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Editorial

Space and Its Infinite Possibilities

Space has fascinated me for decades. In the past, science fiction television
series were the main source of information about the infinite possibilities
offered by space. I'm not referring to Hollywood blockbusters such as Star
Wars but serious series based on scientific findings, foremost among them
Star Trek: The Next Generation. In this series, space exploration always went
hand in hand with scientific discovery. Some episodes even dealt with papers
submitted at scientific conferences taking place on beautiful planets.
Manufacturing sometimes featured in these series, mostly focused on the
mining of rare materials but also on the construction and repair of spaceships
outside the planetary atmosphere.

In the German and international research landscape, the topic received little
attention following the euphoria of the moon landing in the 1970s. The
construction and positioning of satellites took place practically outside the
public's perception. One man has changed this dramatically in recent years:
Elon Musk. He applied many principles of modern production and logistics
to space technology for the first time at his company SpaceX, such as reuse
at all stages of rocket production, autonomous landing on sea platforms,
and the continuous scaling of both the number of rockets produced and
the size of the rockets.

This has opened up a multitude of new perspectives. Germany has begun
to recognize that space offers infinite possibilities. The first German rockets
were launched and new launch sites were developed alongside the much
too slow ESA. A ministry was even (partly) dedicated to space travel. In my
opinion, the topic “manufacturing in space” reveals a plethora of opportunities,
but also challenges. Some of these are discussed in this issue of Industry
4.0 Science. To quote Captain James T. Kirk: | can only urge research and
industry to continue to boldly go where no one has gone before.

e

Prof. Norbert Gronau
Publisher and Chair of the Editorial Board
ngronau@industry-science.com

Prof. Norbert Gronau holds the Chair
for Business Informatics with a focus
on processes and systems at the
University of Potsdam and is Publisher
of Industry 4.0 Science and the trade
journal Factory Innovation.
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Adaptive In-Orbit Servicing of Altered

Satellite Components

In-orbit servicing of satellites presents several challenges as
the satellite hardware is exposed to external influences
throughout its life cycle. This paper proposes an approach
involving an adaptive grip position estimation in a CubeSat
disassembly process.

Continue reading on page 10
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Production Control in Space

Production in space sounds like science fiction—but it could
soon be reality. In the future, medicines, semiconductors,
and even tissue will be produced in orbit. But how do you
control complex systems many kilometers away? With
mathematical precision and artificial intelligence.

Continue reading on page 22
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Potentials, Premises, Perspectives

Generative Al, including large language models (LLMs), is
developing rapidly and being harnessed in more and more
sectors. Against the backdrop of demographic change, the
qguestion arises as to whether LLMs can also support
knowledge management in companies.

Continue reading on page 48
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Electric Trucks in Intermodal Terminal Pre-

and Post-Carriage

Electric trucks (e-trucks) are considered a promising solution
for more climate-friendly logistics. But how well can e-trucks
actually be integrated into the operation of intermodal
terminals? What challenges arise in terms of planning,
charging infrastructure, and energy supply?

Continue reading on page 66
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HALL OF EXCELLENCE

Outstanding Reviewers Award

I1ST PLACE: Prof. Michael Heins
2ND PLACE: Prof. Carsten Feldmann
3RD PLACE: Prof. Florian Kleemann

With this award, we would like to recognize the top three contributing
reviewers who have enriched our publication with their knowledgeable
judgment. These reviewers have exceeded all expectations in their
evaluations of the soundness, originality, and quality of "the texts
submitted to our publication. The recipients of this award have helped
raise the standard of our publication and the ideas presented by our
authors.

The editorial team at GITO Media would like to acknowledge their
outstanding contributions and express our hope for a continued
cooperation in 2026.

Berlin, at December 2025
Marcel Rojahn, MS, Editor-in-Chief




Turn
uncertainty
into
opportunity.

Al predictions
your teams
can trust.

Ad

Al that works in business and is
more than clever sounding

European companies have invested massively in Al in
recentyears, asif someone had shouted “allin” and without
limits. Billions for smarter planning, better forecasts, less
waste, more efficiency. Sounds like the future, smells like
progress. But the disillusionment has already set in. Two-
thirds of Al projects are stuck in the pilot phase not because
the systems are bad. But they come up with inexplicable
decisions.

Thisis not dueto thetechnology asitis capable of far more
than the teams believe. Maximilian Gismondi, CEO and
founder of Backwell Tech, sums it up perfectly: “It's the
black box dilemma.” If an Al tells the production manager,
“Change these parameters!” or “adjust this pricing,” the
manager has two options and can either blindly follow or
ignore the recommendation. And because no one can
argue “the algorithm said so” in a million-euro decision, it
usually comes down to option two: ignore it and carry on
as usual.

To address this critical issue, the Berlin-based scale-up
Backwell Tech is launching its Explainable Predictive Al
(XAl) on the German market. The company is on a clear
mission to come up with accurate and understandable Al.
Only when teams can understand why a business recom-
mendation is generated can it be implemented effecti-
vely—and thus deliver real economic benefits.

“Al-supported forecasts must be understandable and veri-
fiable; otherwise, they are not economically viable,” says
Maximilian Gismondi. “Transparency is essential for buil-
ding trust in data-driven decisions.”

Industry 4.0 Science 2025, 6

Backwell Tech is therefore introducing an Al platform that
delivers targeted, precise predictions on key business met-
rics based on company data rather than something only
comprehensible to insiders. When they make a recommen-
dation based on forecasts, they also provide the story
behindit, i.e., data, trends, signals, and market behavior. No
mystical algorithmic fog from a black box, but rather com-
prehensible chains of cause and effect. This is exactly what
managers need when they have to explain decisions to the
board, authorities, customers, or simply their own team.

Backwell Tech's systems demonstrate something that is
often overlooked in many strategy decks: Al rarely fails
because of its intelligence. It fails because people do not
trust it. And without trust, there's no implementation. If Al
does not impact business, it will remain on the level of an
expensive pilot project as has already occurred in many
companies. Those who want Al to finally deliver need smar-
ter models and a technology that can explain its recom-
mendations.

Backwell Tech does precisely that: Al that does not require
the blind faith of an oracle but that can be understood,
tested, and defended. Thisis what distinguishes an expen-
sive pilot project from a genuine competitive advantage;
this is what transforms uncertainty into opportunity; this
is what delivers trustworthy Al predictions for the team.

ég’i\‘ SACKWELLT=CH.

www.backwelltechcorp.com
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Adaptive In-Orbit Servicing of Altered Satellite Components

Adaptive gripper placement on altered components for servicing in-orbit satellites

Justus Rein, Christian Plesker, Adrian Reuther, Hanyu Liu and Benjamin Schleich,

PLCM - Technical University of Darmstadt

In-orbit servicing of satellites presents several challenges as the satellite hardware
is exposed to external influences throughout its life cycle. These factors wear
down the components and cause changes to their physical structure. In such
cases, the limits of simple dis- and reassembly steps may be reached, as the
gripping surfaces are no longer present or suitable. This paper proposes an
approach of an adaptive grip position estimation in a CubeSat disassembly
process. The relevant components are identified using CAD models and a 3D
camera. The gripping positions are determined based on the geometry of the

gripper and the point cloud of the component.

Given the concept of “New Space” and the associated
developments in commercialization and privatization,
space travel is entering a new era. This latest era is
characterized by new mega-constellations such as
OneWeb, Starlink, Kuiper, and Guowang and which are
leading to a significant increase in the number of satellites
in orbit [1]. The increase in satellites is resulting in serious
problems such as space debris. In its annual “Space
Environment Report 2025" [2], the ESA put the increased
number of objects tracked at almost 40,000. A particular
problem arises with satellites that have spun out of
control and cannot return to orbit. This situation is
exacerbated by the lack of in-orbit servicing capabilities.
New concepts such as the in-orbit factory [3] offer
alternative solutions. In the long term, it seems sensible
to minimize the costs incurred and resources used in
the satellite sector by considering the possibility of direct
maintenance or repairing defective satellites in orbit.
This could lead to an extension of the active service life
of individual satellites and a reduction in the need for
new satellites. Instead of using complete satellites,
significantly lighter spare parts as raw materials could
be sent directly to an in-orbit factory, which does
automated in-orbit servicing. This would be a sustainable
way of reducing costs and space debris. However, it
should be noted that in-orbit servicing presents several

The ORCID identification numbers of the
authors of this article can be viewed at:
https://doi.org/10.30844/14SE.25.6.10

This is an open access article in compliance with the conditions
of the Creative Commons Attribution License, which allows
for the dissemination and reproduction in any medium, with
the provision that the original work is cited correctly.
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challenges. External
influences during rocket
launch and the operational
phase in orbit (collisions
with asteroids, space
debris, or other active
satellites) can alter the
physical structure of
satellites. In some cases,
existing (dis)assembly
steps can no longer be
carried out as planned
because the gripping surfaces are no longer available
or the component inertia and/or dynamics have changed
significantly. Thus, an adaptive method is needed to
identify gripping surfaces on the components. This is
essential to ensure automated maintenance of the
satellites in changed conditions.

State of the art for in-orbit servicing

In-orbit servicing needs to be solved first to reduce both
space debris and the high costs of launching satellites.
The main objectives of in-orbit servicing can be divided
into life extension/station keeping, refuelling, de/re-
orbiting, salvage & recycling, relocation, robotic
manipulation, in-orbit assembly and manufacturing [4].

As human involvement in orbit is extremely costly and
teleoperation has its limitations, novel approaches are
being developed to establish fully autonomous factories
in orbit using Al, which can take over these tasks [5]. The
core principle of the in-orbit factory concept involves the
use of articulated arm robots, which allow for flexible
operation. The factory itself is orchestrated autonomously
by a digital process twin [3]. In addition to executing the
individual process steps, the digital process twin provides
all the relevant information from the necessary
components, instructions, and 3D models to simulation
and error detection via sensors such as cameras or force
sensors. The primary benefit of such a facility is that
components can be transported directly to the factory.
Consequently, satellites themselves no longer require
protection from launch and vibrating structures. This
facilitates the development of lightweight structures,
which are more sustainable and lower both weight and
transport costs.

Industry 4.0 Science 2025, 6
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Another obstacle is the heterogeneity of the satellites
themselves. The commercialization of the aerospace
industry, coupled with a lack of interoperability, has paved
the way for a wide variety of satellite solutions and
structures. A significant number of the steps involved in
in-orbit servicing require components to be dismantled
or replaced. Consequently, the assembly robot arm must
be capable of flexible control.

A skill-based disassembly approach offers a flexible and
hardware-agnostic method for performing these
dismantling operations. A skill provides a robotic system
with a high-level capability [6] and can be combined with
other skills to achieve more complex tasks, such as an
entire disassembly process [7]. One major advantage of
the skill concept is that skills represent abstract, human-
readable functionalities. Even in fully autonomous
operation, engineers can monitor the robot's operational
state at any time. Furthermore, skills are not necessarily
bound to specific robotic functionalities. They can be
applied to other machines, peripheral devices or even
software modules within the same system, enabling a
wide range of application scenarios. This abstraction
facilitates the transfer of operational logic across
heterogeneous hardware platforms. For the automated
handling of deformed or damaged satellite components,
skill-based task decomposition proves especially
advantageous. A sequence of skills may be defined, starting
with the acquisition of a point cloud of the target object,
followed by a skill for grasp position estimation, and finally
a skill for the actual grasp execution. Such modular
sequences have been successfully demonstrated in existing
research [8, 9] as an effective approach to object
manipulation in uncertain or changing environments.

Vision-based robotic grasp detection systems require
object localization, object pose estimation as well as grasp
estimation, which can be included in the aforementioned
robot skills [10]. Grasp estimations based on point clouds
often use pose estimation to calculate the required values
for the grasp end effector Tool Center Point (TCP). These
estimations are suitable for various types of end effectors
and part geometries and reach average success rates of
around 80-100% depending on the part geometries [11-
13]. Moreover, these algorithms currently lack the required
accuracy for unmonitored in-orbit servicing in space.
Grasping of unknown parts has been prototypically
demonstrated but often has constraints due to simplified
implementations and lacking accuracy [14].

Preliminary research results indicate the benefits of an
automated in-orbit factory equipped with articulated
robotic arms for satellite servicing [5]. The decomposition
of robotic tasks into discrete skills has emerged as a
promising approach to enhancing the flexibility of
automated operations [8, 9]. The development of
estimation skills is contingent upon the geometry of the
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object in question. This capability is often constrained by
factors such as the geometry of the end effector [14]. The
identified research gap stems from the absence of
automated and adaptable mechanisms that enable robotic
skills and tasks to be flexibly adjusted when repairing
components with altered geometries.

Adaptive gripper placement for in-orbit
servicing of satellites

Building on the concepts of skill-based task modeling
presented by Trautner et al. [8] and Parigi Polverini et al.
[9], the proposed approach decomposes the disassembly
task into modular skills, enabling the flexible adaptation
of robot behaviors to altered component geometries.
Furthermore, the vision-based grasp estimation principles
outlined by Du et al. [10] are incorporated into the
proposed methodology through the integration of point
cloud-based object localization, pose estimation, and grasp
point determination. The subsequent method is designed
to facilitate automation of satellite disassembly within an
in-orbit factory, employing articulated arm robots and
parallel gripper end effectors. The process is built on
existing 3D models of the CubeSat components in their
original condition. Furthermore, a point cloud file of the
space factory environment, in conjunction with an existing
sequence of working steps as well as path and trajectory
planning for the disassembly task are required. The
proposed method is illustrated in Figure 3 as a UML activity
diagram and is independent of the technology used. For
the sake of simplicity, it is assumed that all end effectors
are symmetric and only parallel gripper end effectors are
considered for the in-orbit use case where end effectors
cannot be applied due to the missing air vacuum suction.
For end effectors with unsymmetric geometry, calculations
are based on the parameter values that produce the most
unfavorable (worst-case) effects, ensuring the highest
degree of safety in the approach. Figure 1 depicts the
parameters and Figure 2 showcases their correlations.
The values used for the parameters for the implementation
are available in the GitHub repository [15].

Initially, a defective CubeSat and its environs are captured
from multiple angles employing 3D point clouds. To
accomplish this, a 3D camera could be attached to a robot
arm or multiple cameras could be used. These generated
point clouds are subjected to a series of preprocessing
steps, which include the removal of points outside the
camera's range. Subsequently, the individual point clouds
are unified into a single point cloud. The individual points
of the background and the CubeSats are then sorted into
individual clusters (Fig. 4d). The point cloud of the CubeSat
is compared with a 3D model database to determine the
CubeSat type (Fig. 4e). The individual components of the
CubeSat assembly are then identified and positioned on

© 2025 The Authors. Published by GITO
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the point cloud (Fig. 4c). The next component of the
CubeSat to be disassembled is selected from the sequence
planning and is compared to the point cloud to determine
whether there has been a significant change in its geometry
(Fig. 4f). Once the geometry changes—for instance, due
to a collision with space debris—a new gripping position
needs to be determined.

Subsequently, combinations of available robots and end
effectors are created that use their parameters for further
calculations. All available combinations will be used for
the Grasp position estimations. Initially, all points of a part
are grouped into clusters according to their affiliation to
a planar surface geometry (Fig. 4g). The point groups are
then assigned to pairs with other planar surfaces that are
oriented parallel (Fig. 4h). The angle between both pairs
needs to be smaller than AA, and their normal vectors
must face away from each other. If the planes also meet
the BN requirement, they can be used as gripping surfaces.
Furthermore, the gripping positions are also referred to
as tool center points (TCPs). The points in surface A and
B will be projected to plane 1 (Fig. 4k), which is in the
symmetric center of plane A and B and contains the
intersection areas of both surface points projected on the
plane.

