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The expected increase in green hydrogen demand in the near future necessitates
scaling-up the hydrogen production plants with the goal of reducing the
hydrogen production costs. Nevertheless, a quick scale-up limits the time to
test new designs, optimize operation schedules and build up knowledge for
production parameters. The Digital Twin concept applied on a fleet of
electrolysers is proposed as a digitization tool to contribute to this scale-up
process by providing a comprehensive view of the entire electrolysers fleet as
well as constructing the feedback connection to the electrolysers manufacturing
process. Such Fleet Digital Twin approach can improve the efficiency and
scalability of green hydrogen production using water electrolysis. This paper
presents a concept of a Fleet Digital Twin and discusses its architecture
requirements and design. By applying the Digital Twin concept at different
levels of the system, fleet knowledge services are enabled by leveraging the
availability of fleet-wide data. The proposed architecture design provides a solid
foundation for future development and implementation of Fleet Digital Twins in
industrial applications.
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1 Introduction

The transition towards energy sources with lower carbon emissions has intensified the
necessity to establish a robust hydrogen economy as a fundamental alternative to fossil fuels.
This brings several challenges, one of which pertains to the swift scaling-up of hydrogen
production and the evolution of manufacturing processes towards automated mass
production (BMWi, 2020; BMBF, 2022; BMWK, 2023). In parallel, researchers are
actively investigating the structure and materials used within electrolysers, with long-
term testing proving difficult to perform within a short timeframe, given that most
electrolysers have not yet reached their end-of-life stage (BMBF, 2022). Utilizing Digital
Twins as virtual representations of physical entities or assets such as electrolysers represents
a promising approach. With Digital Twins, operational data can be accessed throughout the
entire life cycle of the electrolysers, enabling analysis of performance characteristics
(Semeraro et al., 2021).

The Digital Twins are in most cases more than virtual representations of physical
entities. Digital Twins enable a live remote monitoring and control with an automated bi-
directional data connection to the physical entity (Liu et al., 2021). In addition, a distinction
can be made between a Digital Twin, a Digital Shadow, and a Digital Model. A Digital Twin
is characterized by an automated bi-directional data connection to the physical entity, while
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a Digital Shadow only has an automated data connection from the
physical entity to the shadow, in the read direction. A Digital Model
does not have any automated data connection (Kritzinger
et al., 2018).

A crucial performance characteristic of electrolysers is their
degradation and estimated remaining useful life. By automatically
assessing the state of health of electrolysers throughout their
lifespan, Digital Twins can provide valuable insights about their
degradation (BMBF, 2022). In addition, it supports establishing a
feedback loop from the field into production as well as into
development and engineering of electrolysers, leading to possible
improvements in the development, production, and maintenance
process (Kritzinger et al., 2018).

Furthermore, with the scale-up plan for electrolysis capacity set
to reach several gigawatts, numerous electrolyser plants are expected
to operate in the near to mid-term future (BMBF, 2022). Managing
such a large fleet of electrolysers will require a robust Prognostic and
Health Management (PHM) system. Digital Twin driven PHM can
be advantageous over traditional PHM, given that vast amounts of
operating data can be collected from the numerous electrolysers
within the fleet (Tao et al., 2019a).

However, to fully leverage the benefits of a Digital Twin of an
electrolyser fleet, it should not be limited to analyzing degeneration
and PHM. A Fleet Digital Twin should also be designed to facilitate
the development and implementation of various high-level
applications, including those that may not have been initially
considered during the development of the Fleet Digital Twin.
Therefore, a Fleet Digital Twin should be designed with
modularity and flexibility in mind, to allow for the
accommodation of different objectives and to enable the addition
of new applications as needed (Huxoll et al., 2022; Alsharif
et al., 2023).

Despite the potential benefits, the application of Digital Twins to
large scale electrolysers at a fleet level, remains underexplored.
Current research predominantly focuses on individual Digital
Twins, overlooking the synergies and enhanced insights that can
be derived from a fleet-level perspective.

