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ABSTRACT 
The adoption of a novel industry paradigm is an untamed problem that requires strong social consen
sus and involves a high degree of technological uncertainty. To solve this problem a multi-actor 
engagement and agreement are needed. In this article, the methodology and the findings obtained 
after conducting a stakeholder analysis to understand how different actors could work together 
towards the adoption of Industry 5.0 principles and enabling technologies are presented. The analysis 
has been framed within a case study dealing with the conservation of historical bridges in the city of 
Oslo, Norway. The education institutions of the city were assumed as the problem owners. This 
research indicates that the Ministry of Transport and the Ministry of Climate and Environment, along 
with their subordinate agencies (Statens Vegvesen and Riksantikvaren, respectively) together with Oslo 
Kommune and its Cultural Heritage Office, possess the critical financial and regulatory resources neces
sary for adopting this paradigm. Their leadership and capacity to mobilise resources are pivotal in 
incentivising other stakeholders. Such resources should be driven towards a suitable business model, 
the adoption of human-centric digital twins as enabling technology, the establishment of interdiscipli
nary collaborations between the identified stakeholders, and the up-skilling/re-skilling of the industry 
workforce.
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1. Introduction

The concept of Industry 4.0 has driven increased industrial 
digitalisation and higher productivity. In recent times, the 
field of bridge engineering has greatly benefitted from 
technological advancements associated with Industry 4.0 
(Chac�on et al., 2024, 2025; Jiang et al., 2023; Shim et al., 
2019). These include the use of Digital Twins (DTs) and 
Building Information Modeling (BIM) to enhance bridge 
management (Tita et al., 2023), the application of DT for 
enriched structural health monitoring of bridges and other 
infrastructure assets (Pillai et al., 2022), the opportune dam
age detection and early warning notification to bridge oper
ators through a DT (Hagen & Andersen, 2024), the 
utilisation of DT to aid during the construction process of 
bridges (Hu et al., 2022), the implementation of advanced 
anomaly detection algorithms to optimise the management 
and operation of bridges within a DT framework (Jim�enez 
Rios et al., 2023a), among others. For an in-depth discussion 
on current technological advances in bridge engineering, 
and in particular on the improved damage detection, moni
toring, modelling, and their influence on the bridge 

management decision-making process, one can consult the 
comprehensive review conducted by Martins et al. (2024).

Nevertheless, Industry 4.0 has also brought about 
unanticipated challenges (European Commission, 2020). 
These challenges include the environmental impact of inten
sified industrial activities (United Nations, 2023) and the 
potential risks posed by an increasingly automated industrial 
system to the human element within the socio-economic 
chain (Ellingrud et al., 2023). Regrettably, as emphasised in 
the United Nations (UN) Emissions Gap Report 2022
(United Nations, 2022), insufficient action has been taken so 
far to address the global climate crisis. It has been recently 
reported that since 2020, the progress towards the achieve
ment of UN Sustainability Development Goals (SDGs) has 
stagnated, and 84% of the set targets show either limited or 
reversal progress (Sachs et al., 2024). There is an urgent 
need for a rapid transformation in the energy supply, indus
try, transport, and buildings sectors to meet the goals of the 
Paris Agreement (United Nations, 2015). This transform
ation is also supported by the European Union (EU) and 
promoted through the European Green Deal (EGD) 
(European Commission, 2019).
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Consequently, Industry 4.0 is now considered insufficient 
to achieve EU goals by 2030 (European Commission, 2022), 
leading to the emergence of a new paradigm, Industry 5.0, 
primarily built upon three core principles (European 
Commission, 2021): human-centrism, resilience, and sus
tainability. DTs and simulations have been recognised as 
one of the key enabling technologies of this transformative 
vision.

Despite being a relatively recent concept, Industry 5.0 has 
quickly attracted the interest of many researchers. In-depth 
analysis of its fundamental principles and the technologies 
that could make it possible have been conducted (Adel, 
2022; Choi et al., 2022; Maddikunta et al., 2022). Adel 
(2022) has discussed the role and challenges posed by col
laborative robots, blockchain, internet of things, big data 
analytics, DTs, and 6 G along with their recent applications 
on manufacturing, supply chain, and healthcare. Choi et al. 
(2022) argued about the radical changes that technologies 
such as 3D printing, internet of things, blockchain, and DTs 
have brought about in the field of operations management. 
Furthermore, they have proposed a so-called ‘sustainable 
social welfare’ which according to those authors may be 
suitable to reconcile any potential conflicts between humans 
and machines within the novel Industry 5.0 paradigm.

