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Abstract 
The railway is often perceived as an industry where new technology is not utilised to its full 
potential. However, the future of the railway and its ability to respond to future transportation 
demands lies in its ability to adopt, adapt, implement, and integrate emerging technology. 
These technologies are expected to lead to, e.g. intelligent asset lifecycle management with a 
whole-life asset approach and digital railway industry supply chain management. The 
technology transformation and digitalisation affect not only the technical systems, e.g. railway 
infrastructure and rolling stock, but also regulations, organisations, processes, and individuals. 
The railway industry needs to recognise the challenges and define strategies, which enable 
the successful implementation of innovations in railway. Thus, the purpose of this research 
work is to study, explore, and investigate how implementation of innovations in a multi-
stakeholder environment such as railway maintenance, can be facilitated through a systematic 
approach. Further, the main objective of this research is to develop and provide, a challenge-
driven framework that can be used to facilitate implementation of innovations in the Swedish 
railway. To achieve the purpose of this research, nine (9) descriptive and exploratory case 
studies have been carried out. In these case studies, issues and challenges have been 
identified, related to: a) Lead times; b) Complex multi-stakeholder environment; c) Business 
incentives; d) Governance for data sharing; e) Regulations and maintenance; f) Technology; g) 
Assessment of innovations; h) Business models; i) Responsibilities, and j) Implementation.  

To overcome the identified challenges, several artefacts have been developed and provided 
in this research, i.e. a) A challenge-driven mission-based framework; b) A methodology for 
evaluating innovations; c) Strategies and guidelines for data governance; d) Strategies and 
guidelines for innovation in maintenance contracts; and e) Railway domain systemic aspects 
for the implementation pathway. The findings and artefacts of this study may be used as a 
framework and a road map in any industry by providing scientific guidance in the 
implementation of innovations. Some of the expected benefits for organisations are: a) 
Reduced development and production costs; b) Increased efficiency in testing, implementing, 
and utilising existing innovations; c) Increased awareness in data sharing; and d) Increased 
implementation support. Furthermore, in the context of railway maintenance, the artefacts 
from this study are expected to improve the overall effectiveness and efficiency through 
facilitating the implementation of innovations that support digitalisation of railway 
maintenance. The digitalisation of railway maintenance enables fact-based decision support 
utilising enhanced analytics aimed for nowcasting and forecasting. These capabilities will lead 
to: a) Improved knowledge and information exchange between railway stakeholders to enable 
efficient asset management; b) Enhanced condition monitoring; c) Improved risk 
management; and d) Improved sustainability. 

Keywords: Railway, Innovation, Implementation, Digitalisation, Maintenance, Data 
governance, Cross-organisation, eMaintenance, Industrial AI, Maintenance contracts 
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Sammanfattning 
Järnvägen betraktas som en industri där ny teknologi förväntas kunna skapa potential för stora 
nyttor och förbättringar. Järnvägens framtid och dess förmåga att svara på framtida 
transportbehov ligger i dess förmåga att anpassa, implementera och integrera ny teknologi. 
Teknologin förväntas leda till, bl.a. effektivare hantering av tillgångar under dess totala 
livscykel genom användning av digital teknologi och artificiell intelligens. 
Teknologiomvandlingen medförd av bl.a. digitalisering påverkar inte bara de tekniska 
systemen, dvs. järnvägsinfrastruktur och rullande materiel, men också regelverk, 
organisationer, processer och individer. Järnvägsindustrin behöver identifiera och kartlägga 
utmaningarna associerade till teknologiomvandlingen för att kunna definiera strategier och 
välja lämpliga angreppsätt, metodologier och teknologier som möjliggör framgångsrik 
implementering av innovationer. Därför är syftet med detta forskningsarbete att studera, 
utforska och undersöka hur implementering av innovationer i en miljö med flera intressenter, 
såsom järnvägsunderhåll, kan underlättas genom ett systematiskt tillvägagångssätt. Vidare är 
målet med denna forskning att utveckla och tillhandahålla ett utmaningsdrivet 
uppdragsinriktat ramverk som kan användas för att underlätta implementering av 
innovationer i den svenska järnvägen. För att uppnå målet har nio (9) fallstudier genomförts. 
I dessa fallstudier har utmaningar identifierats, relaterade till: a) Ledtider; b) Komplex miljö 
med flera intressenter; c) Affärsincitament; d) Styrning av datadelning; e) Regelverk och 
underhåll; f) Teknik; g) Utvärdering; h) Affärsmodeller; i) Ansvar, och j) Implementering. 

För att adressera de identifierade utmaningarna har flera artefakter utvecklats och 
tillhandahållits i detta forskningsarbete, dessa är: a) Ett utmaningsdrivet uppdragsinriktat 
ramverk; b) En metod för att utvärdera innovationer; c) Strategier och riktlinjer för 
datastyrning; d) Strategier och riktlinjer för innovation i underhållskontrakt; och e) 
Systemaspekter för implementering av innovationer inom järnväg. Resultaten och 
artefakterna i denna studie skulle kunna användas som ett ramverk och en färdplan i andra 
branscher genom att tillhandahålla en vetenskaplig metodologi vid implementeringen av 
innovationer. Bland de förväntade fördelarna för organisationer kan nämnas: a) Minskade 
utvecklings- och produktionskostnader; b) Ökad effektivitet och effekt vid testning, 
implementering och användning av existerande innovationer; c) Ökad medvetenhet för 
datadelning; och d) Ökat stöd vid implementering. Vidare, i samband med järnvägsunderhåll, 
förväntas artefakterna från detta forskningsarbete kunna förbättra effektiviteten genom att 
underlätta implementeringen av innovationer. Digitaliseringen av järnvägsunderhåll möjliggör 
faktabaserat beslutsstöd med hjälp av förbättrad analys som syftar till nulägesbeskrivning och 
framtidsprognos. Dessa möjligheter kommer att leda till: a) Förbättrat kunskaps- och 
informationsutbyte mellan järnvägsintressenter för en effektiv tillgångsförvaltning; b) 
Förbättrad tillståndsövervakning; c) Förbättrad riskhantering; och d) Ökad hållbarhet. 

Nyckelord: Järnväg, Innovation, Implementation, Digitalisering, Underhåll, Data governance, 
Tvärorganisatorisk, eMaintenance, Industriell AI, Underhållskontrakt
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Terms and definitions  
Term Definition 

Asset management The coordinated activity of an organisation to realise value from 
assets (ISO 55000:2014). 

Availability The ability of an item to be in a state to perform as and when 
required, under given conditions, assuming that the necessary 
external resources are provided (EN 13306:2017). 

CFIR The Consolidated Framework for Implementation Research (CFIR) 
created by Damschroeder et al., 2009. 

Data and 
information 
management 
process 

A combination of different functions that collectively aim to make 
sure that the data is accurate, available, and accessible. 

Data governance The exercise of decision-making and authority for data-related 
matters (DATAGOV, 2019). 

Dependability The ability to perform as and when required (EN 13306:2017) 

Digitalisation Information digitalisation, i.e. conversion of information into digital 
form. Societal digitalisation, i.e. the change in operations, the use 
of technology and the business conditions that arise through the 
new opportunities that technology provides (SOU 2014:3). 

Digital 
transformation 

The creation of, and consequent change in, market offerings, 
business processes, or models that result from the use of digital 
technology (Nambisan et al., 2017). 

eMaintenance An interdisciplinary approach to asset management, which thanks 
to ICT, integrates and synchronises various maintenance and 
reliability functions, such as monitoring, diagnosis, prognosis, and 
decision processes, and delivers asset information where and when 
needed (Muller et al., 2008; Karim et al., 2008; Holmberg et al. 
2010; Kajko-Mattsson et al., 2011). 

Emerging 
technologies 

Technology that shows high potential but has not demonstrated its 
value or settled into any kind of consensus (Cozzens et al., 2010). 

Framework A structure, overview, system, or plan consisting of various 
descriptive categories, e.g., concepts, constructs or variables, and 
the relations between them that are presumed to account for a 
phenomenon (Nielsen, 2015). 
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Holistic Relating to or concerned with wholes or with complete systems 
rather than with the analysis of, treatment of, or dissection into 
parts (Merriam-Webster). 

Implementation Implementation is considered in innovation research as efforts 
being made after a decision has been taken on the introduction of 
an innovation (Rogers, 2003). 

Innovation An innovation is a new or improved product or process (or 
combination thereof) that differs significantly from the unit’s 
previous products or processes and that has been made available 
to potential users (product) or brought into use by the unit 
(process) (OECD, 2018). 

Invention Invention is the process by which a new idea is discovered or 
created (Rogers, 2003). 

Maintainability The ability of an item under given conditions of use, to be retained 
in, or restored to, a state in which it can perform a required 
function, when maintenance is performed under given conditions 
and using stated procedures and resources (EN 13306:2017). 

Maintenance The combination of all technical, administrative, and managerial 
actions during the life cycle of an item intended to retain it in, or 
restore it to, a state in which it can perform the required function 
(EN13306:2017). 

Maintenance 
supportability 

The ability of a maintenance organisation to have the correct 
maintenance support at the necessary place to perform the 
required maintenance activity when required (EN 13306:2017). 

Methodology A body of methods, rules, and postulates employed by a discipline: 
a particular procedure or set of procedures (Merriam-Webster). 

Ontology Ontology is an explicit specification of a conceptualisation, which is 
the objects, concepts, and other entities that are presumed to exist 
in some area of interest and the relationships that hold them 
(Genesereth & Nilsson, 1987).  

Reliability The ability of an item to perform a required function under given 
conditions for a given time interval (EN13306:2017). 

Systemic Systemic describes what relates to or affects an entire system 
(MW, 2022). 

The innovation-
decision process 

I) Knowledge, II) Persuasion, III) Decision, IV) Implementation, and 
V) Confirmation (Rogers, 2003). 
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1 Introduction 
The need for railway transportation is rapidly increasing globally. Present trends show that 
passenger and freight activity will increase more than double by the year 2050 (IEA, 2019). To 
reduce negative environmental effects and contribute to the United Nations´ Sustainable 
Development Goals, as described in (UN, 2015), there is a need for a greater reliance on 
railway, since railway is an energy efficient mode of transport for freight and passengers. 
However, the future of the railway will be defined by how it responds to increased 
transportation demands as well as increasing competition from alternative modes of 
transportation (IEA, 2019).  

The railway in Europe is considered as the backbone of an intermodal Mobility-as-a-Service 
(MaaS) , which refers to integrating public transport with other mobility services, such as car 
sharing, ride sourcing, and bicycle sharing (Smith, 2020). Transportation solutions are needed 
within cities and beyond, for both passengers and goods, to meet the needs of the customers, 
the European Union (EU) citizens, and the society (ERRAC, 2017). According to ERRAC (2017), 
to respond to the future transportation demands, the railway industry needs to enhance the 
utilisation of emerging and transformative technologies such as Artificial Intelligence (AI), 
digitalisation, distributed cognitive computing, robotics, distributed shared ledgers, and new 
intelligent materials. The future of railway lies in flexibility, ability to adapt, implement, and 
incorporate emerging technological advances that lead to, i.e. intelligent asset lifecycle 
management with a whole-life asset approach and digital railway industry supply chain 
management (ERRAC, 2017). 

Adapting and implementing emerging technologies in railways is challenging, which require 
coordination of research and innovation (R&I) activities. The Research and Innovation 
Coordination Group (RICG) is part of the International Union of Railways (UIC - Union 
Internationale des Chemins de fer) and coordinates all R&I activities for the European region. 
RICG that was responsible to prepare a strategic direction, for future research and innovation, 
describes twelve capabilities to strive for (RICG 2017). One of the identified future capabilities, 
identified by RICG (2017), is: guaranteed asset health and availability, where optimised 
maintenance keeps the railway continuously open, fostering minimal disruption to train 
services (RICG 2017). The guaranteed asset health and availability can be achieved by 
facilitating the decision-making processes by enabling approaches such as predictive 
maintenance and real-time Prognostics and Health Management (PHM) using data from a 
wide range of sensors networked together in an Internet of Things (IoT) environment. Artificial 
Intelligence (AI), Machine Learning (ML), and big data analytics can further contribute to 
improved Overall Equipment Efficiency (OEE) and enhanced Asset Management (AM). Robust 
modular units and infrastructure should be easily maintained and repaired through a robotic 
automated system, allowing for a timely, safe, and efficient operation. Another future 
capability, identified by RICG (2017), is: gaining more value from data (RICG 2017).  
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The railway generates a growing volume of data where collection, analysis, interpretation, and 
prediction can be automated to facilitate consistent up-to-date information supporting fact-
based decisions, to create value for the railway stakeholders. A robust, resilient, and secure 
information architecture and a governance model for digital assets are essential prerequisites 
for development of innovative solutions that ensure necessary data and information are 
available and accessible for the target stakeholders. The development process of innovative 
solutions needs to integrate with an appropriate implementation model to facilitate the 
innovation process. 

The railway industry is generally perceived to have a low rate of innovation due to major 
challenges when innovations are to be implemented (Ekberg & Paulsson, 2010; Iwnicki, 2009). 
In order to adapt and implement emerging technologies and results from R&I activities in 
railways, there is a need to identify and describe the risks and consequences of changes 
caused by the implementation of these results and technologies.  

RICG (2017) states that rapid and reliable R&I implementation is a mandatory capability to get 
the intended effects. Hence, an ecosystem for R&I, based on effective collaboration, the 
provision of greater technology demonstration capability and the rapid integration of 
technology into the railways is important in order to remove barriers for the implementation 
of new technologies and decrease time to market (RICG, 2017).  

During the establishment of Shift2Rail programme in 2014, the European Commission (EC) 
acknowledged problems associated with railway innovation in Europe, stemming from 
fragmentation of R&I efforts, low leverage of European R&I investment, limited and 
uncoordinated participation of stakeholders along the value chain together with high costs, 
risks and lead times of R&I investment (European Commission, 2017). Shift2Rail was the first 
European rail initiative to seek focused R&I and market-driven solutions by accelerating the 
integration of new and advanced technologies into innovative railway product solutions. A key 
to enable adoption and implementation of innovations is to understand both the domain and 
country specific systemic challenges and enablers (Chen et al., 2015; Ciocoiu et al., 2017; 
Damschroder et al., 2009; Dopson & Fitzgerald, 2005; McNulty, 2011). In Sweden, the 
transferring of R&I is highly important for the railway system´s competiveness. 

When the Organisation for Economic Co-operation and Development (OECD) evaluated 
Sweden’s politics regarding innovation, the conclusions from an analysis stated that a threat 
to the Swedish competitiveness was difficulties in transferring innovations from research to 
the railway industry (Forum för innovation inom Transportsektorn, 2013; Granström et al., 
2019; Karim & Jägare, 2017; Vinnova, 2013). A fundamental prerequisite for efficient 
maintenance is that collaborative technical systems (rolling stock/infrastructure) require 
some form of integration and exchange in terms of safety, maintenance, availability, 
reliability, maintenance status, current technical status, and maintenance limits (Karim, et al., 
2020). The deregulation requires development of new forms of information sharing regarding 
planning, implementation, and follow-up in maintenance (SOU 2020:18, 2020). 
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Railway is a complex technical system, which needs to be managed during its whole lifecycle 
(Karim et al., 2021; SOU 2010:69, 2010; SOU 2020:18, 2020; The Railway Technical Website, 
2019). Maintenance of railway has a significant impact on its overall management and 
operation. In addition, there are increasing requirements to improve comfort, punctuality, 
speed, capacity, interoperability, and sustainability of the railway (Trafikverket 2022:040, 
2022). Thus, increased effectiveness and efficiency of the maintenance process is highly 
important from both a safety and an economic standpoint. Increased requirements on the 
performance of the railway, e.g., utilisation, higher axle loads, and increased density, and 
punctuality, need a changed strategy for maintenance and management of the infrastructure 
(SOU 2020:18, 2020). Digitalisation of the railway is expected to improve efficiency and 
management, reducing costs, and enhance competitiveness with other transport modes 
(Zoeteman, 2001). Ongoing digitalisation can create more dynamic maintenance planning for 
railway assets (Karim et al., 2021; Kumari, 2022; SOU 2020:18, 2020). The full potential of 
digitalisation will require descriptive asset metrics, sensor systems, and data analysis 
techniques for predictive and prescriptive maintenance (ERRAC, 2020). Although these 
technologies are available, they are not fully implemented, and this is a sign that there are 
systemic challenges for implementation of innovations (SOU 2020:18, 2020). 