This paper presents a concept and an architecture design for a
Digital Twin of a fleet of electrolysers, towards a framework that
integrates individual Digital Twins into a cohesive Fleet Twin,
enabling better data management, predictive maintenance, and
overall optimization of the electrolysers. The paper discusses the
requirements for such an architecture and the architectural pattern
chosen to meet these requirements. Complementary to previous
architectures for Digital Twins of single electrolysers as in (Huxoll
et al., 2022; Alsharif et al., 2023), a modular and flexible architecture
for a fleet of physical entities, i.e., electrolysers, is presented. The
design focuses on the integration of different technologies and
facilitates the development of different applications. This paper
also discusses the various technologies used in different
components of the architecture and their advantages.

2 Related work

Several studies have investigated the development of Digital
Twins for industrial equipment and processes, including
electrolysers. For instance, the work by Shin et al. (2022)

proposes a Digital Twin for a 500 kW alkaline water electrolyser.
The authors developed a simulation model as a base of the Digital
Twin using Python and gPROMS. They analyse the system
efficiency and found out the optimum operating pressure. The
study by Meraghni et al. (2021) constructs a data-driven Digital
Twin to integrate the physical knowledge of the system and used a
deep transfer learning model based on stacked denoising
autoencoder to update the Digital Twin with online
measurements. They present a case study with experimental PEM
fuel cell degradation data where the proposed data-driven Digital
Twin prognostics method has been applied and reached a high
prediction accuracy. The authors implement the Digital Twin in a
layered architecture comprising of a physical, a connection and a
digital layer. The study focuses on the accuracy of the suggested
models but not on the architecture of the Digital Twin.

Another work by Folgado et al. (2022) describes the design and
implementation of a MATLAB-based application that embeds a
digital replica of a PEM water electrolyser and a GUI dedicated to its
control. The implementation focuses on providing a user-friendly
environment that visualises the evolution of the operation of an
experimental electrolyser by reading the data in real-time.

The work by Glaessgen and Stargel (2012) identifies deficiencies
in the conventional methods used by the US Air Force to achieve
real-time monitoring and precise prediction. As a result, they
proposed the development of Digital Twins that could integrate
historical, fleet and sensor data. The authors also outline key
characteristics of Digital Twins such as ultrahigh-fidelity models,
robust computational and data processing capabilities, and vehicle
health management systems. Furthermore, they highlight the
benefits of Digital Twins for PHM, including increased reliability
and timely evaluation of mission parameters.

In a previous work, the authors of this paper present a short
summary of an architecture design for a Digital Twin for single
electrolysers (Huxoll et al., 2022). The authors elaborate more on the
design and its requirements in Alsharif et al. (2023). As an extension
to that work, this paper provides the requirements and the design for
a Digital Twin from the fleet perspective.

In summary, previous studies have investigated the development
of Digital Twins for various types of machines, including
electrolysers and related equipment. These studies have utilized
various modeling approaches and data sources to enable predictive
maintenance, optimize performance, and improve the overall
reliability of the equipment. However, to the best of our
knowledge, there has only been limited research on the
development of a Digital Twin for a fleet of electrolysers with
focus on the architecture and its requirements. This paper aims
to fill this research gap by proposing an architecture for a Digital
Twin of an electrolyser fleet and presenting the requirements and the
design of the proposed architecture.

3 Fleet Twin concept

This section explains the concept of a Fleet Digital Twin (short:
Fleet Twin). It includes a definition of the term “Fleet Twin” and
explores different model types. The section also provides examples
of Fleet Twins in action, namely, in the field of hydrogen
electrolysers.
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3.1 Fleet Twin definition

In the context of this work, a Digital Twin is defined as the
virtual representation of a physical object or an asset with a bi-
directional automated data connection (Liu et al., 2021). When
considering a fleet of physical objects, e.g., a fleet of electrolysers, a
Fleet Twin refers to a digital representation of the entire fleet of
electrolysers, assets or equipment, rather than just a single unit.
From the application perspective, Digital Twins can be classified into
unit-level, system-level and system of systems (SoS) level Digital
Twins (Tao et al., 2019b).

