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Systemic Inconsistencies in 
European Chemicals Policy in the 
Context of ZPA, CSS, and REACH
The Four-Level Model and Technology Impact Assessment (TIA) – An 
Approach to Evaluating Transformative, Process-Driven Technologies 
Using Industrial Adhesive Bonding Technology as an Example

Industrial adhesive bonding technology exemplifies a structural assessment 
problem within the European regulatory system. Despite its key technological, 
environmental, and economic role, its assessment is primarily based on proper-
ties related to starting materials, while the other levels that are decisive for the 
actual system impact – process control, transformation, final state, and applica-
tion – are not consistently incorporated into an integrated overall assessment. 
This results in a systemic inconsistency between the regulatory assessment cri-
teria and technological reality. A new approach points the way toward addres-
sing these existing systemic inconsistencies, thereby creating a better regula-
tory framework for the future of adhesive bonding technology.

This inconsistency is just one aspect. Parallel regulatory instruments exacerbate this 
discrepancy through a fragmented, substance-centered approach that fails to integrate 
process, final state, and system impact. The result is a structural underrepresentation of 
the actual performance and sustainability impact of adhesive bonding technology.

At the same time, European chemicals policy is shifting from proven risk-based ap-
proaches to hazard-oriented ones, with the result that process-driven technologies 
such as industrial adhesive bonding technology are increasingly not being evaluated 
in accordance with their actual systemic impact. In an international comparison, this 
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results in growing competitive disadvantages – not only for the adhesives industry its-
elf, but especially for the entire adhesive bonding value chain and the industrial app
lication sectors that depend on it.

This analysis shows that the existing assessment framework does not adequately re-
flect the key mechanisms of modern transformative technologies. Without a systemi-
cally coherent evaluation framework that integrates the four levels “material – process 
– final state – system” there is a risk that Europe will structurally fail to meet its indus-
trial, climate, and innovation policy objectives.

From a Technological Problem to an Evaluation Problem
Industrial adhesive bonding technology plays a central role in modern value-added 
systems. It enables the secure and long-term durable bonding of both similar and dis-
similar materials while simultaneously preserving the material-specific properties of 
the materials being adhesively bonded. This unique selling point inherent to the tech-
nology – the fundamentally unlimited combinability of materials while preserving 
their properties  fundamentally distinguishes adhesive bonding from other joining 
methods. This unique selling point opens up new degrees of design freedom as well 
as future-oriented construction methods in the context of increasingly complex ma-
terial developments and the resulting multi-material designs.

In this context, adhesive bonding does not serve solely as a joining technology, but 
rather specifically enhances the material compound with functional properties that 
go beyond mere joining. The solidified adhesive acts as a “material between the mate-
rials” and enables, among other things, the integration of application-specific func-
tions such as sealing, sound and vibration damping, electrical and thermal insulation 
or conductivity, as well as corrosion protection. This functional integration is structu-
ral in nature and is directly coupled to the joint assembly (Figure 1).

Due to the rapidly growing variety of materials and the increasing demands for re-
source efficiency, functionality, and system performance, adhesive bonding is conti-
nuously gaining in importance. Technologically, economically, and ecologically, it is 
thus more than just a joining technique: It is a system-level technology for functional-
ly integrated materials integration and thus a central enabling technology for the in-
dustrial transformation of the 21st century.

This is countered by an increasingly critical regulatory, administrative, and political 
classification. In the European context, adhesive bonding technology is primarily  



4

JAHRBUCH 2027 Dichten. Kleben. Polymer. – Special Publikation 

Adhesives. Adhesive bonding technology

perceived through the lens of its chemical starting materials and is thus implicitly clas-
sified as a “chemical problem.” This perception stands in tension with its actual techno-
logical function and systemic impact.

Based on this discrepancy, the present analysis formulates a central initial hypothesis:
“Adhesive bonding technology is not considered problematic because it is inherently 

unsafe, but because the underlying evaluation system is structurally unsuited to adequate-
ly reflect the specific mechanisms of action of transformative, process-driven technologies.”

This leads to the central thesis:
“The problem with adhesive bonding technology is not a chemical-related safety issue, 

but rather a systemic assessment problem.”

Specifically, it involves an assessment whose primary focus does not correspond to 
the actual operational state of the system. To contextualize this finding, the regulato-
ry framework must be taken into account. Initiatives such as the Zero Pollution Ambi-
tion (ZPA) described below and the Chemicals Strategy for Sustainability (CSS) define 
the strategic direction of European chemicals policy and aim for a high, international-
ly benchmark-setting level of protection for the environment and human health. The 
existing level of protection is already among the highest in the world and frequently 
serves as a reference framework for other regulatory systems in international compa-
risons. However, current political initiatives are further raising this level of protection.

At the same time, this development is accompanied by a structural shift: While esta-
blished regulatory approaches are based on risk-based assessments that take exposure 

Figure 1: The unique 
selling point of 
adhesive bonding in 
the context of 
joining technologies 
(Image: Fraunhofer 

IFAM I Bremen)
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and specific application contexts into account, a hazard-based approach is gaining in-
creasing importance.

This shift has far-reaching consequences for process-driven technologies such as 
adhesive bonding technology, as it increasingly shifts the focus of assessment from 
the actual application situation to the intrinsic properties of the starting materials. 
This approach fails to account for the fact that these substances undergo a transfor-
mation during the process and, in their final state, are converted into a new material-
structural form whose properties are decisive for the actual system impact and may 
fundamentally differ from those of the starting materials.

As a result, the assessment is increasingly determined by substance-related criteria. 
The resulting discrepancy between regulatory assessment logic and technological re-
ality forms the starting point for the following systemic analysis.

In analytical terms, this can be summarized as follows:
“The relevant system impact does not arise at the level of the starting material, but 

unfolds only through process control, the final state, and application. Its assessment 
therefore requires the integration of all four levels of the system.”

The Strategic Hierarchy of European Chemicals Policy
To systematically contextualize the issue at hand, a nuanced examination of the struc-
ture and functioning of European chemicals policy is necessary. This policy should not 
be understood as a monolithic set of regulations, but rather as a multi-tiered system 
in which different normative, strategic, and operational levels interlock.

Contrary to original plans, the binding legal framework REACH will not, as things 
stand, be fundamentally overhauled. However, changes in assessment practices and 
regulatory governance continue to occur within the existing REACH framework 
through adjustments and refinements within the existing system structure.

These adjustments do not necessarily require a full legislative process. The legislature 
(the European Parliament and the Council of the European Union) therefore does not 
need to be directly involved in every case. Adjustments can be implemented within 
the framework of existing authorizations, in particular by the European Commission, 
as well as through downstream regulatory and administrative processes.
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This results in a significant regulatory steering effect even without a comprehensive 
reform of the underlying regulatory framework. This effect unfolds in part outside of 
traditional legislative procedures.

System Architecture of European Chemicals Policy
Based on this classification, European chemicals policy can be described as a multi-tie-
red, hierarchically structured regulatory and assessment system. This system comprises 
policy objectives, strategic guidelines, methodological assessment approaches, and 
operational legal instruments that build upon one another, give concrete form to one 
another, and are interlinked in their effects (Figure 2).

In summary, the result is a system architecture that can be described as a sequence ran-
ging from political objectives through strategic design and methodological implemen-
tation to operational application within existing legal frameworks:
• �At the highest level is the Zero Pollution Ambition (ZPA) as part of the European Green 

Deal. It articulates the political vision of a largely pollutant-free environment and thus 
defines the overarching framework for European chemicals policy.

• �Below this is the Chemicals Strategy for Sustainability (CSS), which, as a political and 
strategic framework for action, addresses the further development of European che-
micals legislation. It elaborates on the objectives of the ZPA and defines key guiding 

Figure 2: Hierarchy of European Chemicals Policy (Image: Fraunhofer IFAM I Bremen)
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principles, such as the minimization of substances of very high concern, which are also 
relevant to industrial adhesive bonding technology. Although the CSS is not directly  
legally binding, it exerts a significant steering influence on the further development of 
future regulatory measures. As part of this evolution, we are observing not only an  
expansion of an existing level of protection – widely regarded internationally as a bench-
mark – but also a shift in the underlying assessment logic. This is particularly evident in a 
greater emphasis on hazard-based criteria and an increasingly isolated focus on individu-
al aspects related to starting materials. At the same time, the assessment of process con-
trol and the resulting final state of technological systems is taking a back seat in the 
course of this development, even though the latter is decisive for the actual system  
impact.

• �At the downstream level, these strategic objectives are methodically operationalized. 
This includes approaches such as the Generic Risk Approach (GRA), the regulatory imple-
mentation of which, however, is not being pursued as of the current status (decision by 
the European Commission, April 2026) and which envisaged a more hazard-oriented 
substance assessment. In place of the GRA, the Methodological Assessment Framework 
(MAF) is gaining importance. The MAF is still undergoing methodological development 
and serves as a structuring framework for assessment and decision-making processes. 
Against the backdrop of the suspended implementation of the GRA, the MAF can be  
understood as an approach that incorporates key elements of the originally intended 
GRA assessment logic in a modified form and gradually integrates them into existing  
assessment and decision-making processes. This means that, regardless of the current 
status of implementation of the individual instruments, the guiding policy principles laid 
out in the CSS continue to be operationalized and translated into assessment-relevant 
methodologies.

• �The legally binding framework is provided by REACH, including the associated provi-
sions.

The multi-tiered structure implies that, despite changes in the regulatory instruments – in-
cluding the non-implementation of individual instruments originally planned, such as the 
GRA – the fundamental political orientation of chemicals regulation has not changed. The 
principles laid out in the CSS continue to serve as a guiding framework for the further  
development of the assessment and decision-making logic.

Actual Governance Logic of EU Chemicals Policy
Against the backdrop of the system architecture described above, a distinction must be 
made between the formal structure of the regulatory framework and the actual dynamics 
of its ongoing development.
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The REACH Regulation retains its basic structure and continues to serve as the central, bin-
ding legal framework for European chemicals regulation. However, this formal stability 
does not mean – including for the industrial adhesives sector – that regulator practice  
remains unchanged or can be reduced to a traditional, exclusively risk-based assessment 
approach.

Rather, in the context of the Zero Pollution Ambition (ZPA) and the Chemicals Strategy 
for Sustainability (CSS), a continuous evolution of the assessment and decision-making 
processes within this existing framework can be observed. As described above, this  
evolution is accompanied by a shift in the weighting of the underlying assessment logic, 
particularly with greater consideration given to hazard-oriented and starting substance-
related assessment elements.

The concrete implementation of this development does not primarily occur through 
changes to the formal legal framework, but rather through the adjustments and refine-
ments within the existing system structure described above. These include, in particular:
• the further development and application of methodological assessment approaches,
• the adaptation and updating of the annexes to the REACH Regulation,
• �the clarification of requirements through technical guidelines, interpretations, and 

enforcement practices,
• the integration of supplementary regulatory instruments and requirements.

These mechanisms enable a gradual transformation of regulatory practice without re-
quiring a fundamental change to the overarching legal framework (REACH). The asso
ciated regulatory impact unfolds to a significant extent outside of traditional legislative 
procedures. Adjustments are frequently made within the framework of existing autho-
rizations, as well as through the European Commission and downstream regulatory and 
administrative processes, so that direct involvement of the legislature (the Council of 
the European Union and the European Parliament) is not required at every step of regu-
latory development.

From a systemic perspective, this leads to a key observation: The decisive changes in re-
gulatory assessment occur primarily at the strategic, methodological, and operational 
levels of implementation, while the formal legal framework remains outwardly a stable 
point of reference.

This does not represent a decoupling of the regulatory structure from governance dyna-
mics, but rather a further development of the assessment logic within a regulatory frame-



9Systemic Inconsistencies in European Chemicals Policy…

work that remains largely stable in formal terms. This systemic characteristic is of central 
importance for understanding the subsequent analysis. As the example of industrial adhe-
sive bonding technology shows, it explains why changes in the assessment of substances 
and technologies can take effect even without a fundamental revision of key legal acts.

In summary, it can be stated that the actual regulatory impact of European chemicals 
policy arises primarily from the further development of assessment logics and their ope-
rational application within existing legal frameworks – and not primarily from formal 
changes to the regulatory system.

Silo Thinking as a Systemic Mechanism of Inconsistent Assessment  in 
European Chemicals Policy
The preceding analysis of the regulatory system architecture and its governance logic 
makes it clear that European chemicals policy is based on a multi-tiered structure in 
which different levels of assessment and decision-making are arranged in parallel.  
However, one further aspect is of central importance for understanding the resulting  
assessment logic: the way in which these levels relate to one another.

A robust assessment, a well-founded understanding, and an appropriate evaluation of 
technological systems such as industrial adhesive bonding technology fundamentally 
require the interaction of these levels, since the actual system impact arises only through 
the interplay of substance, process, end state, and specific application – and this is what 
makes a realistic overall assessment possible in the first place.

In practice, however, it becomes apparent that these causally interlinked evaluation  
dimensions – material, process, final state, and system application (Figure 3) – are  
predominantly considered in isolation from one another. Regulatory assessment thus 
primarily proceeds along individual perspectives, each of which is treated as indepen-
dent or sufficiently complete in and of itself, without being systematically integrated in-
to an overarching, causally interconnected overall context.

Horizontal Fragmentation of the Assessment Dimensions
This approach can be described as horizontal fragmentation of the assessment  
system. It is structurally inherent, regularly observable in practical application, and is 
particularly evident (Figure 3) in the differentiation of the levels under consideration.

Each of these levels – as can be illustrated by the example of industrial adhesive bondi-
ng technology – follows its own assessment logic, data requirements, and regulatory 
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mechanisms. However, a comprehensive linkage of these levels in the sense of an inte-
grated, causally linked overall assessment is not currently implemented as a consistent, 
cross-level assessment logic.