Whereas that Maddikunta et al. (2022) have surveyed 
Industry 5.0 technologies with the potential of increasing pro
duction levels and delivering customised products, among 
which are edge computing, blockchain, collaborative robots, 
internet of things, DTs, and 6 G. Additionally, researchers 
have put forth fresh frameworks for its application (Mourtzis 
et al., 2022; Turner & Garn, 2022; Yang et al., 2022) and 
have begun to create practical applications across various 
domains, including manufacturing (Wang et al., 2023), edu
cation (Ruppert et al., 2022), data privacy (Sasikumar et al., 
2023), food security (Guruswamy et al., 2022), and wind 
energy infrastructure (Chen et al., 2021).

However, it is worth noting that the Architecture, 
Engineering, Construction, Management, Operation, and 
Conservation (AECMO&C) industry has yet to explore, 
let alone implement, Industry 5.0 principles and enabling 
technologies. As noted by Jim�enez Rios et al. (2024) DTs 
and artificial intelligence are two of the most extensively 
explored technologies in this domain. Among the principles 
of Industry 5.0, sustainability emerges as the most widely 
discussed aspect in the current body of literature. Resilience 
and human-centrism require further proactive efforts to be 
fully integrated into the industry’s conservation practices to 
achieve a balanced adoption of the three foundational prin
ciples proposed by Industry 5.0.

This article is an extended version of a recent conference 
paper (Jim�enez Rios et al., 2024). The work presented herein 
considers the increasingly important role that humans will 
have within existing bridge DT frameworks and how 
Industry 5.0 principles and enabling technologies could be 
better implemented within this perspective. Thus, a stake
holder analysis was performed to understand how different 
actors could work together towards the adoption of Industry 
5.0 principles and enabling technologies. The rest of this 

manuscript is organised as follows: background information 
is presented in section 2, the details of the methodology fol
lowed is presented in section 3, the obtained findings and a 
thorough discussion are presented thereafter in section 4, 
and finally, the drawn conclusions and future work are 
highlighted in section 5 of the manuscript.

2. Background

Most bridges in Europe were constructed during the second 
half of the twentieth century. Many of them have deterio
rated and are approaching the end of their service life since 
their original design lifespan was typically 50–100 years, 
(Gkoumas et al., 2021). Wenzel has estimated that 10% of 
existing bridges suffer from structural deficiencies (Wenzel, 
2009). This has been evidenced in recent years by the struc
tural failure of several bridges, being the collapse of the 
Morandi Bridge in Genova, Italy, perhaps the most unfortu
nate one among these incidents by the number of victims 
and the amount of economic losses caused (Malerba, 2024). 
From another point of view, there are several European 
bridges considered historical structures holding significant 
cultural value. Seven bridges in particular stand out from 
the rest as they are part of the United Nations Educational, 
Scientific and Cultural Organisation (UNESCO) World 
Heritage List (UNESCO WHC, 2023) (see Figure 1). The 
damage or collapse of a historical bridge causes the irre
placeable loss of a cultural asset along with the human and 
economic losses linked to the disturbance on the transporta
tion network they are a key part of.

The development and adoption of DT is particularly 
noteworthy to various stakeholders in the AECMO&C 
industry. DTs are virtual replicas of physical assets capable 
of real-time performance monitoring and the early identifi
cation of potential issues, ultimately enhancing safety and 
reducing maintenance costs (Schleich et al., 2017). Within 
the context of cultural heritage bridges, DT can also be used 
to validate the proposal of novel intervention techniques 
(Jim�enez Rios & O’Dwyer, 2019; Zampieri et al., 2023) 
before they are applied in the asset, thus preventing incom
patibility damages.

The consensus in the industry is strong, as there is wide
spread agreement on the value of DT for all phases of the 
life cycle of bridges, including design, construction, manage
ment, operation, and decommissioning/conservation. 
Furthermore, DTs have been the object of study in several 
research projects funded by the EU and are considered to 
have the potential to influence the development of enhanced 
bridge inspection and monitoring practices (Gkoumas et al., 
2024). Nevertheless, creating Industry 4.0 DTs presents sev
eral significant challenges, among which, i) the lack of com
patibility among various proprietary and open-source 
software used in the DT model generation process, ii) the 
lack of consensus regarding the development of macro-DT 
that combine DT models of individual assets, and iii) the 
absence of Findable, Accessible, Interoperable, and Reusable 
(FAIR) (Wilkinson et al., 2016) benchmark databases 
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suitable for prototyping and validating DTs (Jim�enez Rios 
et al., 2023b, 2023c).