We define a Fleet Twin as the representation of a group of
similar objects (units, systems or SoS), in one digital replica that is
able to represent the status of the set of objects, analyse the data and

infer knowledge useful to make operation, maintenance and
production decisions. This basic concept for a Fleet Twin is a
special case of the SoS Digital Twin from Tao et al. (2019b). The
main differentiation is that while in the SoS Digital Twin every
subsystem can be very different to the other, the objects within a fleet
have similar technical characteristics and functional principles
(Braig and Zeiler, 2023). The advantage of this specialization of
the SoS approach is that it allows for use-cases based on the
similarity of the objects, such as anomaly detection by comparing
the behavior of different, but similar objects.

In the example of electrolysers, Digital Twins could be used to
represent single cells, an integral part of PEM electrolysers. These
cell twins are combined to build the first level of the Fleet Twin, so-
called stacks. The stacks in turn are combined again by a Fleet Twin

FIGURE 1
Digital twin concept applied for physical objects on different levels: single object, fleet of objects and a group of fleets.
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to a whole electrolyser. This concept can be applied recursively, as
multiple of these electrolysers could be combined again in another
Fleet Twin, for example, to represent all electrolysers on one
hydrogen production site.

This can be illustrated with the example of electrolysers, as
shown in Figure 1. In a first step, Digital Twins represent single
physical objects. Once multiple twins are combined, a Fleet Twin is
applied to represent the group of twins. Fleet Twins themselves in
turn can also be combined again. The concept of a Fleet Twin can be
advantageous in several ways. It provides a holistic view of the entire
fleet for better understanding of the overall health and performance
of the fleet. Furthermore, a Fleet Twin can serve as a shared platform
for different unit owners to collaborate and increase efficiency
without compromising the property of data. In addition, real-
time monitoring on the fleet level can improve the operation and
maintenance when it is combined with fleet-based knowledge for
predictive maintenance and PHM.

3.2 Model types in Fleet Twins

Different models can be applied on different levels of the fleet
hierarchy shown in Figure 1. Typical types of models are physics-
based models on the one hand and data-driven models on the other
hand. While physics-based models may account for a higher
accuracy, for complex systems they may lack of efficiency,
whereas for data-driven models it may be the other way around
(Willard et al., 2022). As shown in Figure 1, the complexity and
possible amount of data grows from left to right, wherefore data-
driven models are more likely to be used on the aggregated
Fleet Twins.

Combining both types of models can help to reduce the
complexity of the overall system, as data-driven models can be
used to substitute some of the more computationally expensive
physics-based models. This can help to create faster and more
efficient models that can be used in real-time applications. In
electrolysers, for example, this can be temperature control or
optimizing operation according to the available renewable energy
and electricity prices.

4 Architecture requirements

To make architecture decisions, requirements for the
architecture are needed. We derive the requirements based on a
use case specification. First, the use case is presented, from which the
requirements are derived.

4.1 Use case: predictive maintenance in
a fleet

One key use case for Fleet Twins for electrolysers is centered
on addressing the challenge of predicting maintenance accurately
for individual electrolysers within the fleet, with the goal of
reducing maintenance costs, improving asset availability, and
optimizing process performance (Liu et al., 2018). By analyzing
fleet-wide data, the Fleet Twin can construct a degradation model

that can estimate the maintenance time for a particular
electrolyser that does not have sufficient data or models. The
operator of the electrolysers can interact with the Digital Twin to
select which electrolyser within the fleet needs a maintenance
schedule. The Digital Twin should be able to provide the current
health state of the electrolyser, along with a recommended
maintenance time. This information can help the operator to
plan for maintenance activities proactively, reducing the risk of
unscheduled downtime and associated costs. Such service can also
be used to monitor the fleet’s overall health and identify trends or
patterns that may signal an issue with the electrolysers’
performance. By analyzing this data, the fleet operator can
identify opportunities for process optimization, improving
efficiency, and reducing costs.