Mechanism of Systemically Incomplete Assessment Due to Silo Thinking
This fragmented structure, which corresponds to the silo thinking described above, 
gives rise to a characteristic assessment mechanism. Although each level generates a 
result that is internally consistent based on its specific data and assessment ap-
proaches, this result is limited solely to that level. These sub-results, which are logical-
ly coherent within their respective systems, each represent a limited “small picture” of 
reality (Figure 4).

At the same time, however, the individual evaluations are based on the implicit as-
sumption that this reduced “small picture” perspective is sufficient to enable a com-
prehensive evaluation. The aggregate effect of this creates decision-making founda-
tions that, while they may outwardly claim to represent a comprehensive system 
evaluation, are in fact based solely on isolated partial perspectives (“small pictures”).

Figure 3: The four-level system (Image: Fraunhofer IFAM I Bremen)
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This form of deriving seemingly overarching assessments from isolated individual 
perspectives can be described as “illusory big pictures” (Figure 5). “Illusory big pic-
tures” refer to decision-making bases that merely formally claim to provide a compre-
hensive assessment, yet whose underlying data consists exclusively of non-integrated 
individual perspectives. These are derived on a monocausal basis but are interpreted 
and applied as comprehensive, multicausal system assessments, thereby forming the 
basis for political, regulatory, and public perception and decision-making processes.

The Result: Monocausal Assessment Logic of Technological Systems
The consequence of this fragmented approach is a monocausal assessment logic. 
Against the backdrop of technological development – which, as exemplified by the re-
ference case of adhesive bonding technology, is characterized by increasing complexi-
ty, multi-material integration, and functionally integrated systems – real-world system 
interrelationships are becoming increasingly multidimensional. Within the framework 
of the described assessment structure, however, these multidimensional system interre-
lationships are reduced to individual parameters or assessment levels without taking in-
to account the interactions between the levels. This leads to several systemic effects:
• Reduction of complex relationships to individual parameters
• Failure to account for transformation processes between the levels
• �Inadequate representation of real-world application scenarios and the resulting sys-

tem effects.

Figure 4: Isolated analyses provide only “small 
pictures” 
(Image: Fraunhofer IFAM I Bremen)

Figure 5: “Small Pictures” are elevated to “Big 
Pictures,” but are merely “Illusory Big 
Pictures”(Image: Fraunhofer IFAM I Bremen)
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This results in an assessment logic that, while it yields consistent results at isolated as-
sessment levels, is structurally incapable of fully capturing the actual impact of techno-
logical processes at the system or usage level due to the lack of integration of the rele-
vant system levels.

Systemic Consequences
The mechanisms described lead to a systemically driven limitation on the ability to  
represent technological reality in the application context. In particular, process-driven 
technologies – in which characteristics and risks change significantly as they transition 
between levels – are captured only partially and not fully through an isolated examina-
tion of individual levels. This results in a systematic discrepancy between:
• the reality reflected in regulations and
• the technologically effective – that is, the actual – reality in the application context.

This discrepancy is not the result of individual assessment decisions but arises inevi-
tably from the underlying system structure, in which the relevant levels of assessment 
are considered separately rather than being integrated. This structure is systemic in 
nature and operates independently of case-by-case analyses.

Operational Implementation in Regulatory Instruments Using Adhesive 
bonding technology as an Example
The fragmented system logic described above is evident not only at the conceptual 
level but also in the concrete design of current regulatory instruments. Regulatory in-
itiatives such as
• the Ecodesign for Sustainable Products Regulation (ESPR), 
• the Packaging and Packaging Waste Regulation (PPWR), 
• digital product and material passports (DPP/DMP), 
• the End-of-Life-Vehicles-Konzept (ELV), 
• the Safe and Sustainable by Design (SSbD) concept, or
• One Substance, One Assessment (OSOA) 
also pertain to industrial adhesive bonding technology and serve as examples illustra-
ting different assessment dimensions that can be assigned to the individual levels of 
the system described above.

The instruments mentioned are expressly intended as examples. They do not claim to 
be exhaustive but rather illustrate a structurally observable, fragmented assessment 
logic and the regulatory mechanisms underlying it. Specifically, these focal points for 
adhesive bonding technology can be classified as follows:
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• �Substance/Reactant Level – OSOA and parts of SSbD primarily address the assess-
ment and classification of chemical substances as they exist in adhesive formulations 
in their unprocessed, initial state. The assessment is based predominantly on intrin-
sic substance properties and takes only limited account of the fact that these proper-
ties change fundamentally during processing.

• �Process/processing level – SSbD incorporates process- and design-related aspects, 
particularly with regard to application methods, curing processes, and exposure 
conditions during processing. These factors are crucial for adhesive bonding techno-
logy, as the final properties of the adhesively bonded joint are determined by the 
processing step.

• �Product/Final State Level – ESPR focuses on product properties such as durability, re-
parability, and energy efficiency. For adhesive applications, this particularly concerns 
the properties of the cured adhesive joint, whose mechanical, thermal, and chemical 
behavior differs significantly from that of the starting materials.

• �System/Use Level – PPWR, as well as regulatory requirements in the area of End-of-Life 
Vehicles (ELV) – which specifically address disassembly, recyclability, and material se-
paration – focus on system aspects such as recyclability and material cycles, while DPP/
DMP address information requirements throughout the entire product life cycle. For 
adhesive bonding technology, the role of the adhesive joint within the overall system 
– for example, in lightweight construction, in multi-material systems, and with regard 
to disassembly, repair, and recyclability – is of central importance.

These examples should therefore not be interpreted as isolated cases, but rather as an 
expression of a systemic structure of regulatory assessment that can be structurally  
observed repeatedly across various instruments. Further regulatory developments, 
such as the discussion regarding the possible registration of certain polymers, also  
primarily follow substance-based assessment logics and underscore the ongoing focus 
on the substance level.

It becomes apparent that the individual tools address different levels of the technolo-
gical system – from material evaluation and product properties to system and life- 
cycle aspects – especially in the context of adhesive bonding technology; however, 
they do not consistently integrate these perspectives into a coherent overall assess-
ment. These individual tools each capture relevant sub-aspects of the four-level  
system (Figure 3), but predominantly only within clearly defined perspectives. A cha-
racteristic feature of this approach is that
• �the assessment dimensions under consideration each focus on individual levels or 

specific sub-aspects,
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• �specific data requirements (e.g., material data, product parameters, recycling infor-
mation) are developed, and

• �these requirements are implemented using independent and unconnected assess-
ment and documentation frameworks.

A systematic integration of these perspectives in the sense of a comprehensive and 
causal overall assessment spanning all four levels is not currently established. For 
adhesive bonding technology, this specifically means that interactions between che-
mical formulation, processing, the resulting adhesive bond, and its function within 
the overall system are not captured as comprehensive causal relationships.

This lack of integration represents a central shortcoming. It is necessary because the 
actual performance and effectiveness of technological systems – particularly in pro-
cess-driven technologies such as adhesive bonding – arise primarily from the interac-
tion of material, process, final state, and specific application. These levels are causally 
interrelated and cannot be viewed as functionally independent of one another. The 
isolated evaluation of individual dimensions can therefore only reflect these relation-
ships to a limited extent.

Taken as a whole, the aforementioned instruments thus do not overcome this  
fragmentation. On the contrary, they contribute to its ongoing perpetuation: They  
establish additional, parallel evaluation and documentation structures that each spe-
cify only specific aspects without systematically integrating them into an overarching 
evaluation framework. For adhesive bonding technology, this means that key perfor-
mance contributions – such as in lightweight construction, functional integration, or 
the context of the circular economy – are not fully reflected in the regulatory assess-
ment framework.

This leads to the central conclusion that European chemicals policy, in its practical im-
plementation, is characterized by a fragmented, horizontally organized assessment 
logic. The resulting decision-making bases systematically represent partial perspec-
tives (“small pictures”), yet are interpreted and applied as comprehensive system as-
sessments. This gives rise to de facto “illusory big pictures” that convey the impression 
of a complete system assessment to policymakers, regulatory institutions, and the  
public.

As the analysis of current regulatory instruments shows, this assessment is conducted pre-
dominantly along individual levels and assessment dimensions, without a consistent  
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integration of the underlying systemic interrelationships. Without such vertical integrati-
on of the relevant levels, the regulatory representation of technological reality – particu-
larly in the case of adhesive bonding technology as an exemplary reference case for pro-
cess-driven technologies – remains structurally incomplete.

The Four-Level System as a Model for Mapping Technological Reality
To adequately describe and evaluate the contrast outlined above between the hori-
zontal fragmentation of regulatory assessment logic and the actual structure of tech-
nological systems, we use the scientifically grounded, reality-reflecting four-level sys-
tem (Figure 3), which maps the fundamental structural characteristics of technological 
systems: 
• �The substance/reactant level describes the intrinsic properties of the starting mate-

rials and substances used.
• �The process/processing level encompasses all processing steps, including storage, 

transformation mechanisms, and exposure conditions, that occur during use.
• �The final state/product level describes the resulting state of the material or product 

after processing is complete.
• �The system/use level depicts the specific usage situation as well as the functional in-

tegration of the product into higher-level systems.

These four levels do not exist in isolation from one another but are linked in a causally 
determined sequence. Changes at one level systematically affect the subsequent le-
vels. Particularly in process-driven technologies such as industrial adhesive bonding 
technology, the properties of the starting materials do not directly lead to a final sys-
tem effect but are transformed into a new functional state through process and trans-
formation steps. This is not limited to adhesive bonding technology but is evident in 
a comparable manner in numerous transformative, process-driven technologies who-
se system properties are largely determined by process control, transformation, and 
the resulting final states.

This causally linked structure of technological systems gives rise to a central metho-
dological implication: A realistic evaluation of technological systems is only possible if 
these causal relationships are taken into account and integrated across all four levels 
(Figure 6).

“From a systems-logical perspective, a robust ‘big picture’ – serving as the foundation for 
consistent overall evaluations of technological systems – emerges exclusively through 

the vertical integration of all four levels.”
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The integration logic described above, 
which is structured around causal relation-
ships, can be referred to as vertical integra-
tion logic. It differs fundamentally from the 
horizontal assessment structure described 
in the previous chapter: While the current 
regulatory logic is organized predominant-
ly along individual levels or parameters in a 
purely horizontal manner, the technologi-
cal reality follows a vertical-causal structure 
in which substance, process, end state, and 
use (Figure 3) are inextricably linked and 
build upon one another.

This fundamental difference between 
horizontally fragmented assessment and 
vertically integrated system logic ex-

plains a significant portion of the assessment asymmetries described earlier. It de-
monstrates that individual assessment parameters (“Small Pictures”) are not only ina-
dequate, but that the underlying assessment logic also does not align with the 
structure of technological reality (“Real Big Picture”).

The four-level system thus does not serve as an alternative evaluation method. Rather, it 
represents the analytical framework that makes it possible to understand technological 
systems in terms of their actual overall mode of operation. None of the four levels is r 
elativized, privileged, or considered in isolation as the dominant object of assessment. 
Only the equal consideration and causal interconnection of all four levels enables a  
realistic representation of technological systems and, at the same time, reveals the limi-
tations of existing assessment logics.

The Category Fallacy: From Substance or Reactant to Technology
Previously, using the example of adhesive bonding technology, it was shown that the 
regulatory assessment of technological systems is predominantly conducted along in-
dividual levels and thus structurally fails to adequately capture the causal relationships 
between substance, process, final state, and application, as well as the properties of the 
substance, hazards, and system that are altered by process control and transformation.

Figure 6: “Real Big Pictures” can only be created 
through causal analysis and evaluation across 
all four levels (Image: Fraunhofer IFAM I Bremen)
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This results in a fundamental analytical error that can be described, particularly in the 
context of adhesive bonding technology, as a category error: The properties of an initial 
state are directly and dominantly applied to the outcome of a transformation process.

Fundamental Problem
At the core of this category error lies an implicit equivalence:
Hazardous rectant  Hazardous technology

This equation does not represent a conservative safety approach. Rather, it consti-
tutes a category error, since properties of a pre-process state are transferred to a sys-
tem state that no longer exists in this form as a result of process control and transfor-
mation.

This equation assumes that the properties of the starting materials used can be trans-
ferred directly and unchanged to the resulting technological system. It thus ignores 
the process-induced changes – as well as their deliberate technical control – that  
occur between the initial state and the application.

Reality in the Natural and Engineering Sciences
Technological processes, however, stand in contrast to the categorical error described 
above. From the perspective of the natural and engineering sciences, they are cha-
racterized by transformations in which starting materials are converted into new  
material, structural, and functional states.
• �Transformation means a change of state – during processing and application, the 

materials used undergo physical, chemical, or structural changes, so that the resul-
ting properties differ fundamentally from those of the starting materials. These 
changes affect both the material properties and the system’s behavior.

• �These changes in state are generally irreversible – particularly in the case of chemical 
reactions or structural transformations, states arise that no longer correspond to the 
original properties of the starting materials and, due to their irreversibility, cannot be 
restored to their original state within the scope of their intended use and proper  
application.

It follows directly from this that:
• �The final state of a technological system is not identical to the reactant used.
• �In the context of adhesive bonding technology, this specifically means: The final 

state “adhesively bonded joint” is not identical to the starting material “adhesive.”
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Rather, the properties and effects of a technological system result from the transfor-
mation of the starting materials, the associated changes in their material, structural, 
and functional properties during the process, and the resulting final state in the con-
text of application.