While conservation professionals recognise the impor
tance of Industry 5.0 principles and technologies, addressing 
knowledge gaps, improving training, and securing resources 
are crucial steps for overcoming current barriers. These 
measures are essential for the successful adoption of this 
new paradigm and for fully realising its benefits (Jim�enez 
Rios et al., 2024). A plausible framework for Industry 5.0 
principles implementation is the one proposed by an aug
mented DT, also referred to as a human-centric DT 
(HCDT) (see Figure 2). In this novel framework, an add
itional ‘human asset’ (besides the Industry 4.0 components 
corresponding to the ‘physical asset’ and ‘digital asset’) 

component is considered. This component is composed of a 
series of digital technologies capable of enhancing human 
stakeholders’ performances, which could ultimately result in 
a sustainable and resilient built environment. The different 
digital tools proposed include exoskeletons, augmented real
ity, virtual reality, wearable trackers, intelligent personal 
assistants, collaborative robots, social networks, and big data 
analytics, all of which have been thoroughly discussed else
where (Mourtzis et al., 2022).

The adoption of Industry 5.0 principles and HCDTs 
offers a transformative approach to addressing the limita
tions observed in traditional Industry 4.0-based DTs within 
the built cultural heritage sector. By integrating the ‘human 
asset’ into the DT framework, HCDTs introduce digital 

Figure 1. European bridges part of the UNESCO World heritage List: (a) the forth bridge located in the United Kingdom of great britain and Northern Ireland, (b) 
the mehmed pa�sa sokolovi�c bridge of vi�segrad located in Bosnia And Herzegovina, (c) vizcaya bridge located in Spain, (d) avignon bridge located in France, (e) 
ironbridge gorge located in the United Kingdom of great britain and Northern Ireland, (f) luiz I bridge located in Portugal, and (g) stari most (old bridge) located in 
Bosnia And Herzegovina.
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technologies that enhance human decision-making and col
laboration, facilitating better stakeholder engagement and 
performance. This human-centric component fosters 
greater interoperability, addressing the first issue of com
patibility between proprietary and open-source software by 
promoting standards-driven, human-guided platforms that 
prioritise ease of integration. Furthermore, the concept of 
HCDTs inherently supports the development of macro- 
DTs by enabling seamless collaboration between stakehold
ers across different domains, thus fostering consensus and 
the convergence of DT models into cohesive macro-level 
representations. Finally, the alignment of HCDTs with 
FAIR principles directly contributes to the creation of 
accessible and reusable benchmark databases, enabling 
improved prototyping and validation of DTs for cultural 
heritage conservation.

3. Methodology

The adoption of a novel industry paradigm could be 
described as an ‘untamed’ problem as it requires strong 
social consensus and involves a high degree of 

technological uncertainty (van de Graaf & Hoppe, 1996). 
Thus, to solve this problem a multi-actor engagement and 
agreement are needed. A system analysis approach is a use
ful tool that provides insights and helps to analyse complex 
problems, such as is the adoption of Industry 5.0 principles 
by different stakeholders of the AECMO&C industry. 
Therefore, in this work, the methodology on policy ana
lysis of multi-actor systems developed by Enserink et al. 
(2022) has been followed to conduct a stakeholder analysis 
and better understand the human role in the adoption of a 
HCDT framework.

This methodology was applied in a case study focused 
on the conservation of cultural heritage bridges in Oslo, 
Norway, where the city’s educational institutions were 
identified as the primary problem owners. Our attention 
focuses primarily on Oslo Metropolitan University 
(OsloMet, through its Department of Built Environment) 
and on the Oslo School of Architecture and Design 
(AHO), which are the two stakeholders in Oslo offering 
educational programs specialised in the AECMO&C indus
try. The overall methodology workflow followed is shown 
in Figure 3 and each sub-stage conducted is further 
detailed in the next subsections.

Figure 2. Novel Industry 5.0 human-centric digital twin framework.