In the absence of intersection, the creation of a center
surface and of the planes 2 to 5 is impeded. Subsequently,
an additional plane “plane 2" (Fig. 4l) is generated,
encompassing all points with a distance in BY in both
positive and negative directions from the center plane. A
third plane, “plane 3" (Fig. 4m), contains all points with a
distance in CE. Plane 4 (Fig. 4n) contains all points with a
distance in BZ and plane 5 (Fig. 40) all points in a distance
in CA. To facilitate the subsequent calculations, edge
detection is employed to generate one or more areas per
plane from the individual points for all four surfaces. All
five planes lie on plane 1 with their plane’s normal vectors’
direction aligned (Fig. 4j). The determination of potential
TCPs is predicated on the use of plane 2. The vector for
each edge of the area pointing out of the area is identified
by checking whether an infinitely long normal vector in
the plane of the area intersects an even or odd number
of edges (even = outward direction; odd = inward direction).
The generation of a rectangle is initiated from each edge
in the negative vector direction (Fig. 1d and 1e). The width
of the rectangle, designated as CB, is equivalent to the
edge length, while its position is determined by the edge's
location. The length of the rectangle is CC.

Then, a test grid of potential TCPs is positioned within this
rectangle, with a point spacing configuration in width BV
and depth BW. This ensures that the entirety of the
rectangle is filled symmetrically from the central point.
The X, Y, and Z positions of the TCPs are determined by
the position of the point in Cartesian space, and the
rotation is defined by the direction of the negative normal
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vector of the edge and the parallelism of the gripping
surfaces to the symmetry plane. For each potential TCP,
a combination of rectangles is placed to represent the
individual components of the gripper and robot (Fig. 1f
and 1g). These are subjected to a collision check with
planes 1 to 5. All remaining points are suitable TCPs.

A rank function (1), referred to below as the Grasp
Suitability Score (GSS), is used to determine the optimal
gripping point from all possible gripping points in
accordance with [14].

GSS=ZSVE-!VE M
i

This is achieved by weighing the Success Values (SV) with
a corresponding Impact Values (IV) where SV, is correlated
to the distance from the TCP to the object's center of
gravity and SV, is correlated to the size of the overlap area
between the gripper finger and the object surface. Each
point is assigned a GSS from 0 to 1, with a higher value
indicating a better suitability of the gripping point (Fig. 5).
The TCP with the highest GSS value is forwarded to the
robot controller and replaces the original gripping position.
All TCPs of the disassembly skill are adjusted by the offset
to the original gripping point. An additional collision check
is required to prevent collisions during movement in the
skill, since only the gripping position of the end effector
is considered during the method. Subsequently, the
component gripping procedure is executed.

Evaluation and discussion of the
adaptive gripper placement

To evaluate the adaptive gripper placement method, a
simplified CubeSat assembly is employed. The evaluation
is conducted by a Franka Research 3 robot arm with a
Franka parallel gripper. Figure 4a depicts the unharmed
CubeSat and Figure 4b the damaged one used for the
evaluation. The CubeSat was captured with an Artec Eva
3D scanner. Figure 4c to Figure 40 depict the images
created by the implementation which proves the
functionality of the developed method for the adaptive
gripper placement. A half-disassembled CubeSat is used
because it better showcases the collision checks in the
process of the grasp TCP estimation and the used end
effector cannot grasp a closed CubeSat due to the
maximum gripper distance of 80mm compared to a
CubeSat with a size of roughly 010001000100mm0OA3. All
possible TCPs are shown with a heatmap of their GSS
values green=1 and red=0 in Figure 5. The software's total
runtime for different use cases was roughly between 0.5

© 2025 The Authors. Published by GITO
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and 5 minutes depending on the part complexity and point
cloud density. However, there has been no effort to
optimize the code's runtime, and this time is reasonable
considering the number of satellites currently in space
that need in-orbit servicing. The code written for the
implementation, the 3D files and results are available at
GitHub [15].

The current limitations of the implementation are that
only planar surfaces for grasp estimation are used, which
is no problem because the grasping of non-planar surfaces
could lead to insecure gripping. That poses a high risk in
an in-orbit factory due to unpredictable movements and
damage from insecurely grasped and oriented parts in an
end effector which could be released during a robot
movement or could collide with the environment. The
current method is only applicable for parallel gripper end
effectors which can be assumed to the parameters of the
end effector geometry in Figure 1. That concludes most
of the industry relevant end effector types excluding
vacuum suction cup end effectors which are not viable
for an airless in-orbit factory. Due to the size and orientation
of the test grids, not all possible grasping positions will be
tested. This means that the optimal position may not be
found, but that is not a problem because grasping requires
only one viable position with a high enough chance of
success. The approach presented here is the first step in
overcoming the problem of components deviating during
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the servicing of an in-orbit factory. As previously mentioned,
this approach must now be expanded to include additional
end effector types to enable flexibility and support more
complex operations, such as screwing. Furthermore, the
next step should be to investigate the use and data
exchange with digital twins of the products. These could
be an ideal basis for providing 3D models. Additionally,
the virtual representation of the physical condition via the
digital twin could support the process by providing further
information, for example, in the event of already known
damaged parts.

Summary and outlook for adaptive
gripper placement for in-orbit servicing

Due to the increasing number of in-orbit satellites and
their inevitable end of life, a method for in-orbit satellite
servicing was presented. The proposed method can achieve
adaptive gripper placement of altered components for
in-orbit servicing, and it moreover archives a grasp TCP
estimation for unknown parts. Both parts of the method
can be used separately from each other in a modularized
system. The grasp position estimation could be changed
to an already proven grasp estimation algorithm, or the
developed method could be advanced to consider more
complex end effector geometries. The method uses rule-

© 2025 The Authors. Published by GITO
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based grasp estimation and Grasp Suitability Score
calculations which are suitable for use in an in-orbit
servicing factory. The only black box systems are machine
learning-based edge detections and point cloud
postprocessing, which use established algorithms but are
prone to error. The method is independent of the
technologies used and can be fully automized, requiring
no human interaction during the repair process. In future
steps, a sequence, path and trajectory planning for the
in-orbit servicing as well as a digital process twin could be
included in the method to achieve a fully automized flexible
in-orbit servicing of CubeSats. The RISE mission, presented
by the European Space Agency, exemplifies the potential
applications and significance of this approach, as it is now
launching a satellite equipped with robotic arms for in-orbit
servicing [16].

This article was published jointly as part of the AI2SB, ACOR
and RoboTeach projects. AI2SB is funded by the DFG and
CAPES under grant numbers 547432938 (DFG) and
88881.964206/2024-01 (CAPES). ACOR was funded by the
BMWK under project number 50RP2240A-C and RoboTeach
is funded by the BMWK as a ZIM project under grant number
16KN096034.
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Production Control in Space

Production in space, for example of semiconductors, offers many advantages
for companies. At the same time, high transport costs mean that careful
consideration must be given to which production materials are transported
into space. The use of Kalman filters enables real-time control from Earth,

making space production a cost-effective option. Machine learning means
that this approach can also be applied to very complex production systems.
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Production Control in Space

An Al-supported approach for industry in orbit

Lara Jovic and Dominik Augenstein, Karlsruhe University of Applied Sciences

Production in space, of semiconductors for example, offers many advantages
for companies. At the same time, high transport costs mean that careful
consideration must be given to the production materials being transported. The
use of Kalman filters enables (real-time) control from Earth, making space
production a cost-efficient option. Machine learning could make it a viable
approach even for highly complex production systems.

In an increasingly competitive environment, companies
must explore new production methods. The main driver
here is cost, which is fueling the current digital
transformation but also leading companies to relocate
their production to more economically favorable areas.
In the near future, some experts foresee the first production
facilities in space, or more precisely, in orbit. In just a few
years, goods such as medicines, semiconductor crystals,
and organoids (organ-like pieces of tissue) could be
manufactured in this way [1].

The first in-orbit production is likely to take place in three
to five years, as research into the required space capsules
advances swiftly and innovators such as Elon Musk and
Jeff Bezos manufacture powerful rockets [2]. The company
Starship, for example, aims to manufacture completely
reusable rockets with a capacity of several hundred tons,
which will significantly reduce the cost of space travel. By
way of comparison, sending one kilogram into orbit costs
around $2,700 with the current Space X Falcon 9. Starship
aims to bring this down to less than $500. Flying to the
ISS or the moon costs $20,000-40,000 and $1 million per
kilogram, respectively [3].

Every gram of weight sent into space must be carefully
considered, for obvious economic (and ecological) reasons.
This presents a dilemma: you want to establish production
in space that meets standards on Earth. However, the
costs of transporting the necessary systems, robots,
peripherals, etc. will remain very high in the coming years,
which could mitigate any advantages. One potential cost
lever is to forego local, intelligent edge systems such as
loT edge devices or NVIDIA Jetson platforms and instead
turn to centralized control from Earth. At the very latest
when using artificial intelligence (Al), the systems will have
to be controlled from Earth, as high costs would otherwise
be incurred for the provision of the necessary computing
power in space.

Control from Earth will thus be virtually unavoidable in

coming years. However, this has the disadvantage that
latency hinders the real-time capability of robots and
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systems. If production is not
located in orbit but on the
Moon (or Mars), for
example, this latency is
significantly higher. This
means, for example, that
transport systems or robots
controlled from Earth can
only react to their
environment with a delay. The news of an obstacle ahead
and the subsequent reaction take several seconds, which
may be too late in some circumstances. In such cases, one
can no longer speak of real-time capability.

Mathematical estimation methods, such as those used in
radar technology to determine an aircraft's exact position
and flight path, can help [4]. These methods can also be
used to control a device in space in near real time and
with greater accuracy, depending on the degrees of
freedom that a system has (e.g., if it moves freely or along
a predetermined route).

A model for (real-time) control of
systems in space

To understand how mathematical functions help enable
real-time control, let's use a simple example: You are
driving your car into a tunnel and the GPS signal is lost.
You want to take the next exit in the tunnel. How does the
navigation device know where you are? It uses data from
the vehicle sensors and the last known position to
determine (approximately) where you are. In principle, it
could calculate your location at any time based on your
speed and last position. But this only works in a perfect
world, because sensors are subject to measurement
inaccuracies, interference occurs during data transmission
to the microcontroller, or deviations occur in other places.
This leads to inaccuracy in what is actually a simple piece
of information: “speed”.

In this simple model, one could now use so-called estimated
values to eliminate disturbances and associated
“distortions”. This works quite well in this one-dimensional
case [5][6], but a driverless transport system moving freely
in space, for example, is already a multidimensional case
not accurately captured with simple estimated values.

The same applies to our latency time. Although factors
such as distance and weather conditions make it fairly
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Figure 1: Histogram with sample data on latency.

constant, it is subject to a certain degree of inaccuracy.
The following histogram illustrates this with an example:
Although the maximum expected latency time is around
three seconds, deviations in the millisecond range do
occur. These deviations are called variance or “noise”. It
is striking that the deviations are approximately normally
distributed. This allows specific mathematical methods to
analyze and correct the measured values.

In order to perform reliable calculations despite variance
or noise, the “strength” of the noise must first be
determined. This is determined individually for each sensor
and taken into account in the calculations accordingly.
The mean value is used—the expected value, e.g., the
speed—as well as the variance of the normal distribution,
which indicates how certain or uncertain the estimate is.
As a general rule, the smaller the variance, the greater the
confidence in the measured value. A sensor with absolute
precision would theoretically have a variance of 0—a state
that never occurs in reality [7].

In our navigation device example, we assume that the GPS
signal has been lost and that the navigation device is
unsure of its current location. Accordingly, the variance
or uncertainty about the exact position is very high. In
order to estimate a position nonetheless, other available
data would be used, e.g., the measured speed. However,

Industry 4.0 Science 2025, 6 4 0of 7

the speed sensor also has a certain variance and is
therefore also subject to uncertainty. Combining the
uncertainties of the navigation device and the speed sensor
yields a better result, allowing the navigation device to
determine a more accurate current position. The navigation
device knows “approximately” where you are and the
sensor knows “approximately” how fast you are traveling,
which allows for a relatively accurate statement in
combination (this can be observed in everyday life: position
determination in a tunnel is usually still very precise).

This approach was described by R. Kalman as early as
1960 and helped with the first moon landing [8]. Using
the so-called Kalman filter, all you do is calculate a future
position from the current position and check it (e.g., by
taking measurements). These calculations and checks
allow us to find the appropriate parameters to compensate
for the “noise”, i.e., the variance. If the predicted values
are close to the values measured afterwards, then the
Kalman parameters are very accurate. In our example: If
the car exits the tunnel at exactly the right moment (and
has a GPS signal again, which enables location
determination), then the estimation parameters are very
well chosen. Otherwise, the parameters would be adjusted.

In our example, we are moving in a one-dimensional
(maximum two-dimensional) direction; the example has

© 2025 The Authors. Published by GITO



Figure 2: Example of position estimation and GPS calibration.

a low level of complexity. However, this forms the basis
for the real-time control of significantly more complex
production facilities in space. The position determination
of a transport system on a planet depends not only on
the respective distance, but also on the respective rotation,
which is also subject to fluctuation. This gives us a complex
system with several uncertainties, but we can easily reduce
or even completely eliminate these by applying the
mathematical model.

Development environments such as MATLAB include these
Kalman functions, which makes creating and implementing
such a mathematical model very easy [9]. Systems for
controlling these devices in space could therefore be
expanded by mathematical functions at low cost and with
little effort.

That said, such systems are becoming increasingly complex
and navigation and control are expected to become more
autonomous with time. Al approaches can help: machine
learning can assist in determining parameter values, for
example, or a digital twin of production in space can be
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created. Al can also be helpful in the case of fault-prone
signal processing [10] or in dealing with parameters for
target positions within an image plane in order to predict
them. In the latter case, the position of the target is
recorded in each iteration to predict the positions one
step ahead [11]. This can also improve the position
determination of driverless transport systems (in space).
In principle, Kalman filters and their use in space production
can themselves also be improved by Al.

Machine learning to improve Kalman
filters in complex systems

As already described, the increasing trend toward machine
learning algorithms not only creates new possibilities for
Al-supported position determination but also makes
Kalman filters and associated parameters more accurately
predictable. The comparison of “estimated” and “measured”
data in the application of Kalman filters represents a
(historical) database, which can be used to train
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corresponding Al algorithms. These can then reveal hidden
patterns in the relationship between the estimated and
measured data.

This does not work as accurately during dynamic scenarios
brought about by system control or the routing of transport
systems by Al. The parameters of the Kalman filters
estimated by Al algorithms can quickly become outdated,
as they are based on “past” data. However, an additional
learning model can overcome this challenge by modifying
the parameters according to the new conditions, even if
these are caused by Al and are therefore sometimes
difficult to predict [12].

This more advanced model consists of a prediction module
and a learning module. The prediction module receives
the measured and estimated values, such as the location
and speed of a transport system in space. The module
then determines the parameters of the Kalman filter and
the exact location [13]. The learning module uses the same
parameters as the prediction module, supplemented by
additional influencing factors. Based on historical data
and the associated parameters, the learning module
calculates so-called “tuning” parameters that help the
prediction module determine the optimal Kalman
parameters. The combination of both modules enables
precise determination of the status data and real-time
control even given longer latency times.

The rapid progress in the field of deep learning algorithms
and related technologies also has a positive effect on our
approach. The targeted use of modern methods such as
deep belief networks (DBNs), a hierarchically structured
form of neural networks that recognize complex patterns
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in data [14], or deep extreme learning machines (ELMs),
which enable particularly fast learning processes through
randomly initialized hidden layers, can significantly improve
prediction accuracy [15].

Classic machine learning methods such as classification
and regression trees (CARTSs) can also be used [16]. These
structured decision-making processes are represented in
the form of tree diagrams, making them suitable for both
classification and regression tasks. Support vector machines
(SVMs), which are designed to find optimal separation lines
(or hyperplanes) between different data classes, also make
an important contribution to precise modeling [17].

All these methods are integrated into the learning module
and trained using historical data. The aim is to derive so-
called tuning parameters, which in turn increase the
accuracy of the Kalman parameters used in the prediction
module. In this way, the overall system can respond more
robustly and reliably to dynamic changes in the input data.

In summary, the presented system architecture, consisting
of a learning and a prediction module, represents a more
precise approach for estimating variables using Kalman
filters. By integrating modern machine learning methods
into the learning module, adaptive tuning parameters can
be generated based on historical data, enabling continuous
optimization, even when using Al, e.g., for system control.
This allows for increased accuracy, even in highly dynamic
application scenarios such as those that can arise from the
aforementioned Al-based control or system routing.