For the assessment of technological systems, therefore, what is decisive is not merely 
whether individual material properties may, in principle, be present during the course 
of the life cycle, but rather in which system state, under which process conditions, and 
with what actual exposure these properties become effective. An isolated examinati-
on of the properties of starting materials without taking these interrelationships into 
account therefore remains systemically incomplete – not only for adhesive bonding 
technology, but in general.

Analytical Conclusion
Against the backdrop of the relationships described – and as exemplified by the case 
study of adhesive bonding technology – a central analytical conclusion emerges:
“The regulatory assessment currently dominated by technology addresses properties of a 

state that no longer exists in this form within the real application system.”

The assessment takes place primarily at the substance/reactant level, whereas the ac-
tual properties and effects of technological systems are determined only through the 
process, transformation, and resulting final state within the application context. Thus, 
a pre-process state is made the dominant subject of assessment, even though it is  
altered by process control and transformation and the relevant system effect results 
from a transformed, downstream state. The necessary causal relationship between 
these states is not systematically taken into account in the assessment.

This results in a systematic discrepancy between the object of assessment and the ac-
tual object of impact: An initial state is assessed – largely independent of verifiable 
process control, transformation, and the properties of the resulting final state – while 
the actual impact originates from a transformed system state that deviates from it.

This situation is not an isolated case or a minor methodological error. It is the direct 
consequence of the fragmented and monocausal-horizontal assessment logic descri-
bed above, in which isolated ‘small pictures’ form the basis for overall regulatory as-
sessments.
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Adhesive bonding technology, in particular, highlights this structural assessment error wi-
th exceptional clarity: As a process-driven, process-controlled, and auditable technology, 
its key properties do not arise from the properties of the starting materials, but only 
through transformation during the process and in the resulting final state. A regulatory as-
sessment that focuses primarily on the substance/reactant level and underrepresents the 
other causal levels of the technology misses the actual point of systemic impact, both in 
its assessment logic and in its practical effect.

The implicit conclusion “hazardous reactant  hazardous technology” proves to be 
insufficient from a natural and engineering science perspective under real-world pro-
cess and application conditions and fails to meet the established occupational safety, 
quality assurance, and process-related requirements of modern process-controlled 
technologies.

Adhesive bonding technology thus serves as an analytical reference case that exem-
plifies the structural shortcomings of the existing assessment logic.

Adhesive bonding technology as a Systemic Reference Case for Assessment 
Deficits
The systemic interrelationships developed earlier can be understood particularly 
clearly using the example of industrial adhesive bonding technology. Due to its dis-
tinct process-oriented nature and the associated transformational effects, it serves as 
a reference case for analyzing the described assessment asymmetry between reac-
tant, process, final state, and application (Figure 3). Adhesive bonding technology is 
thus not a standalone chemical technology, but rather an enabling technology whose 
performance arises solely from the systemic integration of material, process, and ap-
plication – and not from isolated material properties.

Process-Oriented Nature of Industrial Adhesive bonding technology
Industrial joining technology is classified as a “Special Process” under ISO 9001. The re-
sult of this process cannot be fully verified by downstream tests, particularly non-de-
structive testing. A characteristic feature of such processes is therefore that the quality 
of the final state is largely determined by process control, which begins – including 
the proper storage of adhesives and bonding aids in their initial state – with the plan-
ning, development, and design of the adhesively bonded joint and extends through 
all subsequent process steps. Due to the nature of the system, a complete, purely non-
destructive verification of all relevant properties of the final state is not possible; qua-
lity is ensured through comprehensive process reliability and control.
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This necessitates a suitable quality management system (QMS), typically based on  
ISO 9001, with the goal of preventing potential process errors – starting with the plan-
ning and design of the adhesive joint – from the outset. This is specified in detail for 
adhesive bonding technology through established, internationally recognized quali-
ty assurance standards (such as ISO 21368, EN 17460, DIN 2304-2).

The applicable “state of the art” results from the interplay of product safety require-
ments and quality management systems, as well as specific QA standards and techni-
cal regulations for adhesive bonding. In such processes, quality is therefore ensured – 
similar to welding technology – through the systematic and auditable control and 
monitoring of the entire process.

Consequently, the performance and functionality of the adhesive joint do not result 
solely from the properties of the materials used, but from the controlled interaction of 
material, process parameters, curing conditions, and the use of personnel with verifi-
ably appropriate qualifications.

Actual Risk Structure
Against this backdrop, adhesive bonding technology exhibits a specific, process-rela-
ted risk structure:
• �Exposure relevance within the process window – in the context of intended industri-

al processing, potential exposure relevance exists primarily during storage (explicitly 
integrated into the QA adhesive standards), handling, and processing of the reactive 
starting materials.

• �Transformation during the process – during processing, the substances used are transfor-
med into a new state through chemical and physical processes (e.g., curing, hardening).

• �Final state – the resulting final state is generally functionally stable in the intended 
application context and under the operating and environmental conditions typically 
encountered there, and no longer exhibits any chemical, physical, or toxicological re-
activity relevant to the application. The cured adhesive between the joined parts  
exhibits no functionally effective reactivity in the intended context of use. In this 
state, the original reactivity of the starting materials no longer determines the 
system’s behavior, and the desired technical function is fulfilled.

Thus, the hazard posed by adhesives in an industrial application context is demonstrab-
ly controllable over time and through appropriate process control measures. In the rele-
vant system state, there is no longer any functionally effective reactivity, so the hazard is 
not to be understood as a permanent property of the resulting application system.
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Regulatory Assessment as a Systematic Misclassification
In regulatory assessment, adhesive bonding technology is predominantly evaluated at 
the substance/reactant level, which significantly shapes the overall technological assess-
ment. The focus is on the intrinsic hazard of the starting materials used, while the process-
related transformation and the resulting final state in the application context are not con-
sidered as central assessment dimensions. This implicitly assumes that the hazard 
properties of the starting materials persist in the application context as well. The actual risk 
structure of adhesive bonding technology – characterized by time-limited exposure in a 
demonstrably controlled process and a transformed, functionally non-reactive final state 
– is systematically not adequately reflected in the  assessment.

Against the backdrop of this discrepancy, the following analytical conclusion emerges:
“Adhesive bonding technology is assessed by regulators as a persistent, substance-based 
hazard, even though its actual risk structure is characterized by a time-limited, process-
related hazard that is demonstrably controlled in an industrial context, as well as a final 

state that is functionally non-reactive in the context of intended use.”

This misclassification is not an isolated case but rather the direct consequence of the 
fragmented and monocausal-horizontal assessment logic described above, in which 
isolated partial perspectives (“small pictures”) form the basis for technology-domina-
ted overall assessments.

Comparison Systems: Adhesive Bonding, Welding, and Fiber-Reinforced 
Composite Technology
Methodological Rationale for Comparability
The interrelationships previously illustrated using the example of adhesive bonding – 
in particular, the process-induced transformation of starting materials that can be 
controlled in an industrial context, the resulting formation of the final state, and the 
process-related risk structure derived therefrom – should not be understood as tech-
nology-specific characteristics, but can be observed – despite differences in physical, 
chemical, and materials science principles – in a comparable form in other joining 
technologies and process-controlled material systems.

A systematic comparison with welding technology and fiber-reinforced composite 
technology (FRC) is not arbitrary but is based on clear structural and functional similari-
ties at an abstracted system level. This comparability does not refer to the physical and 
material properties of the technologies, but rather to their shared structure- and pro-
cess-based system logic:



22

JAHRBUCH 2027 Dichten. Kleben. Polymer. – Special Publikation 

Adhesives. Adhesive bonding technology

• �Pronounced process dominance – in all three technologies, the functional properties 
of the final state do not arise directly from the properties of the starting materials, 
but only through process-controlled transformations.

• �Character as a “Special Process“ – these are processes in which the quality of the final 
state cannot be verified entirely non-destructively but is determined primarily by 
process management, qualification, and control (see the previous chapter).

• �Four-level structure – all technologies exhibit a comparable structure consisting of 
material, process, final state, and application.

• �Interaction-Dominated System Formation – the functional system properties arise 
from the interactions between these levels and cannot be reduced to individual 
components or starting materials.

• �Goal of a Functional Overall System – the result in each case is the formation of an in-
tegrated technical system whose properties can only be fully described through the 
interaction of all levels.

Against this backdrop, a comparison of these technologies is scientifically justified  
(Figure 7). It illustrates that the underlying process and system logic is largely structu-
rally identical, while the regulatory assessment differs significantly.

Structural Isomorphism of Process-Driven Technologies
Regardless of the specific technological process, bonding, welding, and fiber-rein-
forced composite technology share a comparable fundamental structure:
• �Identical process logic – in all three cases, the functional system properties are not 

derived directly from the properties of the starting materials, but rather through a 
process-driven transformation step, such as curing and setting processes in bondi-
ng, melting and solidification processes in welding, or matrix formation through cu-
ring in fiber-reinforced composites (FRCs). In the case of fiber-reinforced composites 
– similar to adhesive bonding – the resulting properties are based on the interaction 
of adhesive and cohesive mechanisms, particularly the interfacial bonding between 
the fiber and the matrix, as well as the cohesion within the cured polymer matrix. 
Thus, these systems follow the same fundamental bonding and mechanism of ac-
tion as adhesive joints..

• Identical quality mechanisms – the quality of the final state is primarily determined 
by process control in all three technologies and cannot be fully ensured by non-de-
structive testing alone. Accordingly, these are all processes with the characteristics of 
“Special Processes,” in which process control, qualification, and monitoring take cen-
ter stage. It should therefore be noted that, from a systemic perspective, the techno-
logies under consideration are structurally isomorphic: The relevant properties arise 
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along the same causally linked levels of material, process, final state, and application 
(Figure 3).
• �Systemic evaluation asymmetry – despite the structural similarities outlined above, 

the regulatory evaluation of the technologies under consideration is conducted in 
significantly different and systematically divergent ways.

Welding – Process-Oriented Evaluation
Welding is predominantly evaluated as a process-oriented joining technology, with a 
focus on quality assurance, process parameters, and qualification. This approach 
stems from the fact that the relevant material properties do not result directly from 
the properties of the materials used, but rather are formed through the welding pro-
cess in the form of the resulting microstructure and weld structure.

At the same time, welding technology clearly demonstrates that the primary hazards 
do not stem primarily from the starting materials, but rather from the process-indu-
ced transformations and the resulting reaction products (such as welding fumes and 
gases) that occur during processing. These hazards are limited in time and scope and 
are controlled through appropriate protective measures and qualified process ma-
nagement.

Against this backdrop, an assessment of individual starting materials that focuses pri-
marily on the materials themselves takes a back seat, as the relevant properties and 
the integrity of the overall system are largely determined by the process-induced 
transformation and the resulting final state.

Fiber-Reinforced Composite Technology – Inconsistent  
but End-State-Oriented Assessment
A mixed assessment logic is evident here. On the one hand, process- and system-related 
aspects are taken into account; on the other hand, there is an increasing trend toward 

Figure 7: Different 
Processes – Same 

Process Logic 
and Quality Mecha-

nisms 
(Image: Fraunhofer IFAM I 

Bremen)
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substance-based assessment of individual components, particularly reactive resin sys-
tems, hardeners, and additives. These components are subject to the same regulatory 
framework for chemicals (such as REACH and strategies derived from it, like CSS) as 
adhesive systems and, in some cases, exhibit comparable material characteristics. While 
the material-based assessment of individual components remains part of the overall 
evaluation, it often takes a back seat to system- and end-state-based assessments.

In fiber-reinforced composite technology, this does not lead to a dominant, sub-
stance-centered overall assessment of the technology. This is because fiber-reinforced 
composites are not evaluated based on their starting materials, but primarily as func-
tional material systems in which the process-induced transformation, the resulting 
microstructure, and the functional properties of the final state in the application con-
text take center stage.

Consequently, the various levels of evaluation – material, process, final state, and ap-
plication – coexist with varying degrees of emphasis and without being fully integra-
ted. In this context, the final-state level plays the dominant role in evaluating techno-
logical performance and functionality, while the material-based evaluation of 
individual components is taken into account but is not decisive.

Although the evaluation logic is thus not fully and consistently integrated, it is primarily 
oriented toward the level that is decisive for system behavior. The functionally relevant 
system effect is therefore generally assessed at the appropriate evaluation level.

Adhesive bonding technology – Predominantly Material-Oriented Misweighting
In contrast, industrial adhesive bonding technology is predominantly evaluated from 
the perspective of the material/reactant level. The intrinsic properties of the adhesives 
used in their initial state significantly determine the overall evaluation of the techno-
logy, while the process-induced transformation and the resulting final state in the ap-
plication system remain structurally subordinate. Consequently, the assessment fo-
cuses on a pre-process state, even though the relevant system properties are only 
created through the bonding process and the resulting final state. The actual system 
performance and the real risk structure are thus not adequately represented but are 
systematically misweighted.

What is particularly striking that this material-dominated assessment logic is applied 
despite structurally and materially comparable initial conditions to other process-driven 
technologies – in particular, fiber-reinforced composite technology. FRC technology is 
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based on fundamentally identical bonding mechanisms: adhesive (fiber/matrix resin) 
and cohesive (solidification of the polymer matrix). Nevertheless, a comparable domi-
nance of material-based assessment is not observed in that technology. This results in a 
pronounced and unexplained assessment asymmetry between structurally compara-
ble technologies and their regulatory evaluation (Figure 8).

Conclusion
The following key systemic insights emerge from the comparison:
• �The observed differences in regulatory assessment are not technologically driven but 

result from an inconsistent assessment logic.
• �While the technologies under consideration follow an identical vertical-causal sys-

tem structure, their assessment is conducted along different, predominantly frag-
mented, and non-integrated perspectives.