Many innovations have been tested and demonstrated with proven benefits to the railway 
(Karim et al., 2020) but does not lead to any implementation of new sensor technology, real 
change, or improvement of existing maintenance concepts (Granström et al., 2019). One of 
the reasons is that it is difficult to enforce changes or implement new technologies in an 
industry where regulations are rigid and the maintenance plan and activities are regulated in 
many different documents and where requirements overlap (Nilsen & Syvertsen, 2015; 
Söderholm & Nilsen, 2017). There is a need for structured approaches to implementing 
innovations in maintenance; due to the absence of systematic validation to ensure that 
innovation solutions are compatible with applicable regulations (Granström et al., 2019).  

The technological transformation and digitalisation influence not only the technical systems, 
including railway infrastructure and rolling stock, but also regulations, organisations, 
processes, and individuals (Jägare et al., 2019). To deal with these challenges, the railway 
industry needs to identify these challenges and to define policies, strategies, and processes 
that enable a successful implementation of innovations in the railway and create a smooth 
transformation of the existing configuration to a digitalised railway system. 

A successful implementation is highly dependent on in-depth insight to implementation 
process related to the target domain. Hence for a successful implementation of any innovative 
solutions, it is essential to establish an integrated process for research, innovation, and 
implementation.  

In science, implementation science refers to the scientific study of methodologies to promote 
the systematic uptake of research findings and other evidence-based practices into routine 
practice (Damschroder et al., 2009).  
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To this day, several research activities have been conducted within the implementation 
science, technology transfer, diffusion of innovation and change management (Damschroder 
et al., 2009; Eccles & Mittman, 2006; Hiatt & Creasey, 2003; Inkpen & Dinur, 1998; Kotter & 
Cohen, 2002; Nilsen et al., 2013; Rogers, 2003; Smith et al., 2014). These research findings 
need to be adapted to the characteristics of the railway domain and the specific challenges 
need to be investigated in relation to the specific attributes of railway industry. 

However, a sustainable development of railway is highly dependent on implementation of 
innovative solutions. Hence, this research aims to develop and provide artefacts that facilitate 
the innovation and implementation processes by addressing the challenges associated with 
these processes. 

1.1 Problem statement and motivation 
Implementation of innovations in the context of railway is associated with several challenges.  
Today , there are scientific attempts and initiatives to describe challenges, and develop and 
provide artefacts to address the individual and separate challenges related to the 
implementation of innovations in railways, e.g  (Adeney & Zschoche, 2013; Bayati et al., 2002; 
Bruckmann et al., 2015; DeBarro et al., 2015; Dodgson et al., 2015; Forum för innovation inom 
Transportsektorn, 2013; Granström et al., 2019; Jabłoński, 2016; Jabłoński & Jabłoński, 2012, 
2015; Johnson, 2018; Juntti, Karim, et al., 2014; Lovell et al., 2011; Lovell & Nightingale, 2016; 
McNulty, 2011; Metso & Kans, 2017; T. Nilsen & Syvertsen, 2015; Norefjäll & Fernqvist, 2019; 
Nyberg et al., 2012; Ovchynnikova et al., 2019; Palacin et al., 2016; Pelton et al., 2017; 
Söderholm & Nilsen, 2017; Stevens et al., 1974; Tucker & Hall, 2014). 

Nevertheless, these initiatives are lacking in approaching the process of implementation of 
innovations from a holistic perspective and providing a systematic framework to this problem-
solving. Hence, this research aims to provide a holistic framework for implementation of 
innovations. 

1.2 Research purpose 
The purpose of this research work is to study, explore, and investigate how implementation 
of innovations in a multi-stakeholder environment such as railway maintenance, can be 
facilitated through a systematic approach. 

1.3 Research objective 
The main objective of this research work is to develop and provide a challenge-driven 
framework that can be used to facilitate the implementation of innovations in railway. 
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1.4 Research questions 
To achieve the overall objective of this work, the following Research Questions (RQ) have been 
framed: 

RQ1: Which are the main issues and challenges when implementing innovative solutions in 
railways? 

RQ2: Which are the essential prerequisites that enable innovations in railway digitalisation? 

RQ3: How can innovations be assessed and compared?  

1.5 Research scope and delimitations 
From a scientific perspective, this research addresses challenges influencing implementation 
of innovations within the railway and the factors affecting digitalisation of the Swedish 
railway.  

According to a definition by Rogers (2003), implementation is considered in innovation 
research as efforts being made after a decision has been taken on the introduction of an 
innovation. According to OECD (2018), the requirement of implementation differentiates 
innovation from other concepts such as invention, as an innovation must be implemented, i.e. 
put into use or made available for others to use. In this research, implementation is an activity 
in the innovation process to fulfil the requirement for the invention to be put into use, to be 
called an innovation. According to Rogers (2003), the innovation process consists of the 
following stages: I) knowledge, II) persuasion, III) decision, IV) implementation, and V) 
confirmation, see Figure 1.  

The scope of this research affects all the five (5) aforementioned stages of the innovation 
process. However, this research is delimited to the implementation stage, i.e. stage IV in 
Figure 1. One of the reasons for this is that implementation has been identified as a very 
challenging and complex stage, where although the decision to adopt has been made, the 
implementation can fail.  

 

 
Figure 1. Positioning of research in the model of five stages in the innovation process (Rogers, 2003). 
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From an industrial domain perspective, this study has focused on the main stakeholders 
involved in the maintenance process of the Swedish railway, such as infrastructure manager, 
maintenance contractors, operators, system integrators, asset owners, and maintenance 
service providers. 

1.6 Research significance  
Implementation of innovations in railway is challenging and requires a systematic approach 
and appropriate tools to improve its efficiency and effectiveness. Today, there is a lack of a 
holistic approach for implementation of innovations in railway. 

Hence, the main significance of this research is the developed systematic challenge-driven 
framework for innovations in railways. The framework can be used by railway industry to 
improve the implementation of the innovations. Furthermore, it is believed that the 
developed framework may be utilised in other industrial domains such as mining, aviation, 
pulp-and-paper, construction, and energy, due to some similarities of these domains when it 
comes to implementation of innovations. 

1.7 Structure of the thesis 
The structure of this thesis is as follow: 

• Chapter 2, provides a description of the Swedish railway. 
• Chapter 3, provides the basic concepts and theories used in this research. 
• Chapter 4, describes how the research activities have been designed and conducted. 
• Chapter 5, contains the nine conducted case studies. 
• Chapter 6, provides a detailed description of research findings and results, including 

discussions on the results. 
• Chapter 7, concludes the conducted research work. 
• Chapter 8, highlights some of the major contribution from this research work. 
• Chapter 9, expresses the expected impacts of this research work. 
• Chapter 10, gives a recommendation of further research. 
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2 Railways in Sweden 
This section provides a brief description of how railway in Sweden is organised and how 
maintenance is managed. Information regarding the organisation of the Swedish railway has 
been compiled from state public enquiries SOU 2013:83 (2013) and SOU 2015:42 (2015). 

2.1 Organisation of the Swedish railway 
Before 1988, Statens Järnvägar (SJ) was a business-run government agency with exclusive 
rights to train traffic, infrastructure management, railway education and to some extent also 
the manufacturing of railway components. In 1988, SJ was divided into SJ with responsibility 
for train traffic management and train management, and Banverket that managed the 
infrastructure. When the deregulation of train traffic began, the train traffic management was 
transferred to Banverket (the Swedish National Rail Administration) to keep the function 
competition neutral. From 2001 and forward, many different transport companies compete 
with the original state-owned companies for traffic on the line. 

Banverket was divided into a client/executor organisation in 1998, after which, design, 
production and maintenance were successively exposed to competition. The client 
organisation that remained within Banverket was merged during 2010 with Vägverket (the 
Swedish Road Administration), parts of Luftfartsverket (the Civil Aviation Administration) and 
Sjöfartsverket (the Swedish Maritime Administration) and formed Trafikverket (the Swedish 
Transport Administration). 

To ensure traffic safety on the railways, a special supervisory authority was established in 
1988. Several directives from the European Commission, with the aim of liberalising the 
railway market, led to a new railway law and the Railway Inspectorate´s tasks were first taken 
over by Järnvägstyrelsen (the Swedish Rail Agency) and then by Transportstyrelsen (the 
Swedish Transport Agency). Transportstyrelsen is the present regulatory body for transports 
in Sweden and are involved in international and national regulatory development work. The 
agency sets rules and regulations, give permission, and follow up how rules are complied with. 
In addition, they have responsibility for market surveillance (market access conditions, 
competition conditions, and conditions for passengers and freight carriers). They also provide 
records of railway vehicles and train driving licenses.  

The overall goal of Sweden’s transport policy is to ensure a socially efficient and long-term 
sustainable transport supply for the citizens and businesses throughout the country  
(SWEGOV, 2022). The overall goal is divided up in a functional goal and a consideration goal. 
The functional goal means that the design, function, and use of the transport system must 
contribute to providing everyone with basic accessibility with good quality and usability, as 
well as contribute to development throughout the country. The consideration goal means that 
the design, function, and use of the transport system must be adapted so that no one is killed 
or seriously injured, contribute to the achievement of the overall generational goal for the 
environment and the environmental quality goals, and contribute to increased health. 
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Trafikverket has seven main goals called delivery qualities, i.e. robustness, capacity, 
punctuality, traffic safety, utility, environment and health, and climate (Trafikverket 2022:040, 
2022). 

Thus, the railway has gone from an organisation where everything was in principle under one 
governmental responsibility to a complex organisation with many different actors, i.e. 
regulatory, and supervisory authority, infrastructure managers, train operators, train 
manufacturers, suppliers of railway equipment, maintenance workshops, maintenance 
contractors, property managers, research and development, and consultants, see Figure 2. 

Deregulation and market opening mean that new conditions arise. In the deregulated railway 
market, there are now many different players who can invest in different parts of the railway 
and in research and development, vehicles, personnel, infrastructure, and properties, etc. 
Figure 2 shows a rather complex organisation of the Swedish railway where all relevant actors 
must work together in a system and ensure that there are driving forces for change and 
improvements at system level, even when everyone primarily focus on their own goals and 
assignments (Ingwald & Kans, 2016; JBS, 2018).  

 
  

 
 

Figure 2. Organisation of the Swedish railway. (Adapted and translated from SOU 2013:83; SOU 2015:42; JBS, 2018; 
Juntti et al., 2014). 
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2.2 Maintenance of the Swedish railway 
The complex railway where actors, roles and responsibilities can look different for different 
geographical locations poses challenges for optimal maintenance (Espling, 2007). Viewed as a 
technical system, it consists of infrastructure as well as rolling stock that interact with each 
other, and with the surrounding environment. As a socio-technical system, it relies on 
information originated at different sources, of different types and owned by different actors 
for the management of transportation services (Kans et al., 2016; Rotter et al., 2016). 

Trafikverket is responsible for the infrastructure and is a large client for contractors that 
construct, manage, and maintain the infrastructure. Operation and maintenance are procured 
from maintenance contractors, often in 5-7 year long agreements (SOU 2020:18, 2020). The 
main strategic objectives for Swedish infrastructure railway maintenance are to prioritise 
safety-related measures, and to catch up with the maintenance backlog especially focusing on 
the highly trafficked tracks (Trafikverket 2022:040, 2022). Trafikverkets operation and 
maintenance activities are grant-financed, which means that Trafikverket is allocated an 
annual grant through a governmental approval letter, for conducting operation and 
maintenance (Juntti, 2014). The prioritisations are based on the main objectives of the 
National Transport System Plan. The total O&M investment volume for 2022-2033 is 
suggested to be 165 billion Swedish crowns (SEK) (Trafikverket TRV 2021:79143, 2021). 

Planning times for track work requires long foresight and frequent communication with 
stakeholders. Trafikverket’s maintenance plan and the investment plan as well as contractors' 
planned work are compiled in a track work plan (BAP, Banarbetsplan) which is negotiated with 
the traffic operators and agreed in traffic agreements (Trafikverket TDOK 2015:0484, 2015). 
The track work plan is then broken down into an 8-week rolling track utilisation plan (BUP, 
Banutnyttjandeplan), where the last four weeks are established. Track utilisation planning 
forms the basis for the train traffic management's and track operations management's 
operational control, detailed planning, and follow-up of track utilisation. Only work that is 
included in the BUP may be performed except for corrective maintenance, remediation of 
emergency inspection remarks and snow removal (Trafikverket, 2019b, 2022). 

Some of the maintenance activities planned by Trafikverket are (SOU 2020:18, 2020): 

• Snow removal services. 
• Corrective maintenance (failure reports and inspection remarks that must be resolved 

immediately or within 2 weeks). 
• Inspection of the assets' condition carried out by inspection personnel and measuring 

vehicles. 
• Condition-based maintenance based on decision support from completed inspections 

and data from monitoring systems. 
• Regular time- or tonnage based predetermined maintenance. 
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Due to high-capacity utilisation, the maintenance windows become tighter, and the 
maintenance demands are hard to fulfil. Consequences of disturbances are easily multiplied 
throughout the entire system, especially if the disturbances take place in a section with 
intense capacity usage. 

Preventive maintenance of rolling stock is often predetermined and based on kilometres, 
maintenance intervals, visual inspection performed by maintenance personnel, and warning 
or safety alarms from Trafikverket´s monitoring system (Karim, et al., 2020; Juntti, et al., 2014). 
The strategy for preventive maintenance is predominantly predetermined maintenance based 
on different audit intervals. The intervals are usually between three and six years, while 
component maintenance is often kilometre-based. During an audit, preventive maintenance 
takes place where the maintenance supplier restores the functionality of vehicle. Before the 
audit starts, an inspection is also carried out to detect any faults that are not included in the 
planned audit, but which are critical to correct for the vehicle to be reliable and safe. 

Different roles and responsibilities can be distributed between actors when operating and 
maintaining rolling stock. An example to describe the complexity is, that a rolling stock owner 
manages rolling stock regarding heavy maintenance, upgrades, and the pool of components. 
Another company rents the rolling stock and is responsible for light maintenance of vehicles 
and components, which could also be delegated to the operator. The train operator drives the 
rolling stock and manages light maintenance if it is delegated by the renting company and 
takes care of the daily service. A maintenance workshop is contracted for maintaining the 
rolling stock if delegated by the operators and parts if the daily service. 

The rolling stock in Sweden has three segments in terms of ownership and operation: a) 
commercial passenger train services, b) the freight trains services that are open for entry and 
tendered and c) non-commercial train services (Kumari, 2022). 
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3 Basic concepts and theoretical framework 
This chapter provides a brief description of theories and basic concepts that have been 
relevant during the various phases of this research work.  

This qualitative research is designed to inductively build rather than test concepts, hypothesis, 
and theories. The theoretical framework described is the underlying structure of the research 
study, “the system of concepts, assumptions, expectations, beliefs, and theories that supports 
and informs your research” (Kaplan & Maxwell, 2005). The theoretical framework refers to 
the collection of literature that this research study is based on. The framework determines 
the goal of the research, particular research questions, data collection and analytic 
procedures, and how the findings should be interpreted. Data is analysed and evaluated in the 
context of a specific theoretical orientation’s concepts.  

3.1 Asset management 
The standard for asset management (ISO 55001:2014), defines an asset to be an item, thing 
or entity that has potential or actual value to an organisation. Asset management helps 
organisations realise value from assets while balancing financial, environmental and social 
costs, risks, quality of service and performance related to assets (ISO 55000:2014). The value 
varies with the context, organisation, and situation, and could be tangible or intangible, as 
well as financial or non-financial. Asset management can be described as a set of activities for 
reaching a given business or organisational objective, including identifying the required assets 
and funding, acquiring the assets, providing logistics and maintenance support, and disposing 
or renewing the assets (Hastings, 2015). Information in asset management activities is listed 
under relevant subject areas: data management, condition monitoring, risk management, 
quality management, environmental management, etc. (ISO 55002:2018). The organisation 
determines the attribute requirements and the quality requirements of information, and how 
and when the information is to be collected, analysed, and evaluated (ISO 55001:2014). 

The International Union of Railways (UIC) states that asset management is the only system-
wide approach that has the breadth, depth and whole life focus necessary to help 
infrastructure managers to realise the full potential in terms of providing customers and 
funders with a safe, quality service that is proven value for money (UIC, 2016). An identified 
success factor for implementation of asset management, is the maturity and capability of an 
organisation to manage and adapt changes required for efficient asset management (UIC, 
2016).  

Asset management builds up the required link between maintenance management and the 
organisational strategic plan, and gives direction to maintenance activities (EN 16646:2014). 
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3.2 Maintenance 
The management of maintenance process is based on asset management solutions and asset 
management policies, strategies and plans which reflect the business objectives and 
requirements of the organisation (EN 16646:2014). 