Figure 3: Overview of the learning and prediction algorithm for parameter estimation.

Measiurement> i
parameters

Measurement
parameters

A
Adjustable parameters

Feedback

Industry 4.0 Science 2025, 6 6 of 7

© 2025 The Authors. Published by GITO



o)

The promise of production in space

Production in space already appears very promising in
near-Earth spheres. At the same time, the transport of
the necessary production equipment still involves
enormous costs. These can be reduced by controlling
production from Earth, but latency and other uncertainties
hinder real-time control at such great distances, which
can lead to accidents.

In very simple cases, there are mathematical models that
can provide accurate predictions. However, since
production in space is complex, with many disturbances
and uncertainties, and since the use of Al will make these
models even more complicated in the future, the use of
statistical methods such as the Kalman filter is essential.
In these complex situations, machine learning algorithms
can help to accurately determine the necessary parameters.
Using a learning prediction model, these can be determined
very accurately and even optimized during the learning
process.

Although machine learning and necessary peripherals do
incur additional costs, these are falling steadily and more
and more training data sets are becoming available, so
that this approach will also prevail in terms of cost in the
long term. Compared to (falling) transport costs, they
represent the significantly more cost-efficient solution in
the coming years and are a central component of
production in space.
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“Entrepreneurial courage

is the key ingredient”

Interview with Prof. Jan Worner, Director of the Frankfurt Institute for Advanced Studies

(FIAS)

Production is leaving Earth. As access to space becomes increasingly affordable and reliable, the idea
of manufacturing in space, once the stuff of science fiction, is evolving into a real industrial strategy.
In this interview, Jan Wérner, who has headed not only the German Aerospace Center (DLR) for many
years, but also the European Space Agency (ESA), talks about strategic opportunities and regulatory

challenges.

Production in space—are we really as far along as
some visions have us believe?

“What sounds like a fairy tale today may be reality
tomorrow.” That motto brought the German cult series
Raumpatrouille to life in 1966. In fact, various “products”
have already been manufactured in space at zero gravity.
Just take these two examples: the cultivation of grapevines
that are resistant to mildew and high-purity glass fibers.

From a civil engineer’s point of view, what value can
extraterrestrial production add?

Civil engineers are only needed here in a secondary role.
The aim is to make targeted use of weightlessness to
manufacture new products, such as medicines. Incidentally,
the International Space Station (ISS) is an example of a
structure built in space: it would have been impossible to
build the entire structure on Earth and then transport it
to space. Interestingly, the individual components of the
ISS “met” for the first time in space. This fact is significant
insofar as we often experience problems on Earth when
assembling different components. Such problems must
be avoided in space through appropriate planning and
execution.

Which innovations from space production could have
a particularly rapid impact on terrestrial construction
and manufacturing processes?

If one could formulate a comprehensive answer to this
question, the fascination of innovation through curiosity
and chance would have already been demystified a long
time ago. In fact, it has been shown that novel approaches
and activities have always produced unpredictable aspects,
or “side effects,” so to speak. Who would have thought
that tracking Sputnik in 1957 could lead to the development
of a global satellite navigation system that now plays a
key role in construction? | prefer to quote from Steve Jobs:
“Stay hungry, stay foolish.”

How well are German companies—especially those in

the mechanical and plant engineering sector—prepared
for potential synergies on the threshold of orbit?
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Jan Worner with the engines of the Soyuz-FG launch vehicle.

Clearly in Germany, too, a number of companies, especially
SMEs and start-ups, are not just passively following the
topic, but are actively developing opportunities. In this
context, the continued, exorbitant costs of orbital logistics
remain a major obstacle.

Is the space economy a domain for global players—or
does it present a historic opportunity for German SMEs
as well?

The space economy is fascinating because it transcends
national borders. Time and again, space travel opened up
opportunities for cross-bordercooperation.rs. The balance
between national activity and global cooperation is a
necessity for any activity. The opportunities are real—they
just need to be seized courageously.

How substantial are the ESA’s capacities and ambitions
in the areas of space manufacturing and space
exploitation?

Space manufacturing has so far played a minor role in
institutional funding. This is reasonable, as it is primarily
of commercial interest. In contrast, exploitation plays a
crucial role in the ESA’s Exploration program, particularly
by drawing on the International Space Station.

32

What needs to happen—institutionally and
entrepreneurially—to boost economically and
ecologically sensible space development?
Entrepreneurial courage is the key prerequisite. At the
institutional level, development projects can help to build
certain competencies. At the same time, care must be
taken to ensure that this institutional support does not
degenerate into the financing of commercial activities
mired in micromanagement.

Is there such a thing as “sustainability” in space at
all—and if so, how should it be conceptualized and
regulated?

When space travel began in 1957 with Sputnik, no one
could have imagined its present scale, and what it will
reach in future. There is a clear need to consider the issue
of “sustainability” in space as well. That involves many
aspects, such as “clean” rocket propulsion, the reusability
of rockets and satellites, and the avoidance of space debris.

Could space even act as a catalyst for a more resource-
efficient industry on Earth—e.g., through closed cycles
or innovative materials?

Space travel has always been a catalyst of innovation. It
is highly desirable that this capability be extended to the
issue of sustainability. Space travel already has a lot to
offer in terms of resource efficiency, as the laws of gravity
require the development of structures that are as light as
possible.

What is more strategically important in the long term:
the further development of Al or the establishment
of orbital production capacities—or are the two issues
inextricably linked?

Is agriculture or medicine more important? We should
avoid pitting different and promising aspects against each
other. We need Al and we need opportunities for activities
in zero gravity, even after the ISS. The frequently cited
argument of financial prioritization isn't helpful either: In
Europe, the costs of institutional space travel amount to
15 euros per citizen per year. This is certainly not an
amount that normally would incite individuals to think
about prioritization. We need Al, we need space travel,
we need research, we need social development. And for
all of that, we need peace and freedom.

Ten years from now, where will we be in terms of space
production, and what will (still) be science fiction?
Ten years can change a lot or very little. My hope is that
in ten years, an ecosystem will have emerged in which
many companies have not only discovered the opportunities
of sustainable production in space but have also achieved
them.

What fascinates you most about the idea that in the

future, humans will not only produce in space, but for
space as well?
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| have been a space nerd since the 1960s. As Director
General of the ESA, | have learned plenty about the many
fascinating aspects of space travel. Today, | can already
see that production and development in zero gravity are
leading to highly innovative products. The future will see
a new system of activities involving humans and robotic
systems. Humans in space will remain important, not
only as subjects of medical research, but also as innovators

®

who can inspire others, especially young people. At the
same time, robotics is developing rapidly, not least thanks
to the possibilities of Al, and can certainly perform
essential tasks in space logistics, including production in
space.

Dear Prof. Worner, thank you very much for your
insights!
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Due to its weightlessness, space offers enormous opportunities for production. The unique conditions of microgra-
vity, for example, can simplify the development of organs and tissues from the body's own stem cells, allowing the-
rapies to be developed in a more targeted manner. Even though many independent initiatives are currently emerging
to explore this and other potential applications, their success is not a foregone conclusion. The success of a thriving
space economy, especially in Europe, also requires smart policies that understand how to develop the right framework
conditions.
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Maria Birlem, co-founder and CEO of Yuri, with Dorothee Bdir, Federal Minister of Research, Technology, and Space (BMFTR).

Severe congenital heart defects, such as those that can
occur in premature babies, often lead to long-term and
complex treatments. These include repeated operations,
long-term medication, limited physical abilities, and an
overall significantly reduced quality of life. In many cases,
the only option is an organ transplant.

In Germany and Europe, thousands of patients are waiting
for a donor organ, while the number of available organs
has for years fallen significantly short of actual medical
demand. Cardiological and other diseases further
complicate the situation, as considerable challenges remain
even after a successful transplant,. The immune system
recognizes the transplanted organ as foreign, which can
lead to rejection.. To prevent this, those affected must
take immunosuppressive drugs for the rest of their lives,
which protect the organ but are sometimes associated
with significant side effects. In addition, the functional life
of donor organs is limited. A transplanted heart typically
lasts about ten to 15 years or slightly longer in the best
case.

A concrete example illustrates this problem: A boy with a

complex congenital heart defect requires several cardiac
surgeries in early childhood. In adolescence, his condition

36

deteriorates to such an extent that he must be permanently
monitored in the hospital and connected to medical
support systems. Only after a long wait does he receive a
suitable donor heart. The transplant is successful, but the
long-term limitations remain—lifelong immunosuppression
and a limited organ lifespan. This example is not an
exception, but rather a structural problem in transplant
medicine.

Patient-specific organs from stem
cells as a vision

A central research approach in modern regenerative
medicine is the use of the patient's own stem cells to
generate tissue or entire organs in future. The goal is to
provide patient-specific, immunologically highly compatible
organs in the long term, minimize rejection reactions,
significantly reduce the need for immunosuppression,
and make the availability of organs independent of the
number of donors.

Various technologies are combined to achieve this
objective. Induced pluripotent stem cells, i.e.,

Industry 4.0 Science 2025, 6



reprogrammed body cells, serve as the starting material
and can be differentiated into different tissue types. 3D
bioprinting makes it possible to introduce cells into defined
spatial structures and thus build complex tissue
arrangements in a targeted manner. Organoids, i.e.,
miniaturized, organ-like tissue structures, form an
important intermediate stage in this process. Although
they are not yet fully functional organs, they replicate
essential characteristics of the corresponding organ and
are already suitable for more precise drug testing and
active ingredient screening—especially when they are
generated specifically for a patient and thus represent the
tissue of a specific individual. The great medical dream is
to eventually use these technologies to develop fully
functional, transplantable organs that are tailored precisely
to the individual patient.

Gravity, vascularization, and the
technical limitations of Earth

On Earth, the production of complex, functional tissue
structures face two key physical and biological hurdles.
On the one hand, gravity causes soft, freshly printed cell
constructs to deform or collapse under their own weight.
To prevent this, support structures known as scaffolds
are used. These scaffolds must later be biodegraded or
removed without damaging the tissue. This process is
technically demanding and not always fully controllable,
which can impair both the function and stability of the
tissue.

On the other hand, vascularization, i.e., the formation of
a finely networked vascular system, is one of the greatest
challenges. A functional organ requires a dense network
of blood vessels to supply oxygen and nutrients and
remove metabolic waste products. The formation of stable,
functional blood vessels in three-dimensional structures
has so far only been achieved to a limited extent on Earth.
Especially in thicker tissues without sufficient perfusion,
oxygen deficiency, cell death, and loss of function can
occur quickly. At present, these limitations slow down the
development of fully functional, transplantable organs
from bioprinters and make it clear that new environmental
conditions and approaches are needed.

Why microgravity can have such a big
impact

Microgravity in near-Earth orbit fundamentally changes
the boundaries for biological processes. In this
environment, gravity has virtually no effect, structures
collapse significantly less, and cells can organize
themselves more homogeneously in three dimensions.
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Transport processes such as diffusion and convection,
as well as cell-cell interactions, proceed differently than
on Earth and can promote certain biological
developments. Experiments with tissue and organoids
in microgravity have shown that three-dimensional
structures can grow more stably and require less
extensive support structures.

There is also evidence that microgravity improves the
tendency to form small blood vessel networks and that
organoids are more prone to vascularization than under
conditions on the Earth's surface. From a technical point
of view, low Earth orbit is particularly interesting. It can
be reached relatively quickly, requires less energy than
higher orbits, and already has infrastructure in place,
such as the International Space Station and, in future,
new commercial space stations. This makes space a
potentially ideal laboratory environment for complex
bioengineering and opens up a new approach to
overcoming the existing limits of tissue production on
Earth.

From stem cells to tissue in orbit

To realize the production of individualized organoids
and, in the long term, organs in space, an integrated
system is required that encompasses all steps from cell
procurement to the return of tissue to Earth. First, patient-
specific stem cells are obtained on Earth and multiplied
under controlled conditions. These cell populations are
standardized, characterized, and quality assured to create
a reproducible starting point for the subsequent steps.
The cells, culture media, and reagents are then transported
into orbit. Temperature and environmental conditions
must be maintained in accordance with applicable quality

Commercial LEO Destinations

Commercial LEO Destinations is a NASA program to
develop privately operated space stations in low
Earth orbit to replace the ISS when it is
decommissioned as scheduled. Instead of financing a
new station itself, NASA is relying on commercial
providers from whom it will purchase research and
usage services in future. The program promotes
innovation, reduces costs, and enables new
applications in space—from science and industrial
production to logistics and tourism. Several
companies are currently developing modular,
reusable stations designed to create a diverse and
competitive infrastructure in low Earth orbit

© 2025 The Authors. Published by GITO
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and safety standards, which should be close to GMP
requirements.

In orbit, biological laboratory units designed for operation
in microgravity are then used in space stations or orbital
platforms. A specialized 3D bioprinter adapted to this
environment precisely deposits the cells and biomaterials
to form organoids or more complex tissue structures.
Automated media changes, integrated monitoring, and
process control ensure a stable environment during the
culture phase. In the subsequent maturation phase, the
printed organoids or tissues are incubated in suitable
bioreactors to promote the formation of functional
structures, including vascularization. Once culture and
maturation are complete, the samples are loaded into
return capsules, transported back to Earth, analyzed in
specialized laboratories, and evaluated for functionality
and quality. In the long term, suitable tissues could
eventually be transferred to clinical applications.
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The role of specialized actors:
infrastructure and technology in LEO

This development requires specialized players who have
mastered the technical and organizational aspects of
research, development, and production in microgravity.
Such companies or consortia typically offer flight-certified
end-to-end services ranging from mission planning and
execution to the logistics of transporting experiments and
biological samples, integration into space systems, and
returning the results to Earth. Access to laboratories in
microgravity via existing platforms and future commercial
LEO destinations enables experiments and production
processes to be carried out in microgravity. At the same
time, proprietary technologies for bioengineering in orbit
such as complex 3D bioprinters are being developed, as
well as automated culture systems designed for use in
microgravity. The aim of these activities is to systematically
explore the potential of bioengineering in microgravity,
address the needs of industries such as pharmaceuticals,
medical technology, materials science, and the nutrition
and health sector, and develop viable business models.
This proactively secured access to commercial LEO platform
providers allows such players to position themselves early
in an emerging market segment that encompasses the
commercial use of near-Earth orbit for research and
production.

Fields of application beyond organ
transplantation

The production of individualized organoids and, later,
organs in space opens up a wide range of possible
applications that go far beyond traditional transplant
medicine. In transplant medicine, patient-specific,
transplantable organs could be produced in the long term,
significantly reducing the risk of rejection and decreasing
dependence on donor organs. Waiting lists could be
shortened or eventually become obsolete, while the quality
of life of those affected would improve considerably. In
the field of individualized pharmacotherapy, patient-specific
organoids enable the testing of active substances and
therapeutic concepts directly on tissue that reflects the
characteristics of the respective patient. On this basis,
therapies could be selected and dosed more precisely,
side effects could be reduced, and efficacy could be better
predicted.

In toxicology and safety assessment, human organoids
open up new possibilities for investigating the effects of
substances in the cosmetic, chemical, or pharmaceutical
sectors. Animal testing could be replaced or significantly
reduced by human-relevant models, which would bring
both ethical and scientific benefits. In addition, the use of
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microgravity offers considerable added value for basic
research, for example, in the study of cell behavior, tissue
organization, regeneration processes, and signaling
pathways in an environment with altered physical
conditions. The knowledge gained there can be
incorporated into new approaches for tissue engineering
and regenerative therapies on Earth.

Europe in the strategic competition for
near-Earth orbit

Low Earth orbit is increasingly evolving from a
predominantly state-dominated research space to a
commercial economic space. In addition to the established
spacefaring nations, the US is investing heavily in
commercial space stations, cost-efficient launch systems,
and new business models in the areas of in-orbit servicing
and in-orbit production.

Although Europe has an excellent research landscape, a
high level of space expertise, and numerous innovative
companies, it has so far only built up a limited amount of
its own independent infrastructure in low Earth orbit.
Investment strategies are often cautious, regulatory
frameworks are complex, and risk appetite is limited.