• �It is not the technological characteristics that explain the differences in assessment, 
but rather the way in which these characteristics are systemically captured and 
weighted.

The differing assessments of comparable process-driven technologies are thus not an 
expression of real differences in risk structure or mode of operation, but the direct 
consequence of a structural incongruity between technological reality and the regu-
latory assessment approach. This makes it clear:

“The assessment does not primarily reflect technological reality, but rather, through the 
selection of its respective subject of assessment, produces a systematically shifted 

representation of this reality.”

For industrial adhesive bonding technology, this means that its actual performance 
and risk structure are systematically distorted in the regulatory context.

Figure 8: Same process 
logic and quality 

mechanisms–
different perspectives 

dominated by 
evaluation (Image: 

Fraunhofer IFAM I Bremen)
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Hazard vs. Risk – The Difference Between Substance and System Assessment
It was previously shown that the regulatory assessment of technological systems often 
does not follow the actual causal chain from process, transformation, and final state 
through to the actual use of the system, but rather creates its own assessment realities 
by considering individual assessment levels in isolation.

A key reason for this lies in a shift in the weighting of fundamental assessment prin-
ciples, particularly in the relationship between hazard (intrinsic danger) and risk (dan-
ger taking actual exposure into account).

Classic Model: Risk-Based Assessment Approach
The following discussion does not fundamentally call into question the precautionary 
principle or hazard-based assessment approaches. Rather, the focus is on analyzing 
their application in regulatory practice, particularly when hazard-based aspects de 
facto become the dominant decision-making factor and other dimensions relevant to 
assessment – such as actual and controllable exposure, the verifiable control of pro-
cesses, and the resulting system state in the context of application – are given insuffi-
cient consideration.

The classical assessment model is based on the fundamental relationship:
Risk = Hazard × Exposure

Accordingly, risk does not arise solely from the intrinsic properties of a substance, but 
from the interaction of hazard and actual exposure in the respective context of use. 
Risk can thus be understood more generally as a function of hazard, exposure, and 
context, whereby the context is determined in particular by process management 
and control, system state, and the specific situation of use..

This principle forms the basis of established chemical regulatory assessment and was 
also embedded in the original risk-based approach of REACH, which recognizes a 
substance’s intrinsic hazard as an essential component of the assessment but makes 
regulatory decisions in the context of exposure and specific use scenarios.

New Logic: Hazard-Based Assessment Approach
However, with the further development of regulatory strategies – particularly within 
the framework of the Zero Pollution Ambition (ZPA) and the Chemicals Strategy for 
Sustainability (CSS) – a shift in the weighting of these factors can be observed. In cur-
rent regulatory practice, hazard-based assessment is gaining increasing importance.
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The intrinsic hazard properties of substances are coming more into focus, while actu-
al exposure conditions and usage contexts are losing relative importance. This leads 
to an assessment logic in which hazard is increasingly considered in isolation from 
specific system states and application contexts and is evaluated primarily from a tech-
nological perspective.

As a result, the hazard properties of a starting material can be used as a decisive tech-
nology-defining assessment criterion even when those properties are no longer ef-
fective in the same way within the actual application system due to process-related 
transformations.

The Consequence
This shift has direct implications for the assessment of process-driven technologies:

• �Exposure loses its depth of differentiation. The example of adhesive bonding technology 
illustrates that the actual exposure conditions – which, in the intended context of use, are 
limited in time and space to the storage, handling, and processing of the starting materi-
als – are not taken into account in the assessment with the appropriate level of 
differentiation relative to the hazard properties of the starting materials.

• �Process control is losing regulatory significance – in adhesive bonding technology, ex-
posure is demonstrably and significantly limited by technical, organizational, and de-
sign measures in the process layout. These process-related control mechanisms lose 
weight in a predominantly hazard-oriented assessment, even though they are crucial 
for actual risk minimization and control.

• �The system context loses regulatory significance as an assessment dimension – the 
transformation of the substances used in the adhesive process, as well as the proper-
ties of the resulting final state within the application system, are not considered as 
central assessment elements. Consequently, the state relevant to the actual system 
impact remains incompletely captured. As a result, the assessment focus shifts from 
an integrated, holistic risk assessment of the technological system to a predominant-
ly substance-centered hazard assessment – even in cases where the underlying  
hazard properties are no longer effective in the same way, or are no longer effective 
at all, in the real-world application system due to process-related transformations. 
This shift leads to systematic misassessments, particularly in the case of transforma-
tive, process-driven technologies: Their actual risk structure is largely determined by 
process control, transformation, resulting system states, and the specific exposure; 
however, it remains structurally underrepresented in the assessment.
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The example of adhesive bonding technology serves as a model to illustrate that a 
predominantly hazard-oriented assessment fails to adequately account for process-
induced transformation, time-limited exposure, and the functionally relevant final 
state in the application system. The insights derived from this are fundamentally 
transferable to other process-driven technologies whose system properties are large-
ly determined by transformation, process control, and resulting final states.

“The resulting assessment asymmetry is not a consequence of individual misapplica-
tions: It is a systemic consequence of the underlying assessment logic.”

The crucial point here is not the existence of hazard-based assessment per se, but its 
de facto dominance in decision-making processes (see “Small Pictures”). This is true 
regardless of whether the underlying hazard characteristics are still effective in the re-
levant system state.

Operational Consequences for Adhesive bonding technology
The systemic shifts in assessment logic described above are not confined to the con-
ceptual level but have direct implications for the development and practical application 
of adhesive bonding technology. Regulatory assessment is increasingly based on the in-
trinsic properties of the adhesives to be used – which have not yet cured – and thus on 
an upstream state that no longer exists in this form within the actual application system.

Consequently, the central focus of the assessment shifts from the actual operational 
state of the system to the initial state of the materials, while the process-induced 
transformation and the resulting final state are not taken into account to the same ex-
tent.

This dominance of a material-centered hazard assessment, coupled with insufficient 
integration of the process, transformation, and system state, gives rise to several ope-
rational consequences.

Devaluation of Process Control
Industrial adhesive bonding technology – similar to welding technology and fiber-re-
inforced composite technology (FRC)– is characterized primarily by controlled and 
quality-assured process management, which determines the actual performance and 
safety of the system.

However, with the increasing dominance of a substance-centered hazard assessment, 
the focus of the assessment is shifting to the intrinsic properties of the starting materials 
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used. Process-related measures to limit exposure – such as technical protective 
measures, qualified process control, appropriate plant engineering, and organizational 
safeguards – thereby lose importance relative to the overall assessment, even though 
they are crucial for actual risk minimization.

As a result, key safety mechanisms of process-controlled technologies are not ade-
quately captured in the regulatory assessment: The assessment systematically fails to 
account for the actual risk reduction in the application system, as it does not consider 
the effectiveness of process control and exposure control as determining factors of 
the system’s actual performance.

Distortion of the Actual Risk Structure in the Assessment
In adhesive bonding technology, as previously described, the hazard in the intended 
industrial context is essentially limited in time and process and is linked to exposure 
during storage, handling, and processing of the starting materials. However, a predo-
minantly hazard-oriented assessment does not adequately account for this distinc-
tion; instead, it implicitly transfers the hazard characteristics of the starting materials 
to the application context and the entire life cycle.

As a result, a temporary, process-specific risk is assessed as a permanently effective 
property of the system. The temporal and process-related limitations of the actual risk 
structure are not taken into account. The consequence is a distorted representation of 
the system’s actual impact. A condition that is not representative of the relevant appli-
cation context is assessed as defining the technology.

Impacts on Innovation and Substitution
The increasing dominance of substance-based assessment leads to starting materials 
being classified as critical more and more often, regardless of the specific application 
system, without systematically considering their functional benefits or their behavior 
after process integration in the resulting final state. The consequence is that
• �the targeted selection of functionally suitable materials in the application system is 

made more difficult,
• �substitution-driven decisions are made, in which materials are replaced primarily be-

cause of their intrinsic hazardousness, without this leading to a demonstrable impro-
vement in the actual risk profile within the application system, and

• �innovation processes are increasingly steered toward alternative solutions whose 
functional suitability is not necessarily equivalent in the respective system context.
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As a result, the focus of innovation shifts from the systemic optimization of technolo-
gical solutions toward a primarily substance-based, often incremental substitution lo-
gic that takes insufficient account of the actual application context. As a result, the de-
velopment of new technological solution spaces is increasingly overshadowed by the 
need to meet substance-related substitution requirements. Innovation thus tends to 
be reduced to the substitution of starting materials, while the development of new 
processes, functions, and system solutions – as the actual source of technological pro-
gress – loses importance.

Consequences for System Assessment in Adhesive bonding technology
The operational implementation of a predominantly hazard-oriented assessment ap-
proach in adhesive bonding technology leads to a situation where a time-limited, pro-
cess-specific, and verifiably controllable risk is assessed as a permanent material hazard. 
This makes a temporary state the determining basis for the overall assessment of indus-
trial adhesive bonding technology, even though the actual system impact results from 
a transformed, downstream final state.

In this final state, under conditions of intended use, the starting materials classified as ha-
zardous generally no longer exist in their original form and are not returned to that state. 
Furthermore, under these conditions, the final states resulting from the transformation 
generally no longer present a hazard that is relevant to the application or functionally si-
gnificant. The assessment thus relates to properties of a system state that is not represen-
tative of the actual application system. Key mechanisms of process control and system de-
sign – in particular, the limitation of exposure and the transformation of the starting 
materials during the process – are not taken into account as decisive assessment factors in 
terms of their safety-relevant effects.
“The assessment thus systematically fails to account for the actual risk structure and the 

actual system impact in the application context.”

In contrast, for comparable process-driven technologies such as welding, the assess-
ment of process control shapes the regulatory framework, since in those cases the re-
levant properties are derived from the process and the resulting final state. The same 
applies to fiber-reinforced composite technology, where – despite comparable mate-
rial starting conditions – the assessment is primarily based on the functional proper-
ties of the resulting material system and its behavior in the application context.



31Systemic Inconsistencies in European Chemicals Policy…

Unchanged Legal Framework (REACH)  
with Simultaneously Changed Application Practices
The originally planned fundamental revision, which would have substantially altered 
the core operating principles or the system architecture, was suspended by the Europe-
an Commission. Accordingly, revisions in the sense of a REACH revision will not be im-
plemented for the time being. This formal stability of the legal framework is often inter-
preted as an expression of regulatory continuity. However, it does not provide any 
insight into how the existing instruments are actually applied, weighted, and combined 
with one another. The system’s impact does not arise solely from the text of the law, but 
largely from its practical implementation. This development is regularly evident in regu-
latory practice, regardless of formal changes to the legal framework. Consequently, a 
pronounced operational dynamic is evident in its application. Requirements are increa-
singly being specified and further developed through subordinate legislation such as 
annexes, guidelines, and assessment practices. At the same time, assessment criteria, 
data requirements, and the prioritization of regulatory measures are changing within 
the framework of new strategic approaches, particularly in the context of the Chemicals 
Strategy for Sustainability (CSS).

“The outwardly formal stability of the law 
does not protect against a change in its effect.”

For the industrial adhesive industry, this means that the relevant assessment criteria 
may continue to change without any alteration to the formal legal framework  
(REACH). This is particularly evident in an increasing shift in the weighting between ha-
zard and exposure aspects, as well as in the growing importance of substance-related 
criteria over process- and system-related aspects. This creates a situation in which the re-
gulatory impact continues to evolve, even though the formal structure of the system re-
mains stable. As a result, the assessment of transformative, process-driven technologies 
such as adhesive bonding technology is increasingly shaped by the underlying assess-
ment logic and less by the actual process, exposure, and system contexts.

The key consequence is that apparent regulatory stability is not synonymous with sta-
ble impact: Changes in the assessment logic – for example, a shift from a predominantly 
risk-based assessment to a more hazard-oriented one – can take hold even without a 
formal adjustment to the legal framework and have a direct impact on the assessment 
of technological systems.
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Methodological Reinforcement of Hazard Logic (MAF) 
with a simultaneous functional return to GRA mechanisms
Beyond the changes in application practice described above, the shift in assessment 
logic is further reinforced at the methodological level. Building on the classic risk rela-
tionship already described:
Risk = Hazard × Exposure
regulatory decisions are traditionally derived from the quantitative linkage between 
hazard and exposure.

In practical implementation, this concept is operationalized through risk-based  
parameters, in which exposure is assessed relative to derived threshold values (for  
example, DNEL – Derived No-Effect Level – as the threshold below which no adverse 
health effects are expected). Uncertainties are accounted for through “assessment 
factors,” so that regulatory decisions are essentially derived from a quantitative relati-
onship between hazard and exposure.

However, as regulatory strategies continue to evolve, an increasing differentiation in 
the methodological decision-making logic can be observed. In connection with the 
further development of European chemicals policy, various methodological manage-
ment tools are gaining importance. These include, in particular, the Mixture Assess-
ment Framework (MAF) with its operational tool, the Mixture Assessment Factor 
(MAF), as well as various Regulatory Management Options (RMO/RMOA).

In the context of European chemicals policy, two levels must be distinguished here:
• �At the strategic-methodological level, the Mixture Assessment Framework describes 

the overall regulatory architecture for addressing combined exposures to multiple 
substances (“chemical mixtures” or “cocktail effects”). The goal of this approach is to 
gradually expand the risk assessment from the isolated evaluation of individual sub-
stances to the systematic consideration of combined substance exposures.

• �At the operational level, this strategy is implemented through the Mixture Assess-
ment Factor (MAF). The MAF is intended to be integrated into existing assessment 
procedures as an additional safety or assessment factor in order to take potential 
risks from unintended mixtures of substances into account as a precautionary 
measure.