While these could also be implemented on the Digital Twin
level, doing it on a fleet level provides some advances. By utilizing
transfer learning approaches, degradation models can be enhanced
with knowledge from other electrolyzers and the maintenance
scheduling can consider maintenance times from other
electrolysers to do maintenance together or reduce the number of
devices which are maintained at the same time.

4.2 Requirements

Based on the described use case, the Fleet Twin aims to enable
live monitoring and control of multiple of remote physical entities
through other instances of Digital Twins. It also aims to provide fleet
knowledge services for the operation and production processes by
leveraging data-driven methods and the availability of fleet-wide
historical data.

Our concept for Fleet Twins is based on the idea that a Fleet
Twin is an extension of Digital Twins, wherefore the requirements
are similar to the ones for the Digital Twins. Hence, the
requirements which are provided in Alsharif et al. (2023) for the
Digital Twins also apply for the Fleet Twin concept. Nevertheless,
the weights for the requirements shift: the scalability, modularity
and interoperability are increasingly important with a distributed set
of different twins connected to a Fleet Twin. Reliability is especially
important as single failing units in a fleet may not disturb the whole
Fleet Twin. The most important non-functional requirements are
listed in Table 1.

Next to the non-functional requirements, the use case above
provides functional requirements. Among others, these include data
aggregation of Digital Twin data for degradationmodeling to predict
possible failures. Additionally, the Fleet Twin needs the functionality
of maintenance scheduling to schedule maintenance
actions together.

5 Fleet Twin architectures

An important consideration when adding the concept of a
fleet to Digital Twins is the question of how to organize the data
handling between the physical entities and the Fleet Twin. In the
following we consider three types to establish a Fleet Twin,
ranging from a centralized Data Lake approach over a separated
Digital Twin and Fleet Twin approach to an approach where
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Digital Twins and Fleet Twin manage their data and capabilities
in a federated manner.

5.1 Type 1: Data lake

Figure 2A shows an approach where all the data from the
different physical objects reside on one big data lake. Data
analysis is performed in this one entity by processing single
units’ data and fleet data directly from the data lake. This
represents a solution that does not require complex
communication between individual twins and the Fleet Twin
since they are the same digital entity. However, this approach is
not optimal if different physical entities have different ownerships
and may not be willing to share all of the collected data.
Nevertheless, if the data is collected in a single Data Lake, the
analysis of all the data may be simplified. Reliability-wise, the Data
Lake represents a single point of failure. If this data lake is
compromised, the individual as well as the Fleet Digital Twins
are affected.

5.2 Type 2: Separated twins

Figure 2B shows an approach where the Digital Twins and Fleet
Twin are considered different entities. This approach is more
suitable if the physical entities have different ownerships, as each
individual can be set up and operated by its respective owner. Data
owners can choose which data to share with the fleet and can
partially solve the data ownership problem. In addition, this
improves the reliability of the whole system: if one Digital Twin
fails, the system can still work, and even the Fleet Twin can
substitute the single Digital Twin affected.

Furthermore, there are several ways to collect the data streams
that are generated from the individual machines. One way is to
connect the Fleet Twin directly to each individual physical entity as
shown in Figure 2B. This way has the advantage of increased
redundancy for the system of Digital Twins and decouples the
Fleet Twin from the Digital Twins of the units. This might entail
duplicates in data preparation, pre-processing and state estimation
as it needs to be performed both in the Digital Twins and the Fleet

Twin. The interface with the physical object also needs to be
implemented twice.