Maintenance can be defined as a “combination of all technical, administrative and managerial 
actions during the life cycle of an item intended to retain it in, or restore to, a state in which 
it can perform the required function” (EN 13306:2017). A maintenance strategy, defined in EN 
13306:2017 is the management method used to achieve the maintenance objectives, which 
describes the focus of the maintenance organisation to reach maintenance goals, which could 
be realised using different policies for different items to be maintained. EN 13306:2017 
describes three general maintenance types: corrective, predetermined and condition-based, 
see Figure 3.  

Information is exploited in maintenance to support decision making through data-based 
models and predictions, the reliability and validity of which are continuously improved based 
on accumulating history data (Takata et al., 1999). In predetermined maintenance, 
production, failure, and maintenance data is used to define optimal maintenance frequencies 
and appropriate maintenance actions (EN 16646:2014; Shafiee & Animah, 2017). In condition-
based maintenance the decision-making process is more complex, involving the parameters 
to be measured, the measurement techniques and locations, inspection frequency, the 
maintenance limits, and the appropriate maintenance actions (Aljumaili et al., 2015; EN 
16646:2014; ISO 17359:2018; Karim et al., 2016; Shafiee & Animah, 2017; van Noortwijk, 
2000). 

 
 

Figure 3. Maintenance types (EN 13306:2017). 
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Maintenance provides an essential contribution to the dependability of an item. Dependability 
describes the ability to perform as and when required, and includes availability (A), safety (S), 
security, durability, economics, and their influencing factors (reliability (R), maintainability 
(M), maintenance supportability (MS), conditions of use and operators influence).  

Maintenance management is defined as all activities of the management that determine the 
maintenance requirements, objectives, strategies, and responsibilities and implementation of 
them by means such as maintenance planning, maintenance control and, and the 
improvement of maintenance activities and economics, see Figure 4 (EN 13306:2017; EN 
60300-3-14:2004). 

The purpose of maintenance support planning is to establish the maintenance concept for 
items requiring maintenance and provide for the necessary maintenance resources and to 
ensure that the required information is collected during maintenance. Maintenance 
preparation needs to be done with enough lead time to plan and supply the necessary 
resources. Maintenance execution should be performed with attention to the technical 
aspects of isolation, disassembling, cleaning, repairing, refurbishing, replacing, re-assembling, 
and testing. Maintenance tasks may need to be carried out if specified by regulatory, contract 
or company requirements. Assessment of maintenance tasks can be performed either each 
time maintenance is performed or on a periodic basis to review overall performance. 
Improvement in maintenance and maintenance support activities is achieved by management 
support, effective processes, and communication. 

During maintenance and maintenance support planning the first step is to define general 
guidelines, based on the maintenance policy and operational use considerations, see Figure 5 
(EN 60300-3-14:2004). 

 
 

Figure 4. Maintenance process according to EN 60300-3-14:2004. 
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Maintenance tasks are then identified through one or a combination of the following 
approaches: adopting manufacturer´s recommendations, analysing items using e.g., reliability 
centred maintenance (RCM) based on a Failure Mode, Effects and Criticality Analysis (FMECA), 
or relying on actual experience with an item (see EN 60300-3-14). RCM (see EN 60300-3-11) is 
based on a FMECA (see ISO/IEC 60812:2018), which systematically identify the likely modes 
of failure, the frequency of occurrence, the possible effects of each failure, and the criticality 
of each effect on capacity, availability, reliability, or safety. RCM is a concept of maintenance 
planning to ensure that systems continue to do what their user require in their present 
operating context (Moubray, 2001; Nowlan & Heap, 1978). Maintenance task analysis 
determines the specific information and resources for each item that requires maintenance. 
In defining the maintenance concept, it is necessary to determine where in the organisation 
items should be repaired or replaced (IEC 60300-3-14).  
  

 
Figure 5. Maintenance and maintenance support planning process (EN 60300-3-14:2004). 
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3.3 Risk management 
Safety is a central requirement in the operation of railways. To effectively manage railways 
within a limited budget, there is a need to develop asset management procedures which 
incorporate risk management concepts (Sasidharan et al., 2017). Risk management in railways 
focuses on the prevention of accidents resulting from system failures or degradation  
(Zarembski & Palese, 2006). Performing risk analysis is an essential step in the change 
management process, which provides a useful communication tool for sharing concerns and 
communicating vision (Jabłoński, 2016; Jabłoński & Jabłoński, 2015). As defined by ISO 
31000:2018, risk is the effect of uncertainty on objectives 

Risk management involves the processes of risk identification, risk analysis, and risk evaluation 
(ISO 31000:2018). Risk identification enables the activities involved to be identified and the 
associated risks to be defined. Risk analysis allows the evaluation of the likelihood of a risk 
occurring together with its possible outcomes or consequences. The objective of risk analysis 
is to develop a rational foundation for objective decision making by systematically using the 
available information to estimate the risks involved (Eskandari Torbaghan et al., 2015; Grote, 
2015; Salling, 2007). The risk analysis depends upon the type of risk involved, aim of the 
analysis, availability of data and resources (Chen, 2013). The risk evaluation phase determines 
whether a risk is tolerable, allowing decision makers to take steps or actions to control or 
monitor the risk (ISO 31000:2018). Various techniques to carry out risk management are 
described in the literature (An et al., 2011, 2013; An & Qin, 2016; Bird & Germain, 1996; 
Castillo et al., 2016; Cho, 2011; De Dianous & Fiévez, 2006; Hollnagel, 2016; Khakzad et al., 
2012; Moubray, 2001; T. Nilsen & Syvertsen, 2015; Nowlan & Heap, 1978; Nyberg et al., 2012; 
Peng et al., 2016; Reason & Hobbs, 2003; Söderholm & Nilsen, 2017; S. Verma & Chaudhri, 
2014; Walgama Wellalage et al., 2015). 

Within railway, the regulation EU 2015/1136 (Common safety method for risk evaluation and 
assessment, CSM-RA) sets requirements on how to perform the change management process 
(EU 2015/1136, 2015). The regulation states that any change, including organisational 
changes, with safety impact on maintenance and operation is required to follow the CSM-RA 
risk assessment requirements. If the change is both safety-related and significant, the risk 
assessment process of CSM-RA should be applied. Finally, CSM-RA requires that a risk 
acceptability of the changes under assessment shall be evaluated by using one or more of the 
following risk acceptance principles (EU 2015/1136, 2015): the application of codes of 
practice; a comparison with similar systems; or an explicit risk estimation. For changes in the 
maintenance programme an explicit risk estimation is required (with exception for changes of 
maintenance intervals, where a comparison with similar systems may be relevant) (EU 
2015/1136, 2015).  
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In addition, to support the change management process further, continuous project risk 
management can be valuable. The European standard EN 62198:2014 (Managing risk in 
projects – Application guidelines) provides principles and generic guidelines on managing risk 
and uncertainty in projects. One way to use risk analysis within change management is to 
identify the possible barriers to successful organisational change and then assess the 
likelihood that they will materialise (Smith et al., 2014). 

3.4 Regulatory management of railway maintenance 
The increased digitisation and digitalisation enable a more efficient and productive 
maintenance of the railway through innovations, such as information logistics solutions that 
handle information from several different actors. To succeed in implementing innovations, 
existing regulations must be managed as they form the basis for applied working methods and 
established contracts. 

The requirements for maintenance of railway infrastructure are described in Trafikverket’s 
regulation (TRV 2014:0162), e.g. for safety inspection, maintenance inspection and 
predetermined maintenance. These requirements documents form parts of a maintenance 
program. With changed requirements, new technology, changed working methods and 
experiences, there may be a need to revise the maintenance program. Changes to the 
maintenance program are in turn governed by regulations regarding e.g. traffic safety and 
information security, which must be implemented in Trafikverket’s management system. Both 
parts are necessary to achieve a maintenance program that utilises emerging technologies. 

Eggers et al., (2018) describes five principles to guide the future of regulation management: 
1) adaptive regulation by a responsive, iterative approach, 2) test new approaches by creating 
sandboxes and accelerators, 3) fucus on results and performance rather than form, 4) move 
from standardised regulation to a data-driven, segmented approach, and 5) collaborative 
regulation by engaging national and international stakeholders. An opportunity for regulators 
to work in a more efficient, cost-saving, and compliant way, can be to utilise technologies and 
tools like text analytics, machine learning, and design, for regulatory management. 

3.5 Maintenance contracting 
European public procurement strategies are regulated by the public procurement act. This law 
is sometimes considered as an obstacle that limits changes and renegotiations without a new 
tender after a contract has been signed (Abdi et al., 2014; Alexandersson & Hultén, 2007; 
Tadelis, 2012). Trafikverket has outsourced railway maintenance since 2002 and delegates 
maintenance work to contractors through a tender process.  
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Depending on the type of maintenance, the following contract classification exists between 
Trafikverket and contractors (Lidén, 2016; SOU 2020:18, 2020): 

• Renewal projects, where a contract is signed for each project. This type of contract is 
typically used to restore infrastructure to their intended function. 

• National maintenance contracts, where a contract is set up for each distinctive type of 
activity, which typically requires the use of expensive equipment. The contract length 
is 3–5 years, and it may be extended for 2 or 2+2 years. These contracts are typically 
used for preventive maintenance. 

• Regional maintenance contracts, where the contract makes the contractor responsible 
for maintenance in one region of the infrastructure network. The contract length is 
usually 5 years, and it may be extended for 2 or 1+1 years. These contracts are used 
for all maintenance types. 

For the regional maintenance contracts, two contracting forms are typically used – Design-
Build (DB) and Design-Bid-Build (DBB) (Eriksson et al., 2017; Lingegård & Lindahl, 2015). In 
Sweden, these are called ABT06 (Totalentreprenad) and AB04 (Utförandeentreprenad) 
contracts. For both contract types, it is usual that the lowest cost wins the contract (SOU 
2020:18, 2020). This maximises the profit of the project, but it might affect the quality of the 
work (Lingegård & Lindahl, 2015; Nyström et al., 2014).  

Procurement of maintenance is often made in the form of medium-term contracts based on 
fixed price on defined work in the Swedish railway (Espling & Olsson, 2004). These kinds of 
contracts are quite inflexible and can easily lead to negotiations for all activities not included 
in the basic contract (Lingegård, 2014). There is little if no incentives for improving neither 
maintenance internal effectiveness nor its performance, as the contract is regulated on 
detailed level (Abdi et al., 2014; Lingegård, 2014). Traditional contract forms and a 
conservative buyer’s culture result in lack of information and knowledge sharing between the 
actors (Ingwald & Kans, 2016; Metso & Kans, 2017). 

Ivina et al. (2022) investigated communication and collaboration issues in DB and DBB 
maintenance contracts in Sweden, where the study revealed fundamental challenges in 
collaboration like lack of trust, uncertainty, and loss of knowledge. According to Ivina et al. 
(2022), contractors preferred a DBB contract since it fosters better collaboration and reduces 
the number of conflicts between the contractor and Trafikverket. An additional benefit was 
that Trafikverket gains more knowledge of railway conditions because they are more involved 
in inspections and daily operations, which reduces the loss of knowledge.  

Aldenlöv et al., (2017) identified four key areas to consider within public procurement of 
railway: partnering, contract incentives, financing, and maintenance management practices. 
Partnering was described as a possible success factor in public procurement of railway 
maintenance (Borg & Lind, 2014; Cruz et al., 2015; Espling & Olsson, 2004; Kemi, 2001).  
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Among the major obstacles for enabling collaborative contract forms is the current procedures 
for government/public procurement including tendering rules, short-term contracts and a risk 
adverse culture that does not promote collaboration and create sub optimisation (Abdi et al., 
2014; Alexandersson & Hultén, 2007; Ingwald & Kans, 2019; Lingegård, 2014; Olsson & Espling, 
2004).  

Larsson et al. (2022) investigated and compared project-level innovation in design-build (DB) 
and design-build-maintenance (DBM) contracts for road construction. They found that by 
adding long-term maintenance responsibility (in DBM contracts), clients can encourage 
contractors to adopt a life-cycle perspective, and thus innovate to increase product quality, 
rather than focusing on cost and time reduction through process innovations. In a case study 
relevant to capital intense industries by Panesar & Markeset (2008), it is shown that service 
innovations are desired in most of the operation and maintenance contracts, but existing 
contractual relationships most often do not support innovations.  

3.6 Business process modelling 
Hammer (1990) defines businesses process as ‘‘a collection of activities that takes one or more 
kinds of input and creates an output that is of value to the customer’’. A business process is 
the combination of a set of activities within an enterprise with a structure describing their 
logical order and dependence whose objective is to produce a desired result. Business process 
modelling enables a common understanding and analysis of a business process. An enterprise 
can be analysed and integrated through its business processes. Hence the importance of 
correctly modelling its business processes.  

It is important to identify the uses or purposes of the models when undertaking modelling of 
any kind. Purposes of business process models might be divided into four main categories as 
follows (Aguilar-Savén & Aguilar-Saven, 2004): 1) descriptive models for learning, 2) 
descriptive and analytical models for decision support to process development and design; 3) 
enactable or analytical models for decision support during process execution, and control; and 
4) enactment support models to information technology. 

Different techniques are more suitable to certain purposes. There are many business process 
modelling techniques and the following were found as some of the most frequently used 
(Aguilar-Savén & Aguilar-Saven, 2004) and considered relevant to this research. A flowchart is 
defined as a formalised graphic representation of a program logic sequence, work or 
manufacturing process, organisation chart, or similar formalised structure (Lakin et al., 1996).  

Data flow diagrams (DFD) are diagrams that show the flow of data or information from one 
place to another (Aguilar-Savén & Aguilar-Saven, 2004). DFDs describe the processes showing 
how these processes link together through data stores and how the processes relate to the 
users and the outside world. A DFD can be seen as a method of organising data from its raw 
state.  
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The data flow diagrams are used in discussions between analysts and users as they can be 
easily understood and verified and are easy to draw and amend. It shows how information 
enters and leaves the process; what activities change the information; where information is 
stored within the process, and the organisational function to which the activity belongs. 

The Integrated Definition for Function Modelling (IDEF) is a family of methods that supports a 
paradigm capable of addressing the modelling needs of an enterprise and its business areas 
(IDEF, 2003). IDEF0 is a modelling technique used for developing structural graphical 
representations of processes or complex systems as enterprises. 
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3.7 Digitalisation 
The Swedish Digitalisation Commission defined the concept of digitalisation in an interim 
report SOU 2014:3. Digitalisation is commonly used today in two different ways. Partly as 
information digitalisation, i.e. conversion of information into digital form, partly as societal 
digitalisation, i.e. use of IT in a broad sense in society. Information digitalisation refers to the 
process in which an analogue original is transformed into digital information. This means that 
the information can be structured, searchable and accessible through digital channels. 
Societal digitalisation is the change in operations, the use of technology and the business 
conditions that arise through the new opportunities that technology provides, which can often 
have a disruptive and unexpected effect. Digitalisation by means of combining different 
technologies (e.g., cloud technologies, sensors, big data, 3D printing) opens new possibilities 
and offers the potential to create radically new products, services, and business models.  

Digitalisation encompasses the processes by which digital technologies and information are 
used by business sectors and public administrations to modify their organisational models, 
improve their performance, and create new value (Scordamaglia, 2019). According to the 
Gardner glossary (2018), digitalisation is the use of digital technologies to change a business 
model and provide new revenue and value-producing opportunities; it is the process of 
moving to a digital business. Jansson & Andervin (2018), concludes that digitalisation consists 
of three stages of change: technology, products and services, and behaviour. Two additional 
dimensions of digitalisation also need to be in place: 1) a well-developed ecosystem where 
both smooth integration of hardware; and software is necessary and 2) a good cooperation 
between actors in the value network (Jansson & Andervin, 2018).  