From a scientific perspective, however, this gives rise to a fundamental methodological 
dilemma. While the Mixture Assessment Framework implies the goal of improved as-
sessment of combined substance effects, real mixtures of substances in technological 
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and industrial systems are, in the vast majority of cases, neither fully known nor fully as-
sessable experimentally due to their complexity. Particularly for complex matrix sys-
tems, such as those found in adhesive bonding technology, there is no realistic way to 
fully characterize the nearly unlimited number of potential substance combinations 
from a toxicological perspective.

The MAF addresses this problem not through additional scientific knowledge, but by 
introducing a blanket uncertainty factor. From this perspective, the MAF functions 
less as a tool for the specific evaluation of a mixture (“assessment”) and more as a tool 
for the precautionary assignment of risk (“allocation”) under conditions of limited 
knowledge.

The key difference lies in the fact that an assessment aims to describe real relation-
ships as precisely as possible, whereas an allocation distributes or limits available risk 
budgets as a precautionary measure when a complete assessment is not possible. The 
MAF can thus be understood as a regulatory mechanism that compensates for scien-
tific uncertainty regarding the actual effects of mixtures by applying additional safety 
margins.

Hypothetical Example
The basic effect can be illustrated in simplified terms using a hypothetical example: 
Suppose that, based on a classical risk assessment, a risk quotient of 0.8 results for a 
specific application. The application would thus fall below a regulatory threshold of 
1.0 and be considered manageable.

If a Mixture Assessment Factor (MAF) of, for example, 2 is now introduced, the risk quotient 
increases mathematically to 1.6. The application would thus exceed the regulatory 
threshold, even though the substance properties, exposure, process conditions, and final 
state remain unchanged.

This fundamental effect intensifies as the selected MAF increases. The higher the ad-
ditional assessment factor, the more significantly the regulatory assessment of a tech-
nological system shifts – even when substance properties, exposure, process control, 
and final state remain unchanged.

At the same time, the example illustrates the central question of this work: The regulatory 
assessment of a technological system can change even though substance properties,  
exposure, process control, and final state have remained unchanged. In this case, the cau-
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se of the changed decision is not the technological system itself, but rather the change in 
the underlying assessment logic.

Potential Change Due to the MAF
The actual change therefore lies less in the toxicological calculation models than in the 
structure of the regulatory decision-making logic. The risk assessment is expanded to in-
clude an additional uncertainty margin, the magnitude of which is not directly derived 
from the specific application system, exposure, process control, or the resulting final state.
This is of particular relevance for transformative process-driven technologies such as 
industrial adhesive bonding technology. Technological performance arises primarily 
at the level of the system, the process, and the resulting final state. The MAF, on the 
other hand, operates at the level of the starting materials. This creates the risk that the 
already existing dominance of substance-centered assessment approaches will be 
further reinforced, even though the actual system effect arises at downstream tech-
nological levels.

The MAF is not a substitute for risk-based assessment in the narrower sense, but  
rather an overarching decision-making framework for selecting appropriate regulato-
ry measures. In addition to hazard and exposure, it also takes into account aspects 
such as uncertainties, substance group considerations, and regulatory objectives. The 
decision-making process can be described in simplified terms as:
Regulatory decision ≈ f (hazard, exposure, uncertainty, regulatory objective).

In contrast to classical risk assessment, this shift does not occur primarily through ad-
justments to the calculation parameters, but rather through the way in which decision 
criteria are structured and weighted. The change thus lies in the decision-making  
logic and not in the underlying calculation models.

These methodological extensions are not necessarily implemented through changes 
to the text of the REACH Regulation itself, but can be operationally implemented wi-
thin the existing legal framework, particularly through subordinate legal instruments 
such as annexes, guidelines, and assessment practices. This exemplifies that substan-
tial changes to the assessment logic can take effect even without a formal adjustment 
to the legal framework.

Changing the Assessment Logic Rather Than the Legal Framework
At the same time, it should be noted that principles underlying the currently suspended 
Generic Risk Assessment (GRA) concept remain effective in a functionally comparable 



35Systemic Inconsistencies in European Chemicals Policy…

form. At its core, the GRA is based on the assumption that certain hazard characteristics 
can be addressed through regulation independently of specific exposure or use scenarios.

Even without comprehensive implementation as a standalone tool, corresponding as-
sessment logics continue to be incorporated into existing regulatory and decision-
making processes.

This is particularly evident in the increasing importance of group-based substance as-
sessments, the greater emphasis placed on intrinsic substance properties already in 
early decision-making stages, the discussion of blanket assessment approaches such 
as the Mixture Assessment Factor (MAF), and the growing significance of cross-appli-
cation regulatory instruments such as the Essential Use concept.

What these approaches have in common is that regulatory attention is increasingly 
focused on the hazard properties of substances, while specific exposure conditions, 
process operations, transformation effects, and resulting system states may lose rela-
tive importance.

Concepts such as “Substances of Concern” (SoC) also illustrate the ongoing focus on 
substance properties as the primary assessment criterion. The resulting assessment 
provides relevant information about starting materials but does not allow for direct 
conclusions about the actual system impact of a technological end state.

The MAF should not be understood as a direct return to the GRA. Rather, it involves 
the functional integration of GRA-like decision-making principles into existing regula-
tory structures. This change takes place less at the level of formal legal structures than 
at the level of the assessment logic itself. As a result, the key effects of an originally  
intended GRA approach can gradually unfold even without its full regulatory imple-
mentation.

“The real change does not occur primarily in the text of the law, but in the way assess-
ments are made, factors are weighed, and decisions are reached.”

This is precisely why changes in regulatory impact can occur even when the formal 
structure of the legal framework remains largely unchanged. The combination of 
MAF-based decision-making approaches and a continuing hazard-oriented assess-
ment logic can thus lead to intrinsic substance properties gaining relative importance 
within regulatory decision-making processes. At the same time, aspects such as pro-
cess control, exposure in the context of use, and the resulting final state may lose  
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relative importance in a system comparison, without being formally excluded from 
the assessment. Rather, the shift occurs through their decreasing weighting within 
the decision-making logic.

For process-driven technologies such as industrial adhesive bonding technology, this 
means that the weighting within regulatory decision-making processes may shift. The 
assessment may be more strongly influenced by the properties of the starting materi-
als used, while process-related transformation, time-limited exposure, and the func-
tional final state in the application system play a lesser role in the overall assessment.

This shift does not result from the definition of specific hazard scenarios or from a di-
rect modification of existing calculation approaches, but rather from the structure 
and weighting of the decision-making processes themselves. Depending on its appli-
cation, the MAF can thus contribute to reinforcing hazard-based assessment logic, 
particularly in cases where the systemic interrelationships of technological processes 
are not fully taken into account.

The suspension of individual instruments does not alter the fundamental strategic di-
rection of the CSS, but merely the form of its operational implementation.

Essential Use as a Normative Regulatory Tool with a Break in System Logic 
Basic Structure and Classification 
The concept of “Essential Use” was introduced in the context of the Chemicals Strate-
gy for Sustainability (CSS) as a complementary approach to regulating substance 
uses. It does not represent an assessment approach in the sense of classical risk analy-
sis, but rather a normative decision-making framework for evaluating the permissibi-
lity of applications.

In contrast to risk-based assessment, in which decisions are derived from the interplay 
of hazard and exposure, the Essential Use approach is guided by three central criteria:
• the societal necessity of an application,
• the availability of suitable alternatives, and
• the actual substitutability in the respective application context.

The acceptability of a substance’s use can be described in simplified terms as:
Acceptability ≈ f(societal function, alternatives, substitutability)
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This fundamentally shifts the assessment standard: The focus is no longer on the que-
stion “Is the application safely manageable under controlled conditions?” but rather 
on “Is the application necessary for society and without alternative?”

From a systemic perspective, this means that the level of use is no longer exclusively 
the result of a scientific and technical assessment, but rather becomes the starting 
point for regulatory decision-making processes in its own right.

Essential Use fulfills an additional systemic function in this context: The approach 
opens up the possibility of continuing to authorize applications despite existing regu-
latory restrictions, provided they are deemed to have sufficient societal significance. 
This creates a complementary decision-making mechanism that becomes particularly 
relevant in situations where the application of hazard-oriented assessment ap-
proaches may conflict with overarching political, economic, or societal objectives.

Systemic Context: A Break with Causal Assessment Logic
The Essential Use approach alters the structure of regulatory decisions in several re-
spects. In classical systems logic, the assessment is based on the causal sequence de-
picted in Figure 3:
Substance  Process Final State Application Asessment

The decision is derived from the analysis of the real system and its effects in the con-
text of application. The essential-use approach fundamentally breaks with this logic 
by reversing the direction of decision-making:
Application  functional classification  admissibility decision
As a result, the application level shifts from being an evaluated variable to a variable 
that determines the decision. This is not an error in the strict sense, but rather a syste-
matic shift in the evaluation paradigm. At the same time, however, this creates a struc-
tural incongruity:

“The natural-science-based, causal system evaluation (substance–process–final state–
system impact) is overlaid by an upstream, function-related 

decision-making logic.”

As a result, the existing system structure – in particular the interaction between pro-
cess, exposure, and final state – is no longer necessarily fully incorporated into the de-
cision-making process. While these aspects may be taken into account, they are no 
longer the necessary basis for the decision.
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The essential-use approach therefore does not merely expand the existing assess-
ment logic by adding an additional dimension, but rather establishes an indepen-
dent, function-based decision-making level that operates in parallel with the scientific 
system assessment.

As a result, decision-making becomes more case-specific and context-dependent. Crite-
ria such as “societal function” or “lack of alternatives” cannot be fully standardized and re-
quire a qualitative assessment within the respective context of use. This inevitably cre-
ates room for interpretation
At the same time, the practical responsibility for justifying a permissible application is 
increasingly shifting to the user. Companies must demonstrate on a case-by-case ba-
sis
• why an application is functionally necessary,
• why no suitable alternatives are available, and
• why substitution is not technically or functionally possible.

Providing this evidence typically involves considerable time and resources and does 
not necessarily lead to a positive decision, as the assessment depends largely on the 
specific interpretation of the aforementioned criteria. This creates a decision-making 
situation that is shaped less by standardized assessment procedures than by context-
dependent considerations.

Methodological and Systemic Consequences
This shift in decision-making logic has several fundamental consequences for the re-
gulatory system:
• �Shift in the basis for decision-making – the admissibility of applications is no longer 

determined primarily through a causally integrated and traceable system assess-
ment, but increasingly on the basis of a function-based classification of the applica-
tion within its societal context, for which only limited, non-standardizable assess-
ment criteria are available.

• �Weakening of the direct link to the risk structure – the classic linkage between ha-
zard, exposure, and resulting risk remains part of the assessment but no longer ne-
cessarily determines the final decision.

• �Increased scope for interpretation and balancing – key criteria such as societal func-
tion and the availability of alternatives are context-dependent and require a qualita-
tive assessment. A fully standardized and quantitatively reproducible methodology 
is available only to a limited extent for this purpose
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• �Shift in the burden of argumentation and proof – the justification for permissibility 
shifts from a primarily scientific and technical analysis to a function-based argumen-
tation regarding the application. This significantly increases the requirements for 
providing evidence, while at the same time reducing planning certainty for appli-
cants.

The overall effect is a decision-making system in which scientific system analyses con-
tinue to play a role but no longer necessarily constitute the decisive basis. This can 
lead to
• a decrease in the predictability of regulatory decisions in individual cases,
• decision-making processes becoming more complex and resource-intensive, and
• � the emergence of application practices that are inconsistent across sectors and, at 

the same time, create planning uncertainty.

Classification within the Four-Level System
From the perspective of the four-level system, this signifies a further shift in the domi-
nant focus of assessment. While in the original risk-based approach, process, end-
state, and exposure aspects in particular played a central role, and in more hazard-ori-
ented approaches the substance level gains prominence, Essential Use shifts the 
focus of regulatory decision-making to the use or application level. This once again 
makes a single level of the system the dominant assessment criterion, without the 
four levels being systematically integrated.

For process-driven technologies such as industrial adhesive bonding technology, this 
means that the assessment is no longer based exclusively on the actual system im-
pact, but is significantly influenced by the classification of the respective application 
in the context of its functional significance. This creates an additional level of control 
that is partially decoupled from the scientific and technical system logic and indepen-
dently determines the admissibility of applications. As a result, the gap between sci-
entific and technical system assessment and regulatory decision-making continues to 
widen.

Technology Impact Assessment (TIA) as a Systemic Integration Logic
Integration of the four system levels without calling into question  
existing assessment approaches
In the context of this analysis, Technology Impact Assessment (TIA) serves as an inte-
grative assessment framework that brings the elements of technological systems – 
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which have previously been considered in isolation – into a consistent framework. The 
quality of technological assessments is determined not primarily by the evaluation of 
individual levels, but by their systematic integration along real causal relationships. 
This statement forms the core scientific assumption of the Technology Impact Assess-
ment (TIA).

The central starting point is the four-level model consisting of substance, process, end 
state, and system/use (Figure 9). 

“The TIA does not call any of these levels into question, 
nor does it replace or redefine them.”

Rather, TIA explicitly assumes that all four levels are already established and necessary 
components of the assessment of technological systems. This explicitly applies as well 
to assessment approaches that place particular emphasis on individual levels of the 
four-level system, such as substance-centered hazard approaches or application-spe-
cific concepts like Essential Use. The TIA does not replace such approaches but rather 
places them within a higher-level systemic context. This prevents individual levels 
from becoming the dominant focus of assessment in isolation, without taking into ac-
count their interactions with the other levels.