Figure 3. Overall methodology workflow followed. Numbers between brackets indicate the time sequence. Double headed arrows indicate mutual influence 
between stages.
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3.1. Problem formulation and system analysis

The first step in the policy analysis of multi-actor systems 
consists of clearly formulating the problem at hand through 
the construction and interpretation of a means-ends dia
gram. Thus, a means-end diagram was built starting by 
identifying a dissatisfaction about an actual situation (as 
exposed in the introduction of this work), followed by the 
creation of a verb sentence that expressed the desired situ
ation (the end). Then a series of consecutive ‘why’ questions 
related to the identified desired situation were asked. 
Answers were placed in rectangles linked through arrows 
(pointing upwards). When no meaningful answer could be 
given any more, a backpropagation process started asking 
‘how’ each one of the identified ends could be achieved (the 
means). This process provided a comprehensive view of the 
situation and helped to select, together with appropriate spa
tial and temporal demarcations, an adequate level of ana
lysis. This methodology enabled us to explore a broad 
spectrum, from concrete fundamentals to abstract concepts, 
and from foundational principles to specific actions.

The selected problem was then rewritten in the form of a 
focal objective ‘noun’ phrase. As the focal objective obtained 
from the means-ends diagram usually has an abstract nature 
or involves different complex aspects, it must be further 
refined by means of an objectives tree. Objectives trees help 
to simplify the problem by operationalising it into lower- 
level objectives and providing measurable criteria parame
ters. This tool was created using noun phrases to describe 
the objectives while avoiding confusion with the means of 
the previously described diagram and ensuring that each 
objective had either zero or more than one sub-objective. 
Finally, the lowest level of objectives was operationalised by 
assigning measurable criteria to each factor.

Once the problem had been clearly defined and the fac
tors related to it identified and operationalised, the effect of 
each factor in the system outcome (and on other factors) 
could be qualitatively observed through a causal relation 
diagram, also known as a causal map. A causal map links 
means to criteria, and it is built by asking ‘Which factors 
influence X criteria?’. To keep the causal map useful and 
relatively easy to interpret, the number of elements on it has 
been limited to a maximum of twenty as suggested by 
Enserink et al. (2022). Further analysis of the factors affect
ing system means other than the implementation of ena
bling technologies is outside the scope of this work. 
Moreover, only factors that can change have been included 
in the causal map developed, whereas constants have been 
discarded. Links between elements in the causal map are 
represented by arrows, which are labelled either with a ‘þ’ 
or ‘- ‘sign, denoting increments (positive relation) or decre
ments (negative relation), respectively.

Means-end diagram, objectives tree, and the casual map 
are all summarised in a system diagram. Within this holistic 
tool, the path between means and external factors can be 
traced to qualitatively assess their influence on the system 
criteria. Furthermore, the system diagram allows us to visu
alise the problem boundaries and internal factors interac
tions within the system. This is an important step within 

the performed stakeholder analysis as a system diagram can 
be used for communication purposes among the different 
agents involved. As indicated by Enserink et al. (2022) the 
identified means have been placed at the left boundary of 
the diagram, external factors at the top boundary, and crite
ria at the right edge of the system. To ease the interpret
ation of the system diagram, and of the inter-factor 
interactions depicted within it, the findings were summar
ised in consequence tables. One consequence table groups 
the effects of different means on the system criteria, whereas 
a second table indicates the effects of external variable fac
tors on the criteria.

3.2. Actor analysis

The following step consisted of the creation of a stakehold
ers’ inventory. Within the context of the created system, a 
stakeholder, or an actor is defined as a person, an organisa
tion, or a social entity able to act on or exert influence on a 
decision. Such decisions are taken within a certain arena, a 
concept which is understood as a dedicated social space for 
strategic decision-making (Enserink et al., 2022) within the 
context of an stakeholder analysis. Two different actor iden
tification techniques were followed, so that, although par
tially overlapping, individual results could complement each 
other. The techniques followed were: i) positional approach 
where actors were identified based on their formal position 
in policymaking, and ii) opinion leadership approach where 
stakeholders with an influence on others were identified and 
included. According to a recommendation in the literature 
(Enserink et al., 2022), between ten to twenty stakeholders 
were included in the analysis.

Stakeholders’ information on rights, responsibilities, and 
organisational charts along with established procedures, 
legislation, and laws, was collected to draw a formal chart. 
In this chart, it was possible to visualise the mutual relations 
between different stakeholders and to sketch the arena 
within which they could interact to solve the problem under 
study. The different stakeholders included in the inventory 
were placed in the formal chart following an intuitive verti
cal hierarchy. Relationships among actors of interest were 
represented with labelled arrows which indicated formal 
relations between corresponding stakeholders. To avoid clut
tering in the chart, only those relations considered impor
tant were drawn.