Nambisan et al. (2017) characterise digital transformation as “the creation of, and consequent 
change in, market offerings, business processes, or models that result from the use of digital 
technology.” Digital transformation may be categorised in three distinct elements: (a) 
Technological—the use of new digital technologies such as social media, mobile, analytics or 
embedded devices; (b) Organisational—a change of organisational processes or the creation 
of new business models; (c) Social—enhancement of the customers’ experience (Reis et al., 
2018). The level of digital maturity of companies is assessed in terms of numerous criteria such 
as strategy, leadership, products, operations, culture, people, governance, and technology 
(Issa et al., 2018). Within digital transformation, governance and leadership play an important 
role in that business leaders must provide guidance along the transformation journey, 
communicate the vision across the organisation, and attempt to reduce employee resistance, 
which frequently occurs in organisations asked to adopt a new strategy and culture 
simultaneously (Gudergan & Buschmeyer, 2014). Storey & Song (2017) emphasise that 
implementing a data-driven culture is one of the biggest challenges in digitally transforming 
one’s business model. Swedish maintenance personnel consider aspects of strategies, 
leadership, culture, people, governance, and technology, as being the main challenges for 
digitalisation in maintenance (Kans, 2019).  
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3.8 Industry 4.0 
The 18th and 19th century are commonly referred to as Industry 1.0, where the industrial 
development focused on human physical labour in industry and agriculture (Aslam et al., 
2020). Industry 2.0 lasted from the end of the 19th century to 1980s and was characterised by 
electrical and mechanical technological advancements. As technological advances came at a 
faster pace, Industry 3.0 lasted from 1980 to 2000, and was characterised by a shift from 
analogue to digital, modular products, and shorter product life cycles. Industry 4.0, starting 
from 2000 to date, is the result of growth in the realm of Internet of Things (IoT), characterised 
by Big Data, 3D printing, artificial intelligence (AI), machine learning, self-driving vehicles, 
robotics, life cycle management, IT security, and cloud computing (Posada et al., 2015; Yin et 
al., 2018). Industry 5.0 is a concept that runs parallel to Industry 4.0, from 2016 onward, 
characterised by digital smart society, the integration of virtual and physical spaces, cyber-
physical systems, innovation ecosystem, IoT, augmented reality, robots, brain–machine 
interface and human centrality of technology (Nahavandi, 2019; Özdemir & Hekim, 2018; 
Skobelev & Borovik, 2017). According to Ozkeser (2018), the most significant distinction 
between Industry 4.0 and Industry 5.0 is the enhanced human–machine connection that 
allows people to express themselves through individualised products and services.  

In the realm of Industry 4.0, Kans et al. (2016) describes Maintenance 4.0, as maintenance 
characterised by computerisation with the help of cyber-physical systems and IoT in the form 
of intelligent, self-learning systems that identify potential failures, make diagnostics and 
prognostics, and trigger maintenance actions.  

3.9 eMaintenance 
eMaintenance is an interdisciplinary approach to asset management, which thanks to ICT, 
integrates and synchronises various maintenance and reliability functions, such as monitoring, 
diagnosis, prognosis, and decision processes, and delivers asset information where and when 
needed (Holmberg et al., 2010; Kajko-Mattsson et al., 2011; Karim, 2008; Muller et al., 2008). 
Gathering all maintenance strategies in one place, eMaintenance incorporates maintenance 
with overall business operations by establishing an overlaying function over different 
organisational structures and links isolated processes into one transparent, integrated and 
value-adding system (Hausladen & Bechheim, 2004; Holmberg et al., 2010). In eMaintenance, 
it is easier to acquire data from different sources, process larger data sizes and increase data 
usability to assure information quality for a more productive and cost-effective maintenance 
system (Candell et al., 2009; Jordan & Ellen, 2009; Muller et al., 2008). eMaintenance 
especially plays a key role in those cases where delivering different information to various 
stakeholders is essential (Kour et al., 2014). In eMaintenance, data are gathered for versatile 
purposes such as planning, observing and assessing equipment’s condition and to support 
different maintenance processes (Murthy et al., 2015).  
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Published articles on eMaintenance can be categorised in three main classes according to 
Aboelmaged (2015): a) Articles which research eMaintenance concept from different 
perspectives (Aboelmaged, 2015; Jantunen et al., 2010; Levrat et al., 2008; Muller et al., 2008); 
b) Articles which propose platforms for implementing eMaintenance (Bangemann et al., 2006; 
Han & Yang, 2006; Hausladen & Bechheim, 2004; Jägare et al., 2015; Juntti et al., 2014; Karim, 
et al., 2020; Karim & Jägare, 2017; Verma et al., 2010) and c) Articles which study 
eMaintenance from data and information management perspective (Aljumaili et al., 2015; 
Campos, 2014; Karim et al., 2009; Kour et al., 2014). Research on data and information 
management from a data governance point of view has been lacking and is required 
(Johansson et al., 2019; Razmi-Farooji et al., 2019; Trafikverket. TRV 2020:047., 2020).  

3.10 Digitalised railway maintenance 
Digitalisation is an opportunity for railway, due to the numerous benefits it can provide, such 
as improvement of capacity, traffic management, reliability, energy efficiency, risk assessment 
and safety, services, and lower operating costs (Consilvio et al., 2019; ERRAC, 2017; Karim et 
al., 2020; Parkinson & Bamford, 2017; SOU 2020:18, 2020). Developing a new mindset is by 
far the more complicated challenge for rail operators and authorities, which will have to share 
data and consolidate business resources. As UNIFE notes, railway digitalisation modifies the 
business model, which must evolve from a rather rigid model towards a more dynamic 
network joining suppliers, technological platforms, mobility providers and customers 
(Scordamaglia, 2019) . 

Operation and maintenance processes of railway is highly dependent on availability and 
accessibility of data sets (Consilvio et al., 2019). These datasets can also be referred to as 
digital assets, i.e. information that exists only in digital form and comes with a distinct usage 
right. Digital assets can be used to increase the effectiveness and efficiency (Famurewa et al., 
2017). The digital assets may be useful in different contexts, such as diagnostics and 
prognostics, and prescriptive analytics (Bergquist & Söderholm, 2015, 2016, 2017; Galar et al., 
2012; Juntti, Karim, et al., 2014). Utilisation of new technologies has led to tremendously 
increased number of digital assets (Kour et al., 2022). The acceptance of recent ICT advances 
for freight transport in Europe is very slow (Harris et al., 2015). The low uptake of ICT solutions 
highlights the importance of analysing barriers for smooth future implementation. 

3.11 Data and information management 
There is potential for significant benefits in railway reliability and maintenance efficiency using 
more cross-industry RCM and more intelligent use of the data from existing cross-industry 
monitoring (Tucker & Hall, 2014). Collecting a wide variety of data for the purpose of 
eMaintenance and RCM involves data management challenges, which have not been studied 
adequately in academia before (Borgi et al., 2017; Brous et al., 2016, 2017; Razmi-Farooji et 
al., 2019; Thompson et al., 2015). The data management process includes a combination of 
different functions that collectively aim to make sure that the data is accurate, available, and 
accessible.  
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The process includes for instance: data modelling, which diagrams the relationships between 
data elements and how data flows through systems; data integration, which combines data 
from different data sources for operational and analytical uses; data governance, which sets 
policies and procedures to ensure data is consistent throughout an organisation; and data 
quality management, which aims to fix data errors and inconsistencies (Brous et al., 2016; 
Johnson, 2018; Razmi-Farooji et al., 2019). 

Data governance is about identifying the fundamental decisions regarding data that need to 
be made and who should be making them (Khatri & Brown, 2010). Data Governance means 
“the exercise of decision-making and authority for data-related matters” (DATAGOV, 2019). 
More specifically, data governance is “a system of decision rights and accountabilities for 
information-related processes, executed according to agreed-upon models which describe 
who can take what actions with what information, and when, under what circumstances, using 
what methods” (DATAGOV, 2019). It provides organisations with the ability to ensure that 
data and information are managed appropriately, aligns the data infrastructures with business 
requirements, ensures a common understanding of the data, and ensures compliancy to laws 
and regulations (Brous et al., 2016).  

In the railway industry, the exchange of data across system and organisational boundaries is 
an essential step in the delivery of advances such as intelligent infrastructure, real-time 
capacity management and greater interoperability between stakeholders and require a 
railway condition monitoring ontology (Trafikverket. TRV 2020:047., 2020; Tutcher et al., 
2011).  

The railway industry, however, faces a serious challenge in the form of siloed, legacy ICT 
systems based around different technologies and data formats (Trafikverket. TRV 2020:047., 
2020). An evidence-based top-down map of the diverse range of scenarios in which wider data 
exchange, facilitated by a common data framework, could provide value to the industry 
(Golightly et al., 2013; Johansson et al., 2019; Karim, et al., 2020). Barriers to data exchange 
consist of: a) Commercial sensitivity and value, b) Data ownership, c) IT competence, d) 
Fragmentation within the rail industry, e) Lack of flexibility on the part of stakeholders, f) 
Requires contractual agreement, g) Data not available or in enough detail, h) Intangible 
returns, and i) Misaligned incentives (Backmyr & Gjörup, 2017; Golightly et al., 2013; Jägare 
et al., 2015; Metso & Kans, 2017; Palacin et al., 2016).  

Johnson (2018), states that the railway industry will benefit from the resulting reduced effort 
and simplicity of approach by using a data broker for remote condition monitoring data, as 
well as from network effects as the integration of data sources and sharing of best-of-breed 
data processing algorithms take effect. 
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There are difficulties in setting up the technical and commercial arrangements for cross-
industry remote condition monitoring initiatives which require collaboration between 
different railway partners, and for sharing the data (Tucker & Hall, 2014). Some of the 
constraints that limit effective use of cross-industry remote condition monitoring data are that 
cost and the benefit of data lies with different actors, reluctance to trust data from novel 
sources, difficulty in identifying and clarifying data ownership and rights, data suppliers 
concern of liability, concerns regarding intellectual property rights and confidentiality of their 
algorithms, concerns of data quality, lack of standards for data and assets, lack of availability 
of expertise, and lack of accountability for data and sensing equipment (Johnson, 2018). 

3.12 Innovation 
The term innovation was first named by Schumpeter (1934), where he defines innovation as 
“the commercial or industrial application of something new—a new product, process, or 
method of production; a new market or source of supply; a new form of commercial, business, 
or financial organisation”. Innovation has also been defined as a novel product, process, 
service, or system of organisation that changes the prevailing order of an organisation, 
market, or society (Dodgson et al., 2008; Van De Ven, 1986). Rogers (2003) explained the 
difference between invention and innovation, as “invention is the process by which a new idea 
is discovered or created, the adoption of an innovation is the process of using an existing idea” 
(Rogers, 2003). A commonly used definition of innovation is given in Oslo Manual (Guidelines 
for Collecting, Reporting and Using Data on Innovation) (OECD, 2018). It states that “An 
innovation is a new or improved product or process (or combination thereof) that differs 
significantly from the unit’s previous products or processes and that has been made available 
to potential users (product) or brought into use by the unit (process)”. 

Innovation literature has focused on several types of innovations. For example, Damanpour 
(1987) differentiated administrative innovations, i.e. technologies or practices that are related 
to management, and technological innovations, i.e. new products or services created that are 
related to the primary work activity of the organisation (Daft, 1978; Damanpour & 
Gopalakrishnan, 1998; Gopalakrishnan & Bierly, 2001; Nystrom et al., 2002). Similarly, the 
distinction has been drawn between radical innovations and incremental innovations 
(Grossman, 1970) as well as product innovations versus process innovations (Damanpour, 
1991).  

Two types of stage models are commonly used to describe the innovation process. The first, 
source-based stage models, are based on the perspective of the innovation source. They trace 
the creation of new products or services from the ideation to the marketing of the final 
product, e.g. research, development, testing, manufacturing, or packaging, dissemination 
(Amabile, 1988; Kanter, 2009; Tornatzky et al., 1983). Within source-based stage models, an 
innovation is a new product or service that an organisation, developer, or inventor has created 
for market. User-based stage models, in contrast, are based on the perspective of the user.  
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These user based stage models trace the innovation process from the user’s awareness of a 
need or opportunity for change to the implementation of the innovation in the user’s 
behaviour, e.g. awareness, selection, adoption, implementation, routinisation (Beyer & Trice, 
1978; Nord & Tucker, 1987; Rogers, 2003; Tornatzky et al., 1983). Within user-based stage 
models, an innovation is a technology or a practice being used for the first time by members 
of an organisation, whether or not other organisations have used it previously (Nord & Tucker, 
1987). 

3.13 Innovation management 
Rothwell (1992) performed a historical analysis of innovation management models from the 
1960s onwards and described a pattern of evolution that started with linear models and 
moved to interactive ones. The first generation had a predominance of innovation driven by 
technology, and the second generation had a predominance of innovation driven by the 
market (Kline & Rosenberg, 1986). The third-generation models recognise technology or 
market combinations to trigger the process and add return loops between the phases. The 
fourth-generation models favour the perspective of parallel activities that are aided by 
alliances and partnerships; fifth-generation innovation is perceived as a continuous process, 
connecting the role of employees with increased focus on quality and speed of innovation, 
and integrating a comprehensive network of relationships and customised responses 
(Rothwell, 1994). 

The theory of adoption and diffusion of innovations (Rogers, 2003) is a systemic framework to 
describe either adoption or non-adoption of new technology. Diffusion occurs progressively 
within one market when information and opinions about a new technology are shared among 
potential users through communication channels. Much research from a broad variety of 
disciplines has used the model as a framework. Dooley (1999) and Stuart (2000) mentioned 
several of these disciplines as political science, public health, communications, history, 
economics, technology, and education, and defined Rogers’ theory as a widely used 
theoretical framework in technology diffusion and adoption.  

Rogers (2003) described the innovation-decision process as “an information-seeking and 
information-processing activity, where an individual is motivated to reduce uncertainty about 
the advantages and disadvantages of an innovation”. For Rogers (2003), the innovation-
decision process involves five steps: I) knowledge, II) persuasion, III) decision, IV) 
implementation, and V) confirmation. These stages typically follow each other in a time-
ordered manner, see Figure 6. 
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In the knowledge stage, an individual learns about the existence of innovation and seeks 
information about the innovation. The persuasion step occurs when the individual has a 
negative or positive attitude toward the innovation, but the formation of a favourable or 
unfavourable attitude toward an innovation does not always lead directly or indirectly to an 
adoption or rejection (Rogers, 2003). At the decision stage, the individual chooses to adopt or 
reject the innovation. While adoption refers to “full use of an innovation as the best course of 
action available,” rejection means “not to adopt an innovation” (Rogers, 2003). At the 
implementation stage, an innovation is put into practice. Uncertainty about the outcomes of 
the innovation still can be a problem at this stage. Thus, the implementer may need technical 
assistance from change agents and others to reduce the degree of uncertainty about the 
consequences. The innovation-decision already has been made, but at the confirmation stage 
the individual looks for support for his or her decision. According to (Rogers, 2003), this 
decision can be reversed if the individual is “exposed to conflicting messages about the 
innovation”. Rogers (2003) described the innovation-diffusion process as “an uncertainty 
reduction process”, and he proposes attributes of innovations that help to decrease 
uncertainty about the innovation. Attributes of innovations includes five characteristics of 
innovations: (1) relative advantage, (2) compatibility, (3) complexity, (4) trialability, and (5) 
observability. Rogers (2003) stated that “individuals’ perceptions of these characteristics 
predict the rate of adoption of innovations”.  

Rogers’ model offers a concise overview of many considerations in the innovation diffusion 
process internal to the organisation, however, it leaves significant room for development. His 
theory offers no mention of key levers to utilise in understanding how to maximise the 
potential for successful implementation (Aslam et al., 2020). Beyond stating a few factors that 
may foster innovation creation, only a small amount of thought is given to the need for a 
planned examination of the internal diffusion process itself, post creation and adoption 
decision. Many organisations are facing problems in its true implementation due to the 
absence of a practical innovation management framework, which has made the 
implementation of the concept elusive instead of persuasive (Aslam et al., 2020).  

 
Figure 6. A model of five stages in the innovation-decision process (Rogers, 2003). 
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In a study by Panesar & Markeset (2008), it is indicated that for service innovation 
development, the market needs are considered the most important innovation process driver, 
and feedback from the customers is the most important activity to encourage service 
innovations, whilst return on investments is the most important decision-making factor in 
evaluating innovation feasibility. 

According to OECD (2018) in order for a new idea, model, method or prototype to be 
considered an innovation, it needs to be implemented. Implementation requires organisations 
to make systematic efforts to ensure that the innovation is accessible to potential users, either 
for the organisation’s own processes and procedures, or to external users for its products. The 
requirement for implementation is a defining characteristic of innovation that distinguishes it 
from inventions, prototypes, new ideas, etc. 

According to Chen et al. (2018), all categories of innovation management frameworks lack the 
connection with corporate strategy and strategic design, therefore making the 
implementation of innovation and creation of value difficult. Moreover, the innovation 
management framework categories lack a holistic approach that, coupled with strategic 
detachment, further escalate the problem of implementation. According to Aslam et al., 
(2020), an innovation framework should be based on three core elements: innovation 
ecosystem with technical and non-technical aspects, design thinking considering 
implementability, and innovation management as a strategy stand-alone from other 
strategies. Management of innovation is a complex process, and it becomes increasingly 
complex when it has to be managed over a network of collaborating companies (Cormican & 
O’Sullivan, 2004). 