The shortcoming therefore lies not in the individual levels themselves, but in their 
hitherto insufficient integration in assessment practice. While existing assessment ap-
proaches often consider individual levels in isolation or weight them differently, the 
TIA aims to systematically capture the interdependencies of these levels and take 
them into account in the assessment.

From the TIA’s perspective, the actual assessment shortfall arises not from considering 
individual levels, but from their isolated dominance (Figure 10). Neither material pro-
perties nor process characteristics, end states, or societal functions are, on their own, 
sufficient to fully describe the actual impact of technological systems.

The focus is therefore on the actual sequence of effects of technological systems:
Material  Process Transformation  End State  System/Use

The properties of a system are not explained in a one-dimensional manner but are un-
derstood as the result of the interaction between these levels (Figure 11). The TIA ma-
kes this interaction explicit by integrating the causal relationships and interactions 
between the levels into the assessment (Figure 12). This ensures that
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Figure 9: 
– Materials 
– Processes 

– Final states 
– Systems: 

the elements of the 
four-level system 

(Image: Fraunhofer IFAM I 

Bremen)

Figure 10: Decisions 
are made based on 
system logic at the 

horizontal level 
(Image: Fraunhofer IFAM I 

Bremen)
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• �material properties are assessed in the context of their process-driven transformati-
on,

• �exposure is considered in relation to the actual process and application context,
• �the resulting final state in the application system is an integral part of the assess-

ment, and
• �the social, environmental, economic, and technological functions of the application 

system are taken into account as part of the overall assessment.

This approach does not exclude, relativize, or prioritize any single level. Rather, all four 
levels are considered on an equal footing as components of a coherent technological 
system. In doing so, the TIA does not introduce any new individual criteria nor does it 
relativize existing regulatory requirements. Its function consists exclusively of syste-
matically linking existing assessment elements and integrating them into a consistent 
overall structure. It should therefore be understood as a complementary integration 
framework that does not replace existing assessment approaches but rather methodi-
cally expands and structures their application.

The TIA replaces neither risk-based assessment approaches nor hazard assessments 
nor function-related concepts such as Essential Use. Its function is to integrate these 
perspectives into a common systemic framework. This prevents individual system le-
vels from being considered in isolation or singled out as the dominant basis for as-
sessment. Only by considering substance, process, end state, and system/use toge-
ther is it possible to arrive at a robust “Real Big Picture” of technological systems.

“The central function of the TIA is therefore not to replace existing assessment ap-
proaches, but to generate a robust, causally integrated ‘Real Big Picture’ of technological 

systems from isolated ‘Small Pictures.’”

The TIA thus represents the methodological mechanism by which a robust “Real Big 
Picture” of technological systems can be generated from isolated “Small Pictures” at 
the individual levels. In doing so:
• no level is ignoredt
• no level is given preferential treatment
• all four levels are integrated

Scientific Added Value and Application Using Adhesive  
Technology as an Example
The scientific value of the TIA lies in its ability to map the actual emergence of techno-
logical systems as a continuous causal relationship. Technological systems do not ari-
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Figure 11: Shortco-
ming: no vertical 
connection (red) 

between the levels 
(Image: Fraunhofer IFAM I 

Bremen)

Figure 12: Solution: 
Vertical integration of 
the levels through the 

Technology Impact 
Assessment (TIA) 

(Image: Fraunhofer IFAM I 

Bremen) 
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se from isolated material properties, but rather from the combination of material, pro-
cess control, transformation, application, and system effects. The TIA makes it possible 
to capture this development as a coherent causal chain and systematically incorpo-
rate it into the evaluation (Figure 13).

A key advantage lies in the end-to-end linkage of the four system levels, which build 
upon one another causally. While fragmented evaluation approaches consider indivi-
dual levels independently of one another, the TIA ensures that these levels are evalu-
ated in terms of their functional interactions. This is of particular importance for pro-
cess-driven technologies such as industrial adhesive bonding technology. Here, the 
relevant system properties arise only through the process and the resulting final state. 
An isolated examination of individual levels – whether the starting material, the pro-
cess, the final state, or the application level – therefore inevitably leads to an incom-
plete representation of the actual system impact. The TIA makes it possible to con-
sistently map these relationships, because:
• Exposure is considered in the context of real process conditions.
• �Transformation is taken into account as a crucial step between the starting material 

and the final state.

Figure 13: Guiding principle of Technology Impact Assessment (TIA): Equal integration of 
materials, processes, end states, and applications to create a robust “Real Big Picture” of techno-
logical systems (Image: Fraunhofer IFAM I Bremen) 
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• �The functional final state in the application system is integrated as a key evaluation 
level, just as the effect of the final state at the system level is integrated. 

• �Societal, economic, technological, and sustainability-related functions of the appli-
cation system are considered as part of an integrated overall assessment, without 
becoming the dominant basis for decision-making in isolation.

This integrative approach captures the actual risk structure of technological systems  
with significantly greater precision. At the same time, it reduces the risk that isolated in-
dividual aspects – such as starting material properties – will be given disproportionate 
weight in the overall assessment. This applies not only to material-related criteria but, in 
principle, to all four levels of the system. From the TIA’s perspective, neither the sub-
stance level nor the process, end-state, or use level is, on its own, sufficient to fully de-
scribe the actual impact of technological systems. The societal benefit of an application 
thus remains a relevant component of the assessment; however, it is not considered in 
isolation but is placed within the overall context of substance, process, end state, and 
system impact.
“The value of the TIA thus lies not in additional data or new assessment parameters, but 

in an improved, reality-based structuring and interpretation of existing information.”

TIA as an explicit form of an assessment logic already implicitly 
applied (DIN 35253)
The integration logic described in the TIA is not an entirely new methodological prin-
ciple. A comparable structure is already established in the draft standard DIN 35253 
for the technological-ecological assessment of adhesively bonded structures. 
There, the assessment takes place in two steps:
• first, a separate assessment of individual criteria (horizontal level),
• �followed by their systematic consolidation into an overall assessment (vertical aggre-

gation of the horizontal levels).

This logic corresponds to the basic principle of the TIA: Individual aspects – in the DIN 
35253 standard draft, these are the individual elements of the R-Strategy in the order 
of priority specified by the European Commission – are first differentiated, that is, con-
sidered and evaluated horizontally. This methodically prevents the isolated domi-
nance (“singling out”) of individual evaluation levels. Subsequently, the individual ho-
rizontal results are aggregated vertically to form the Technological-Ecological 
Sustainability Factor (TESF) (Figure 14).



46

JAHRBUCH 2027 Dichten. Kleben. Polymer. – Special Publikation 

Adhesives. Adhesive bonding technology

While DIN 35253 implements this linkage via R-strategy elements, in the TIA it is carried 
out along the system levels of material, process, end state, and application. The com-
mon methodological core consists of transforming individual assessments into a consi-
stent overall statement:
• through structured individual assessment,
•  followed by systematic linking.

The TIA makes this implicitly existing integration logic explicit and applies it to a cross-
technological assessment perspective. It thus does not represent a departure from 
existing assessment approaches, but rather their methodological refinement and ge-
neralization. The key difference is that vertical integration in the TIA does not occur 
along individual sustainability criteria, but rather along the four causally linked levels 
of material, process, end state, and system/use.

Key Message of the TIA: Linkages Instead of New Individual Criteria 
The central insight of the Technology Impact Assessment (TIA) is that the quality of an 
assessment does not depend primarily on the selection of individual criteria, but rather 
on the way in which these criteria are linked to one another.

Figure 14: Logic according to DIN 35253: Horizontal evaluation and vertical aggregation lead to 
the result – the TESF (Technological-Ecological Sustainability Factor) 
(Image: Fraunhofer IFAM I Bremen)
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Without a systematic integration, the evaluation of technological systems inevitably re-
mains fragmented. While individual aspects may be correctly evaluated on their own, 
their isolated application does not yield a consistent overall picture of the system..

The innovation of the TIA therefore lies not in new evaluation parameters, but in the 
structured integration of existing evaluation elements. This integration logic
• fully maintains the separation of the individual system levels,
• prevents a dominant monocausal evaluation,
• simultaneously establishes the causal relationships between the levels, and
• thereby enables a consistent integration of all relevant influencing factors.

The result is not a blurring of evaluation levels, but rather a structured connection of 
clearly delineated elements.

For industrial adhesive bonding technology, this means specifically: The evaluation is no 
longer dominated by individual factors, such as the properties of starting materials. These 
factors continue to be taken into account, but jointly and on an equal footing with process 
control – including the proper storage of potentially hazardous starting materials, the  
material transformations occurring during the process and their verifiable controllability, 
the resulting final state with its properties that often differ from those of the starting ma-
terials, and the actual system effect of the adhesive bond in the application context.

As a result, material properties, process conditions, final state characteristics, and the 
application system are not assessed in isolation but are considered as an integrated 
technological system as a whole. This makes it possible to capture and classify the 
technological performance contributions of adhesive bonding – such as functional 
integration, lightweight construction, resource efficiency, and durability – in a realistic 
manner and without structurally favoring or disadvantaging individual levels.

“The TIA thus creates the conditions for an evaluation that is not only formally correct 
but also systemically comprehensive and technologically adequate.”

The TIA is neither pro-technology nor anti-technology. It is based on sound evaluation 
logic. Its fundamental assumption is that technological systems must be evaluated 
according to their actual structure.

The goal of the TIA is not to make certain technologies appear better or worse. The 
goal is a comprehensive – and thus honest – evaluation of technological systems  
based on their actual interrelationships.
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TIA and the Challenge of Vertical Integration
The TIA is designed as a multi-level assessment approach that structures technologi-
cal issues across multiple levels of analysis. The focus is on the separate assessment of 
different causal relationships along defined levels of analysis.

A suitable reference for classifying this structure is the assessment logic established in 
the DIN 35253 standards project. There, at the level of individual assessment compo-
nents (such as specific R-strategies or criteria elements), horizontal individual assess-
ments are first conducted, which are then vertically consolidated into a higher-level 
overall assessment.

Even at the TIA’s current stage of development, a comparable structure is already in place. 
At each of the four levels of analysis – substance, process, end state, and system/use levels 
(Figure 10) – horizontal assessments and decisions are already being made implicitly. 
These are based on level-specific criteria, which, however, have not yet been formalized or 
operationalized. Horizontal assessment thus represents the current core mechanism of 
the TIA. It enables a nuanced analysis of technological issues by isolating and evaluating 
the respective causal relationships within a given level.

In contrast to approaches that have already been further developed in the context of 
standards (e.g., the DIN 35253 standardization project), a clearly defined methodolo-
gy for the vertical integration of these individual results in subsequent steps still 
needs to be developed for the TIA. It must be determined how the horizontal assess-
ments conducted across the four levels (Figure 12) are to be correlated, weighted, 
and synthesized into a consistent overall result.

At its current stage of development, as presented here, the TIA can therefore be cha-
racterized as a decision filter. The assessment at the four individual levels enables a 
structured preselection of technological options without it being possible – that is, 
without clearly defined integration and evaluation criteria – to derive an integrated, 
cross-system basis for decision-making from this preselection.

However, the TIA’s expansion of the assessment system does not equate to a shift to-
ward a system- or application-oriented assessment. Nor does the move away from an 
exclusive focus on materials mean that the assessment automatically reaches the le-
vel of the final state or system performance.
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This requires clear methodological guidelines for the prioritization and integration of 
the assessment results. The fundamental methodological requirement of the TIA al-
ready consists of considering all four levels of the system (Figure 3) as equally impor-
tant components of the assessment. Without this basic requirement, the system re-
mains vulnerable to the dominant influences of individual levels. In particular, there is 
a risk that, despite a formally multi-level approach, individual assessment levels will 
continue to be decisive for decision-making.

The goal of further developing the TIA is therefore clear: to ensure a methodologically 
sound integration and equal consideration of substance, process, final state, and sys-
tem impact, and to limit the dominance of individual assessment levels as much as 
possible.

It is clear that this further development of the TIA must go beyond a mere multi-level 
approach and, in particular, requires the definition of binding integration and prioriti-
zation rules to enable a genuine and realistic system- and innovation-oriented assess-
ment.

Regulatory Dynamics: MAF and the Persistence of  
Substance-Centered Assessment
Against the backdrop of the TIA’s structural openness to the dominant influences of 
individual assessment levels, as described above, regulatory mechanisms take on  
particular significance. They can – regardless of the formal structure of an assessment 
approach – bring about significant shifts in practical decision-making logic.

In the current regulatory environment, a countervailing trend is evident. Although ha-
zard-oriented approaches such as the Generic Risk Approach (GRA) are not yet fully 
implemented, mechanisms such as the Mixture Assessment Factor (MAF) are 
emerging as tools capable of producing functionally comparable effects.

The MAF is currently the most intensively discussed operational tool for accounting 
for unintended mixtures of substances (“chemical cocktails”) in the context of Europe-
an chemicals policy. Its function is to account for uncertainties regarding potential 
combined effects of substances by incorporating additional safety margins within exi-
sting assessment procedures.

The overarching political and methodological framework is provided by the Mixture 
Assessment Framework. Its goal is to expand the risk assessment approach from the 
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isolated evaluation of individual substances to a greater consideration of combined 
exposures.
From a methodological perspective, however, this creates a tension between the 
need for an “assessment” and the limitations of a complete scientific description of  
real mixtures of substances. Particularly in the case of complex industrial matrix sys-
tems, real combinations of substances can neither be fully known nor fully characte-
rized experimentally.

Against this backdrop, various authors point out that the term “Mixture Assessment 
Factor” only partially describes the actual function of the tool and that the term “Mix-
ture Allocation Factor” might be more appropriate. In this understanding, the MAF 
functions less as a tool for the direct assessment of specific mixtures and more as a 
mechanism for the precautionary allocation of additional safety margins under condi-
tions of scientific uncertainty.

