is necessary to have a sepa-
ration of data and metadata: Raw simulation results, de-
rived results, and metadata must be clearly distin-
guished. Next, it is necessary to structure the domain
specific data. As in the ProMeta$S [12], it is necessary to
have structured description for the different domains. For
ELNs specifically, this means separate descriptions of
process, product, and resources. Therefore, equipment
topology, process steps, and material information must
be described using standardized models.

In addition to the above listed challenges, it is fur-
ther necessary to delineate between the type of simula-
tion which is being carried out. Here, the follow catego-
ries are suggested:

= Static simulations for design space identification,
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Figure 1. ELN Semantic Integration Pattern for documentation of simulated experiments.

parameter estimation, process design, and
optimization

= Dynamic simulations for system behavior analysis,
model discrimination, and control loop design

= Stochastic simulations for model-based experimental
design and uncertainty analysis/reduction

ELN SEMANTIC INTEGRATION PATTERN
FOR SIMULATED EXPERIMENTS

To address the above-mentioned challenges, an
ELN semantic integration pattern is proposed for docu-
mentation of simulation runs for application in digital twin
workflows for modular plants. Here, the Dublin Core [11]
was utilized for the ELN Protocol, ISA 88 for the experi-
mental procedure, and ProMetas for domain specific cat-
egories. The following domains for ELNs documenting
simulated experiments are identified as:

= ELN Protocol for the explicit identification of

experiments. Each ELN entry must have a unique and
persistent identifier and should include metadata
according to the Dublin Core [11]. Specifically,
experiment title, unique identifier, creator, subject
(purpose of experiment), description, data, type of
simulation, format of the simulation, and the source.

The Product must include a description of the
chemicals. Here, information such as molecule
structure, physical property data, physical property
models, etc. is included. The NFDI4Chem [9]
provides domain specific guidelines depending on
the chemical domain.

The Process Step Specification describes the type
of process step which is considered and utilized
terms from the DEXPI Process specification

The Equipment Description to describe the
topology, P&ID and available sensors in alignment
with the DEXPI Plant [13] .

The Experimental Procedure must be documented
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in a reproducible, machine-readable form. Definition
of the experimental procedure using ISA-88/IEC
61512-1 [14] structures to include recipe steps and
parameters.

= Modularization: Functional Equipment Assemblies
(FEAs), module category, and instance as outlined in
the PEA Harmonization.

» Module Type Package: Link to the data in the real
plant along with the Human Machine Interface (HMI).

= The Simulation Model to document versions,
solvers, and assumptions must be recorded:
Documentation of assumptions, observations, and
derived quantities.

= The Simulation Runs to document the parameters,
variables, results, and plots unique to the simulation
run.

= Publication: Storage of ELN entries in a repository
enabling search, access control, and reuse.

This ELN Semantic Integration Pattern ensures that
simulated experiments are documented consistently
and can be FAIRIly [1] integrated into digital twins for
modular plants.

ILLUSTRATIVE EXAMPLE

To demonstrate the utilization of the ELN Semantic
Integration Pattern, a small illustrative example is pro-
vided. Here, a simple batch model created in gPROMS®
Process was used to validate kinetics of a saponification
reaction at T = 313 K according to the following equa-
tion:

CH,COOC,H, + NaOH — CH;COONa + C,H;OH

The simulation model employs three equations:
Equation 1 describes the concentration profile of each
reaction component i over time with the assumption of
constant volume V, Equation 2 describes the Arrhenius
rate constant kinetics, and Equation 3 describes the
reaction rate.

- =T A% (1)
k= ki exp(_lf;’i) (2)
r = kC(1)C(2) (3)

Next, for the simulation run values are assumed for the
parameters of the Arrhenius rate expressions:

_ 7

ko, =3.5e ols
J

E, = 48000 —

A mol
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Additionally, it assumed that an equimolar ratio of the re-
actants, 1 = ethyl acetate (CH;COOC,H;) and 2 = sodium
hydroxide (NaOH) is present in the reactor at the start of
the reaction time. The results and plots from the simula-
tion run are stored in a gPROCESS Case File.

Figure 2 shows a delimited ELN Protocol in XML uti-
lizing the ELN Semantic Integration Pattern. The ELN Pro-
tocol highlights the following domains from the ELN Se-
mantic Integration Pattern from Figure 1: ELN Protocol,
Modularization, Simulation Model, and Simulation Run.
Here, an example of the general meta data in accordance
with the Dublin Core [11] is provided in the ELN Protocol
section. The Modulization description of M22 which is an
instance of a 2L Glass Stirred Tank Unit whose main
Functional Equipment Assembly is a reactor. Next, the
Simulation Model is described according to equations (1)
to (3), the modelling assumption of constant volume,
along with a list of parameters and units, as well is the
solver and any uncertainty assumptions. Lastly, for the
Simulation Run domain estimates of the Arrhenius pa-
rameters is provided as well as the initial amount of moles
of the reaction constitutes in the vessel at the start of the
reaction. The name of the Case File where the simulation
results are stored is also provided in the XML code.