Research in the railway sector does not always follow the linear process typified by Technology 
Readiness Levels (TRL) (Palacin et al., 2016). TRL is a method for estimating the maturity of 
technologies and are based on a scale from 1 to 9 with 9 being the most mature technology  
(Héder, 2017). TRL was developed at NASA during the 1970s. The primary purpose of using 
technology readiness levels is to help management in making decisions concerning the 
development and transitioning of technology. Ovchynnikova et al. (2019) describes how the 
innovation process in railway has developed from a simple linear sequential technology push 
model in the 1950s, followed by a market pull model with more focus on strategic networks 
and indicates need for innovation process model of digital networks and artificial intelligence. 

For three main reasons, innovation management in the railway industry can appear more 
challenging than in other industries: first, railways are closely linked systems, whose successful 
operation depends on the correct functioning of all parts (Stevens et al., 1974); second, it is a 
complex system, consisting of a large number of sub systems interacting with one another 
(Bayati et al., 2002); and finally, it is a mature, safety critical industry where change has to be 
handled with great care. Closely linked systems creates an environment where failures can 
lead to adverse effects extending well beyond the failed sub system. This problem is enhanced 
by system complexity, where it can be difficult to conclude which parts of the system will be 
affected; and the possible safety risks make it difficult to pursue change (Lovell et al., 2011).  
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3.14 Mission-based innovation 
It is increasingly recognised by policy makers that grand challenges cannot be dealt with simply 
via market solutions. Grand challenges are more like complex design problems that require 
radical innovations and multiple areas of the economy to alter their trajectory. Miedzinski et 
al. (2019) proposed a mission-based innovation policy road mapping framework as a strategic 
framework for action, to give a long-term orientation to innovation support. They argued that 
policy road maps have a potential to improve the coherence of innovation policies, and to 
create synergies between public, private and civil society initiatives, and investments in high-
impact mission-based innovations. These new frameworks and instruments need to create 
deliberative spaces for government and stakeholders to co-create shared visions and mission 
objectives, while drawing on best available knowledge and expertise (Miedzinski et al., 2019). 
Phaal et al. (2004) defines technology road mapping as “a powerful technique for supporting 
technology management and planning, especially for exploring and communicating the 
dynamic linkages between technological resources, organisational objectives and the 
changing environment”. 

Mission-based thinking requires understanding the difference between industrial sectors,  
broad challenges and concrete problems that different sectors can address to tackle a 
challenge (Miedzinski et al., 2019). Sectors define the boundaries within which firms operate, 
such as transport, health, or energy. A challenge is a broadly defined area which a nation may 
identify as a priority. Missions should be broad enough to engage the public and attract cross-
sectoral investment; and remain focused enough to involve industry and achieve measurable 
success. By setting the direction for a solution, missions do not specify how to achieve success. 
Rather, they stimulate the development of a range of different solutions to achieve the 
objective. The challenges underpinning missions are complex, multidimensional, dynamic, and 
uncertain in the long run (Miedzinski et al., 2019). A reflection is needed about what kinds of 
innovation, have the highest potential to achieve transformative impact to accomplish 
missions. The mission-based approach to science, technology, and innovation road mapping 
is proposed to champion a challenge-based approach to innovation policy (Mazzucato, 2018). 

3.15 Implementation of innovations  
There are many terms that can be associated with implementation of innovations such as 
post-adoption diffusion of innovations and technology transfer (Inkpen & Dinur, 1998; Rogers, 
2003; Wie, 2005). According to the Oslo Manual (OECD, 2018), the requirement for 
implementation differentiates innovation from other concepts such as invention, as an 
innovation must be implemented, i.e. put into use or made available for others to use. 
Implementation is considered in innovation research as efforts being made after a decision 
has been taken on the introduction of an innovation (Rogers, 2003).  
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Innovation implementation within an organisation is ‘‘the process of gaining targeted 
organisational members’ appropriate and committed use of an innovation’’ (Klein & Sorra, 
1996). Innovation implementation presupposes innovation adoption, that is, a decision, 
typically made by senior organisational managers, that employees within the organisation will 
use the innovation in their work. Implementation failure occurs when, despite this decision, 
employees use the innovation less frequently, less consistently, or less assiduously than 
required for the potential benefits of the innovation to be realised. Implementation is the 
constellation of processes intended to get an intervention into use within an organisation 
(Rabin et al., 2008); it is how an intervention is assimilated into an organisation. 

Implementation, by its very nature, is a social process that is intertwined with the context in 
which it takes place (Davidoff & Mooney, 2008). Context consists of a constellation of active 
interacting variables and is not just a backdrop for implementation (Dopson & Fitzgerald, 
2005). For implementation research, context is the set of circumstances or unique factors that 
surround a particular implementation effort. Klein and Sorra proposed an integrative 
innovation implementation model, based on social influence theory, which conceptualised 
antecedents and outcomes of implementation effectiveness (Klein & Sorra, 1996).  

There are three distinct modes of innovation (Chen et al., 2015; Dewett et al., 2007). The first, 
can be referred to as the external mode. In the context of the business organisation, this 
concerns the diffusion of innovations among a population of organisations (Rogers, 2003; 
Spencer et al., 2005).  

Two modes of internal innovation remain (Damanpour, 1987). The first can be labelled 
internal pre-adoption and the latter internal post-adoption innovation. Internal pre-adoption 
is characterised by the activities aimed at the creation of ideas and products, the internal 
environmental scanning necessary to identify and foster innovations and potential 
innovations, and the construction of an organisational culture conducive to the production of 
innovations. This mode of innovation has received considerable attention in the literature 
(Amabile, 1988; Baker & McTavish, 1976; Cooper & More, 1979; Granstrand & Fernlund, 1978; 
Robertson, 1974). Internal post-adoption, has received the smallest amount of attention (Cool 
et al., 1997; Rogers, 2003). This stage of innovation includes all the events required to move 
the innovation from the adoption decision to successful implementation. These may include 
corporate communications activities, employee training, or other change efforts. Importantly, 
this implementation phase is not defined by the same dynamics as the pre-adoption phase.  

This is particularly important given that most innovations and change efforts fail not because 
of the quality of the decision that was made, but because of the quality of the implementation 
effort (Kotter & Cohen, 2002; O’Connor & McDermott, 2004). Thus, the dynamics of internal 
diffusion, i.e. implementation, require increased attention. 
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Dewett et al. (2007) found three main types of influences on implementation: organisational, 
innovation, and human. Organisational factors meaning structure, functional differentiation, 
professionalism, size, innovation density, economics, and organisational slack. Innovation 
factors includes type of innovation, relationship of multiple innovations, visibility, utility, cost, 
and communication. Human factors meaning top management support, power, and 
innovation roles. Each represents unique challenges for innovation implementation. 
Innovation implementation is often treated like a black box (Dewett et al., 2007). 

Many teams and organisations fail to realise the expected benefits of innovations that they 
adopt. A key reason is not innovation failure but implementation failure—the failure to gain 
targeted employees’ skilled, consistent, and committed use of the innovation in question 
(Klein & Knight, 2005). Klein & Knight (2005) then describe the organisational characteristics 
that together enhance the likelihood of successful implementation, including a strong, positive 
climate for implementation; management support for innovation implementation; financial 
resource availability; and a learning orientation.  

Although cross-organisational studies of the determinants of innovation adoption are 
abundant (see Damanpour, 1991; Tornatzky et al., 1983, for reviews), cross-organisational 
studies of innovation implementation (e.g., Nord & Tucker, 1987) are extremely rare. More 
common are single-site, qualitative case studies of innovation implementation. Each of these 
studies describes pieces of the implementation story. Largely missing, however, are 
integrative models that capture and clarify the multidetermined, multilevel phenomenon of 
innovation implementation. 

Having a structured, sound implementation process, which has been resourced with clear 
roles (each of which will have a role profile) and consensus on, and an understanding of other 
factors that can affect the running of the process before a change is implemented, can bring 
huge benefits (Ciocoiu et al., 2017). 

3.16 Implementation science and implementation framework  
Implementation research is the scientific study of methods to promote the systematic uptake 
of research findings and other evidence-based practices into routine practice, and, hence, to 
improve the quality and effectiveness of services (Eccles & Mittman, 2006). 

Nilsen (2020) explains the difference between theories, models, and frameworks in 
implementation science: 

• Theory: principles or statements designed to structure our observation, understanding 
and explanation of the world. 

• Model: a deliberate simplification of a phenomenon, which is descriptive, whereas a 
theory is explanatory as well as descriptive. 

• Framework: a structure, overview, system, or plan consisting of various descriptive 
categories, e.g. concepts, constructs or variables, and the relations between them that 
are presumed to account for a phenomenon. 
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A framework can help to help identify, describe, and analyse the importance of various factors 
(determinants) for the output of the implementation process. 

The Consolidated Framework for Implementation Research (CFIR) created by Damschroder et 
al. (2009), offers an overarching typology to promote implementation theory development 
and verification about what works where and why across multiple contexts. The CFIR provides 
a structure for approaching complex, interacting, multi-level, and transient states of 
constructs by embracing, consolidating, and unifying key constructs from published 
implementation theories (Damschroder et al., 2009). CFIR is a meta-theoretical framework, 
including constructs from a synthesis of existing theories related to dissemination, innovation, 
organisational change, implementation, knowledge translation, and research uptake that 
have been published in peer reviewed journals. Existing theories included in CFIR is, e.g. work 
by Greenhalgh et al. (2004), which was developed based on an exhaustive synthesis of a wide 
range of literatures including foundational work by Van de Ven, Rogers, Damanpour, and 
others. Another included theory is ‘the Promoting Action on Research Implementation in 
Health Services’ (PARiHS) framework (Rycroft-Malone et al., 2002). 

The CFIR is composed of five major topics (Damschroder et al., 2009): I) intervention 
characteristics, II) outer setting, III) inner setting, IV) characteristics of the individuals involved, 
and V) the process of implementation, see Figure 7. Eight constructs were identified related 
to the intervention (e.g., evidence strength and quality), four constructs were identified 
related to outer setting (e.g., user needs and resources), twelve constructs were identified 
related to inner setting (e.g., culture, leadership engagement), five constructs were identified 
related to individual characteristics (e.g., stage of change), and eight constructs were 
identified related to process (e.g., plan, engage, and reflect).  
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Prior to implementation, capacity and needs assessments are done to identify potential 
barriers and facilitators to implement from the perspective of the individuals and 
organisations involved in the implementation. Each construct should be evaluated 
strategically, in the context of the study or evaluation, to determine those that will be most 
fruitful to study or that are necessary to properly adapt the intervention to the setting  
(Pawson et al., 2005).  

3.17 Change management 
Hiatt & Creasey (2003) states that change has only truly occurred when individuals in the 
organisation begin working in new ways. Change management is an enabling framework for 
managing the people side of change and provides an organisational framework that enables 
individuals to adopt new values, skills, and behaviours so that business results are achieved 
(Hiatt & Creasey, 2003). Prosci (2012) explains that, unlike project management, which is 
focused on the realisation of a technical solution, managing people through their own 
transitions focus change management on the achievement of the desired results or outcomes 
of the change. Benchmarking studies shows that projects effectively applying change 
management were six times more likely to meet their project objectives (Prosci, 2012). 

Change management is the process of understanding why changes have to be made, and how, 
and has impact on individual, organisational as well as cultural level (May & Stahl, 2017). 
Change should be benefit driven, with a clear end goal or vision to work towards (Jansson & 
Andervin, 2018). Change management is “the application of a structured process and set of 
tools for leading the people side of change to achieve a desired business outcome; it is both a 
process and a competency” (Creasy, 2018). 

 
Figure 7. Illustration of the Consolidated Framework for Implementation Research (CFIR) created by Damschroder et 

al., (2009). 
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A general change management process can be described in phases (Galli, 2018): 1) Identify 
need for change, 2) Describe change details such as behaviour, cost, and risks, 3) The approach 
to change by selecting a change management model, 4) Implementation where all plans are 
executed, and 5) Monitoring the change. Variations in personnel and organisational cultures 
have led to various perspectives reflected in different change management models (Hiatt & 
Creasey, 2003; Kotter, 2012; Neri & Mason, 2008; R. Smith et al., 2014; Talmaciu, 2014). 

Galli (2018) states that the model itself can be perfect for the organisation or company, but 
without the willingness or desire to change from employees and team members, the process 
to implement change will almost always fail. He further explains that people are the changes, 
not the models, and people will only change if they see and feel the need to do so. Therefore, 
effective communication is essential för successful change. 

Mugge et al. (2020) highlight important actions companies are taking to digitally transform 
their businesses and the differentiated actions of digitally mature organisations. In a practical 
guide for digital change, Mugge et al. (2020) propose the following steps: 1) Align your 
resources, both financial and human, with your strategy, 2) Engage key partners (suppliers, 
distributors, customers, even other developers)and develop externally focused business 
plans, 3) Demand collaboration and a nimble development environment, 4) Acquire 
entrepreneurial leaders, 5) Insist that leaders communicate, and 7) Support the efforts of your 
departments and train employees. 

3.18 Barriers and enablers for implementing innovations in railway 
The potential benefits of railway research are not being fully realised and there is a perceived 
lack of empirical research into the diversity of enablers and barriers in railway research, in 
particular the lack of a system-wide approach to the implementation of innovation (McNulty, 
2011). McNulty (2011) suggests that it is due to the railway industry being a complex closely 
coupled system, made up of many sub systems that tend to work in isolation without a whole 
system approach. When Palacin et al. (2016) evaluated principles to maximise research and 
innovation uptake in the British railway industry, a lack of strategy was identified as the major 
barrier to successful implementation, and its presence being the pre-eminent enabler. No 
barriers or enablers were associated with technical challenges. It was further found that, the 
innovation ‘valley of death’ is often difficult to bridge, due to issues such as a lack of an 
innovation champion within the organisation or new ideas may lack a clear business case 
(Palacin et al., 2016). Jabłoński & Jabłoński (2012) found that having knowledge of product 
certification processes, accreditation and authorisation of certifying bodies and laboratories, 
was a barrier to innovations in railway. DeBarro et al. (2015) found that financiers, clients, and 
contractors are reluctant to introduce novel ideas and innovative approaches since they often 
seek to minimise the risks involved by relying on tried-and-tested techniques, established 
routines and reliable proven technologies.  
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The Crossrail-project in London created a procurement approach called ‘‘Optimised 
Contractor Involvement’’ where each individual contractor, joint venture, and supplier could 
bring new ideas and practices to the project, whilst sharing the risk and reward (Dodgson et 
al., 2015). 

Despite the significant benefits that a prognostic capability could provide an organisation, 
many of the projects that seek to implement such a change, fail to achieve their objective 
(Koochaki & Bouwhuis, 2008). Marttonen-Arola & Baglee (2019) found that main factors 
influencing innovation implementation benefitting corrective, predetermined, and condition-
based maintenance was, i.e. security concerns, training and competence, and competitive 
pressure. An identified barrier in railway is the complicated process of making changes to the 
maintenance program, when implementing new technologies such as sensors, tools, and 
other aids, which correctly applied would benefit the effectiveness and efficiency of 
maintenance planning and execution (Granström et al., 2019.; Jägare et al., 2015; Juntti et al., 
2014; Nyberg, et al., 2012; Söderholm & Nilsen, 2017).  

Norefjäll & Fernqvist (2019) have studied innovation at Trafikverket and identified the most 
common barriers and enablers for innovation and adaptability. Barriers consist of a lack of 
broad collaboration, inertia in the system, formal control and regulations, no category in 
procurement that takes care of new solutions, and contract and compensation models that 
do not allow new working methods (Norefjäll & Fernqvist, 2019). Enabling factors are dialogue 
and collaboration in project form that connects procurement, planning, construction and 
maintenance, iterations and structural conditions between innovation phases, incentives for 
entrepreneurial action, resources for implementation and act as a party in a larger innovation 
or business ecosystem (Norefjäll & Fernqvist, 2019). Norefjäll and Ferquist propose increased 
focus on usefulness, development of the ability for risk management and decision-making in 
radical innovations, a greater degree of systems thinking and collaboration in business 
relationships to develop the ability to innovate in procurement. 

3.19 Public procurements  
The purpose of today’s public procurement is to use tax funds effectively by using market 
competition, but also to reduce the risk of corruption. LOU regulates public procurement in 
the classic sectors relating to procurement of goods, services, and construction contracts, 
while LUF deals with procurement of water, energy, transport, and postal services, also called 
the supply sectors, which came into force on 1 January 2008 (Norman et al., 2012). Both laws 
are based on EU directives (2004/18 / EC, 2004/17 / EC) in the parts that apply to procurement 
above certain thresholds. 