The main characteristics of the inventoried stakeholders 
were then studied based on their interests, objectives, and 
perceptions. In this context, interests represent stakeholders’ 
matters of importance and point towards a fixed direction, 
objectives are dynamic and indicate stakeholders’ wishes 
under the current problem context, and perceptions are 
stakeholders’ interpretations of the situation. A stakeholder 
overview table tool was developed and extended with each 
stakeholders’ resources and importance, qualitatively classi
fied as low, medium, or high, as well as replaceability, 
namely, whether they could be replaced or not by redundant 
actors. Finally, with all the information collected and based 
on a systematic comparison, stakeholders’ dependencies 
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were determined. Such dependencies were assessed based 
both on the level of importance of the resources held by a 
particular actor and on whether they could be replaced by 
alternative resources. Consequently, critical actors, either by 
their action capabilities or by their blocking power, were 
identified. In the end, stakeholders’ interdependencies were 
summarised and presented in the form of a power-interest 
grid.

4. Results and discussion

4.1. Means-ends diagram

The means-ends diagram developed to support the system 
delimitation for the study case selected is presented in 
Figure 4. Its construction started by asking the question: 
Why should Industry 5.0 principles be adopted? Plausible 
answers to this question led to a series of desired positive 
outcomes among which are the achievement of emissions 
neutrality, the increment of industry competitiveness, and 
the improvement of working conditions for the AECMO&C 
industry workforce, among others.

A second iteration of ‘why’ questioning (i.e. why is the 
achievement of emissions neutrality desired? Why should 
industry competitiveness be increased? and so on) led to the 
end of generating economic, ecologic, and societal value. 
The inherent benefits of generating these series of positive 
values were considered as the upper level of the developed 
means-ends diagram. But what are the means needed for 
the adoption of Industry 5.0 principles? In other words, 
how can the adoption of Industry 5.0 be achieved? 
According to our analysis, this problem could be tackled if 
efforts are directed in four different directions: i) the modi
fication of current business models, ii) the investment in 
enabling technologies (mainly in the implementation of the 
discussed HCDT), iii) the establishment of interdisciplinary 
collaborations between diverse stakeholders, and iv) the up 
skilling/re-skilling of the AECMO&C industry workforce.

The interpretation of the means-ends diagram created 
helps clearly describe the gap and problem dilemma. Thus, 
the problem under study can now be rewritten in the form 
of a focal objective such as ‘Adoption of sustainability, 
resilience, and human-centrism’. This objective should be 
achieved while aiming at avoiding a series of undesirable 
side effects. A key issue for our study case is the hampering 
of technology development. Therefore, the problem dilemma 
is defined as: ‘How can the problem owner achieve a suc
cessful adoption of the Industry 5.0 paradigm’ (the ‘end’) 
through the implementation of the novel HCDT without 
(undesirable side effects of the means immediately below 
‘end’), hampering technology development nor leading to 
unsympathetic and incompatible intervention on the conser
vation practices of cultural heritage bridges? Furthermore, 
this useful tool has assisted in the problem’s spatial demar
cation, which for the case study presented in this article has 
been limited to the city of Oslo, Norway, as well as its tem
poral demarcation, a successful adoption of Industry 5.0 is 
aimed to be achieved by 2030.

4.2. Objectives tree

An objective tree was created (see Figure 5) to identify the 
outcomes of interest in achieving the focal objective through 
the implementation of HCDT. These items were formulated 
as measurable criteria that the higher educational institu
tions in the city aim to provide to society. Namely, high 
return on investment [profit/initial cost], high regulatory 
compliance [days/regulatory approval], low energy con
sumption [watts/hour], high acceptance [perception level], 
and many jobs generated [jobs generated/year]. This analysis 
is limited to the implementation of enabling technologies to 
achieve a successful implementation of the Industry 5.0 
paradigm. Similar objective trees could be created by opera
tionalising the remaining means identified (e.g. the modifi
cation of current business models, etc.), thus providing a 
holistic view of the system. That development is out of the 
scope of this work.