If Europe wants to be more than just a user of space
biotech and production in space, but also a shaping player,
targeted measures are needed. These include investments
in European LEO infrastructure, the promotion of
demonstration missions with clear commercialization
prospects, and framework agreements that offer
companies a reliable basis for planning. At the same time,
a regulatory environment is needed that supports
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innovation, accelerates processes, and facilitates
cooperation between space, medicine, biotechnology, and
industry.

A future market with huge potential -
not only for patients

The combination of stem cell technology, 3D bioprinting,
and microgravity opens up new technological opportunities
for transplant medicine and biomedicine as a whole.
Individualized organs made from the patient's own cells
have the potential to significantly reduce dependence on
donor organs, minimize rejection reactions, improve the
quality of the patient's life in the long term, and make
therapies more precise and safer. At the same time, animal
testing can be replaced or reduced in many areas by
models relevant to humans.

The first building blocks on the way to achieving this have
already been implemented: end-to-end services for
research and production in microgravity, secure access
to commercial LEO platforms, and the development of
specialized 3D bioprinters for use in orbit.

The next steps include validating the technology in iterative
missions, transferring the results to medical and industrial
applications, and at the same time shaping the framework
conditions in Europe to allow for the emergence of a viable
market for space biotech and production in space. In the
long term, this could lead to a situation in which a young
person with a serious organ disease is no longer dependent
on a donor organ from another person, but receives an
organ created from their own cells - possibly produced
in an orbital production facility in low Earth orbit.
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What factor currently poses the greatest

obstacle to the widespread use of natural

building materials such as wood and clay in

industrial construction?

A) Lack of standardization and normalization for
structural applications

B) Low compressive strength under changing
climatic conditions

C) Excessive energy intensity in material
processing

D) Lack of acceptance among architects

What is the primary goal of digital knowledge

platforms in an industrial or scientific context?

A) The complete automation of innovation
processes without human involvement

B) Centralized storage of large amounts of data to
reduce IT costs

C) The structured collection, networking, and
provision of knowledge to promote innovation
and cooperation

D) The creation of proprietary software solutions for
knowledge retention

What technical advantage makes hydrogen fuel

cells particularly interesting for use in

intralogistics?

A) The ability to provide electrical energy without
charging times through a quick refueling process

B) Significantly higher peak performance compared
to lithium-ion batteries with the same mass

C) Complete independence from oxygen during
energy generation

D) The direct use of fossil hydrogen as an energy
source without emissions

4. What potential do large language models (LLMs)

offer for operational knowledge management?

A) They can automatically generate new scientific
findings without drawing on existing knowledge

B) They enable the semantic capture, structuring,
and condensation of implicit knowledge from
text-based sources

C) They completely replace traditional databases
with neural memory storage

D) They guarantee objective and error-free
knowledge processing without human validation

Which characteristic is particularly crucial for

robot systems when assembling and

disassembling satellite components in orbit?

A) Ability to autonomously adapt gripping and
movement strategies to changing object
geometries

B) High bandwidth for data transmission between
ground station and robot

C) Minimal mass of robot grippers to reduce launch
costs

D) Use of standard components from terrestrial
industrial automation

What is the goal of applying circular principles

in industrial production systems?

A) Reduction of waste and resource consumption
by returning materials to the production cycle

B) Maximizing production speed through linear
process chains

C) Focusing on the end-of-life phase of products
without influencing upstream processes

D) Substitution of natural raw materials with
synthetic alternatives to simplify material logistics

Industry 4.0 Science 2025, 6
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What is the advantage of using digital

knowledge platforms in international research

networks?

A) Complete elimination of cultural differences in
collaboration

B) Accelerated knowledge transfer through
structured data exchange and communication
mechanisms

C) Replacement of physical research laboratories
with virtual simulations

D) Avoidance of regulatory requirements in cross-
border data exchange

What is the main difference between fuel cell
and battery technologies in terms of their
energy supply in industrial applications?

A) Fuel cells continuously convert chemical
energy into electrical energy, while batteries
discharge stored energy

B) Batteries generate energy from hydrogen,
while fuel cells store electrical energy directly

C) Fuel cells only work efficiently at very high
temperatures, while batteries only work
efficiently at low temperatures

D) Batteries can be charged an unlimited number
of times, whereas fuel cells can only be used
once

What is the advantage of additive

manufacturing in space?

A) Lower maintenance costs for on-board
computers

B) Higher gravity facilitates material processing

C) Ability to manufacture spare parts directly
on site and save on transport costs

D) Better radio transmission between
production modules

What property must a material have for use in

orbital production?

A) High thermal conductivity and electrical
insulation

B) Biodegradability

C) Magnetizability for better positioning

D) Radiation resistance and dimensionally
stable microstructure during temperature
changes

Which challenge is particularly critical for

robotic gripping systems in satellite

maintenance?

A) Excessive friction in the atmosphere

B) Unstable communication with ground
stations

C) Insufficient power supply from solar cells

D) Lack of reference points and variable surface
structures of components

Industry 4.0 Science 2025, 6
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12. What distinguishes the life cycle of sustainable

13.

14.

15

production systems from conventional

approaches?

A) Focus exclusively on the production phase

B) Holistic view from raw material extraction to
recycling

C) Minimization of energy consumption during
transport

D) Exclusive use of digital twins

What is the goal of the concept of “human-

centric automation” in Industry 5.0?

A) Complete automation of all production
processes

B) Transfer of human tasks to Al systems

C) Integration of humans as decision-makers in
adaptive, collaborative systems

D) Reduction of human intervention to
emergency measures

Why is knowledge management crucial for the
operation of complex space missions?
A) To avoid redundancies in hardware
B) Because explicit and implicit knowledge
must be retained for maintenance, safety,
and error analysis
C) To reduce communication latencies
D) To control energy flows in the satellite

. What is the advantage of using Al-based

simulations in space production?

A) Prediction of material behavior and process
deviations under space conditions

B) Reduction of radio traffic to Earth

C) Compensation for energy losses through
algorithmic control

D) Increasing radio bandwidth

Find out the answers at
industry-science.com
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Strategic Implications of
the Draft EU Space Law

Overview of key aspects

42

Space is increasingly recognized as an important
economic, technological, and political domain with
civil and military implications.

The space industry is transforming from a state-
controlled to a commercial industry ("New Space")
and hence requires a clear and harmonized legal
framework.

The EU has published a draft space law to regulate
and support the growing space sector which is
expected to reach a volume of US$1.8 trillion over the
next ten years.

Implementation is planned for January 1, 2030,
providing sufficient time for national adjustments and
technical preparations.

As an EU regulation, the law applies directly in all
member states, but it requires supplementary national
legislation.

The overarching strategic objectives include
strengthening the EU's space sovereignty, securing
access to critical infrastructure, and enhancing its
position in global space competition.

The regulation thus aims to reinforce Europe's global
competitiveness and strategic autonomy in space
technologies and services.

Its framework is based on three core pillars: safety
(technical and operational standards), resilience
(cybersecurity and threat response), and sustainability
(long-term environmental and operational
responsibility).

The primary regulated domains include space activities
(such as launches and operations) and space services
(such as satellite-based applications).

National authorities are tasked with licensing and
registration and transmit the relevant data to the
Union Register of Space Objects (URSO).

Qualified Technical Bodies (QTBs), comparable to
TUVs, are designated to verify the misions’ technical
and safety compliance.

For

The European Union Agency for the Space Program
(EUSPA) will be given broader responsibilities, including
data management, compliance monitoring, and
cybersecurity coordination.

The regulation contains detailed technical
requirements, covering collision avoidance, space
debris reduction, standardized material use, and data
interoperability.

Risk assessments, life-cycle analyses, and robust
cybersecurity frameworks are mandatory for all
operators.

Sustainability measures require full documentation
of each mission's environmental footprint, including
component manufacturing and supply chain impacts.

A new European Union Space Resilience Network
(EUSRN) will coordinate cyber resilience efforts across
EU institutions and member states.

The free movement of space data constitutes a core
principle, with national restrictions permitted only
under exceptional circumstances.

While the regulation recognizes the important role of
SMEs in fostering innovation, the current mechanisms
remain limited.

International cooperation is identified as essential to
prevent national fragmentation and ensure global
interoperability.

Non-EU providers must meet additional conditions
and cooperate with EU institutions on registration and
compliance.

The regulation aims to balance national interests by
promoting an integrated EU-wide space ecosystem.

National political commitment - particularly in larger
member states such as Germany - will be crucial for
successful implementation. Yet, several legal gaps remain,
including the issue of liability for private space actors.

more information, click here

EpE¥E  European Commission: EU Space Act. 2025.

O

URL: https://defence-industry-space.ec.europa.
eu/eu-space-act_en
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Aerospacelab

Mont-Saint-Guibert, Belgium

Transforming how satellite systems
are, built and operated to empower
data-driven decisions for a better
connected and secure planet

www.aerospacelab.com

Simera Sense

Leuven, Belgium

Making Earth observation effortless
and affordable by delivering turn-
key payloads and rapid imagery
pipelines for small satellites.

simera-sense.com

Isar Aerospace

Munich, Germany

Engineering a flexible, cost-efficient
launch vehicle for satellites to sha-
pe the future of space flight and
ensure a sustainable access to orbit.

isa raerospace.com

Yuri
Meckenbeuren, Germany

Develops laboratories for weight-
lessness and 3D bioprinters to
produce individualized organs
from stem cells in space.

yurigravity.com

Atmos Space Cargo

Munich, Germany

Creating a new paradigm of spa-
ce-cargo logistics: scalable and re-
liable re-entry services for Earth
and in-orbit manufacturing.

atmos-space-cargo.com

Industry 4.0 Science 2025, 6

The Exploration Company

Munich/Bordeaux, DE/FR

Developing reusable, modular,
and refillable spacecraft and
space-logistics solutions to
advance sustainable exploration.

www.exploration.space

ICEYE

Espoo, Finland

Providing, all-weather radar
imagery from space to enable re-
silient decision-making in intelligen-
ce, disaster response and industry.
www.iceye.com

Infinite Orbits

Toulouse, France

Providing life-extension for geo-
stationary satellites via autonomous
vision-based navigation to maxi-
mize fleet value and sustainability.

www.infiniteorbits.io

HyPrSpace

Bordeaux, France

Redefining propulsion with a hybrid
rocket engine combining liquid and
solid technologies. Striving for a
robust, cost-effective path to space.

hypr-space.com

10

Orbex

Forres (Scotland), United Kingdom

Develops eco-friendly launch vehicles
to deliver satellites into orbit with
low-carbon fuel, enabling flexible
and sustainable access to space.

orbex.space

Magdrive

Oxford, United Kingdom

Developing electric propulsion
systems for satellites and space-
logistics, enabling long-term
operations in orbit and beyond.

magdrive.space

Space Cargo Unlimited

Luxembourg City, Luxembourg

Creating autonomous, platforms that
open microgravity research, in-space
manufacturing and technology de-
monstrations for industries on Earth.

Space-cu.com

SatRev

Wroctaw, Poland

Provides Earth-observation data and
satellite hardware, enabling agricul-
ture, government and business to
act on environmental insights.

www.satrev.space

Xoople

Madrid, Spain

Integrating geospatial data with Al
to uncover actionable insights about
Earth's surface, as well as enabling
decisions for sustainability and risk.

www.xoople.com

Pangea Aerospace

Barcelona/Toulouse, ESP/FR

Designing reusable propulsion
systems (e.g., methalox, aerospike)
to enable sustainable access to
space for satellites and launchers.

www.pangeapropulsion.com

© 2025 The Authors. Published by GITO
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Gilmour Space Technologies

Yatala (Gold Coast), Australia

Offers modular orbital launch
services via its launch vehicles and
satellite platforms that lowers the
cost of accessing space.

www.gspace.com

Fleet Space Technologies

Adelaide, Australia

Combines nanosatellite constella-
tions and Al to deliver 3D subsurface
insights for mapping remote mineral
systems and planetary exploration.

www.fleetspace.com

46

Myriota
Adelaide, Australia

Specialist in ultra-low power loT
connectivity via nanosatellites,
enabling remote sensing for agri-
culture, logistics and environment.

myriota.com

LandSpace

Peking, China

Private launch provider developing
reusable LOX/CH4 rockets and a
vertically integrated chain: R&D, ma-
nufacturing, tests, launch services.

www.landspace.com

Industry 4.0 Science 2025, 6



Pixxel

Bengaluru, India

India-based space data company
building a hyperspectral satellite
constellation to monitor Earth’s
ecosystems.

www.pixxel.space

Industry 4.0 Science 2025, 6

Skyroot Aerospace

Hyderabad, India

Space company developing
cost-efficient small-sat launch
vehicles and technologies to de-
mocratize access to orbit.

www.skyroot.in

Agnikul Cosmos

Chennai, India

Start-up offering flexible, custo-
mized small-sat launcher solutions
with a goal to reduce time-to-orbit
for satellite operators.

www.agnikul.in

Digantara Research &
Technologies
Bengaluru, India

Focuses on space situational awa-
reness and debris monitoring
services to ensure safe and sus-
tainable satellite operations.

www.digantara.co.in

Astroscale
Tokyo, Japan

Dedicated to removing orbital
debris and providing end-of-life
services to preserve an actionable
space environment.

www.astroscale.com

ispace
Tokyo, Japan

Commercial lunar exploration and
logistics company enabling recur-
ring and sustainable access to the
moon for science and commerce.

www.ispace-inc.com

SpaceX

Hawthorne, USA

Leading private aerospace firm
achieving reusable launch sys-
tems, transforming orbital access
and interplanetary ambitions.

www.spacex.com

Blue Origin

Kent, USA

Aerospace company developing
reusable rockets and space infra-
structure to enable millions of peo-
ple living and working in space.

www.blueorigin.com

Relativity Space

Long Beach, USA

Innovates with 3D-printed rockets
and autonomous production to
radically simplify launch vehicle
manufacturing and deployment.

www.relativityspace.com

14

Axiom Space
Houston, USA

Builds commercial human space-
flight infrastructure, aiming to
create the world's first commercial
space station and moon missions.

www.axiomspace.com

Rocket Lab

Long Beach, USA/New Zealand

Specialist in small-sat launcher
and space systems, offering rapid
launch services and in-orbit
spacecraft management.

rocketlabcorp.com

© 2025 The Authors. Published by GITO
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Potentials, Premises, Perspectives

Generative Al, including large language models (LLMs), is developing rapidly
and steadily penetrating more areas of society. Against the backdrop of de-
mographic change, the question arises as to whether LLMs can support
knowledge management in companies. One thing is clear: the loss of implicit
knowledge that is not documented and difficult to communicate could pose
an existential risk to the manufacturing industry in the near future.
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Potentials, Premises, Perspectives

Using LLMs to reinterpret corporate knowledge management

Vanessa Kuks, Pius Finkel and Peter Wurster, Kempten University of Applied Sciences

Demographic change is exacerbating the shortage of labor and skilled workers
in the manufacturing industry, making knowledge management an increasingly
important issue in many companies. Collecting and preserving tacit knowledge
poses a particular challenge. This study examines the extent to which large
language models (LLMs) can provide meaningful support in knowledge gathering
through expert interviews. Three experts test and evaluate a personalized
chatbot that has been developed using ChatGPT-5. The results of the interview
are promising, but the summary shows room for improvement.

German industry is facing profound change due to a rapidly
aging population. Studies predict that by 2036, around
19.5 million of the current 45.6 million employed people
in Germany will retire [1, 2]. That not only aggravates the
already prevailing shortage of skilled labor, but also
provokes a loss of experience-based knowledge. As a
result, companies in the manufacturing sector are
increasingly confronted with the challenge of preserving
the knowledge of seasoned employees. Particularly critical
in this context is the loss of tacit knowledge—knowledge
that is not documented and yet essential for operational
excellence. The rapid development of generative artificial
intelligence, especially large language models (LLMs),
opens up new avenues for systematically capturing,
accessing, and efficiently utilizing such knowledge [3]. This
study aims to develop an initial concept for a practice-
oriented, LLM-based knowledge management system that
specifically addresses and evaluates the preservation of
tacit knowledge.