When public service procurement is carried out, a needs analysis and market evaluation 
should be carried out before a decision on the procurement object is made. Thereafter, the 
contracting authority chooses a procedure, and a tender document  is prepared (Riksdagen 
2007:1091). This part of the procurement is called the planning phase / preparation phase 
(Kammarkollegiet, 2010:9).  
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The contracting authority should have a reasonable level of requirements for the contracting 
service, as a too low requirement can lead to a possible more expensive purchase through 
additions, or even by carrying out an additional procurement. Excessive demands can also 
cause problems as these can be contrary to the principle of proportionality. A collaboration 
between the contracting authority, users, and any specialists are important for the 
requirements in a tender documentation to be complete. 

Must-requirements must be fulfilled and cannot form the basis for comparisons between 
tenders, but this can only be done through evaluation criteria (should-requirements) (Falk, 
2020). Should-requirements refer to requirements that do not necessarily have to be met for 
the tender to be evaluated (Pedersen, 2019).  

Then the actual procurement process is started by announcing the tender documents. After 
the tender period has expired, the procurement process enters the qualification phase. This 
phase normally includes two elements, exclusion testing according to chapter 10 § LOU, and 
supplier qualification according to chapter 11 § LOU, which must determine whether the 
supplier is able to carry out the current procurement. In the supplier qualification, the 
contracting authority may set requirements in the tender documents for the suppliers’ 
financial, technical, and professional capacity, chapter 2 § LOU. The requirements must be at 
a minimum level and be in proportion to what is to be procured. 

After the supplier qualification, a tender examination takes place where the contracting 
authority has, the task of checking that mandatory requirement, must-requirements (Norman 
et al., 2012) that are prescribed in the tender documents have been met (LOU). If the must-
requirements are not met, the supplier’s tender will be disqualified (Kammarkollegiet, 2010). 
Thereafter, an evaluation of the tenders takes place where the contracting authority must 
only assess such criteria that pertain to the service itself and not the supplier as such. Common 
evaluation criteria are, e.g. price, delivery time, quality, references, and various must-
requirements (Werling, 2012). Sometimes suppliers cannot meet needs in an appropriate way 
where products are not efficient enough, have too low quality or are completely missing. 
Suppliers often have ideas for new products that they do not currently offer for various 
reasons. In such cases, there is often reasons to encourage innovation in a procurement. 

3.20 Business models 
In the context of technology development resulting from the digital economy, the business 
model is a coherent link between products, services, information flow and the description of 
various roles of business actors (Timmers, 1998). Business modelling has gained increased 
attention to develop and sustain the competitiveness (Lasi et al., 2014). Business models 
defines how business should be conducted, for example in the form of strategies, market 
segments, product platforms, resource requirements, customer relations and value creation 
mechanisms (Osterwalder & Pigneur, 2010).  
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The business models are assessed by their ability to satisfy the needs and expectations of the 
customer in terms of product and service quality (Bergman & Klefsjö, 2001). The capabilities 
of digitalisation bring new business opportunities in the form of increased product and service 
customisation as well as added value through after sales services (Kans & Ingwald, 2016b, 
2016a; Meier et al., 2011). 

Research by Lovell & Nightingale (2016), found that charges and penalties have triggered 
development activity to capture more value and a series of process innovations to improve 
overall system performance in railway. Despite the costs to create and maintain this additional 
layer of coordination, it was deemed necessary in a system where business models do not fit 
together to enable innovation action upon system-level interests (Lovell & Nightingale, 2016). 
In a deregulated railway, it is not always the stakeholder that makes the innovation 
investment that gains the benefit, and this can be considered a barrier. Hence Bruckmann et 
al. (2015) created a model to illustrate the financial flows, which allows to derive 
compensation models between the roles gaining profit from an innovation and the roles which 
lose profitability.   

Parida et al. (2019) identified three main digitalisation functionalities that facilitate value-
creating and value-capturing opportunities in industry (Cheah & Wang, 2017; Lenka et al., 
2017; Porter & Heppelmann, 2015) i.e. a) Collection of operational data through sensors; b) 
Efficient sharing of data among digital units through wireless communication networks; and 
c) Analytics, which is the ability to transform the data available into valuable insights. These 
are functionalities that create numerous opportunities for value generation (Lenka et al., 
2017) and offer a progression that moves from monitoring to control and optimisation, leading 
ultimately to autonomous products enabled by digitalisation (Porter & Heppelmann, 2015). 

3.21 Innovation procurement at Trafikverket 
According to Trafikverket (TDOK 2017:0520), innovation procurement is used in Sweden as a 
collective term for procurement that includes innovation, i.e. procurement that promotes the 
development and implementation of innovative and sustainable solutions. Trafikverket, in its 
capacity as a public authority, procures the need for products to be able to produce and offer 
transportation service to citizens. Sometimes, however, suppliers cannot meet the needs in 
an appropriate way; products are not efficient enough, have too low quality or are completely 
missing. Suppliers often have ideas for new products that they do not currently offer for 
various reasons. In such cases, it is often meaningful to encourage innovation in a 
procurement. 

Innovation procurement is divided into three types, depending on the level of development 
where the procurement starts (TDOK 2017:0520). The first type is development-promoting 
procurement that is particularly suitable in situations when there are both proven and newly 
developed products on the market that could meet the need in a satisfactory manner. Some 
development-promoting measures are early market dialogue, market consultation of the 
tender documents, functional requirements in the tender documents and innovation bonuses. 
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The second type is the procurement of new solutions where the contracting authority 
procures a product that Is new on the market and has not yet been tested, or alternatively a 
product that is not yet on the market. Appropriate procedures for this are competitive 
dialogue, innovation partnerships and project competitions. The third type is the procurement 
of research and development services where contracts created for research and development 
services fall outside the procurement legislation and can be procured in various ways, such as 
through pre-commercial procurement. Innovation procurement follows the same process as 
all other public procurement. 

Trafikverket proposes in the research and innovation plan for 2019-2024, working methods to 
achieve a higher pace of innovation and increase the implementation of research results, i.e. 
special investment in testing and demonstration and greater focus on pre-commercial 
procurement (Trafikverket, TRV 2018:187). One of Trafikverket´s prioritised research and 
innovation themes is to increase productivity in the construction industry by generating 
innovations that are implemented in the market, which will provide “the right quality at a 
lower cost” or “higher quality at an equal cost”. Increased use and development of innovation 
procurement are intended to fulfil the innovation process and make implementation possible 
(Trafikverket, TRV 2018:187).  

3.22 Evaluation of innovations within transportation 
Macharis & Bernardini (2015) found that the method mostly used in transport projects is the 
analytic hierarchy process (AHP) method. From the total amount of 276 publications, they 
examined during the period 1985–2012, 33% revolves around the application of AHP or 
develops a variant to this approach applicable in the transport project field. An AHP 
framework is a non-linear approach to solving difficult semi-structured decision-making 
problems, introduced by Thomas Saaty (Wind & Saaty, 1980). It is a way for calculating 
priorities (weights) for a group of options based on their relative relevance. The method starts 
with a hierarchical or network structure to describe the problem, and then employs pairwise 
comparisons to build the relationships inside that structure (Saaty, 1990). 

The method used in the project “Collective Innovation for Public Transport in European Cities” 
(CIPTEC), which is a European Union  Horizon 2020 research project, addressing the challenge 
for “Smart, Green and Integrated Transport” was the AHP, one of the most common multiple-
criteria decision analysis (MCDA) methods used in the field of transportation research 
(Nalmpantis et al., 2019). The main reason was that through pairwise comparisons of the 
selection criteria and the alternatives, AHP leads to an as far as possible, unbiased hierarchy 
of the alternatives (i.e. of the suggested innovations in the frame of CIPTEC). 

It is important to provide the policy maker with information about both effectiveness and 
efficiency of the analysed solutions and cost-benefit analysis (CBA) is the only tool that can 
give that kind of information (Grimaldi, 2016). 
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In practice, CBA is commonly used to appraise new infrastructure investments, or even 
policies, but much less to assess technological innovations. The reason is that it needs more 
consistent input data, which is often not available (Grimaldi, 2016).  

Compared to conventional cost-benefit approaches in transportation projects, where costs 
and benefits must be expressed in monetary terms, a MCDA allows effective comparative 
evaluation among options and stakeholders over a common set of evaluation objectives, 
which can be difficult to translate to monetary terms (Macharis et al., 2009; Roop et al., 2005). 

A simplified version of the Cost-Effectiveness Analysis (CEA), is sometimes used to compare 
the required resources to obtain a single objective. Since it is completely focused on costs, it 
is easier to make; obviously, it is intrinsically limited in scope (Grimaldi, 2016). Grimaldi (2016) 
provided tools to provide consistent input data into a CBA when evaluating technological 
innovations and concluded that the distribution of costs and benefits is important and often 
unbalanced in a railway freight context. Grimaldi suggested that when the overall benefits are 
high, a third party (e.g., the transport regulation authority) can oversee transferring values 
among stakeholders to help trigger needed investments. 

Bigand & Yim (2005) proposed a methodology to enhance the generation of innovative 
solutions in the product preconception stage following a rigorous specification of the needs.  

Tey et al. (2009) evaluated several railway level crossing protection systems using MCDA to 
assess the relative merits of the systems. The method needed further development to prevent 
bias when many candidate systems are included through separate grouping and analysis of 
systems with prescribed cost ranges. The authors also suggested only allowing for systems to 
be considered for further analysis if they achieve minimum scores in certain criteria. 

Nalmpantis et al. (2019) evaluated and ranked the importance of twenty European 
innovations according to the AHP method, based on three (3) main criteria that were selected 
as the most suitable: utility, feasibility, and innovativeness. 

3.23 Evaluation methodology for engineering designs  
The development of methods for decisions concerning the systematic evaluation of product 
features is strongly connected to the research field of engineering design, since the design 
process naturally develops a large quantity of possible product solutions that have to be 
evaluated. The use of systematic methods for evaluating products as an aid in taking optimum 
decisions can be traced back to the rise of mechanisation (Redtenbacher, 1852). Erkens (1928) 
implemented systematic improvements by introducing a step-by-step approach based on 
constant testing and evaluation and on the balancing of conflicting demands. Requirements 
used for the optimum choice of products focused on both technical and economic criteria 
(Kesselring, 1951). These early attempts provided the background for further development of 
systematic methods. A basic system was then developed, consisting of the following steps: 
analysis, critique, and specification of the task (Hansen, 1965). This basic system was further 
developed regarding the theoretical fundamentals (Hansen, 1974).  
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Some other important contributions concern decisions and design (Tribus, 1969), design, 
planning and development (Ostrofsky, 1977), research methodology leading to a scientific 
theory of engineering design (Dixon, 1987), product development performance strategy 
(Clark, 1991), total quality development (Clausing, 1994), and formal engineering design 
synthesis (Antonsson & Cagan, 2001). 

Pahl et al. (1996, 2007) recognised the need for methods that allows a more comprehensive 
evaluation, cover a broad spectrum of objectives, qualitative and quantitative properties and 
manages early development stages with low level of information. The results must be reliable, 
cost-effective, easily understood and reproductible. Pahl et al. (1996, 2007) evaluated and 
compared evaluation procedures incorporating what they viewed as the most important 
methods to date, i.e. the concepts of Cost-Benefit Analysis (Zangemeister, 1970) and 
Guideline VDI 2225 (Kesselring, 1951). The methods have been consolidated, the terms 
clarified and incorporated into the systematic engineering design process according to  
Figure 8 (Pahl et al., 1996, 2007).  

Pahl and Beitz developed a systematic selection chart to eliminate unsuitable concepts and 
evaluate the preference for those remaining (Pahl et al., 2007; Pahl & Beitz, 1996). In this 
chart, each alternative is evaluated, and relevant alternatives should: a) be compatible with 
the overall task, b) fulfil the demands of the requirements list, c) be realisable in principle, and 
d) be within the permissible costs, e) incorporate direct safety measures and/or f) is preferred 
by the designer’s company. As soon as a criterion leads to the elimination of a proposal, then 
the evaluation ends. The reason for eliminating any concept is recorded in the chart, which 
serves as documentation. The lack of adequate information is also recorded in the chart. 

 
Figure 8. An illustration of the evaluation methodology for engineering designs originally developed by 

Pahl et al. (1996, 2007). 
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3.24 The modified Pahl and Beitz methodology  
The “modified Pahl and Beitz methodology” (MPB) is based on the systematic engineering 
design process methodology developed by Pahl et al. (1996, 2007), which has been further 
developed, adapted and applied in projects to evaluate products (Lundberg, 2012, 2016; 
Lundberg & Berg, 2000), see Figure 9.  

The clarification of tasks is performed with the objective of a) supporting the collection of 
relevant information required to prepare a complete and relevant product specification, and 
b) increasing the competence among the participants involved in the product development 
group. Practically, this is achieved by answering a set of questions (Lundberg, 2012, 2016; 
Lundberg & Berg, 2000). The next step involves formulating a clear goal for the product 
development, based on the information that has been revealed by answering the questions. 
This goal should be agreed on by the whole product development team, reflect the most 
important aspects of the development work and act as a guide during the product 
development.  

Then a requirement specification should be formulated for the product to be developed. The 
participants can use the list of headings and examples originally compiled by Pahl et al, and 
later expanded by Lundberg (Lundberg, 2012, 2016; Lundberg & Berg, 2000). The 
requirements must be fulfilled, whereas wishes do not necessarily have to be fulfilled, but it 
would be beneficial if they were to be fulfilled. A wish is coupled to a requirement. The 
requirements and wishes are stated in a requirements list, where each wish is numbered.  
Since the wishes are associated with parameters that typically have different dimensions, they 
need to be expressed in the same units so that a total score for each concept can be calculated. 
This is accomplished by transferring the magnitudes of the parameter associated with each 
wish into points ranging from 0-10, where “0” corresponds to “the value for this property is 
deemed identical with the requirement limit” and “10” corresponds to “a theoretically perfect 
solution” (Lundberg, 2012, 2016; Lundberg & Berg, 2000).  

 
Figure 9. An illustration of the modified Pahl & Beitz methodology (MPB) developed by Lundberg (2000, 

2012, 2016). 
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Petersson (2017) further developed the concept selection methodology MPB according to 
Figure 10, which combines refined versions of the procedures for topic clarification, goal 
specification, requirement specification and concept screening based on the concept selection 
methodology by Pahl et al. (1996, 2007). A concept scoring procedure based on the life cycle 
and societal costs associated with each concept that fulfils the stated requirements was added 
to the original methodology. Petersson´s goal was to develop a practical collaborative concept 
selection methodology that Trafikverket could use to decide on which concept to take forward 
in a product development process. 

After the requirement specification, the process branches in two directions depending on 
whether one is performing a research project or a procurement. In a research project, the 
group moves on to an ideation phase, where solutions addressing the topic are collected or 
generated. In the case of a procurement, a workshop with representatives from relevant 
actors will provide information on a wide range of aspects of the product to be purchased. 
The requirement list and the LCC model need to be included in the tender request (Petersson, 
2017). Each supplier’s individual process results in a tender offer delivered to the 
infrastructure manager. The tenders each represent a concept to be evaluated in comparison 
with other tenders according to the specified procedure.  

Concept screening is performed using a systematic elimination chart which is based on that 
created by Pahl et al. (1996, 2007) and which has been modified (Petersson, 2017). An 
important modification of the screening procedure proposed by Pahl et al. (1996, 2007) is that 
the product development team does not consider if a concept fulfils all the demands of the 
requirements list. The concept scoring procedure is similar for both research projects and 
procurements. The methodology for concept selection was tested in the product development 
phase but not in a procurement situation. 

 
Figure 10. An illustration of the modified Pahl & Beitz methodology (MPB) developed by 

Peterson (2017). 
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3.25 Trafikverket’s evaluation and implementation method for products  
The purpose of Trafikverket’s process for managing system and component development is to 
create a common way of working based on EN 50126, to handle reliability, availability, 
maintainability, safety (RAMS) and functional requirements for Trafikverket’s operations and 
management of procured suppliers, when introducing new or modified technical units within 
the railway (Trafikverket TDOK 2014:0307). The process covers needs description, 
requirements specification and development, until the unit is approved for use in 
Trafikverket´s facility. The process begins by describing and assessing needs, e.g. description 
of the unit, overall requirements for the unit, impact assessment, assessment of whether the 
unit will have an impact on availability or safety, or safety impact on other units, and proposals 
for continued work. Then a feasibility study is carried out which, for example, contains a 
strategy for RAMS and life cycle cost (LCC), a description of Human-Technology-Organisation 
aspects, strategy and risk analysis for procurement and material supply and whether tests of 
different technical solutions are needed. Trafikverket use a guidance for RAM strategy and 
RAM requirements for development (Trafikverket TDOK 2018:0206) describing properties that 
primarily aim to achieve the desired operational reliability of a technical system, which is 
measured as availability. RAM is also closely linked to the LCC generated by the system. If 
there is a clear picture of RAM performance, LCC can be calculated, if spare parts prices and 
hourly cost for maintenance personnel are known (Trafikverket TDOK 2018:0206). 