Figure 4. Means-ends diagram on the adoption of industry 5.0 (it is not limited to the study case under discussion, but it is of general application character).
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4.3. Causal map

The relationship between system factors and identified 
measurable criteria is better understood through a causal 
map, like the one presented in Figure 6. The causal map 
allows us to conduct a more systematic search of the effects 
any relevant factors may have in the criteria of interest. By 
questioning ‘How can the problem owner change X? for 
each factor X, the analyst may reveal what factors are con
nected to which criteria. At this stage, other factors consid
ered relevant have been added to the system.

It is worth noting that, only dynamic factors are included 
within the presented causal map, whereas constant factors 
have been left out, as stakeholders cannot modify them even 
if desired. For instance, the ‘security’ factor which is of 
paramount importance to be considered within the Industry 
5.0 paradigm, may lead to a higher level of acceptance of 
this transformative vision, while at the same time may com
plicate the achievement of compliance with regulatory 
frameworks, due to the increased number of considerations 
that would need to be met on a further digitalised frame
work, as the one proposed by the HCDT discussed.

4.4. System diagram

A system diagram presented in Figure 7 depicting a concep
tual model of the analysed case study, was created by com
bining the information from the means-end diagram (Figure 4) 
and that of the casual map (Figure 6). In this diagram a more 
elaborate structure of the problem can be observed. Means are 
placed on the left side of the boundary, external factors are 

located at the top, whereas criteria of interest are located at the 
right border of the system diagram.

The implementation of enabling technologies and their 
effect on internal system factors and the identified criterion 
was the focus of attention. The path from means to criteria 
is qualitatively assessed based on the arrow connectivity and 
sign. To facilitate the interpretation of the system diagram, 
the causal pathways are tabulated in consequence tables. 
Table 1 tracks the implementation of enabling technologies 
as the object of interest in the analysis and presents the 
causal pathways from external factors to measurable criteria. 
From these results, it can be observed that the adoption of 
Industry 5.0 principles by the educational institutions of the 
city would bring with it higher complications to comply 
with regulatory frameworks.

Moreover, such regulations may not even be in place 
now, but are under development, such as the recently 
approved European Union legislation on Artificial 
Intelligence (Madiega, 2023). It can also be said that ini
tially, the adoption of Industry 5.0 principles would nega
tively affect the return on investment of the problem 
owners. Nevertheless, it has been shown that early adoptions 
require small monetary investments, whereas to maintain 
competitiveness, later adopters require higher amounts of 
investment (Della Seta et al., 2012).

Conversely, return on investment could be benefitted by 
the incentives provided by the government, although it may 
be reduced due to the fluctuating costs of electricity. On the 
other hand, positive impacts are expected in terms of job 
generation and perception level both by implementation of 
Industry 5.0 enabling technologies as by government incen
tives. Whereas the energy consumption criteria would 

Figure 5. Objectives tree used to simplify and operationalise the case study problem.
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receive mixed inputs. From one point of view, enhanced 
technological efficiency would reduce the amount of energy 
consumption. These criteria would be further impacted 
negatively by the external electricity prices in the market, 
which fluctuates unpredictably. The proposed HCDT tech
nology would require great amounts of data processing/stor
age, which would ultimately be reflected in a higher energy 
consumption as well.

4.5. Stakeholders inventory

The adoption of such an important paradigm shift is a com
plex problem that cannot be fixed in isolation by the prob
lem owner itself. Therefore, an inventory of relevant 
stakeholders that may contribute to reaching a solution was 
created. Stakeholders at international, regional, national, and 
local levels (see Figure 8a) were identified and clustered by 
their issues of interest in governance, infrastructure, conser
vation, education/R&D, industry, and society, as presented 
in Figure 8b.

This stakeholder mapping is only a subset of those 
actors considered in a first instance as of relevance (‘able 
to act on or exert influence on a decision’). The number 
has been limited to less than twenty actors according to 
an accepted rule of thumb (Enserink et al., 2022). The 
inclusion of some actors within the inventory was rela
tively straightforward, namely, Statens Vegvesen 
(Norwegian Public Roads Administration) and Oslo 
Kommune (Municipality of Oslo), as these two stakehold
ers own and operate the existing heritage bridges in the 
city of Oslo. On the other hand, the inclusion of actors 
such as ICOMOS or Europa Nostra could be slightly more 
controversial as, although the interest of these important 
cultural heritage conservation institutions aligns with the 
preservation of historical bridges (and other built assets), 
their direct influence at a local level was not evident at 
first sight. Nevertheless, significant interaction opportuni
ties among all included stakeholders have been found after 
an in-depth analysis was conducted and will be discussed 
hereafter.