Tacit and explicit knowledge

According to Ackoff's knowledge pyramid (1989), knowledge
represents the highest level of abstraction above data and
information [4]. Knowledge is considered particularly
critical when it is tacit [4]. Alavi and Leidner (2001) define

The ORCID identification numbers of the
authors of this article can be viewed at:
https://doi.org/10.30844/14SE.25.6.48

This is an open access article in compliance with the conditions
of the Creative Commons Attribution License, which allows
for the dissemination and reproduction in any medium, with
the provision that the original work is cited correctly.
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tacit knowledge as skills
that are difficult to
communicate and deeply
embedded in individual
routines and thought
patterns [5]. In English-
language literature, tacit
knowledge is distinguished
between “tribal,” “tacit,” and
“implicit knowledge” [6]. A
comprehensible differentiation between the terms is
elaborated in [6]. “Tribal knowledge” describes the practical
knowledge of (long-standing) employees that is necessary
for internal processes. The knowledge acquired by experts
through practical, real-world experience (“best practices"”)
is “tacit knowledge.” And “implicit knowledge” includes
cultural knowledge such as traditions and values. Since
the study focuses on preserving the experiential knowledge
of production employees, tacit knowledge is considered
in the sense of “tacit knowledge” and “tribal knowledge.”

Explicit knowledge, for example, work instructions or
technical documentation, can be stored and transferred
more easily [7]. However, even explicit knowledge
frequently loses its applicability and usefulness without
the context of tacit reference [8]. Therefore, the
preservation and transfer of tacit knowledge are particularly
critical.

The challenges of technological knowledge management
in industry can be divided into three key barriers: social,
technical, and organizational factors [3, 9]. At the social
level, for example, a lack of motivation, low recognition
for knowledge transfer, or fear of losing significance may
disincentivize knowledge sharing. At the technical level,
there is often a lack of user-friendly, accessible systems
for documenting and retrieving knowledge. At the
organizational level, industrial practice often lacks strategic
anchoring, formal processes, and internal responsibilities
for knowledge retention [3, 10, 11]. This initial study aims
to examine the use of LLMs as a tool for collecting tacit
knowledge as a possible solution to these technical and
organizational challenges.

Elicitation of tacit knowledge
This paper focuses on the elicitation of tacit knowledge.

In [12], various methods of knowledge elicitation are
collected and compared using a literature analysis. When

Industry 4.0 Science 2025, 6
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selecting methods, it is assumed that a combination of
different methods is usually needed to capture knowledge
holistically. By combining different methods, the
weaknesses of individual methods can be compensated
[12, 13]. Unstructured and semi-structured interviews in
combination with observation are identified as particularly
suitable for eliciting tacit knowledge [12]. Interviews are
the most commonly method for knowledge elicitation
[13]. Observation can be used to capture knowledge that
cannot be expressed or is difficult to communicate verbally
[12, 13]. Interviews are chosen as the method of knowledge
elicitation for this study.

According to Shadbolt et al. [13], interviews can be divided
into structured, semi-structured, and unstructured
interviews. Unstructured interviews have no fixed sequence
and no thematic boundaries. This form of interview
provides an overview of the topic and the interviewee can
co-determine the focus of the conversation. In contrast,
structured interviews follow a fixed structure and use
predetermined questions, e.g., “Could you tell me about
a typical case?” or “Why would you do that?". This structure
facilitates the subsequent evaluation of the interview and
ensures that only thematically important issues are
discussed, thus increasing efficiency. One disadvantage
of the fixed structure is that topics may be overlooked,
especially when conducting an initial overview. [13]

LLMs as a tool for knowledge elicitation

Current technological advances in generative artificial
intelligence, particularly LLMs, promise a profound
transformation of operational knowledge management
[14]. LLMs such as OpenAl, Inc.'s GPT are based on huge
training datasets and can understand and generate human-
like language [15, 16]. This opens up new means of
capturing, structuring, and contextualizing knowledge [17,
18]. Such systems enable low-threshold collection of
experiential knowledge—e.g., via voice-to-text applications.

Despite technological advances, challenges remain in
implementing LLMs for preserving tacit knowledge in an
industrial context. These include, among others:

* alack of validation mechanisms, as LLMs do not have
inherent logic checking [17]

+ data protection and security issues when integrating
company-specific content [19]

+ acceptance problems at employee level due to
skepticism or technical overload [20]

+ unclear responsibilities for maintaining and using the
knowledge base [16]

Industry 4.0 Science 2025, 6 40f 8
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For the successful use of LLMs to collect tacit knowledge,
it is vital to design these systems so that they not only
function flawlessly in technological terms, but are also
easy to use and designed with the user in mind [3].

During this study, the reliability and quality of knowledge
elicitation will be assessed in advance using an LLM as an
example. The research question of the extent to which
LLMs can support the above-mentioned technical and
organizational challenges will therefore be answered. The
study does not yet explicitly include verification with other
knowledge sources or a discussion of the necessary
technical and social framework conditions, such as data
security.

Related study

Van den Bent et al. [21] also investigates whether LLMs
are suitable for knowledge elicitation. In the study, the
knowledge elicitation process consists of an unstructured
interview and subsequent ontology creation. An ontology
is @ method for conceptualizing knowledge and consists
of classes, relations, rules, and instances [22]. The duration
of the interview and the behavior of the LLM during the
interview, as well as the results of ontology creation, are
compared with human experts' results. The study concludes
that interviews using OpenAl's LLM GPT-4 are more
structured than interviews conducted by real people and
therefore can yield efficiency gains. However, the study
identifies poorer results in terms of ontology creation. For
example, it was found that during ontology creation, the
LLM supplements information that is not mentioned in
the interviews. Some of this information is factually correct
and therefore presumably originates from the LLM's
training data [21]. The present study uses a different
methodology than that of van den Bent et al. [21].

Knowledge elicitation through interviews
and summarization

During this initial study, a personalized chatbot was
developed using OpenAl's ChatGPT-5 (released in August
2025) that can conduct interviews on any topic with real
people. A more recent LLM from the same provider as the
related study described above is used.

The aim of the interviews is to gather tacit knowledge from
the interviewee. The interviewees should be able to steer
the interview thematically but without deviating from the
topic and answer specific questions for further clarification.
For this reason, semi-structured interviews are chosen for
the study. In contrast to the related study, in which an
ontology is created, the results of the interview in this
study are output in a structured text file after the interview.

© 2025 The Authors. Published by GITO
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interviewee?

In your opinion, does the summary contain all the information mentioned by the

In your view, have all the unimportant peripheral topics and comments from the

R Shes interview been successfully filtered out?
Redundancy How many duplicate mentions does the summary contain?
Input Fidelity

False Information

Clarity

From your perspective, does the summary contain only information from the
interview, without any additional information?

Is the false statement from the interview included in the summary?

In your opinion, is the summary also written in a way that is understandable for
people without the relevant specialist knowledge?

Duration

How many minutes does the interview take when using ChatGPT's “Voice Mode,”

measured from the start of the first interaction to the end of the summary?

Breadth

Depth

Conversation
Atmosphere

Figure 1: Evaluation criteria.

This summary could then be integrated as a document
straight into a knowledge database.

When creating the chatbot, the rules of prompt engineering
and the procedure for semi-structured interviews are
considered. For this purpose, the role, goal, background
information, procedure, and response format are specified.
In-depth questions are also integrated into the system
prompt as examples. To optimize the system prompt and
thus the interview behavior, 15 interviews are conducted,
and the system prompt is adjusted after each interview
using another chatbot (based on ChatGPT-5). For this
purpose, the interviews are reviewed in terms of
conversation management and summarization, and if the
behavior is inadequate, the correct procedure is specified
in more detail in the system prompt.

For the evaluation, three experts are interviewed about
nine different topics within the area of production-related
innovations and processes. The experts, who are all
engineers and experienced with LLMs and production,

From your perspective, have all subtopics been discussed?

Did the chatbot ask questions often enough until, in your opinion, all the knowledge
on the subtopics discussed had been shared?

In your view, did the chatbot create a pleasant conversation atmosphere?

select the topics. The interview begins with the expert
naming the topic, which is then explored in greater detail
using questions that the chatbot has tailored to the topic.
In contrast, the related study only includes one expert and
one topic area. As with [21], a distinction should be made
between the evaluation of the interview and the final
result, i.e., the summary. The evaluation criteria, including
explanations, are shown in Figure 1.

To ensure that the duration of the interviews is comparable,
all experts use ChatGPT's “Voice Mode."

In the study [21], it was noticed that all ontologies created
by the LLM contain hallucinated information. The criterion
of input fidelity is intended to verify this finding. Information
in the summary that does not originate from the interview
is considered a negative rating for input fidelity. The
criterion of misinformation is introduced as an extension.
For this purpose, the interviewee deliberately make a false
statement in each interview. The chatbot aims to collect
tacit knowledge without verification from other sources

Industry 4.0 Science 2025, 6
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Evaluation Criteria
(evaluation scale (1-4) see below)
Interview Summary
Interview Overview
(Experts and False Information
Topics) Duration Conversation . . Redundancy | Input ) Clarity Clarity Overall
. Breadth | Depth Comp R e e (0 = not included, .
(in min.) Atmosphere (number) | Fidelity N (expert 1) | (expert 2) | Clarity
1 = included)

Expert A, . 10:26 3 4 4 4 4 4 1 3 3 3
Topic: prompt engineering

Expert A,

Topic: personalized chatbot 124 & 3 4 & & 8 3 e 3 3 &
Expert A,

Topic: requirements for a 8:27 2 4 3 4 3 2 1 4 3 3,5
chatbot

Expert B, ) 11:02 4 3 4 3 3 4 1 4 3 35
Topic: optical quality control

Expert B,

Topic: circular economy, 13:30 3 3 4 2 3 0 4 0 3 3 3
recycle system

Expert B, .

Topic: public funds 2D g 3 2 g & 9 v 9 8 &
Expert C,

Topic: manufacturing process 8:23 4 4 3 4 2 4 1 4 3 3,5
“balancing”

Expert C,

Topic: manufacturing process 6:27 4 4 4 3 4 1 4 1 4 4 4
“shrinking”

Expert C,

Topic: joining of car body 10:20 4 3 2 3 0 3 0 3 3 3
panels

Average 9:58 333 | 344 4,00 2,89 3,56 2,33 3,56 0,67 3,56 3,22 3,39
| Evaluation Scale (1-4): 1 = fully li 2= h i 3 = does not tend to apply; 4 =does not apply at all I

Figure 2: Results table.

of knowledge, so that false statements should also be
included. The reason for this is to potentially uncover new
ideas and concepts by individual employees that are
described in existing sources of knowledge using a different
approach.

After their own interview, each expert evaluates it and the
summary based on the criteria described. The experts
then assess the clarity of the other candidates' summaries.
The conversation atmosphere is evaluated by the expert
after all their own interviews. The criteria of breadth, depth,
atmosphere of the conversation, completeness, relevance,
input fidelity, and clarity are evaluated subjectively, i.e.,
the expert chooses between “fully applies,” “somewhat
applies,” “does not tend to apply,” and “does not apply at
all.” For duration, the time is measured; for redundancy,
the number of duplicate entries is counted; and for
misinformation, it is checked whether the false statement
is included in the summary.

Industry 4.0 Science 2025, 6 6 of 8

An interview achieves better results than
a summary

The results of the study are shown in Figure 2, and the
average values of all criteria with the same rating (one to
four) are shown in a bar chart in Figure 3 for clear
comparison.

The results of the study show that LLMs have plenty of
potential when it comes to interviews. It's worth noting
that the chatbot is better at asking in-depth questions
than broad ones. Interviews last about ten minutes on
average, so they don't take up too much time. The
atmosphere surrounding, the conversation also scores
well. This helps counteract the employee acceptance issues
mentioned above.

The values are more volatile in the summary. Completeness,
in particular, only scores 2.89 points. As a result, some
information from the interview is not included in the
summary. Since the goal of the chatbot is to gather implicit
knowledge, a complete summary is essential. The other

© 2025 The Authors. Published by GITO
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Figure 3: Bar chart with average values.

criteria for the summary achieve better results. The LLM
seems to be able to filter out unimportant information to
a large extent (relevance), and the summary is formulated
in a way that is easy to understand—even for people who
do not have the expert knowledge (clarity). However, as
it is being incomplete, the result should be viewed in a
more nuanced way. The summary contains hardly any
irrelevant information, but some important information
is also missing. Accordingly, it can be concluded that the
chatbot is most likely unable to reliably distinguish between
relevant and irrelevant information. On average, each
summary contains 2.33 duplicate pieces of information
(redundancy). However, total elimination of duplicate
information is desirable.

Compared to the results from [21], the results for input
fidelity and misinformation are more positive. One possible
explanation for the improvement may lie in the use of a
more advanced model and the different way in which
results were output and presented. This, in turn, suggests
that a summary constitutes a more suitable representation
for collecting implicit knowledge with an LLM than an
ontology. In most summaries, the LLM uses only
information from the interview, and even factually incorrect
information is included in six out of nine interviews.
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Potentials and premises

This study was conducted approximately six weeks after
the release of the ChatGPT-5 model. The interviewees
described the conversation atmosphere as pleasant. In
the evaluation, as the focus in creating the chatbot was
on optimizing its interview behavior, the interview
performed better than the summary. This result can be
improved by increasing the number of preliminary
interviews to optimize the system prompt. Moreover, the
better performance regarding input fidelity and
misinformation compared to the hallucination in the
related study is also noteworthy. However, as mentioned
in the previous chapter, these results should not be seen
as universal. Especially in practical applications, the results
for completeness in particular show potential for
optimization.

Nevertheless, as this initial study demonstrates, LLMs,
and ChatGPT-5 in particular, have great potential in the
field of tacit knowledge elicitation. One approach may be
the use of a human expert to check for consistency in the
summarization process. This would also address the
challenge mentioned at the outset, namely that LLMs lack
an inherent logic check.
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Perspectives for further research

This study provides research institutions with a starting
point for further investigation into the subject and
encourages companies to consider using LLMs when
capturing implicit knowledge. In the future, we plan to
conduct numerous additional interviews with external
experts and to perform technology benchmarking with
other LLMs. Interviews with experts who are not adept at
using LLMs can help obtain more nuanced results. The
results of our preliminary study fundamentally support a
more advanced and programmatically more sophisticated
prototype for preserving tacit knowledge in the production
environment. This prototype will be tested, validated, and
specifically optimized in various manufacturing companies
while focusing on improving the interview output, i.e., the
summary. Its aim is to preserve knowledge that would
otherwise be lost due to demographic change and, at the
same time, to strengthen the manufacturing industry’'s
competitiveness in the long term. Besides being verified
against other sources of knowledge, further studies will
examine critical considerations such as data security and
ethical issues. This initial study is limited to the technical
and organizational challenges of capturing tacit knowledge.

Note from the authors to interested readers: As described,
we are aiming to expand the database and conduct further
interviews with external experts. If you are interested in the
solution we have developed or would like to participate in
further studies, we cordially invite you to contact us.
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Work Design for Learning and Competence Development

New forms of learning organization and support

Peter Dehnbostel, Technical University of Dortmund

Work design that promotes learning and competence development is essential
for new work and organizational concepts such as “learning organizations” and
“Industry 4.0". Developing and applying criteria for promoting learning and
competence development in the design of digitally transformed work enables
more effective and efficient work processes, makes work more human-centered,
and aligns with the Al-based future of work. Digitalization also includes work-
integrated forms of learning such as online communities, learning platforms,
and digital cognitive assistance systems. In the future, work design that promotes
learning and competence development will be a central task of corporate training

and personnel and organizational development.

Work design is generally defined as the creation of work
systems in alignment with technical, ergonomic, and
economic research, as well as the optimal interaction
between employees, work equipment, work methods, and
workplaces [1, 2]. Key areas include anthropometric,
physiological, and safety-related work design. Another
area is learning- and competence-promoting work design,
which aims to support and improve learning and
competence development at work [3].