Requirements and measurement of RAM performance are often easiest to work with at 
system level (Trafikverket TDOK 2018:0206). Even if RAM requirements can be distributed on 
the components, and a supplier can predict, e.g. mean time between failure at component 
level, it is the whole system that delivers a certain availability. When procuring the 
development or modification of an individual component, it can be impractical to set RAM 
requirements and to have a special RAM plan for the component. In most cases, it is more 
appropriate to refer to a RAM plan for the relevant field of technology and set quality 
requirements for the component in the manner that is common practice (Trafikverket TDOK 
2018:0206). 

When procuring complete systems, it is appropriate to set RAM performance requirements 
for the complete system. Either the technical availability (A) is required directly, or reliability 
(R) and maintainability (M) are required. The operational availability (A) can also be calculated 
provided that the maintenance organisation’s setting time is known. Only a performance that 
is within the supplier’s commitment can be a requirement for a supplier of railway equipment 
or a technical system. The maintenance organisation is usually covered by Trafikverket’s own 
responsibility as well as setting requirements for maintenance contractors. 

The next step in the process is to start a project and ensure that competence is available. An 
overall system definition and security plan is produced. In the case of new, developed, or 
modified components, CSM-RA applies (EU 2015/1136, 2015). A preliminary RAM analysis will 
also be made. An information security analysis must be initiated or an existing one reviewed, 
where all parts of the unit's life cycle are covered.  
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A risk analysis is then carried out for risks that may lead to death, personal injury, or 
environmental impact. Different methods can be used in the risk analysis work where FMECA 
can be applied as a standardised way of working to analyse and document functions and 
properties of a system or component (Trafikverket TDOK 2019:0262). The documentation 
should result in a sufficient basis for decision-making to identify appropriate measures to 
ensure the system's safety and reliability in an appropriate and efficient manner.  

Thereafter, a requirements specification and validation plan are produced with established 
RAMS requirements and other requirements for the unit, a RAM plan with RAM activities and 
a validation plan to ensure that the requirements will be met in subsequent life cycle phases. 
The validation plan must contain which verification and validation activities are to be carried 
out, how environmental requirements in the requirements specification are to be followed 
up, clearly defined acceptance criteria, responsibilities, etc. 
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4 Research design 
In this chapter some research options and made choices for the design of the research will be 
discussed. The research design refers to the overall strategy that is chosen to integrate the 
different components of the study in a coherent and logical way, thereby, ensuring an 
effective addressing of the research problem (Kothari, 2019). Areas such as research purpose, 
approach, and strategy will be presented and described. Aspects of data collection and 
analysis will also be briefly described, then further described in each case study throughout 
the research study. In addition, some aspects of reliability and validity will be discussed. Then 
the process for the literature study is described. Finally, a research process map summarises 
the performed design choices. 

4.1 Research methodology 
There are three (3) main purposes with research (Marshall & Rossman, 2006): 

• Exploratory: researchers conduct exploratory studies to investigate a group of 
questions where the answers and analytics may not offer a conclusion to the perceived 
problem and lays the foundation for more conclusive data collection and analysis. 

• Descriptive: focuses on expanding knowledge on current issues through a process of 
data collection with three primary purposes of describing, explaining, and validating 
the findings. 

• Explanatory: causal or explanatory research conducted to understand the impact of 
specific changes in existing standard procedures and addresses the question why. 

The purpose of this research was considered as exploratory and descriptive in its nature. In 
the initial phase, the research was exploratory since it was aimed to investigate relevant and 
related questions need to be answered. After initial observations of the existing 
implementation processes, interviews with railway experts, and an extensive literature study, 
gaps in knowledge were identified. The knowledge gained from the exploratory research was 
used to formulate the problem definition and research questions. During this phase, a 
conclusive data collection and data analysis were performed. 

The following phase of this research work was considered as descriptive. During this phase 
complementary data collection and analysing data were conducted to describe and explain 
various phenomena and to develop artefacts as results from this research work. 

In a deductive approach the researcher studies what others have done, reads existing theories 
of whatever phenomenon they are studying, and then tests hypotheses that emerge from 
those theories (Kothari, 2019). In an inductive research approach, the researcher makes 
observations, searches for relationships, and draws conclusions based on these and then 
formulates this relationship as a result (Kothari, 2019). In an abductive research approach, the 
researcher enters the project with a pre-understanding and theoretical knowledge. New 
experiences taken from reality are then reflected in new theory.  
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The relevance of hypotheses to the study is the main distinctive point between deductive and 
inductive approaches. Deductive approach tests the validity of assumptions in hand, whereas 
inductive approach contributes to the emergence of new theories and generalisations. 
Abductive research, on the other hand, starts with surprising facts and the research process is 
devoted their explanation (Kothari, 2019). This research has origins in an industry wide 
interest that represents a reality-based domain for which theories can be developed. The 
developed theories are verified by a deeper understanding of the studied domains through a 
review of literature. Thus, this research follows both inductive and deductive approaches 
(abductive approaches). The problems defined by this research are based on the needs and 
requirements of the railway. The research questions are based on the findings from the 
literature review. The research objective is derived from the research questions and then 
verified. The identification of issues and challenges within the topic is concluded from the 
research and used to develop a framework to support the railway industry.  

Research can be categorised as either fundamental research or applied research (Kothari, 
2019). Applied research aims at solving a practical problem and fundamental research focuses 
on the formulation of a theory for future use. Since the research aims to solve a practical 
problem related to implementation of maintenance related innovations and digitalisation of 
railway, the work is considered applied. 

Quantitative research is based on the measurement of quantity or amount and qualitative 
research is concerned with qualitative phenomenon, i.e. phenomena relating to or involving 
quality or kind (Kothari, 2019). This research uses both a quantitative and qualitative approach 
answer the research questions. 
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4.2 Research strategy 
Yin (2009) defines five main research strategies: experiment, survey, archival analysis, history, 
and case study (see Table 1). The choice of a research strategy depends on three conditions 
(Yin, 2009): the type of research question, the control of behavioural events, and a focus on 
contemporary events. 

The first criterion for the selection of an appropriate research strategy is in which way the 
research questions are formulated (Yin, 2009). In this research, RQ1 and RQ2 focus on 'what' 
and ‘why’; the possible strategies for this research could be all five main research strategies. 
However, the experiment strategy cannot be applied since it requires control of behavioural 
events. Furthermore, the focus of the studied domain, i.e. innovation in railway, highlights 
current and existing issues and challenges, thus favouring contemporary events. Hence, 
according to the criteria given by Yin (2009), the most appropriate strategy to answer RQ1 & 
RQ2 is a case study with surveys used within the case studies (see Table 1). 

RQ3 includes 'how’; and is mainly explorative. According to Yin (2009), it is possible to use any 
strategy to answer this kind of explorative research question. Since a case study as an 
appropriate research strategy for RQ1 and RQ2, it may be helpful to apply the same strategy 
to RQ3. 

Yin (2009) defines a case study as “An empirical inquiry that investigates a contemporary 
phenomenon within its real-life context, especially when the boundaries between 
phenomenon and context are not clearly evident”. All methods of gathering data can be used 
in case studies (Yin, 2009). Creswell & Poth (2016) defines case study research as “A qualitative 
approach in which the investigator explores a bounded system (a case) or multiple bounded 
systems (cases) over time, through detailed, in-depth data collection involving multiple 
sources of information (e.g., observations, interviews, audio-visual material, and documents 
and reports), and reports a case description and case-based themes”.  

Table 1. Research strategies (Yin, 2009). 
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In a collective or multiple case study several cases are studied to investigate a phenomenon, 
population, or general condition (Stake, 2005). Limitations to case studies involves issues of 
reliability, validity, and generalisability. Benefits from conveying a case study to the reader 
according to Donmoyer (2000) is the advantage of accessibility to situations, seeing through 
the researchers’ eyes and gaining a new perspective and decreased defensiveness.  

In a multiple case study, there are two stages of analysis – the within-case analysis and the 
cross-case analysis. A qualitative, inductive, multi-case study seeks to build abstractions across 
cases. 

In this research a case study approach has been chosen, mainly performed within the ePilot 
project. In-depth data collection has been performed, involving multiple sources of 
information. A qualitative case study has been chosen to search for meaning and 
understanding with the researcher as the primary instrument of data collection and analysis, 
an investigative strategy, and a product which is richly descriptive. The research has been 
based on case studies where the focus has been on analysing the meaning, creating 
understanding of processes related to the research questions. 

4.3 Data collection and data analysis  
Data collection is a process of gathering information from sources to answer a question 
(Kothari, 2019). Yin (2009) discusses six main sources of evidence to apply in a case study. 
These sources of evidence are documentation, archival records, interviews, direct 
observations, participant-observations, and physical artefacts.  

An overview of the six sources and their comparative strengths and weaknesses may be found 
in Table 2. Four sources of evidence are considered applicable in this research: 
documentation, interviews, direct observations, and participant-observations. 

Data can be categorised as primary or secondary data (Kothari, 2019). Primary data refer to 
those data collected by the researcher for the purpose of study (Kothari, 2019). Secondary 
data refer to those data collected by someone else before being used by the researcher 
(Kothari, 2019).  
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This research uses a case study strategy, so most data is primary data. These data were 
collected through interviews and questionnaires further described under each case study. In 
one case study, participatory action research, was used for data collection and interaction. 
The secondary data were collected from the literature, technical reports, and standards. 

The objective of the interviews and questionnaires was to consider the opinions of the 
personnel and experts involved in railway maintenance to complement the literature review 
and the data analysis. The outcomes of the literature review and the data analysis were the 
basis for the interviews and questionnaires. The interviewees also provided valuable and 
applicable documents. 

Information was extracted through data analysis. There are three general strategies for the 
analysis of collected case study data. The first, and preferable one, is to rely on theoretical 
propositions (Yin, 2009). The second analysis strategy tries to develop and test rival 
explanations.  

Table 2. Six sources of evidence and their comparative strengths and weaknesses (Yin, 2009). 
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The third analytical strategy is to develop a descriptive framework for organising the case 
study. The general strategy that was applied in the case study analysis was to develop a 
descriptive framework. This descriptive framework was based on the theoretical framework. 
Furthermore, the framework should reflect some of the theoretical propositions of the 
research. The proposition in this research is that by understanding the issues and challenges 
related to the chosen topic, a supporting framework can be beneficial to achieve change in 
the railway industry.  

In this research, data were analysed to understand the issues and challenges related to 
implementation of innovations in railway and to propose a supporting framework. Data has 
been derived from interviews, questionnaires, field observations, and documents. The 
interview logs and transcripts, field notes, reports, records, and reflective memos has been 
compiled and stored in an easily retrievable case study database used in the analysis phase. 
The data analysis has been inductive and comparative. The findings are richly descriptive and 
has been presented under each case study. See Table 3 for an overview of research approach 
and data collection methods. 
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Table 3. Overview of research approach and data collection methods. 
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4.4 Research reliability and validity 
Reliability and validity are concepts used to evaluate the quality of research. Reliability 
indicates how well a method, technique or test, measure something (Kothari, 2019). If the 
same result can be consistently achieved by using the same methods under the same 
circumstances, the measurement is considered reliable. Validity refers to how accurately a 
method measures what it is intended to measure (Kothari, 2019). If research has high validity,  
it produces results that correspond to real properties, characteristics, and variations in the 
physical or social world. Yin (2009) explains four tests for validity and reliability when using 
case study tactics: construct validity, internal validity, external validity, and reliability. 
Construct validity establishes correct operational measures for a concept (Yin, 2009). Internal 
validity is for explanatory or causal studies, where relationships between variables are studied. 
Internal validity is not applicable to descriptive or exploratory studies. External validity 
establishes the domain to which a study’s findings can be generalised (Yin, 2009). 

In this research, the collection of information using several methods and comparing the results 
with experience, literature and other relevant information sources improved the reliability 
and confirmation of the findings (Gummesson, 2000; Yin, 2009). The construct validity was 
strengthened using multiple sources (e.g., data collection through interviews, questionnaires, 
and documents) and reviewed by respondents. The external validity of the railway case study 
was strengthened using theories, but also through multiple case studies within the different 
railway organisations. Furthermore, to increase the reliability, the obtained results were 
documented using available information sources, e.g., digital databases. However, some of 
the data in this research were not published because of sensitivity concerns, and this limits 
the accessibility and repeatability for other researchers. Each case study is described in depth 
under the respective sections, i.e. definition of population, procedure, and analysis. 

4.5 Literature study 
According to Cook et al. (1997), a systematic literature review is a replicable process that has 
as a result to develop collective insights based on theoretical synthesis of existing studies and 
to get more reliable results and not draw conclusions. A structured keyword search was 
designed and conducted in the Scopus database, one of the largest multidisciplinary abstract 
and citation databases of peer-reviewed literature (Geraldi et al., 2011) including major and 
minor publishers like Elsevier, Emerald, Springer, and Wiley. The literature review included 
English-speaking peer-reviewed papers with no time restriction on the search string due to 
the topicality of the subject. To ensure that quality publications were included, all the 
commentaries, book review articles and lecture notes were excluded. To broaden the search 
and get the newest insights from recent experiences, also conference articles were included.  
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The main keywords used in the first search were “maintenance”, “innovation”, 
“digitalisation”, “change management”, “implementation science” and “railway”. All possible 
combinations between these keywords were scanned and the selected contributions were 
refined following the process presented in Figure 11 below. 

See Appendix A for results from the search for relevant literature. 

4.6 Research process 
The research process is a process of multiple scientific steps in conducting the research work 
(Kothari, 2019). Each step is interlinked with other steps. The research process involves 
identifying, locating, assessing, and analysing the information needed to support the research 
questions, and then developing and expressing the ideas. The research process of this 
research study is illustrated in Figure 12.  

 
  

  
 

Figure 11. Systematic literature review procedure. 
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Figure 12. Research design process. 
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5 Studied cases  
This chapter provides a description of the case studies conducted in this research work. 

5.1 Case study design 
To answer research question one (1) and two (2), eight (8) case studies have been conducted 
within the ePilot project. To answer research question three (3), a major case study was 
performed within Trafikverket´s innovation procurement of new system solutions for 
condition assessment of the railway, see Table 4.  

Table 4. Case study design. 
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5.2 The ePilot project 
The ePilot was a large Swedish project where the objective was to test and verify innovative 
solutions that can enable digitalised operation and maintenance and the development of 
decision support to transform corrective maintenance to predictive maintenance. The 
objective of the project was to improve punctuality and minimise interruptions in railway 
traffic as well as improve accessibility and quality. The strategy was to provide more efficient 
maintenance through eMaintenance and design of decision support to enable condition-
based maintenance. The project was based on industry collaboration between infrastructure 
managers, train operating companies, maintenance contractors, maintenance workshops, 
railway suppliers, innovators, and Luleå Railway Research Center (JVTC) at Luleå University of 
Technology. ePilot provided a collaboration platform for testing innovations and development 
of new solutions for maintenance decision support. The solutions are based on needs and 
requirements from various stakeholders to enable and transform the maintenance of the 
Swedish fragmented railway industry to an integrated digitalised system. Additional project 
objectives were to: create an industry-wide process-oriented approach, create an industry-
wide service-oriented IT infrastructure that provides decision support based on condition 
data, disseminate results, provide educational materials and providing training opportunities 
for the railway industry in Sweden. 

Various types of data are needed to enable condition-based maintenance. The stakeholders 
have different requirements for collecting data for maintenance decision support. The 
infrastructure manager needs information about how sections are operated in terms of 
number of trains and axles, train speed and actual axle load, vehicle characteristics, but also 
data about asset condition and the degradation rate. The train operating company needs 
condition monitoring information, e.g. trend data for wheel degradation. The maintenance 
contractor need data on asset condition, amount of traffic, type of vehicles, amount of train 
kilometres and the supplier wants to know where the asset/component is installed, how it is 
used and what kind of failures that has occurred. 

In the ePilot, a platform for decision making in maintenance was developed. It provides a cloud 
based, one-stop-shop for data analysis, which aids research projects and maintenance 
practices. The eMaintenance railway cloud includes: 

• A process for gathering information about remaining useful life, dynamic maintenance 
program, performance measurements, maintenance support and planning. 