CONCLUSION AND OUTLOOK

The proposed FAIR ELN Semantic Integration Pat-
tern addresses key challenges in documenting simulated
experiments for digital twin workflows in modular plants.
By combining domain-specific standards with general
metadata vocabularies, both semantic richness and
broad interoperability are achieved. The integration of
DEXPI Plant [13], DEXPI Process [18], ISA-88/IEC 61512-1
[14], and Dublin Core [11] provides a structured, vendor-
independent approach to experimental documentation
which can be extended to modularization and simulation.
However, it should be noted that this work focuses on the
concept, thus the illustrative example in Figure 2 is un-
derspecified. This example is not intended to be exhaus-
tive in scope; rather, it aims to describe the ELN docu-
mentation method for a simulation run, not the subse-
quent utilization of the simulated results within the digital
twin.

Remaining challenges comprise the effort required
for initial model alignment, the establishment of con-
trolled semantic vocabularies, and the development of in-
tegration tools. However, the long-term benefits in terms
of data reuse, reproducibility, and model fidelity outweigh
these initial limitations. Future work will therefore focus
on the implementation of tool-supported approaches, the
automation of metadata capture, and the extension of the
framework to facilitate digital twin-supported information
exchange based on documented simulation runs.
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<ELN Protocol>
<Title = "SimpleBatchRunSaponification@@l” Identifier = "Batch5aponifcation@@l” Creator = "Amy Koch"” Subject

"Saponification Kinetic Validation® Description = "Validation of Reaction Kinetics for Ethyl Acetate Saponification
Reaction” Date = "25.11.20825" Type = "Simulated Experiment/>

<Modularization>
<mainFEA = "Reactor” Category = "Stirred Tank Unit" Instance = "2L Glass Stirred Tank Unit"/>

</Modularization>»

<Simulation Model>
<simulation tool = "gPROMS Process Academic Research Version 2825.2.8/>
<Model ="Simple Batch Model™/>
<Equation>
<!-- Species balances -->
<Equation variable="C(1)">
d(Ci * V)/dt = -r * V
</Equation>
<Kinetics>»
<!-- Arrhenius rate constant -->
<RateConstant name="k">
k@ * exp(-Ea / (R * T))
</RateConstant>
<1-- Reaction rate: CH3COOC2HS (1) + NaOH (2) - CH3COONa (3) + C2HS0H (4) --»
<ReactionRate name="r" units="mol/L/s">
k *= C(1) = C(2)
</ReactionRate>
</Kinetics»
<Parameters>
<Parameter name="R" units="J/mol/K"/>
<Parameter name="kinf" units="L/mol/s"/>
<Parameter name="Ea" units="J/mol" >
<Parameter name="T" units="K"/»>
</Parameters:
<Variables»
<Variable name="M22.N(1)" units="mol/L"/>
<Variable name="M22.N(2)" units="mol/L"/>
<Variable name="M22.N(3)" units="mol/L"/»
<Variable name="M22.N(4)" units="mol/L"/>
<Variable name="Volume" units="L"/>
</Variables>»
<Assumptions = "constant volume"/»
<!-- Volume balance (constant volume) --»
<Equation variable="V">
dv/dt = 8
</Assumptions>
<Uncertainty = "none"/>
<Solver = "DAEBDF"/>
<S5imulation Run>
<Parameters>
<Parameter name="R" units="J/mol/K" value="8.314"/>
<Parameter name="kinf" units="L/mol/s" value="3.57e7"/>
<Parameter name="Ea" units="J/mol" value="A48808"/>
<Parameter name="T" units="K" wvalue="313.15"/>
</Parameters>
<Variables»
<Variable name="M22.N(1)" value="8.028043"/>
<Variable name="M22.N(2)" value="8.820043"/>ee/
<Variable name="M22.N(3)" value="8"/>
<Variable name="M22.N(4)" value="8"/>
<Variable name="Volume" wvalue="0.22"/»
</Variables>»
<Results = "Simulation_Batch_Recipe_28251125_132288.gSCP-PB"/>
</Simulation Model>
</ELN Protocol>

Figure 2. Example XML documentation of the ELN Protocol for a simulated exeriment.
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