Work design, which was initially classified as merely
conducive to learning, has been the subject of theory
and practice since the 1980s. Primarily an ergonomics
subject at first, it later became important for occupational
and organizational psychology, management and business
administration, and vocational and continuing education.
Historically, optimization criteria for work design have
been considered crucial since it became clear that the
workplace must be distinguished from the rest of life in
terms of space, time, and organization. Measures and
methods for work design have existed for centuries, even
if they were not always understood or referred to as
such. This is demonstrated, for example, by the
apprenticeship system and master craftsman
qualifications in the Middle Ages.

Work design that promotes learning and competence
development is beneficial for both companies and
employees. It enables companies to achieve greater
effectiveness and efficiency in their work processes.
Work that is designed to promote learning and
competence development has become an important
economic factor for companies in terms of their
competitiveness within national and international
markets. For employees, on the other hand, professional
skills and career paths depend largely on at-work
learning. Work must therefore be designed accordingly.

60

The wuse of digital
technologies is
fundamentally changing
work. This article first
describes digitally
transformed work before
explaining the related
criteria for learning- and
competence-promoting
work design.

Digitally transformed work

Since the 1970s, changes in the world of work have been
reflected in restructured organizational concepts and
the onset of digitalization. This refers to the conversion
of analog data into digital data and the resulting use of
digital technologies. Workplaces have turned from
digitalization focused primarily on technical processes
to comprehensive digital transformation, characterized
by the rapid spread of digital technologies, the
subjectification of work, changed interactions, work-
integrated learning, and the creation of innovative forms
of learning.

In connection with the digital transformation of work,
the introduction and spread of key digital technologies
are bringing work-integrated learning and the
subjectification of work to the fore. The latter manifests
itself in two ways: on the one hand, companies demand
subjective performance and behavioral dispositions such
as flexibility and self-management; on the other hand,
employees bring subjective demands to work, such as
the desire to perform independent and meaningful tasks
[4]. The subjectification of work not only changes
individual work behavior but also affects the cooperation
and interaction of employees. This is particularly evident
in collaboration and in changed human-machine
interactions, which are redefining the position of humans
in work, especially with regard to generative Al [5].

Learning at work, as the oldest and most widespread
form of professional qualification, has experienced a
renaissance with the advent of digitalization. The goals,
content, forms, and methods of learning at work are
undergoing profound change. Advancing digitalization
is particularly strengthening informal learning and shaping
the reflective nature of operational work. As a result,
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Criterion

Brief description

1 | Digitalization

Conversion of analog data and information into digital formats and the resulting use of
digital technologies, including for work-related changes.

2 | Project orientation/holistic approach

Coherent task processing based on reflective professional competence.

3 | Subjectification/scope for action )
action.

Strengthening normative subjectivity and associated self-directed, competence-based

4 | Experience of problems and complexity

Internal and external experiences in digitalized work under the special qualification
requirements of the VUCA world and agility.

5 | Social support/interaction

Social relationships, communication, collaboration, human-machine interaction.

Individual development/educational

relevance . .
professionalism.

Acquisition and development of comprehensive professional skills; educational orientation
through subject-centered work awareness, experiential knowledge, and expanded

7 | Professionalization

Increased expertise and knowledge through successful action strategies, digital
networking, and formal and informal continuing education.

8 | Reflexivity

Opportunities for structural and self-reflexivity; reflexivity as conscious, critical, and
responsible evaluation of actions.

Figure 1: Criteria for work design that promotes learning and competence.

work-integrated learning is becoming a constitutive part
of work. Although this work-integrated learning, as a
necessary requirement of digital work, is dominated by
informal learning, it also includes organized learning. It
can thus be divided into purely informal learning and
learning that combines informal, non-formal, and formal
learning processes [6, 7].

Criteria for work design

The last few decades have seen the interdisciplinary
development of practical principles, characteristics, and
criteria for work design that promotes learning. These
must, however, be updated with regard to the future of
work, especially Al-related developments. Based on the
current state of research, eight criteria can be summarized
that all contribute to learning- and competence- promoting
work design.

These criteria, which are explained in the specialist
literature [3, 8], place self-directed learning of individual
employees and groups at the center of competence
development. By expanding from a work design that
promotes learning to one that promotes learning and
competence, holism, competence-related subjectivity, and
competence development through work-integrated
learning are incorporated into the design. The main value
of such work design lies in the fact that learning is used
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to increase productivity. This makes learning work-oriented
and structured and promotes the acquisition of professional
skills as part of comprehensive professional competence.

The practical and design-related application of the criteria
depends largely on company-related factors such as
industry affiliation, company size, work and organizational
concepts, and corporate culture. They can thus be
implemented through negotiation. They are not considered
quality criteria per se, because whether they have a
promoting or inhibiting effect on learning also depends
on individual characteristics such as the individual's level
of development, attitudes, and learning history. For
example, a large scope for action may promote learning
for one person but inhibit learning for another. The
question of whether work promotes learning and
competence is therefore not only subject to objective
criteria but must always be viewed in relation to the
dispositions of the individuals involved.

Work-integrated forms of
learning support

The forms of learning support described in the following
section contribute significantly to work design. Both
learning forms combine work and learning, largely meet
the criteria for work that promotes learning and

© 2025 The Authors. Published by GITO
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Work infrastructure

« Work organization,
process/structural organization,
networking

« Digital technologies, work
equipment, facilities

« Qualification requirements, work
culture
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Learning infrastructure

« Physical, virtual, hybrid learning
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opportunities

« Work design that promotes
learning and skills

« Forms of learning
support/educational staff

« Learning concepts, validation, and
recognition

[é

Informal learning — formal/non-formal learning

Figure 2: Dual infrastructure of work-integrated learning organization forms.

competence, and promote the qualification and
competence development of employees. While learning
support constitutes an independent branch supplemental
to work infrastructure, some forms can be integrated
directly into existing work processes. They enrich these
processes by providing human and technological resources
that support learning during work activities.

Both forms of learning explored here were only introduced
in significant numbers with the emergence of digitalization
in the 1980s/1990s [3]. As forms that organize and support
learning at work, they have become necessary to keep up
with the growing complexity and uncertainty of the modern
world of work and careers. In conventional industrial work,
with its fixed and thoroughly planned work structures,
there was no need for such forms of learning in view of
the hierarchically structured organizational, process, and
management structures. Today's work structures and
processes are becoming increasingly complex, borderless,
and agile; they thus require these forms of learning.

Learning islands, learning centers, communities of practice
(CoP), and work and learning tasks are now considered
classic forms of learning organization. The learning center
established at BMW AG in 1985 serves as a model for
organizational development [9]. Newer, digitally oriented
forms of learning organization include online communities,
learning management systems (LMS), learning experience
platforms (LXP), and learning factories in the workplace.

Learning organization is aimed both at the qualification
requirements of work and at the individual and group-
related competence development of employees. It thus
takes into account individual experiences and subjective
interests while at the same time meeting the learning and
innovation requirements of companies. As Figure 2 shows,
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work infrastructure and learning infrastructure are
intertwined. This dual infrastructure expands work-
integrated learning and combines informal learning with
non-formal and formal learning. Or, to put it another way,
workplaces and work processes are supplemented by
organized learning from a learning systems and
competence theory perspective without being formalized
and thus losing their characteristic features.

Work-integrated learning support forms

Work-integrated forms of learning usually represent
long-term assistance and support in the workplace, which
often also includes advisory functions. They are directly
aimed at promoting and further developing learning and
competence processes in individuals and groups. In
doing so, they shape work in a way that promotes
learning and competence, strengthens experiential
knowledge, and contributes to the preservation of career-
related insights.

The focus of learning support is on informal learning,
which is linked to non-formal and formal learning and is
reflected in different personnel compositions. Until now,
this has primarily taken place in the context of vocational
training measures in the workplace and, beyond that, in
part-time and dual study programs. With the ongoing
digitalization of work, digital assistance systems have also
emerged that support work activities in the context of
human-machine interaction.

As shown in Figure 3, learning support in the workplace
takes four primary forms, which are characterized by the
following features: digital assistance systems, coaching,
mentoring, and learning process support [3].

Industry 4.0 Science 2025, 6
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Figure 3: Forms of work-integrated learning support.

Digital assistance systems are a result of the digitalization
of work and are based on digital technologies [7, 10, 111.
A distinction must be made between cognitive and physical
assistance. The latter contributes to ergonomic work design
and was already widely used in the early days of
digitalization, particularly in the first generation of robots
in the automotive industry [12]. Digital cognitive assistance
supports work activities and contributes to problem-solving
and decision-making. It promotes informal as well as
organized learning. Well-known examples include
immersive technologies such as virtual, augmented, and
mixed reality (VR/AR/MR) as well as worker assistance
systems.

Coaching is by far the most widespread form of support
in the working world. It enables individuals and groups to
reflect and further develop their learning and competence
development processes in a professional environment
[3]. This increases independence and self-management
and expands competence. Helping people to help
themselves is a guiding principle of coaching. The coach
is an expert in support and counseling as well as an expert
in the process. Different forms of coaching take place in
companies, such as individual, team, and project coaching,
as well as collegial coaching. With the advance of
digitalization, online or e-coaching is becoming increasingly
important.

Mentoring is a form of workplace support in which an
experienced person—the mentor—supports a person
seeking to gain qualifications, the mentee, in a direct
one-to-one interaction [3]. It is a traditional form of
support that is being expanded and reinforced via digitally
transformed work. It serves to support and promote the
professional development of young high-potential
employees. A distinction is made between internal and
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external mentoring, as well as between formal and
informal mentoring. Mentoring is increasingly taking
place via digital media and in the form of blended learning
concepts. It is divided into different variants such as
cross-mentoring and e-mentoring. Peer mentoring has
also emerged in digital work, where employees exchange
ideas and support each other directly in the work process.
Peer mentoring is sometimes classified as informal
mentoring.

Learning process support refers to support provided in
the workplace as part of a qualification program [3]. This
may involve training or further education, adaptation
training, or other professional development. Learning
process support is understood as direct personal support
for employees and is carried out by trained learning
process support staff or by training and further education
instructors. Itis also part of the recognized, broadly based
advanced training professions of “Certified Training and
Further Education Instructor” and “Certified Vocational
Instructor” [13].

Future prospects for learning- and
competence-promoting work design

Digitally transformed work is an expression of profound
changes in the world of work and, in an epochal comparison
of industrial revolutions, is still in its infancy. Already today,
60-80% of the professional competence of skilled workers
is acquired informally and supplemented by non-formal
and formal skills acquired at work. Work design that
promotes learning and competence is a key factor in
enabling and guiding this competence development. It is
therefore important to systematically anchor and

© 2025 The Authors. Published by GITO
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professionalize this task in corporate training and personnel
and organizational development.

Key tasks include the active application and implementation
of the above criteria and the constructive organization of
work, taking into account human resources, work efficiency,
and vocational training requirements. At the same time,
the expansion of learning organization and learning
support forms must be promoted, with the ongoing digital
transformation acting as a key driver. This is reflected,
among other things, in the increasing spread of learning
management systems and learning experience platforms
in an increasingly platform-based working world. Finally,
the recognition and validation of skills acquired through
work-integrated learning are essential. In addition to
recognition by companies, this requires national regulations
and a comprehensive validation system, as has already
been successfully established in several European
countries, such as Switzerland and Austria.
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Electric Trucks in Intermodal Terminal Pre- and Post-Carriage

Impact on terminal processes in combined road-rail freight transport

Ralf Elbert and Samira Ghaneian Sebdani, Technical University of Darmstadt

Electric trucks (e-trucks) play an important role in reducing CO, emissions
especially on short distances in pre and post-carriage in combined road-rail
freight transport (CT). Using the example of a CT terminal, this article highlights
the logistical and energy challenges involved in using e-trucks to establish
suitable charging infrastructures and ensuring a reliable power supply.

Freight transport in Germany has experienced steady and
strong growth in recent decades [1]. Despite the use of
various modes of transport, road freight transport remains
the dominant form of transport to this day [2]. Within rail
freight transport, however, combined transport (CT) is
showing above-average, dynamic growth. Forecasts up to
2026 assume continued double-digit growth rates, which
underlines the increasing importance of CT as an
environment- friendly alternative in the freight transport
sector [3].

In 2022, pre and post-carriage in CT [4] accounted for 15%
of road transport (303.9 million kilometres in total) in
Germany. This illustrates the key role of road transport
as a link within intermodal transport chains. At the same
time, absolute CO, emissions from road freight transport
rose by around 14.6% between 1995 and 2023,
demonstrating the ongoing influence of increasing
transport volumes [5].

Electric trucks: A means of reducing CO,
emissions in freight transport

This raises the question of how emissions from road freight
transport can be reduced sustainably. One promising
answer is the use of electric trucks (e-trucks) [6], which
can make a significant contribution to the decarbonization
of freight transport [7].

The need to reduce emissions arises not only for
environmental reasons, but also from clear political and
social demands (Fig. 1).

According to a forecast by strategy consultancy Strategy&,
around 91% of all new truck registrations in Europe will
be electric by 2040. A similarly high proportion of around
90% is expected in North America and China [8]. Figure 1
shows the projected development of the share of electric
trucks in total sales in these three regions between 2020
and 2040. The graph illustrates the global trend toward
the electrification of heavy-duty transport. At the same
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time, this also requires the
expansion of the charging
infrastructure, such as at
transshipment terminals in
combined road-rail freight
transport (CT). According to
the Federal Office for
Logistics and Mobility (BALM), CT refers to the transport
of goods in a loading unit. Most of the route is covered by
rail, inland waterways or seafaring vessels and the pre- and
post-carriage by road [14]. CGT terminals, as hubs in CGT,
face the challenge of efficiently managing both the charging
requirements of electric trucks and the power needs of
other consumers, such as cranes and conveyor systems.

This article aims to analyze the status of the use of electric
trucks in intermodal transport, both from the perspective
of scientific research and based on current reporting in
the trade press. To address the gap between theoretical
potential and practical implementation, a three-step
approach is taken: First, it examines the state of research
on potential and obstacles. These findings are then
reflected in reports from operational practice. Finally, an
expert interview with a large, combined transport terminal
operator validates the analysis with practical insights and
confirms the challenges identified.

State of research on the use of electric
trucks in combined transport

CTis an integral part of modern logistics networks in both
Germany and Europe. Although trucks remain the most
important means of transport, more environment friendly
alternatives such as freight trains and inland waterway
vessels are increasingly being used on longer distances.
These modes of transport have steadily increased their
share of total transport volume in recent years and are
considered an important part of sustainable logistics [15].
[16]??7?shows that even today, some of the pre and post-
carriage transport in combined transport (CT) could be
shifted to battery-electric trucks, which would lead to
annual CO, savings of around 13,000 tons at one CT
terminal examined. If this potential were applied to all
European CT terminals, it would result in potential savings
of several million tons of CO, per year.

Pre and post-transport in combined transport is
considered a particularly promising area for the early
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Category Lever/measure

Political

CO, differentiation of the truck toll [9]

Goal/qualitative effect

Direct cost benefit for zero-emission trucks
(e.g., toll exemption) [9]

Vehicles with a technically permissible
maximum mass exceeding 3.5 tons are

subject to tolls [9]

Toll exemption until December 31, 2025
for zero-emission heavy-duty vehicles [9]

Promoting the roll-out of climate-friendly
vehicles [9]

Permanent exemption for zero-emission

vehicles up to 4.25 tons [9]

Tax exemption for zero-emission vehicles

[10]

Economic/financial
KsNI) until 2024 [11]

Promoting charging infrastructure [12]

Societal

Purchase rebate/support programs (e.g.,

Specialists and apprenticeship [13]

Zero-emission vehicles are exempt from
tax. Tax relief lowers ongoing costs and
promotes dissemination [10]

Reduction of high acquisition costs and
removal of barriers to investment [11]

Financial support for the installation of
(non-)public charging points [12]

Adaptation of job profiles (e.g.,
dispatchers, workshop personnel) to
e-mobility [13]

Figure 1: Overview of government and social levers for CO, reduction and promotion of e-trucks in freight transport.

introduction of electric trucks, as the transport distances
by road are short compared to the main, rail-based leg
and there are several round trips between the terminal
and loading points. In addition, (in principle) charging
times during the waiting, loading, and unloading processes
at the CT terminal could be used without negatively
impacting the productivity of the electric trucks. However,
technological challenges remain, such as limited range,
restricted payload, and long charging times, for which
efficient solutions must be developed before the
widespread use of electric trucks can be realized [6]. In
particular, the insufficiently developed charging
infrastructure currently poses a major challenge for the
use of electric trucks [17]. The development of a high-
performance charging infrastructure requires considerable
investment and lengthy approval processes. The low
availability of public charging points is also a limiting
factor [18]. Studies show that government support
programs, in particular subsidies for developing charging
points, can lead to a significant increase in the introduction
of electric trucks [19]. When it comes to the electrification
of trucks, worse-before-better effect can be expected:
the transition will initially lead to higher costs but will
offer cost advantages in the long run. Despite higher
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acquisition costs, electric trucks are expected to achieve
a cost advantage over their lifetime, primarily due to
significantly lower variable operating costs for energy
and maintenance [20].