5.3 Type 3: Federated twins

Another way is to connect the Fleet Twin to the individual
Digital Twins instead of the physical units as shown in Figure 2C. In
this case, pre-processing and preparation of data happens only once,
saving resources. However, redundancy of the whole system is
reduced, as only the Digital Twin is connected to the physical
entity. Additionally, in the perspective of data ownership, this
type offers the option to only share data pre-aggregated by a
Digital Twin with the Fleet Twin, improving the data privacy for
the owner of a physical entity by keeping the option to profit from a
shard Fleet Twin with other device owners.

5.4 Types summary

Table 2 summarizes the three architecture types. Type 1 (data
lake) might be suitable for setups where all the entities belong to one
data owner and sharing the data of different entities is not a problem.
The architecture is simpler, but presents a single point of failure
which may not be an option in every use case. Type 2 (separated
twins) is more suitable for critical systems where redundant
representation is required. Here, loosing a Digital Twin does not
disrupt the operation of the other physical units nor of the entire
fleet. Type 3 (federated twins) can be used in case a compromise can
be made between redundancy and resources with the additional
upside of the option of high data privacy while sharing data with
the Fleet Twin.

More details of the architecture of the Fleet Twin for
electrolysers are described in the next section.

6 Prototypical Fleet Twin
implementation

To demonstrate the architecture design on a more detailed level,
we took the application example of a fleet of electrolyzers to decide
for and design a Fleet Twin architecture. In this use case, we aim for
high flexibility regarding the composition of fleets to be able to add
electrolyzers when the fleet grows over time. Additionally, data
ownership questions have a high priority, as owners of electrolyzers
may want to share some data with a fleet to gain better insights, e.g.,
for predictive maintenance, but also want to limit the amount of
shared data to avoid other device owners to gain unnecessary
insights into others’ owners devices. Due to these considerations,
we decide for a Fleet Twin architecture of Type 3.

6.1 Components

The construction of the Fleet Twin is similar to the Digital Twin
presented in Huxoll et al. (2022). Figure 3 depicts the components of
the Fleet Twin with the core functionalities in the blue box. The
message orchestrator component is responsible for connecting

TABLE 1 Fleet Twin related Non-Functional requirements based on (Alsharif
et al., 2023).

Requirement Description

Scalablity The system should be able to scale horizontally and
vertically as the number of physical entities and services in
the fleet grows

Modularity Components act as decoupled single functioning modules
that can act together to achieve higher level tasks, allowing
for easy integration of new features and modules

Extensibility The ability to add new physical entities and services to the
Fleet Twin

Interoperability The ability to integrate models and services implemented in
various programming languages

Reliability The Fleet Twin shall run reliably also in case of failures of
single physical or digital entities
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different components within the twin and to distribute the messages.
The connection framework’s task is to establish the bi-directional
data connection with the physical/digital entities in (nearly) real-
time. The state estimation component is responsible for proving the

state of the physical entities based on the live measurements
retrieved from their respective Digital Twins, mainly based on
data-driven approaches. Data management is handled by the data
storage component, whichmay consist of several different databases.

FIGURE 2
Comparison of different Configurations of Digital Twins and Fleet Twin. (A)Digital Twin and Fleet Twin as same entity. (B)Digital Twins and Fleet Twin
as separate entities, connecting. (C) Digital Twins and Fleet Twin as separate entities, connecting.
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Instead of a direct connection to every physical device as in Type
1 and 2, here, the Fleet Twin connects to the Digital Twins of the
electrolysers. As depicted in Figure 3, the Digital Twin provides
aggregated data to the connection framework and may accept
certain control signals. Due to this setup, the Digital Twin has
the final control on what data is shared and which control can be
done by the Fleet Twin.

Higher functionalities are enabled using these core components
via the message orchestrator and are connected to the Fleet Twin

using the service framework. The service framework uses a generic
API to be able to add functionalities written in different
environments such as programming languages. Such a modular
design with a thin core and an extensible service ecosystem ensures
modularity, extensibility, and interoperability (Huxoll et al., 2022).
In our example for an electrolyzer fleet, this may be a service for
improving the manufacturing process, which processes aging data
from the state estimation component to correlate these to
manufacturing properties.