The MAF thus leads to a blanket tightening of risk assessment by introducing additio-
nal safety factors regardless of the specific application context. From a systemic  
perspective, this introduces an additional safety mechanism whose effect is largely in-
dependent of the specific process conditions, the resulting final state, and the actual 
function of a technology.

A key characteristic here is that such a regulatory development typically does not take 
the form of an abrupt paradigm shift but is established gradually. Through incremen-
tal implementation – for example, on a sector-by-sector basis or initially limited to  
selected groups of substances – the underlying assessment logic can gradually be-
come entrenched. This process leads to a step-by-step normalization within industrial 
practice, thereby increasingly restricting the scope for fundamental corrections at a 
later stage.

This development is of particular significance for adhesive bonding technology. As a 
cross-technological joining method, it is inherently application- and function-orien-
ted. The actual technological performance is not manifested at the material level, but 
rather in the system state – that is, in the finished composite, its performance, and its 
longterm functional reliability.

Against this backdrop, it can be concluded that mechanisms such as the MAF, despite 
formally multi-stage assessment approaches, can contribute to perpetuating materi-
al-centered logic as a factor that shapes both technology and perception. This results 
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in a functional convergence toward hazard-dominated assessment approaches – 
even without their explicit implementation.

From the TIA’s perspective, the MAF does not pose a challenge simply because it takes 
additional evaluation dimensions into account. Rather, it becomes problematic when 
the resulting evaluations are incorporated into regulatory decisions without systema-
tically integrating the other levels. The challenge, therefore, lies not in the existence of 
the tool itself, but in the failure to embed its results within a comprehensive system 
evaluation.

This has far-reaching consequences for the TIA approach described above. As long as 
the assessment results from the various levels are not consolidated through clearly 
defined integration and prioritization rules, there is a risk that external regulatory me-
chanisms will dominate the decision-making logic and effectively shift the focus back 
to the substance level.

This demonstrates that the challenge lies not merely in the introduction of multi-level 
assessment approaches, but in their consistent methodological design. Without such 
further development, there is a risk that system-oriented approaches such as the TIA 
will be unable to achieve their intended effect, and that existing substance-centered 
assessment logics will persist structurally.

Technology Impact Assessment (TIA) a Counter-Model: from substance-based to 
system-based Assessment
The persistence of substance-centered assessment logics described above illustrates 
that a mere expansion of the levels of analysis is insufficient to achieve an actual shift in 
the assessment logic. Rather, an approach is needed that not only considers different le-
vels of assessment in parallel but also systematically integrates them and translates 
them into a consistent decision-making logic.

Against this backdrop, the need for an integrative assessment approach becomes 
clear. This is precisely where the TIA comes in. The goal of the TIA is to advance the as-
sessment of technologies from an isolated examination of individual system levels to-
ward an integrated assessment of the entire system.

The focus is not on the properties of individual products in the sense of isolating spe-
cific levels of assessment, but rather on the causal relationship between the starting 
material, process control, transformation, final state, and system impact. This ensures 
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that the controllability of the process, the transformations occurring within the pro-
cess, the properties of the resulting final state, and the actual impact on the applica-
tion system are all considered collectively and on an equal footing.

TIA is thus not an additional regulatory instrument in the traditional sense, but rather 
a methodological framework that links existing regulatory, normative, and technolo-
gical assessment approaches and translates them into a consistent decision-making 
logic. The goal is not to introduce additional requirements, but to reduce complexity 
by integrating previously fragmented assessment dimensions.

Against the backdrop of the regulatory dynamics described above, it becomes clear 
that the effectiveness of such a systemic approach depends crucially on the extent to 
which it succeeds not only in formally breaking down the dominance of individual as-
sessment levels – particularly the substance level, but also other levels – but also in ac-
tually overcoming this dominance within the decision-making logic.

The simultaneous existence of systemic assessment approaches such as TIA and con-
text-independent correction mechanisms such as the MAF reveals a fundamental 
structural tension. While TIA aims for differentiation, contextual relevance, and system 
integration, blanket risk corrections can reinforce the dominance of substance-cen-
tered assessment logics.

This presents a central challenge for the further development of adhesive bonding tech-
nology and comparable technologies within the regulatory context. Establishing sys-
tem-based assessment approaches requires not only their conceptual introduction but, 
above all, their methodological design with regard to integration and prioritization. On-
ly under this condition can the structural dominance of individual assessment levels be 
overcome without making other levels of the system the new dominant basis for assess-
ment. Only then will a genuine shift toward a system-oriented assessment be possible.

Methodological Classification of the Four-Level System and TIA 
in the Context of ZPA/CSS
Current developments in the context of European chemicals policy – particularly wi-
thin the framework of the Zero Pollution Ambition (ZPA) and the Chemicals Strategy 
for Sustainability (CSS) – are characterized by an increasing emphasis on precautiona-
ry assessment approaches. This development is technically understandable and ap-
propriate, as it aims to maintain and further improve an already very high level of  
protection for the environment and human health.
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From a systemic perspective, however, it becomes apparent that the practical imple-
mentation of this objective is often accompanied by a strong emphasis on the hazard 
dimension, while procedural, functional, and systemic aspects of technological systems 
lose relative importance. Taken individually, the various assessment approaches are in-
ternally consistent. When applied in isolation, however, they result in fragmented partial 
assessments (“Small Pictures”) that cannot provide a robust overall picture of the actual 
system impact. The resulting assessments are therefore not flawed in their individual ap-
proaches, but are structurally incomplete, since the causal links between the relevant 
system levels are not synthesized into a consistent overall picture (“Real Big Picture”).

“The central problem thus lies not in the regulatory target system, but in the underlying 
assessment logic.”

The evolution of the assessment logic can be understood as a shift in the dominant fo-
cus of assessment within the four-level system. In the classic risk-based approach, the 
assessment focused primarily on process, exposure, and end-state aspects. In more 
hazard-oriented approaches, the substance level in particular gains significance. Con-
cepts such as “Essential Use,” on the other hand, shift the assessment focus to the ap-
plication level.

In contrast, the TIA does not pursue a change in the dominant object of assessment. 
Rather, the goal is the equal integration of all four levels of the system. While policy 
objectives regularly target the overall impact of technological systems, in practice 
their assessment is often conducted from isolated, for example, substance-centered 
perspectives. This results in a methodological divergence between the logic of the ob-
jectives and that of the assessment.

Against this backdrop, the four-level system and the TIA, which builds upon it, are not an 
alternative to existing regulatory approaches, but rather a necessary methodological refi-
nement and supplement to them. They explicitly do not address the question of whether 
protection is necessary, but rather how protection can be adequately assessed while fully 
taking into account real technological causal relationships.

The four-level system maps the structural reality of technological systems by systema-
tically accounting for the causal links between substance, process, end state, and ap-
plication. The TIA translates this structure into an integrated assessment framework. 
The goal is not to replace existing assessment elements, but to link them along their 
causal relationships and integrate them into a consistent framework of cause-and-ef-
fect relationships.
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The four-tier system and the TIA do not replace hazard assessments, risk-based  
approaches, or function-based concepts such as “essential use.” They merely prevent indi-
vidual tiers of the system from becoming the dominant focus of assessment in isolation.

The differences between these approaches lie not in their respective claims to legiti-
macy, but in their focus:
• �Hazard-oriented approaches primarily address the question of a substance’s hazard 

characteristics.
• �Essential Use primarily addresses the question of the societal necessity of an applica-

tion.
• �The TIA primarily addresses the question of the actual impact of a technological sys-

tem.

Thus, the approaches address different aspects of the same reality. The TIA does not 
replace the first two perspectives but integrates them into a common systemic frame-
work..

This does not result in a contradiction with the objectives of ZPA and CSS. Rather, it re-
veals a methodological tension between systemic assessment approaches and a sim-
plified, primarily hazard-dominated implementation of these objectives. The four-le-
vel system and TIA are compatible with the policy objectives, but not with a reduced 
assessment logic that disregards key causal relationships within technological sys-
tems and can thereby impair the achievement of the underlying objectives.

From a systemic perspective, the four-level system and the TIA lead to an integrative 
assessment logic that does not replace hazard assessment but rather embeds it wi-
thin the context of process, exposure, final state, and system impact. The individual as-
sessment levels are not considered in isolation but are analyzed and evaluated in 
terms of their causal relationships. This does not result in a return to classical risk as-
sessments nor in the dominance of the application level, but rather in a systemic inte-
gration of all four levels.
The necessity of such an approach stems not primarily from political preferences, but 
from fundamental methodological requirements:
1. �The assessment of technological systems can only be realistic if it reflects their actu-

al structure.
2. �The assessment logic and the system of objectives must be consistent.
3. �Fragmented assessment approaches can yield consistent individual assessments 

but do not produce a consistent overall assessment.
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4. �The quality of decisions depends directly on the quality of the underlying assess-
ment logic.

5. �Evaluation logics influence innovation, investment, and location decisions and thus 
act as a competitive factor in their own right.

This leads to the central methodological conclusion:
“If the evaluation logic does not follow the structure of technological reality, it cannot 

provide a robust basis for decision-making – even if regulatory objectives aim to change 
technological developments in the long term.”

The introduction of integrative evaluation approaches, such as the four-level system 
and the TIA, is therefore not an optional addition. It is a necessary prerequisite for con-
sistent, realistic, and decision-relevant evaluations of technological systems. In this 
sense, the TIA is not an alternative to regulation, but rather the methodological prere-
quisite for being able to evaluate and implement regulatory objectives in a way that 
accurately reflects reality.

The example of industrial adhesive bonding technology in particular makes it clear 
that the lack of integration across the assessment levels directly leads to a systematic 
underestimation of technological performance and impact contributions.

In summary, the framework can be described as follows:
• Hazard primarily considers the substance level.
• Essential Use primarily considers the application level.
• �The Technology Impact Assessment (TIA) integrates substance, process, end state, 

and application into a common assessment framework. Thus, the TIA shifts the focus 
of assessment not from one level to another, but from the isolated consideration of 
individual levels to the evaluation of their interactions.

Systemic Incompleteness in the Assessment of Adhesive bonding technology
The previously developed integration logic of the four-level system and the Technology 
Impact Assessment (TIA) makes it clear that existing assessment approaches have funda-
mental limitations when technological systems are not analyzed in terms of their actual  
interrelationships. The example of industrial adhesive bonding technology shows that 
these limitations become particularly relevant when assessing sustainability impacts.

Adhesive bonding technology contributes significantly to the achievement of key 
goals in the circular economy, sustainable product design, and industrial transfor
mation. This is achieved, among other things, through:
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• �lightweight construction – specifically through cross-material bonds that preserve 
the lightweight properties of the materials,

• extended product lifespans,
• improved reparability,
• increased resource efficiency,
• functional integration, and
• support for circular product concepts.

The Fraunhofer IFAM study “Circular Economy and Adhesive bonding technology” 
shows that these contributions do not arise in isolation but result from the interplay of 
materials, process control, usage, and end-of-life strategies. An isolated, monocausal a 
ssessment of individual elements is therefore unsuitable for adequately reflecting the 
actual sustainability impact, which is based on a multicausal interplay of factors.

At the same time, it should be noted that current regulatory frameworks – for examp-
le, in the context of the EU Packaging Regulation (PPWR), the Digital Product Passport 
(DPP), the Ecodesign for Sustainable Products Regulation (ESPR), or related instru-
ments – do address systemic targets, but their assessment is often based on isolated 
individual criteria. The focus is often on factors such as material properties, recyclabi-
lity, material composition, or data transparency. However, key technological dimensi-
ons are frequently insufficiently integrated, particularly
• process control as a determining factor of technological properties,
•  the transformation of starting materials during the process,
• the resulting final state as the carrier of the actual function, and
• the resulting system effect in the application context.

Consequently, the evaluation often structurally stops short of the level of actual sys-
tem performance. Technological contributions that only unfold through the interac-
tion of the four levels are thus systematically underestimated.

This is of particular importance for adhesive bonding technology. Its technological, eco-
nomic, ecological, and innovative impact arises primarily at the level of the application 
system. It manifests itself, for example, in reduced material usage, extended service life, 
improved lightweight construction concepts, enhanced functionality, and increased re-
source efficiency. However, this system effect does not arise in isolation but rather from 
the interaction of material, process, transformation, final state, and application.



57Systemic Inconsistencies in European Chemicals Policy…

The currently dominant assessment approaches therefore tend, due to their systemic 
nature, to at least partially underestimate the actual sustainability impact of adhesive 
bonding technology. This underestimation is not attributable to individual assess-
ment errors, but rather to the lack of systematic integration of the relevant system le-
vels into the assessment process.

This results in a fundamental discrepancy:  Politically defined and regulatory targets in-
creasingly address the overall performance of technological systems, while their assess-
ment often continues to be based on isolated individual criteria.

The four-level and TIA logic developed here addresses precisely this issue. It enables the 
systematic linking of material, process, final state, and application, thereby creating the 
prerequisite for a consistent representation of overall technological impacts. Only 
through such an integrative approach can the actual causal relationships of process-dri-
ven technologies – such as adhesive bonding technology – be realistically assessed.

This confirms the central finding of this analysis: The primary cause of structural assess-
ment deficits lies not in individual assessment approaches, but in the lack of integration 
of the relevant system levels into a robust overall picture of technological reality.

International Competitive Dynamics and Evaluation Logic
Europe
Europe currently still holds a leading position in industrial adhesive bonding technology. 
This leadership role is based primarily on an infrastructure of Research and Development, 
training, quality assurance, and standardization that has been built up over decades.