According to [21] and [22], the costs for battery-electric
trucks will decline significantly because of falling battery
prices and increasing energy efficiency. In this case, the
break-even point will be reached faster. Therefore, initial
disadvantages due to higher acquisition costs and charging
times will by then only be offset by the positive effects of
falling battery prices and lower operating costs. Starting
in 2030, electric trucks could compete economically with
diesel trucks, provided that the charging infrastructure
and power grids are expanded in time.

On the other hand, targeted policy measures, such as
higher permissible gross weights for electric trucks or
the rapid expansion of the charging infrastructure, could
significantly increase the potential for electrification
[18]. In addition, the possibility of local electricity
generation at industrial sites could be considered to
cover part of the energy requirements of electric truck
fleets [16]. Figure 3 summarizes measures for the

© 2025 The Authors. Published by GITO
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Figure 2: Forecast share of electric trucks in total sales by region (2020-2040) [8].

integration of electric trucks in combined transport and
evaluates them according to their impact (electrification)
and feasibility.

Research shows that the use of electric trucks in combined
transport can already be beneficial assuming that suitable
conditions are in place. At the same time, range and
payload limits must be considered in scheduling to ensure
robustness even in the event of disruptions. In addition,
terminal-wide energy management and standardized data
and interfaces between electric trucks, charging points,
and terminal IT are coming into focus to avoid peak loads
and support operational decisions.

Building thereon, the focus is now on practical application:
What usage patterns, savings, and organizational solutions
do real projects show—and where are the current
limitations? The following section draws on current press
and industry reports as well as company announcements
to critically reflect on the “theoretical” potential applications
of electric trucks in combined transport. This allows us to
move from the theoretical “might work” to the operational
“definitely works under these conditions.”

State of operational practice on using
electric trucks in combined transport

In addition to scientific literature, press releases, industry
reports, and company publications provide insight into
the potential applications of electric trucks in combined
transport. While research publications often analyze
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technical potential and challenges, practical reports focus
more on specific use cases, savings achieved, and
organizational solutions. [23] argues that pre- and post-
carriage should be gradually converted from conventional
trucks to electric trucks. The electricity required might
come from the company's own photovoltaic systems. It is
also apparent that terminal operators, combined transport
operators, and freight forwarders are analyzing the use
of electric trucks in combined transport: According to the
Contargo company, for example, the use of electric trucks
in combined transport on the Mannheim-Rotterdam route
can slash CO, emissions by up to 94% compared to using
only diesel trucks in road transport [24].

Parallel to technological advances, digital brokerage and
organization services are becoming established that
increase efficiency in combined transport. Platforms such
as Rail-Flow improve coordination between operators,
terminals, and freight forwarders to enable the transport
of more goods by combined transport [25, 26] and could
play an important role in the future in scheduling loading
windows for electric trucks.

In addition, the expansion of the charging infrastructure
is gaining momentum. According to [27], around 1,800
high-performance fast charging points are to be installed
in 354 public places by 2030 to enable the fast charging
of e-trucks during the driver's rest periods. An additional
temporary 2,400 charging points are planned. This
should cover a large part of the charging demand in
future and almost the entire road network. [28]
documents the successful integration of electric trucks
into time-critical shuttle services. After a test phase,
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No. Measure

—_

Building charging infrastructure [17]
Integrate loading into transshipment process [6]

Reliable charging windows at the terminal [6]

Increase in permissible gross vehicle weights for electric trucks [18]

Cost reduction due to falling battery prices [21, 20]

2
3
4 Local power generation [16]
5
6
7

Support programs and subsidies [19, 12]

Effect Feasibility
high medium
high medium
high medium
medium low
medium medium
high medium
high high

Figure 3: Qualitative impact portfolio of key measures for integrating electric trucks into combined transport.

daily round trips could be reliably implemented, even
with increased energy requirements in winter.
Partnerships between freight forwarders and electric
truck manufacturers also aim to increase the use of
electric trucks and thus gradually increase the share of
zero-emission transport [29]. Summarily, the report
makes it clear that the use of electric trucks in combined
transport can gradually develop from the pilot phase
to application maturity.

The potential applications described above are critically
examined in the following section based on an interview
to validate these practical reports and gain more detailed
insights into the operational challenges at the terminal.
The interview was conducted online in July 2025 and then
transcribed and evaluated.

Logistical requirements for operating
electric trucks at intermodal terminals

The interview with a major terminal operator confirms
that reducing CO, emissions is a key motive for introducing
electric trucks in pre and post-carriage. Electric trucks
are mainly used for short distances between 40 and 70
km, which is highly compatible with the range of modern
models (345-400 km per charge). According to the
interviewee, the existing approval for transporting-
dangerous goods with electric trucks further expands
the range of possible applications. Despite these
possibilities, the switch to electric trucks also entails
restrictions. The interview showed that route planning
must be adapted to the limited range of electric trucks,
with journeys over 150 km being particularly problematic,
especially if there are unforeseen delays along the way.
The payload is also limited. Although combined transport
vehicles can have a total weight of up to 44 tons, in
practice, electric trucks frequently have significantly
reduced payloads to avoid compromising their range
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excessively. That increases the complexity of planning
and reduces flexibility compared to conventional diesel
trucks. According to the interviewee, the necessary
charging infrastructure also poses a major challenge, as
the connection to the power grid in particular leads to
high costs and requires considerable planning effort.
One reason for this is that separate transformer stations
are required for the power supply, which can involve
lengthy approval processes. At the same time, other large
energy consumers such as cranes and refrigerated
containers must also be supplied at the CT terminal. To
avoid peak loads and ensure power availability, an energy
management system for intermodal terminals that
continuously monitors power consumption and can
specifically control when certain consumers are prioritized
or reduced appears to be appropriate.

Outlook and existing challenges for the
use of electric trucks

This article highlights the opportunities, but also the
challenges to, using electric trucks in combined transport,
especially at transshipment terminals. The literature
reviewed and the interview conducted reveal four key
challenges for the use of electric trucks in the pre and
post-carriage stages of combined transport.

1. Data for transport planning: Comparable key figures
on energy consumption, loading windows, dwell
times, and transshipment times form an essential
basis for transport planning for electric trucks in pre
and post-carriage with the interface to the intermodal
terminal. Currently, this data for transport planning
is not yet available in a systematic, standardized
form. Without this data basis, it is difficult to reliably
incorporate ranges, loading requirements, and
handling processes into operational transport
planning.

© 2025 The Authors. Published by GITO
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Charging infrastructure at the intermodal terminal
and along the transport route: The expansion of
high-performance charging points extends the range
of action. The challenge is that the necessary charging
infrastructure is not yet available across the board
and requires both investment and coordination
between intermodal terminals, energy suppliers, and
public operators.

System integration: Interfaces between fleet, terminal,
and energy management, as well as advances in
high-performance charging, can increase the
robustness of transport planning. Different systems
and a lack of standards make it difficult to exchange
data consistently and prevent the efficient coordination
of the energy requirements of electric trucks and
terminal processes.

Need for political action: As shown in Figure 1, the
success of electrification depends largely on political
framework conditions. The expert interview and
literature analysis confirm that market mechanisms
alone cannot bear the high initial investment costs
(especially for grid expansion at terminals). Clear
political action is needed to accelerate approval
procedures for grid expansion, investment, and power

supply.
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Has the Time Come for an Energy Revolution

in Intralogistics?

Hydrogen fuel cells are a sustainable option for industrial trucks, as they offer
fast refueling, zero emissions, and consistent performance—ideal for deman-
ding warehouse or production tasks. However, high acquisition costs and
uncertainties among potential users are slowing down their introduction.
Economic and operational aspects should be at the forefront when conside-
ring whether and for whom fuel cells currently make sense.
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Has the Time Come for an Energy Revolution in Intralogistics?

The current status of hydrogen fuel cell-powered MHE

Gustav Bésehans und Joseph W. Dérmann, SRH University of Applied Sciences Heidelberg

Hydrogen fuel cells promise to be a sustainable alternative to fossil fuel or
battery-electric material handling equipment (MHE) in various production or
warehouse contexts. Short refuelling times, an absence of carbon emissions,
and constant power input put fuel cell-powered MHE at an advantage in high-
intensity work environments. However, various barriers to the adoption of fuel
cells remain, including considerations surrounding cost and efficiency. In this
article, the authors review the current state of the art regarding the economic
viability and operational efficiency of fuel cells. They thereby determine whether
their increased use is worthwhile under current conditions and, if so, for whom.

The question of when a switch to fuel cell-powered material
handling equipment (MHE; see Figure 1 for an illustrative
example) becomes a worthwhile investment is still under
debate. The answer depends on a variety of factors,
including hydrogen supply and infrastructure, fleet size,
load profile, and operation hours (see also [1], [2]). To
provide a commercially viable solution to companies with
a high volume of intralogistics operations, the operational
efficiency and economic viability of fuel cell systems must
be guaranteed. Whether or not a fleet of hydrogen-powered
MHE can rival a fleet of battery-powered ones depends
on factors that are not always within the user's control.

Figure 1: Fuel cell-powered forklift next to a hydrogen
dispenser.
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As the proliferation of fuel
cell-powered MHE
continues, it is of critical
importance to continue
studying and evaluating its
performance, especially in
comparison to competing
technologies such as, first
and foremost, lithium-ion
batteries. Several studies
published over the last 15
years have evaluated or simulated the use of fuel cells
against common battery-powered MHE, mostly from either
an economic (e.g., return-on-investment, total cost of
ownership) or operational (e.g., lifetime, range) perspective.
To date, however, only few such studies have been
published, despite substantial growth in the use of
hydrogen for material handling applications [3] as well as
a growing interest in applying hydrogen in other areas,
such as for the decarbonization of heavy-duty freight
transport or port areas. Below, we provide a synthesis of
the most important insights from these studies.

Economic viability

Previous research in a North American context has
concluded that fuel cell forklifts are not economically
competitive when compared to battery-powered ones,
with fast-charge forklifts being the most economically
viable under high workload conditions [4]. Similarly, a
total cost of ownership calculation concluded that fuel
cell systems are more expensive than lead acid batteries,
but not lithium-ion batteries [2]. Due to rapid advances
in the development of lithium-ion batteries, however,
the life cycle cost of the latter over ten years is currently
estimated to be less than half the cost of proton exchange
membrane fuel cells (PEMFC) or direct methanol fuel
cells (DMFQ) [5].

While these findings challenge the economic viability of
fuel cell MHE, there is a growing body of evidence that
suggests otherwise. In particular, research has shown that
fuel cell forklifts can be economically competitive compared
to battery systems, especially in the context of multishift
operations [6]. The total cost of ownership can be reduced
and the higher costs of hydrogen fuel and associated
infrastructure either partially or completely offset through
a reduction in labor costs associated with battery charging
and swapping, as well as lower facility costs. Fuel cell
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systems can also rival battery systems due to their greater
life expectancy, despite higher initial costs [6].

More recent research has reached similar conclusions by
demonstrating the feasibility of retrofitting a lead-acid
battery-powered forklift to a hydrogen-powered one with
predicted gains in the autonomy and life cycle of the forklift
[71. It has further been suggested that, for forklift users
with smaller fleets (i.e., less than 50 units), which represents
80% of forklift users, direct methanol fuel cells will be even
more cost-effective due to the significantly lower cost of
methanol versus hydrogen infrastructure. Finally, fuel cells
are particularly attractive as a replacement for diesel
engine-powered forklifts because the total cost of the
PEMFC forklift, hydrogen production, and the refuelling
system can be recovered in less than five years [8].

Operational efficiency

One simulation suggests that fuel cell-powered material
handling equipment may be particularly attractive for
warehouse tasks that conform to three conditions:

a) a medium to large fleet,
b) high usage (i.e., three working shifts per day), and

¢) onsite hydrogen production via natural gas reforming
or the use of market hydrogen [9].

Fuel cells can increase equipment uptime due to
substantially shorter refuelling times compared to battery-
powered MHE [10]. This does, however, depend on the
efficiency of the battery swapping process, which may
vary greatly [11]. According to the authors of the
H2IntraDrive project report, the average refuelling time
for fuel cell-powered floor vehicles is 2 minutes and 36
seconds (best case scenario), whereas the fastest battery
swapping process (e-forklift with pallet truck, decentralized
charging station) takes approximately 3 minutes and 20
seconds. The time-saving potential is thus only around 45
seconds. Such a scenario inevitably raises the question of
whether the required investment in fuel cell infrastructure
and equipment is worthwhile. In practice, however, battery
swapping time has been shown to last anywhere from 3
to 25 minutes. With these more realistic estimates, time
savings could be up to 92% [11].

On the other hand, fuel cell-powered floor vehicles tend
to have shorter range (i.e., operating hours) compared to
their battery-powered counterparts. That is, due to their
higher energy capacity, the operating hours for battery-
powered forklifts between charging cycles/battery swaps
are almost double those of fuel cell-powered MHE [11].
Hence, despite advantages in the time required to refuel,
fuel cell forklifts must refuel at least once to match the
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operating time of a battery forklift. With advances in fuel
cell technology, however, it is expected that the effective
range will become greater over time. Moreover, due to
their compactness, fuel cells benefit from lower weight
compared to their battery counterparts and offer quicker
startup times [12].

In terms of lifetime, fuel cells also show promise. While
the average lease time for forklift trucks is around five
years, fuel cells can last up to ten years or more, which is
substantially longer than the lifetime of a (lead-acid) battery
[10]. Based on observation data, the lifetime of fuel cells
may equal that of the MHE itself, whereas MHE usually
outlasts the lifetime of batteries [11]. For example, whereas
a battery-powered forklift may use three batteries in its
lifetime, it would only require one fuel cell.

Future outlook and research questions

Cost of hydrogen

The cost of hydrogen is a decisive factor for the adoption
of hydrogen-powered MHE (Fig. 2). While finite fossil fuel
resources such as natural gas, coal, and oil are still
substantially cheaper than hydrogen for most applications,
the use of fossil fuels is expected to gradually decrease,
with prices increasing in the long term [13]. At the same
time, the production and thus end-user costs of hydrogen
will decrease substantially. Through the scale-up of hydrogen
production and distribution, projections by the Hydrogen
Council foresee a cost reduction by up to half for various
hydrogen applications until 2030 [14]. A more conservative
estimate suggests a cutting in half of the production price
of hydrogen from electrolysis by 2050 [15].

In the case of material handling, fossil fuels are already
in sharp decline, while the electrification of equipment
has helped businesses to cut down emissions. With a
decrease in hydrogen production costs, fuel cell-powered
MHE will become more competitive in comparison to
battery-powered (lithium-ion) MHE on top of the fact that
it already provides a more sustainable alternative to
common diesel and lead-acid battery-based MHE [2, 8].

Data-driven fleet management

Data-driven fleet management is becoming indispensable
for effective fleet operation (see Fig. 3 for an illustration).
Investing in appropriate fleet management software not
only enables close monitoring of the fleet, but also provides
various options for fleet optimization, from optimizing
workflows to identifying usage patterns of individual
vehicles, thus guaranteeing an optimal allocation of
resources.