Figure 6. Causal map showing relations between factors and identified criteria. Note: a ‘þ’ denotes a positive relation (meaning that if the value of the identified 
mean increases, the value of the corresponding criteria will also increase), and a ‘–’ denotes a negative relation (if the value of the identified mean increases, the 
value of the corresponding criteria will decrease).

Table 1. Consequence table on the implementation of enabling technologies for the identified system means and external factors.

Means/criteria Return of investment Generated jobs Acceptation Energy consumption Regulatory compliance

Implementation of Enabling Technologies þ, þ, − −, − þ, þ þ, −, and þ, þ þ, −
Government incentives þ þ þ

Electricity price þ,− –

Note: a ‘þ’ denotes a positive relation (meaning that if the value of the identified mean increases, the value of the corresponding criteria will also increase), 
and a ‘–’ denotes a negative relation (if the value of the identified mean increases, the value of the corresponding criteria will decrease).
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4.6. Formal relationships mapping

The key characteristics of the considered stakeholders have 
been summarised and are presented in Table A1 in the 
Appendix. By compiling, analysing, and relating 
the different actors’ interests, objectives, perceptions, and 
resources, the formal relationships among them could be 
better understood. Those relationships were mapped 
through a formal chart, as shown in Figures 9.

Our attention focuses primarily on Oslo Metropolitan 
University (OsloMet, through its Department of Built 
Environment) and on the Oslo School of Architecture and 
Design (AHO), which are the two stakeholders in Oslo 
offering educational programs specialised in the AECMO&C 
industry. They obtain research funding both from European 
and National institutions and can participate in the co-cre
ation and delivery of teaching/research projects with 

two important stakeholders involved in the conservation of 
cultural heritage: the Norwegian Institute for Cultural 
Heritage Research (NIKU) and the National Trust of 
Norway (Fortidsminneforeningen). Both NIKU and 
Fortidsminneforeningen are guided by the charters, guide
lines, and conservation best practices developed by inter
national institutions in the field of conservation, namely, the 
International Center for the Study of the Preservation and 
Restoration of Cultural Property (ICCROM) and the 
International Council on Monuments and Sites (ICOMOS).

Interdisciplinary research and professional practices can 
be performed between the education institutions in the city, 
key international AECMO&C industry associations (i.e. 
International Association for Bridge Maintenance and 
Safety, IABMAS; and the International Association for 
Bridge and Structural Engineering, IABSE), and the main 
players in the infrastructure sector at national level (Statens 

Figure 7. (Sub-)System diagram after amalgamation of means-end diagram and causal map. Note: a ‘þ’ denotes a positive relation (meaning that if the value of 
the identified mean increases, the value of the corresponding criteria will also increase), and a ‘–’ denotes a negative relation (if the value of the identified mean 
increases, the value of the corresponding criteria will decrease).
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Figure 8. Stakeholders’ inventory: (a) classified according to its geographical level of influence and (b) grouped in accordance with their issues of interest (see 
Table A1 for detailed descriptions of the stakeholders).
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Vegvesen, who is responsible for the management of two 
protected bridges in Oslo under the National Conservation 
Plan for the Norwegian Public Roads Administration) 
(Klima- og miljødepartementet, 2022). Both governmental 
Ministries at the national level are bound to comply with 
international agreements, since Norway is a Member Estate 

of the UN and UNESCO. The achievement of SDGs is of 
interest for the former, whereas compliance with World 
Heritage Convention (WHC) statutory documents and reso
lutions is of paramount importance for the latter.

Finally, these universities can play a key role in the up- 
skilling and re-skilling of the AECMO&C industry 

Figure 9. Formal chart of interactions between relevant stakeholders identified.
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workforce, represented by some consulting and contracting 
companies in Figures 9. Finally, concerning the inhabitants 
of the city, it can be said that, although they do not have a 
direct interrelation with the universities of the city for the 
conservation of heritage bridges, they are considered end 
beneficiaries of the cultural heritage conservation and infra
structure development efforts. Their satisfaction is essential 
for the success of bridge conservation projects.