A key success factor is the comprehensive personnel certifying program that qualifies 
personnel throughout the entire process chain. With the established qualification sys-
tems for EWF Adhesive Bonders, EWF Adhesive Specialists, and EWF Adhesive Engi-
neers, a Europe-wide harmonized and internationally recognized level of competence 
has been created, enabling the professional implementation of sophisticated ad
hesive bonding processes.

In addition, there is a comprehensive system of quality assurance standards for adhesive 
bonding. Examples include ISO 21368 for industrial applications, EN 17460 for rail vehi-
cle manufacturing, and DIN 2304 for other industrial applications. These standards spe-
cify the requirements of general quality management systems for “Special Processes” in 
adhesive bonding and ensure the controllability of the respective processes.
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This is supplemented by auditable procedures and operational certifications that can 
be used to demonstrate process control and reproducible quality. Taken as a whole, 
adhesive bonding has thus achieved a level of quality assurance that is structurally 
comparable to that of welding technology.

Until the introduction of the European Green Deal in 2019, regulatory developments 
in the field of European chemicals policy were predominantly risk-based. The combi-
nation of qualification-based application, normative quality assurance, and risk-based 
assessment formed a logically consistent foundation for the high level of innovation 
and competitiveness in European adhesive bonding technology.

Europe thus continues to possess considerable expertise in the development, applica-
tion, qualification, and standardization of adhesive bonding technology solutions.

The U.S. and Asia
In an international comparison, the assessment approaches in the U.S. and in major 
Asian industrial regions remain more strongly oriented toward risk-based and pro-
cess-related principles in many areas.The focus there is often on the assessment of  
actual exposures, specific application scenarios, and the controllability of technologi-
cal processes. This allows technological systems to be considered more closely in the 
context of their actual function and application.

For transformative, process-driven technologies, this tends to result in more favorable 
framework conditions, as their performance is largely determined by the interaction 
of material, process control, transformation, final state, and application. Consequent-
ly, the assessment can be more strongly focused on the actual technological impact 
and the contribution to innovation.

European Union
In contrast, since the introduction of the European Green Deal – including the Zero 
Pollution Ambition (ZPA) and the Chemicals Strategy for Sustainability (CSS) – Europe-
an chemicals and product regulation has been increasingly shaped by risk-based as-
sessment approaches.

The focus here is on identifying and regulating intrinsic substance properties, in some 
cases even independently of the specific application context. As a result, the assess-
ment of individual substances is often only loosely linked to their integration into pro-
cesses, their transformation, and the resulting final state. At the same time, the assess-
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ment is conducted using various regulatory instruments and requirements, each of 
which addresses specific aspects.

The assessment is often based on individual criteria such as substance properties, recyc-
lability, material composition, or data transparency. While each of these pieces of infor-
mation is relevant in its own right, they are frequently presented side by side in an addi-
tive manner without being systematically integrated along their causal relationships.
For transformatively process-driven technologies, this means that key influencing fac-
tors – such as process control, transformation, end state, and the actual system impact 
– remain structurally underrepresented. This further exacerbates the systemic incom-
pleteness of the assessment of adhesive bonding technology already described.

Consequences
In summary, it can be stated that different evaluation logics not only influence the per-
ception of technological performance but can also help shape real-world decisions re-
garding location, innovation, and investment.

“Evaluation logics are thus an independent competitive factor.”

On-technical framework conditions – particularly regulatory evaluation logics – have 
a direct impact on the emergence, stabilization, and further development of techno-
logical leadership positions.

The preceding analyses illustrate that an evaluation logic that is predominantly mate-
rial-centric and fragmented is structurally unsuitable for fully capturing the actual 
performance of process-driven technologies. For technologies such as industrial 
adhesive bonding technology, whose key contributions arise at the levels of process, 
transformation, end state, and application, this leads to a systematic distortion of the 
evaluation.

,,Against this backdrop, the introduction of system-oriented assessment approaches is 
not an optional supplement to existing procedures, but rather a necessary prerequisite 

for a realistic assessment of technological systems. This involves, in particular, giving 
equal consideration to all four levels of impact and integrating them into a consistent 

decision-making framework.“

The four-level model and the Technology Impact Assessment (TIA) based on it provi-
de a suitable methodological framework for this purpose. Without such an integrative  
assessment logic, there is a structural risk that regulatory frameworks will systemati-
cally fail to capture the full scope of technological performance, thereby creating 
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competitive disadvantages for those regions that do not align their assessment logic 
with the actual causal relationships of technological systems. The preceding analyses 
thus lead to the following thesis:
“Due to its predominantly risk-based and fragmented assessment logic, current European 

chemicals policy can contribute to relative locational disadvantages for process-driven 
technologies, as the model case of industrial adhesive technology illustrates.”

For the industrial adhesive bonding technology sector in Germany and Europe, this 
results in the risk of a gradual erosion of its current leading role in shaping the indus-
try, unless the systemic integration of technological interdependencies into the as-
sessment process is further developed in a consistent and methodologically binding 
manner.

System Capability as a Competitive Factor in an International Context
The relationships outlined above illustrate that assessment logics not only influence 
the perception of technological performance but also help shape real competitive dy-
namics, innovation pathways, and location and investment decisions. This brings a 
higher-level dimension into focus: system capability as a competitive factor.

In this context, system capability is understood as the ability to analyze and evaluate 
technological solutions not in isolation based on individual criteria, but in an integra-
ted manner across the interactions of materials, processes, end states, and applica-
tions, and to derive consistent decisions from this analysis.

This capability plays a decisive role in determining whether technological contribu-
tions to performance are fully visible and effective in driving innovation, or whether 
key causal relationships remain structurally undervalued.

This is exemplified by process-driven technologies such as industrial adhesive bondi-
ng technology. Their performance stems from the interaction of materials, process 
control, transformation, the resulting final state, and the application system. Without 
systematically linking these levels, the actual impact cannot be adequately assessed.

In an international context, it becomes clear that competitiveness is not determined so-
lely by technological innovation, but equally by the ability to consistently develop, ma-
nage, and evaluate complex technological systems.

“Competitiveness must therefore also be understood as system performance.”
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Regulation plays a central role in this regard. It does not merely serve as an external 
framework but significantly determines which technological effects become visible, 
are recognized by regulators, and can ultimately unfold in technological, economic, 
ecological, and innovation-related terms.

At the same time, current developments in Europe show that this systemic dimension 
of evaluation is not consistently taken into account. Strategic initiatives such as the 
European Green Deal aim to exert a global impact through high regulatory standards. 
However, the expectation that other economic regions will adopt or mirror European 
assessment frameworks solely because of the size and attractiveness of the European 
market is only partially confirmed in practice. Rather, increasingly divergent regulato-
ry trajectories are emerging, leading to differing competitive conditions.

In addition, numerous analyses point to structural challenges in the areas of gover-
nance, productivity, innovation capacity, and regulatory efficiency. A recurring fin-
ding is that assessment and decision-making processes are not consistently based on 
methodologically consistent and systemically integrated foundations.

As a result, regulatory decisions within the European Union are often based on a 
merely fragmented understanding of technological interdependencies, cost struc-
tures, and side effects. The consequence is a reduced alignment of regulatory assess-
ments with actual technological reality.

For process-driven technologies such as industrial adhesive bonding technology, this 
means that key performance contributions – such as lightweight construction, func-
tional integration, extended service life, resource efficiency, and system performance 
– are structurally only partially incorporated into the assessment. As a result, the tech-
nology appears to be less capable from a regulatory perspective than it actually is un-
der real-world application conditions.

Against this backdrop, the dynamics of international competition can be precisely ca-
tegorized: Differences in the system capability of assessment and regulatory ap-
proaches lead to differing evaluations of technological performance. This creates va-
rying framework conditions for innovation, investment, and industrial development 
in the context of international competition.

Regions with high system capability create better conditions for the emergence, reco-
gnition, and further development of complex technological systems. Regions with 
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low system capability, on the other hand, run the risk of structurally underestimating 
technological potential and failing to fully realize the resulting competitive opportu-
nities.

The resulting effects are not limited to theoretical assessment questions. They indi-
rectly impact innovation strategies, investment decisions, production locations, and 
the long-term development of industrial value chains. The overarching conclusions 
are therefore:
• �The competitiveness of modern economies increasingly depends on their systemic 

capability – that is, their ability to assess technological systems consistently and rea-
listically.

• �Regulatory frameworks lacking sufficient systemic integration create structural dis-
tortions in the assessment of technological performance.

• �An assessment logic that is inadequate for technology extends beyond individual tech-
nologies to affect innovation pathways, investment decisions, and the industrial base as 
a whole.

For Europe, this highlights the need to integrate evaluation approaches more syste-
matically. Otherwise, there is a structural risk that technologically advanced solutions 
will not become as visible and effective as their actual performance warrants, and 
their competitive position on the international stage will be increasingly weakened.

In this sense, it becomes clear that ensuring industrial competitiveness is not solely a 
matter of technological innovation, but depends significantly on the systemic capaci-
ty of evaluation and regulation. 
“An evaluation framework that is inadequate for technology weakens Europe’s industrial 

base because it structurally fails to fully capture the key performance contributions of 
process-driven technologies. Industrial adhesive bonding technology exemplifies these 

interrelationships.”

The Future of Adhesive bonding technology in the Context of Systemic  
Evaluation Logics
The preceding analyses show that industrial adhesive bonding technology represents 
a key technology for central transformation processes in modern industrial societies. 
Against the backdrop of the steadily increasing variety of available materials, the 
growing importance of material combinations, and the preservation of material-spe-
cific properties in composite structures, its significance does not stem from individual, 
isolated technological features, but rather from its ability to meet complex require-
ments at the system level. This includes, in particular, contributions to:



63Systemic Inconsistencies in European Chemicals Policy…

• �sustainability through material-efficient designs, functional integration, and exten-
ded product lifespans,

• �the energy transition through lightweight construction concepts, multi-material de-
sign, and new material combinations, as well as

• �the circular economy through material-preserving joining solutions and the targe-
ted manipulation of usage, repair, and end-of-life properties.

Key objectives such as sustainability, energy efficiency, and recyclability can therefore on-
ly be achieved to a limited extent without adhesive bonding technology solutions. The 
performance of adhesive bonding technology arises from the interaction of material, pro-
cess control, transformation, the resulting final state, and the application system. The futu-
re of this technology therefore depends largely on the extent to which evaluation and re-
gulatory systems are capable of adequately capturing these interrelationships.

The preceding analyses also show that this is currently only achieved to a limited ex-
tent. Fragmented evaluation approaches are structurally ill-suited to fully mapping 
the complex interrelationships of process-driven technologies. The resulting systemic 
incompleteness of the evaluation is not a temporary, isolated phenomenon, but a  
direct consequence of the underlying evaluation logic.

The result is a structural underrepresentation of technological performance. For adhe-
sive bonding technology, this means that its contributions to sustainability, energy ef-
ficiency, resource efficiency, functional integration, and circularity are not fully visible 
in the regulatory context. This indirectly affects innovation processes, investment de-
cisions, industrial strategies, and the development of technological expertise.

However, technological performance can only be effectively promoted if evaluation ap-
proaches reflect the actual structure of technological systems. The central challenge 
therefore lies not only in the development of new technologies, but equally in the fur-
ther development of evaluation and regulatory systems. The overarching conclusion of 
this study is therefore:
“The future of industrial adhesive bonding technology – and comparable process-driven 

technologies – depends significantly on the systemic capability of the underlying 
evaluation and regulatory systems.”

Without an evaluation logic aligned with the actual structure of technological sys-
tems, there is a structural risk that regulatory decisions will systematically fail to 
address the actual causal relationships of modern technologies. This affects not only 
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individual technologies but also has a direct impact on innovation capacity, the achie-
vement of sustainability goals, and industrial competitiveness.

Without a systemically coherent evaluation logic that consistently takes into account 
the interactions between material, process, end state, and application, key technolo-
gical contributions cannot be realized to the extent commensurate with their actual 
significance.

In this sense, the “adhesive bonding technology” case study exemplifies that evaluati-
on logics are not merely administrative or regulatory instruments. They directly influ-
ence which technological solutions become visible, are considered sustainable, are 
accepted by regulators, and can ultimately gain industrial acceptance.

The quality of technological decisions thus depends directly on the ability to under-
stand and evaluate technological systems in terms of their real-world interrelation-
ships. The need for a systemic integration of material, process, end state, and applica-
tion arises not from political preferences, but from the structure of technological 
reality itself. The final conclusion is therefore:

“Without a systemically coherent evaluation logic, Europe runs the risk of being 
structurally unable to fully achieve its climate, sustainability, and competitiveness goals.” 

In this regard, this foundational paper provides the necessary starting point for scien-
tific discussion and further development of the four-level model as well as Technology 
Impact Assessment (TIA). We in Europe should not delay too long on these issues. Our 
technological leadership in adhesive bonding technology and the options for sha-
ping our societal and industrial development will also be decided at this juncture.
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Nature of the Source Collection

This source base combines primary regulatory sources, normative standards, scientific literature, 

industry publications, and systems-oriented evaluation approaches. This creates an interdisciplinary 

foundation for the analysis of European chemicals policy developed in this article, as well as for the four-

level system presented here for the first time and the Technology Impact Assessment (TIA) based on it.

The selection of sources deliberately adopts a cross-technological approach and integrates perspectives 

from chemical regulation, technology, quality assurance, sustainability, and systems science. On this 

basis, the interactions between substance, process, end state, and application are examined as central 

elements of an integrated assessment framework.

The four-level system and the Technology Impact Assessment (TIA) do not represent a direct adoption 

of existing individual concepts, but rather an independent conceptual synthesis derived from the 

sources and findings presented. This publication serves as the starting point for further scientific 

discussion, validation, and refinement of this approach.