In intralogistics operations, monitoring the usage of forklifts
with sensors and appropriate fleet management software

© 2025 The Authors. Published by GITO



Figure 2: Example of a hydrogen storage container.

can help to optimize fuel consumption as well as helping
to determine the optimal fleet size through shedding less
used or unused MHE. Collecting appropriate data about
the usage of MHE (e.g., hours of operation, distance
travelled, charging times and workload) and relevant
contextual factors (e.g. area of deployment, local
temperature) is therefore crucial. For hydrogen-powered
MHE, additional factors such as the tank pressure and
temperature, refuelling time, and hydrogen consumption
must also be considered.

Fuel cell applications beyond intralogistics

The use of hydrogen, especially green hydrogen, has great
potential in intralogistics. Instead of a network of refuelling
stations along a transport route, a few dispensers can suffice
to power an entire fleet of MHE. The ecological argument
for battery-powered devices is also guaranteed in forklift
trucks through use of the intermediate battery, which is
charged during operation, thus providing a constant power
output. Yet, the use of hydrogen fuel cells is by no means
limited to intralogistics operations. Hydrogen can have
numerous applications in 1:n consumer structures due to
its short refuelling times and reliable performance.

The use of hydrogen technology for shunting locomotives
at freight yards, tugs in ports or pushback vehicles at
airports is a good example. From a logistical point of view,
it is helpful in these scenarios that one or a few hydrogen
refuelling points can be made available to many devices.
The high level of performance, even at the end of a work
shift, makes the technology particularly interesting for
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high-performance tractors. In a project that considers the
use of maritime tugs or shunting locomotives, the
requirements must be researched.

Other scenarios for the use of hydrogen fuel cells include
the conversion of buses in public transport. The increasing
density of conurbations requires lower-emission transport
concepts and drive methods. The use of hydrogen in buses
could be one such approach. Since the vehicles return to
the depot at the end of the shift and routes and areas are
already designed according to capacities and ranges, the
establishment of an infrastructure with only a few refuelling
points could be a viable solution.

Hydrogen now and in the future

In conclusion, while an energy revolution in intralogistics
is within grasp, whether or not a switch to fuel cell-powered
MHE is a worthwhile investment depends on various
factors, some of which are outside the user’s control. Major
barriers to large-scale adoption are the cost and supply
of hydrogen. Currently, fuel cell-powered MHE is only
recommendable for larger fleet sizes with a high intensity
workload, as the greatest economic and operational
benefits can be achieved under these conditions. For
smaller fleet sizes with lesser workloads, battery powered-
MHE remains the preferred solution, given that the battery
swapping process is more effective. However, as hydrogen
is projected to become more available and affordable as
a resource, it may become a viable solution for a broader
range of stakeholders with more diverse workload
requirements in the future.
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Figure 3: Fleet management example.
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Loam Construction and Wooden Shelving

A contribution to sustainability in warehouse logistics

Viviano De Giacomo, Nathalie Fritsch, Jakob Kennert and Dieter Uckelmann,

Stuttgart University of Applied Sciences

This study examines the contribution of natural building materials, in particular
loam and wood, to the sustainable development of logistics infrastructure,
assessing ecological, economic, and technical dimensions across the entire life
cycle. Potentials, restrictions, and supportive framework conditions are identified
based on literature analyses and expert interviews. Wood proves to be technically
mature and ecologically advantageous, especially in high rack construction,
while loam offers high potential for energy- and resource-efficient construction.
The study concludes with recommendations for research, policy, and practice
to establish circular construction methods in logistics.

The logistics sector is one of the main contributors to
greenhouse gas emissions in Germany. Approximately
20% of national emissions are attributable to the transport
sector, of which around 35% is attributed to freight
transport. Within this segment, stationary logistics
processes such as storage and building operations account
for around 1% of total German greenhouse gas emissions
[1].

Despite this comparatively small share, the balance sheet
highlights the untapped reduction potential of stationary
logistics infrastructures. The construction sector as a whole
accounts for around 40% of national greenhouse gas
emissions [2] and the construction of logistics buildings
is particularly important due to their size, design, long
service life, and the considerable amount of building
materials used. Life cycle-oriented planning can make a
significant contribution to decarbonization in this area [3].

The aim of this study is to systematically evaluate the
potential of natural building materials in logistics
construction. The focus is on loam and wood as examples
of resource-saving materials, whose ecological, economic,
and technical suitability are assessed in the context of
circular construction.

Sustainability in logistics processes

In order to cope with the increasing complexity of
international supply chains, more and more large-scale
logistics centers are being built, which make it possible
to respond flexibly to volatile market requirements and
strike a balance between transport costs and location.
While progress in decarbonizing transport is primarily
achieved through alternative drive technologies, choice
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of transport mode, or
optimization of planning
and transport processes,
warehouse logistics offers
additional reduction
potential along the entire
value chain [4].

At the structural level,
resource-saving construc-
tion methods and the
conscious selection of
environmentally friendly,
renewable, or recyclable building materials offer
considerable potential for both the supporting structure
and the interior fittings of logistics buildings. The use of
renewable energies (e.g., photovoltaics) and energy-efficient
building technology to control air conditioning, lighting,
and water consumption also contributes to reducing
operational energy requirements [5].

Life cycle analysis of sustainable logistics
infrastructures

In the technical literature, the life cycle of a building is
typically divided into four phases (Fig. 1).

Life cycle analysis is a key approach to the ecological
assessment of buildings, as it differentiates between
embedded emissions, which appear primarily in phases
2 and 4, and operational emissions, in phase 3. Up to 80%
of embedded emissions depend on the building materials
selected, while 80 to 90% of operational emissions are
predominantly determined by energy consumption during
the use phase. Both values are taken from a figure on the
emission structure of industrial warehouse buildings
presented in source [7].

Methodology

The potential of natural building materials in the logistics
industry is systematically assessed using a qualitative
approach to empirical social research, consisting of
structured literature research and guided expert interviews.
Based on both methods, an assessment is made in which
the building materials loam and wood are evaluated in
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Phase 1: Phase 2:

Concept and planning Construction and
phase implementation phase

Figure 1: Life cycle phases of a building [6].

terms of their technical suitability and economic and
ecological properties. The assessment serves to
systematically compile and compare results from literature,
research, and practice [8].

Literature review using the PRISMA method

The systematic literature review was conducted using the
Google Scholar database and was based on a multi-stage
selection process in accordance with the PRISMA method
(Fig. 2). The study period covered publications between
2015 and 2025. Works in German and English that dealt
with the key criteria specified in Figure 2 were included.
The natural building materials wood (K1) and loam (K2)
as well as ecological logistics buildings (K3) were examined
independently of each other. In an initial screening, 271
articles were identified.

After reviewing the content based on title, abstract, and
full text, 252 publications were excluded. These had no

Figure 2: Graphical representation of the PRISMA method [9].

Phase 4:

Decommissioning and
disposal phase

relevant connection to logistics infrastructure or industrial
buildings, dealt exclusively with a historical review of
natural building materials, touched only on architectural
or urban planning topics without any reference to
materials, or did not contain sufficiently methodologically
reliable results. A total of 19 articles covering ecological,
technical, or economic evaluation aspects of natural
building materials were included in the scientific
evaluation.

Expert interviews

In addition to the literature review, guided expert
interviews were conducted to obtain qualitative
assessments of the technical, economic, and ecological
suitability of natural building materials in logistics
construction and to validate the theoretically determined
evaluation criteria. Depending on the interviewee's field
of expertise, the interview guide comprised ten to thirteen
questions surrounding motivation for using natural
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building materials, economic efficiency, technical
suitability, ecological compatibility, and future potential.

A total of three interviews were conducted with experts
from the construction industry (i1), research (i2), and
architecture (i3) between April and May 2025. The
interviews lasted 45 to 60 minutes each and were recorded
and transcribed with the consent of the participants. For
reasons of clarity and confidentiality, the interview guide
and transcripts are not included in this article, but can be
viewed on request.

Applied evaluation dimensions

Three dimensions are taken into account to form an
overview of natural building materials in logistics
infrastructure construction:

1. The ecological dimension assesses whether raw
materials are processed before use, how quickly they
renew themselves naturally, and to what extent they
can be returned to the cycle after use.

2. The economic dimension compares the investment
and life cycle costs incurred with conventional materials
and weighs these against the potential benefits for
corporate image and customer value.

3. The technical dimension examines the durability,
load-bearing capacity, and versatility of the building
materials to ensure their practical suitability for
industrial construction.

Results on the potential of natural
building materials in logistics
infrastructure

The results from literature research and expert interviews
aim to show the contribution that natural raw materials
make to the sustainable design of logistics infrastructure
and the specific role that loam and wood can play in the
context of circular construction. Previous studies have
shown that the choice and composition of building
materials contribute significantly to the overall ecological
balance of buildings [5]. Natural building materials can
significantly reduce resource consumption due to their
local availability, recyclability, and comparatively low
environmental impact, thus representing a sustainable
alternative to conventional materials [11].

In addition, current research shows that earthbound and
biogenic materials are increasingly being optimized for
industrial construction with the help of modern processes
[12]. Building on these studies, the following sections
examine the potential of loam and wood for use in logistics
infrastructure in more detail.
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Evaluation of loam in industrial construction

Natural regenerability and wide availability make loam a
building material with great potential for circular
construction [6]. In Austria, recent studies show that
processed excavated soil can be used directly on the
construction site as a wall-building material without a
firing process, a resource-saving approach that reduces
planning, construction, and transport costs during the
construction phase and can be taken into account as early
as the design phase [7]. Today, loam is mainly used in the
form of load-bearing rammed earth constructions in
combination with timber frame. This construction method
was implemented in an exemplary manner for the Weleda
Cradle Campus in Schwabisch GmiUnd: rammed earth
walls made from local excavated material cover an area
of approx. 2000 m2 and perform both climatic and aesthetic
functions by naturally integrating the building into the
landscape [i3, interview, May 20, 2025].

Ecologically, loam is almost ideal: unlike steel and concrete,
it does not require energy-intensive production, is
completely recyclable, and regulates the indoor climate
during use and maintenance by storing moisture and heat
[13]. At 21 kg CO,e/m3, loam causes only a fraction of the
greenhouse gas emissions of concrete at 197 kg CO,e/m?3
[14]. Loam not only reduces operating energy through
natural climate control, but also creates a healthy indoor
climate [i2, interview, May 14, 2025]. Finally, loam can be
completely returned to the material cycle during the
demolition phase: it can be crushed, moistened, and
reused on site or returned to nature without pollutants,
which is an essential criterion for recyclable logistics
architecture [13].

There are still economic challenges: construction costs
and times are often higher and longer than with
conventional materials, particularly due to the high
proportion of manual labor and lack of standardization
in production [i1, interview, April 30, 2025]. In the long
term, these can be offset by savings in operating costs
during use, maintenance and demolition, especially since
loam can be completely reused [13]. Increasing
industrialization, for example in the form of modular
production or robot-assisted loam construction, help to
improve both the scalability and competitiveness of these
construction methods [12].

Technically, loam can be used in structures that are load-
bearing, such as exterior facades, as well as non-load-
bearing, such as interior walls. For load-bearing
applications, however, it must be combined with other
materials such as wood or steel to ensure the necessary
structural stability [i2, interview, May 14, 2025, i3, interview,
May 20, 2025]. Studies show that adding natural fibers
during the manufacturing process can also significantly
improve mechanical strength [15, 16]. In outdoor
applications, moisture protection is a key challenge: to
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ensure structural integrity, targeted protective measures
and careful structural planning are essential [17, 11].

Evaluation of wood for high rack warehouses

As a regionally available, renewable raw material with CO,
storage potential, wood makes an important contribution
to climate-friendly construction. However, wood has hardly
been used in constructing logistics infrastructure to date,
especially in the design of automated high rack warehouse
systems. Even in the concept and planning phase, there
is often a lack of established standards and experience,
as the knowledge and expertise required to construct
such facilities is limited to a few specialist companies [18].

One of the first companies to use timber construction in
modern high rack warehouse systems is Alnatura. In
Lorsch, the company built a high rack warehouse measuring
approximately 9,000m? using timber construction methods.
Since 2013, the logistics company Schachinger in Austria
has also been operating an 11,760m?2 high rack warehouse
made of timber, which sets standards in terms of building
ecology, life cycle costs, energy efficiency, and workplace
quality and has received multiple awards [3].

Wood is clearly superior to steel in terms of ecology. As a
renewable raw material, wood causes significantly lower
greenhouse gas emissions during the production of
components. According to a study by the Technical
University of Munich, replacing a steel high rack warehouse
with a wooden one can save up to 1,600 tons of CO,
equivalents, which corresponds to the annual emissions
of around 1,000 cars [18]. Wood also scores highly in the
dismantling, demolition, and disposal phase: it is highly
recyclable and biodegradable [i3, interview, May 20, 2025].

For the vast majority of companies, the economic
perspective is the deciding factor for feasibility. In many
cases, the investment costs for timber high rack storage
are higher than those for a standard steel structure. During
the construction and implementation phase, higher
material costs are primarily responsible, amounting to
between 5% and 30% in completed projects [18]. In
agricultural construction, wood can achieve a cost
advantage of up to 12%, but remains economically inferior
to steel under conventional conditions [18, 19]. Intangible
economic advantages are also relevant. Companies with
a strong focus on sustainability, such as Weleda and
Alnatura, specifically choose wood as a building material
in order to strengthen their sustainability profile [i2,
interview, May 14, 2025].

From a technical point of view, wood can generally be
used in logistics construction wherever moisture exposure
is minimal. In terms of service life, wood is in no way
inferior to steel as a building material when properly
protected. The corrosion resistance and thermal insulation
properties of wood offer additional advantages during
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the use and maintenance phases. With suitable protective
measures, even hazardous materials or open foodstuffs
can be stored in wooden shelving systems. In terms of
fire protection, wood is characterized by controllable fire
behavior, which facilitates the planning and implementation
of fire protection measures, although an increased number
of sprinklers is usually required. It must also be taken into
account that, in order to achieve a load-bearing capacity
comparable to that of steel, wooden structures may require
more material and alternative supply sources [18].

Final assessment

The summary analysis (Fig. 3) shows that loam and wood
can play a central role in the sustainable transformation
of logistics infrastructure. Loam is particularly impressive
due to its recyclability, its potential for improving indoor
climate, and the possibility of reuse from regional
excavations. Wood offers high technical resilience and is
particularly suitable for warehouse equipment, such as
high rack warehouses. However, these materials also have
limitations: the market availability and economic
competitiveness of loam has been low so far. Its production
is labor-intensive and not very industrialized, which inhibits
scaling. Wood has proven itself technically sound but is
yet to be widely used in the market for high rack
warehouses. In the long term, the potential of both
materials lies in their combination: loam for regulating
indoor climate, wood as a CO, storage medium. Loam and
wood thus not only contribute to the decarbonization of
the construction and logistics industries, but also define
central approaches for circular construction.

Research needs and recommendations

Several conclusions can be drawn for practice and research.
Economic considerations remain the decisive criterion for
the vast majority of companies. Standardized planning
principles and technical guidelines are often lacking in
construction implementation, which leads to additional
costs, particularly in Germany. The scalability and
automation of construction processes are still
underdeveloped. However, industrial prefabrication could
lead to cost reductions and greater marketability in the
medium term.

Research is therefore needed to develop material-specific
manufacturing technologies and recyclable connection
solutions for logistics buildings, such as those being
investigated in the "InDeckLe" project, a cooperation
between Stuttgart University of Applied Sciences and
Biberach University of Applied Sciences focused on hybrid
ceiling systems made of loam and wood [i2, interview,
May 14, 2025]. Although the use of loam and wood
currently requires higher investments in the construction
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Figure 3: Tabular evaluation of natural building materials.

phase, these can be partially offset by savings in the use
and maintenance phases. Greater awareness and long-
term research are crucial for this shift in cost distribution
within the life cycle.

The recommended course of action is as follows: In order
to highlight the ecological potential of natural building
materials in logistics, there must be a coordinated
interaction between research, technical standardization,
political support mechanisms, and the creation of a
reliable regulatory framework. The Weleda Cradle Campus
pilot project proves that the synergistic integration of
natural building materials such as loam and wood is
technically and creatively possible. In the future, hybrid
natural building systems could become the reference
model for a new generation of circular logistics
infrastructure that is resilient, resource-efficient, and
economically viable.
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