4.7. Identification of key actors

The last three columns in Table A1 present the assigned 
level of importance and dependency given to each actor as 
well as the classification regarding their corresponding 
replaceability. After conducting a systematic comparison, 
the key players identified for the adoption of Industry 5.0 
principles in the context of conservation of existing bridges 
with cultural heritage value in Oslo, Norway (see the power- 
interest matrix presented in Figure 10), are those of govern
ance nature both at national and local level. The Ministry of 
Transport and the Ministry of Climate and Environment 
with their subordinate agencies, Statens Vegvesen and 
Riksantikvaren (The Directorate for Cultural Heritage) 
respectively, along with Oslo Kommune and its Cultural 
Heritage Office Agency possess the monetary and authority 

irreplaceable resources to adopt such principles while incen
tivising the remaining stakeholders to follow.

These stakeholders satisfy both the ‘power of realization’ 
and ‘blocking power’ criteria. Therefore, the educational 
institutions in the city cannot ignore them, on the contrary, 
should aim at strengthening their interrelations with them. 
It is hypothesised that if such resources are driven towards 
a suitable business model, the adoption of HCDTs as ena
bling technology, the establishment of interdisciplinary col
laborations between the identified stakeholders, and the up 
skilling/re-skilling of the AECMO&C industry a successful 
adoption could be achieved. These efforts would ultimately 
result in the creation of economic, ecological, and societal 
value.

5. Conclusions

Industry 5.0 has recently surged as a novel paradigm to 
tackle the unforeseen negative consequences of its predeces
sor and is rapidly being adopted in different sectors. In this 
paper, the human-centrism principle fostered by Industry 
5.0 and how it could be better implemented within the con
text of bridge engineering has been explored. The work was 
carried out following a six-step stakeholder analysis method
ology which was applied in a study case involving the con
servation of existing bridges, particularly those with a 

Figure 10. Power-interest matrix used to classify stakeholders based on their level of interest and available power to fix the problem under consideration.
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cultural heritage value, in the city of Oslo, Norway. The 
educational institutions of the city were assumed to be the 
problem owners.

Overall, the stakeholder analysis conducted has unveiled 
a multi-layered network of interaction and cooperation 
needed between international bodies, national and local gov
ernment agencies, educational and research institutions, 
infrastructure firms, and the community, to successfully 
adopt Industry 5.0 principles and enabling technologies for 
the conservation of historical bridges in the city of Oslo, 
Norway. Both the Norwegian Ministry of Transport and the 
Ministry of Climate and Environment with their subordin
ate agencies, Statens Vegvesen and Riksantikvaren respect
ively, along with Oslo Kommune and its Cultural Heritage 
Office Agency possess the monetary and authority irreplace
able resources to adopt such a paradigm while incentivising 
the remaining stakeholders to follow. Only through multi- 
actor cooperation and agreement all working together 
towards sustainable development, cultural heritage preserva
tion, and infrastructure improvement, could the novel 
Industry 5.0 transformative vision be successfully adopted, 
and its benefits be observed in the conservation of heritage 
bridges.

The current practice of conducting periodic bridge 
inspections on a fixed schedule has proven to be inadequate 
in preventing the progression of damage between inspec
tions. This reactive approach often leads to the undetected 
deterioration of critical structural elements, escalating repair 
costs, and, in extreme cases, catastrophic failures. By adopt
ing an Industry 5.0 HCDT framework, particularly for the 
conservation of heritage bridges, maintenance strategies 
could shift from reactive to proactive. HCDTs enable con
tinuous, real-time monitoring of structural health through 
the integration of advanced digital technologies and human 
expertise. This would facilitate the timely detection of 
potential damage, allowing for immediate interventions 
before further deterioration occurs. Additionally, the 
human-centric aspect of the HCDT ensures that human 
stakeholders—engineers, conservators, and decision-mak
ers—are empowered with enhanced data insights and tools 
for more informed decision-making. Ultimately, this 
approach promotes the preservation of heritage bridges 
through more efficient, cost-effective, and sustainable main
tenance practices, significantly reducing the risk of unfore
seen failures and ensuring long-term resilience.

Despite the pragmatic and systematic nature advantages 
of stakeholder analysis, it does not come without cons. 
Some limitations of this methodology include the fact that 
stakeholder classification is static while in the real world 
stakeholders evolve constantly and dynamically, its lack of 
specificity, and the reliability of the information upon which 
it is constructed (Hermans & Thissen, 2009). Luckily its 
main drawback could be greatly mitigated through a partici
patory approach. The involvement of different stakeholders 
and citizens in scientific research and/or knowledge produc
tion through a co-creation workshop, for example, could 
significantly enhance the outcomes of this kind of work 
(Fritz et al., 2019).
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