TABLE 2 Comparison between the different ways to connect fleet twin with digital twins.

Description Advantages Disadvantages

Type 1 Data Lake with Digital Twins and Fleet Twin as same entity - Simple architecture
- Simple data sharing

Data ownership
Single point of failure

Type 2 Digital Twins and Fleet Twin as separate entities/connection tothe physical object - Redundancy
- No data ownership issues

- Redundant connections
- Redundant data processing

Type 3 Digital Twins and Fleet Twin as separate entities/connection to the Digital Twins - Medium reliability
- No data ownership issue
- No redundant connections

- Medium redundancy

FIGURE 3
Fleet Twin context diagram, showing the relationship between different actors and the high level component diagram of the Fleet Twin.
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6.2 Data management

When considering multiple electrolysers, multiple streams of
data for plant sensors as well as states are expected to be aggregated
by the Fleet Twin. The data streams might have different resolutions
and different formats. Thus, during a pre-processing step in the data
stream system, the data is converted to a predefined format. With
this data, the state estimation can run and estimate parameters of the
electrolysers. This may be done additionally to a Digital Twins’
estimation, as the fleet data may allow other insights. This is done in
near real-time using stream processing (Alsharif et al., 2023). Next,
the electrolysers’ data is made available for the services via a publish-
subscribe system and saved in a time-series database. Within the use
case of a fleet of hydrogen electrolyzers, the number of electrolysers
in the fleet is expected to increase, leading to significant growth in
the generated data volume. Hence, effective scalability represents a
serious challenge in this field. The publish-subscribe system
suggested has proven to be a robust solution for managing large-
scale data streams efficiently Bellavista et al. (2014). It decouples data
producers (such as sensors and electrolysers) from consumers
(Twins), enabling scalability without compromising performance.

The Services within the Twin can access the live data as well as
the stored data to provide their functionality (Alsharif et al., 2023).
The service framework can include services such as predictive
maintenance or optimized operation of the fleet. The results of
the services are again made available on the publish-subscribe
system, as other services might rely on those results. Since the
architecture is service-based, with the components and services are
containerized, the architecture can handle the addition, removal or
update of services easily. The service must only be able to access the
publish-subscribe system and read or write data in a suitable format
(Alsharif et al., 2023).

7 Conclusion and future work

This paper presents a definition and concept for a Digital Twin
for a fleet of similar units, namely, a Fleet Twin, and discusses several
options for its design. This is done with the example of hydrogen
electrolysers. A fundamental use case for a Fleet Twin was explained
and the functional and non-functional requirements of the
architecture design were deduced based on it. Three architecture
design options for a Fleet Twin are discussed. Based on the presented
use case of electrolyzers, one of the three design options for a Fleet
Twin was adopted. The choice was made for a Fleet Twin
comprising of the connection to the electrolysers’ Digital Twins.
This enables applying the fleet concept recursively on different
levels. The main components and data management design
choices were discussed in more detail.

Currently, a first implementation of the designed architecture
with the essential components is being developed and tested based
on simulated data. Future work will focus on extending the current
implementation to include all components of the suggested
architecture, such as fleet-level anomaly detection and transfer
learning. Field data originating from actual electrolysers will be
incorporated to evaluate the architecture and the selected
technologies.

Furthermore, future development should focus on validating
the Fleet Twin concept through case studies reflecting real
operation conditions. This can help to identify potential issues
and further improve the architecture. Afterward, address the
projected scalability and computation challenges by
implementing advanced data handling techniques, such as edge
computing and data aggregation, and then leveraging high-
performance computing solutions. Additionally, ensuring
integration with existing industrial systems through
standardized protocols and interfaces is crucial. Real-world
applications include predictive maintenance to reduce
downtime, operational optimization for improved efficiency,
and informing the design of next-generation electrolysers.
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