• Services, such as, wheel condition query, force data analysis, context adaption and 
data fusion. 

• Data collected from Luleå Railway research station, Trafikverket’s wheel profile 
detector, mobile sensors, and way-side detectors. 

• Measurement data of track quality, failure statistics and inspection data. 
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Within the ePilot, many sub projects required cross-organisational collaboration and sharing 
of data between, e.g. infrastructure managers, train operating companies, maintenance 
contractors, maintenance workshops, railway suppliers, consultants and academia were 
completed (Karim, et al., 2020). The ePilot was ongoing between November 1, 2013, to March 
31, 2020, and the project received 105 ideas for improvements where 38 of these were 
selected and demonstrated in sub projects (see Figure 13). 

  

 
Figure 13. Sub projects within the ePilot. 
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The sub projects were related to different areas, such as: 

• Augmented reality and Virtual reality 
• Business models 
• Catenary maintenance 
• Change Management 
• Collaboration 
• Computer vision 
• Cost benefit analysis models 
• Decision support 
• Digitalisation 
• eMaintenance 

• Governance 
• Information logistics 
• Industrial AI 
• Issues and challenges 
• Present situation analysis 
• Prognostics and health management  
• Test and verification of innovations 
• Track maintenance 
• Vehicle maintenance 

A sub project contained more than one area, i.e. had several deliverables such as validating a 
new system for automated inspection delivering the results as decision support. The area 
“Track maintenance” included demonstration of various measuring systems, such as infra-red 
camera, image analysis, vibration measurements equipment that were both stationary and 
mounted on vehicles in regular traffic, contributing to a more sustainable environment. Under 
the area, “Vehicle maintenance” most of the sub projects has investigated possibilities to use 
data from Trafikverket’s stationary detectors for, e.g. wheel impact detection or hot box 
detectors to create analytic decision support for vehicle maintenance. In sub projects dealing 
with “Information Logistics and AI” work has been done to establish information logistics 
within eMaintenance and Artificial Intelligence tools have been used for the analysis of large 
data sets. In all the mentioned areas, a decision support system has been developed to 
support what maintenance action to be taken. The results from the sub projects have been 
used to develop eMaintenance solutions for the Swedish railway.  

Within the ePilot, issues and challenges such as business models, contracts, data sharing and 
ownership was identified together with other barriers that still hinders the implementation of 
digitalised maintenance solutions. Case studies 1-8 has been performed within the project 
ePilot to investigate these issues and challenges, to develop a challenge-driven framework for 
innovations in railways. 

5.3 Case study #1: Study of issues and challenges related to implementation 
of innovations in the Swedish railway 

The purpose of this case study is to study issues and challenges related to implementation of 
innovations in the Swedish railway. This case study contributes to answering research 
question one, i.e. which are the main issues and challenges when implementing innovative 
solutions in railways? By identifying these issues and challenges, a first attempt to map them 
to an existing framework for implementation could be done. It aims to exemplify how a 
framework can be used to demonstrate issues and challenges discovered in the case under 
investigation. This case study is based on documents from ePilot sub project 001 Current state 
analysis track section 119 and sub project 004 Evaluation of track side force measurements 
(see Figure 13). 
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5.3.1 Case study description 

At the beginning of ePilot, an analysis was performed where both technical and organisational 
parameters describe the present situation regarding track section 119 between Luleå and 
Boden (Juntti et al., 2014). The aim of the analysis was to describe the initial situation clearly, 
so that it can be used in other ePilot sub projects to measure improvements in operation and 
maintenance on track section 119 and deliver a questionnaire with key indicators with which 
it will be possible to measure changes in relation to the initial situation. Interviews with 15 
stakeholders in the railway industry were performed as basis for the analysis. The analysis 
described technical parameters such as: 

• Data collection for technical systems, i.e. rolling stock and track, considering condition, 
age, etc. 

• Data collection for traffic, i.e. number of trains, type, number of axles, tonnage, speed, 
etc. 

• The train management system. 
• Identification of maintenance strategy, maintenance systems of the various parties 

and collected data. 
• Mapping of monitoring systems, respectively what data is collected. 
• Mapping of problem areas, i.e. train delays divided into problem owners, disruptive 

objects (performance killers) and cost drivers. 

Organisational parameters included: 

• Identification of the stakeholder´s expectations of how the current situation changes 
if implementing eMaintenance, increasing collaboration in ePilot and exchange of 
maintenance data for better decision support. 

• Organisational problems related to implementing eMaintenance. 

In a report from an ePilot sub project that mapped and analysed how a demonstrator for track 
force measurement was presented, how prospective recipients were selected and how they 
used the demonstrator, also identified some possible obstacles for implementation of the 
innovation (Juntti, Karim, et al., 2014).  

5.3.2 Data collection 

Two reports (Juntti, Karim, et al., 2014; Juntti, Tönnhed, et al., 2014) were thoroughly analysed 
and issues and challenges to implementation was identified and documented as a baseline to 
conducting other case studies. A literature study was performed regarding existing 
frameworks for implementation to support the selection of an appropriate framework to test 
in railway. 
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5.3.3 Data analysis 

The analysis of the reports showed several issues and challenges that were identified to have 
an impact on the possibilities to implement innovations in the Swedish railway. The issues and 
challenges were grouped in similar categories by the researcher to make the summary easier 
to review and give an initial suggestion of factors that influence implementation, see Table 5. 

  

Table 5. Implementation influencing issues and challenges grouped into categories. 
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The next step in the research was to map the identified issues and challenges to the 
Consolidated Framework for Implementation Research (CFIR) (Damschroder et al., 2009), to 
find out if it is suitable to describe and structure the information in order to create a 
challenge-driven framework for innovations (see Appendix B for CFIR original framework). 
The categories described in Table 5, were then classified in topics and factors according to 
the CFIR framework (Jägare et al., 2015), see Table 6. 

CFIR was chosen by the researcher since it is a compilation of 17 different implementation 
models and that it is comprehensible. The framework is created for healthcare, hence the 
word intervention. Compared to the original framework the word intervention has been 
replaced with innovation.  

This case study described issues and challenges related to implementation of innovations in 
the Swedish railway, grouped the issues and challenges into categories and mapped them to 
the CFIR framework. The next step in this research was to test the framework by asking 
stakeholders to evaluate the identified topics and factors and their impact on possibilities to 
implement innovations. 
  

Table 6. Implementation influencing categories classified according to CFIR Topics and factors. 
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5.4 Case study #2: Study of factors affecting implementation of innovations 
in the Swedish railway  

The purpose of this case study is to study factors affecting implementation of innovations in 
the Swedish railway. This case study contributes to answering research question one, i.e. 
which are the main issues and challenges when implementing innovative solutions in railways? 
The aim of this case study is to identify and rate factors affecting the implementation of 
innovations in the railway, which are sorted into the proposed framework (CFIR). This case 
study is based on ePilot sub project 042 Cloud-based eMaintenance solutions for maintenance 
decisions (see Figure 13). 

5.4.1 Case study description 

In the ePilot sub project 042, a platform was created that can handle many railway data 
sources, data types, and a continuous data reading was set up against all data sources. The 
data sources in the project consisted of wheel profile reader in Sunderbyn, Damill´s track 
measurement station in Sävast, Trafikverket's HotBox detectors on the sections Borlänge - 
Luleå and Luleå - Vassijaure, and Trafikverket's wheel damage detectors on the same sections.  

For all data sources, continuous data flows were set up that retrieve, validate, sort and store 
data. In this case study, performed in the context of the ePilot sub project, the researcher 
investigated the business and technical impact that eMaintenance solutions bring within the 
Swedish railway and investigated how mature the railway industry is in utilising such solutions. 
 

5.4.2 Data collection 

To answer the research question, participants in the ePilot sub project 042, was asked to 
participate in a workshop. The workshop was arranged on October 19, 2016, in Uppsala with 
11 participants from the infrastructure manager, train operators, maintenance contractors, 
supplier of railway products and consultants, see Table 7.  
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During the workshop, the participants were randomly divided into two groups where 
predefined questions were discussed (see Appendix C) and where two moderators listened 
and documented the discussions. The answers to the questions were then presented by a 
spokesperson for each group to all participants, with further discussions as a result. The 
discussions were documented and summarised. The oral responses have been analysed, 
grouped under similar categories and presented in a summarised form. The identities of the 
participants are anonymous.  

The same respondents then answered a questionnaire, where the participants evaluated what 
effect 39 factors has on the possibility of implementing innovations in the railway (see 
Appendix D). The questionnaire aimed at exploring how important the participants thought 
the factors were for the possibilities of implementing an innovation in the railway. The 
respondents then ranked each factor by making a mark on a line ranging from 0=not important 
to 10=very important. The questionnaire took from 9-19 min to answer and were then 
submitted and analysed. The factors in the questionnaire were based on the CFIR framework 
(see Appendix B) where the factors were translated into Swedish, and the order was changed 
so that they would not feel categorised and connected. 

The case study was limited to studying one type of innovation from ePilot and its possible 
implementation in railway. The innovation represented a digitalised decision support system 
for maintenance but cannot represent all railway related innovations. Though it gave a good 
indication to what factors to focus on and to investigate further. The case study was 
performed during 2016 and the industry maturity has evolved since then even though many 
of the challenging factors are still the same.  

Table 7. List of respondents from the discussions and the questionnaire. 
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The respondents could have been affected by the starting discussions in the workshop 
regarding their beliefs on the most challenging factors. The respondents cannot be considered 
as representatives of the whole railway industry, but due to their specialist competence can 
be considered sufficient to indicate a result. 

5.4.3 Data analysis 

An analysis has been made of the discussions related to the questionnaires with the aim of 
identifying and rate factors affecting implementation of innovations in the Swedish railway. 

Answers from discussions related to the questionnaire containing issues and challenges for 
implementation of innovations are summarised in Table 8.  
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Table 8. Issues and challenges regarding implementation of innovations. 
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To analyse the rating of different factors made in the questionnaire, the researcher 
measured and documented the weight given to each factor by the respondents. The 
numbering of each factor responds to numbers in the CFIR framework (see Appendix B). 
Average weights were calculated for the factors and shown in a diagram for comparison (see 
Figure 14).  

 

The highest and lowest factors were highlighted in Table 9 and Table 10 . 

 
Figure 14. Average weights for all factors. 

 

Table 9. Most important factors affecting implementation of innovations. 
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Factors in CFIR are divided into five topics, i.e. I) Innovation characteristics, II) Outer setting, 
III) Inner setting, IV) Characteristics of the individuals, and V) Process of implementation.  

When comparing topics, topic III) Inner setting, rates as the most important, see Figure 15. 

Average weights were calculated for each factor and shown in a diagram per topic for 
comparison. A box and whisker chart shows distribution of measurements into quartiles, 
highlighting the mean and outliers. The boxes may have lines extending vertically called 
whiskers. These lines indicate variability outside the upper and lower quartiles, and any point 
outside those lines or whiskers is considered an outlier.  

Table 10. The least important factors affecting implementation of innovations. 

 

 
Figure 15. Average weight per topic. 
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The box and whisker diagrams also show the exclusive median, i.e. the median is excluded 
from the calculation if the number of values in the data is odd. 

Within topic I) Innovation characteristics, factor I.F) Complexity, rates as the most important 
(see Figure 16).  

See the distribution of weights in Figure 17. 

 
Figure 16. Average weight for factors included in topic I. Innovation characteristics. 

 

 

 
Figure 17. Distribution of weights for factors included in topic I. Innovation characteristics. 
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Within topic II) Outer setting, factor II.A) Users needs and resources, rates as the most 
important (see Figure 18). 

See Figure 19 for the distribution of weights. 

  

 
Figure 18. Average weight for factors included in topic II. Outer setting. 

 

  
Figure 19. Distribution of weights for factors included in topic II. Outer setting. 
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Within topic III) Inner setting, factor III.D.6) Implementation climate – Learning climate, rates 
as the most important (see Figure 20).  

 

See Figure 21 for the distribution of weights. 

  

 
Figure 21. Distribution of weights for factors included in topic III. Outer setting. 

 

 
Figure 20. Average weight for factors included in topic III. Outer setting. 

 



STUDIED CASES 

Page | 71 

Since topic III) Inner setting, has two factors: III.D) Implementation climate and III.E) Readiness 
for implementation, with several sub factors each, an analysis for the distribution of weights 
were made in Figure 22 and Figure 23. 

 

  

 
Figure 22. Distribution of weights for sub factors included in factor III.D Implementation climate. 

 

 
Figure 23. Distribution of weights for sub factors included in factor III.E Readiness for implementation. 
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Within topic IV) Characteristics of individuals, factor IV.A) Knowledge and beliefs about the 
innovation, rates as the most important (see Figure 24). 

 

See Figure 25 for the distribution of weights. 

 

  

 
Figure 24. Average weight for factors included in topic IV. Characteristics of individuals. 

  
Figure 25. Distribution of weights for factors included in topic IV. Characteristics of individuals. 
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Within topic V) Process, factor V.B) Engaging, rates as the most important (see Figure 26). 

 

 

See Figure 27 for the distribution of weights. 

 

 
  

  
Figure 27. Distribution of weights for factors included in topic V. Process. 

 

 
Figure 26. Average weight for factors included in topic V. Process. 
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Since topic V) Process, has one factor: V.B) Engaging, with several sub factors, an analysis for 
the distribution of weights were made in Figure 28. 

 

 
  

  
Figure 28. Distribution of weights for sub factors included in factor V.B Engaging. 
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The respondents were asked to describe if there were any missing factors outside the 39 listed 
factors or other comments, see Table 11. 

 

Some factors had blanks or other deviations compared to the original framework and is 
interpreted by the researcher as if the factor might not be clearly described (see Table 12). 

 
  

Table 12. Blanks or other deviations in the questionnaire. 

 

Table 11. Missing factors in CFIR or other comments from the questionnaire. 
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Issues and challenges that exist in the Swedish railway industry regarding implementing 
innovations, i.e. a decision support system for maintenance was discussed from a technical, 
organisational, benefit, and business model perspective. The following section is a summary 
of discussions during the workshop. 

From a technical perspective, the maturity for using different types of IT tools such as apps 
and web interfaces or accessing data from different databases is considered to be relatively 
good in many railway companies. On the other hand, the technical understanding of 
measurement data needs to increase together with understanding how business and financial 
possibilities are connected to the ability to analyse measurement data. Today, there are 
islands of systems that have been built up by the various parties, which are familiar to the 
users. 

From an organisational perspective, companies have different structures, decision-making 
and information channels. Commercial companies often have a purely economic focus with 
profit requirements. It is a challenge for innovators to identify persons with mandate to make 
decisions within Trafikverket. One comment from a respondent was that “everyone has the 
right to veto but no one has the right to decide". Development activities are too far from 
operational activities and vice versa. The ability and drive to implement new business models 
and working methods needs to be developed. The introduction of condition-monitoring based 
management affects large parts of the organisation. One explanation for the inertia may be 
that the cost of a new way of working arises in parts of the organisation that are not allowed 
to share the profits.  

An implementation of a new tool may require that the existing organisation needs to change 
processes for a new way of working. It is important that the requirements have been decided 
in consultation with the end users and that the information is manageable, otherwise the tool 
is too time-consuming to use. For the individuals who are to implement an innovation, it is 
important that they have enough knowledge and convictions regarding the innovation, and 
the opportunity to ask control questions to find the conviction and proof that they need.  

To have a successful implementation process, it is good to create commitment by formally 
appointing internal implementation leaders. Someone who coordinates and drives change, 
especially if it affects several groups of users. 

From a benefit perspective, comments were made describing that business models lack 
incentives since organisations are often stuck in counterproductive business agreements. The 
different organisations realise that prevailing business models lead to stagnation and that the 
railway is losing competitiveness. The incentive to share data is the provision of benefits for 
the organisation. Especially in slimmed organisations, it can be difficult to prioritise 
improvements that only benefit another party. It is also important to focus on quality 
parameters when talking about benefits and not just savings.  
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An example is the ability to test new wheels and be able to interpret information in a more 
efficient way to speed up the evaluation. Improvements on wheels could provide benefits for 
both the economy and the environment. 

From a business model perspective, the maturity exists, but needs to be further developed. 
New business models need to be developed that steer towards more overall goals for the 
industry. New agreements should facilitate and stimulate the introduction of new and better 
solutions. 

Activities and continued work for the industry should focus on:  

• To design sustainable business models for the exchange of data, information and 
information services that benefit both the individual organisation and the entire 
system. 

• To design conditions for standardisation for data and information exchange. 
• To create financial incentives for the implementation of industry-wide improvement 

initiatives. 

This case study describes factors affecting implementation of innovations in the Swedish 
railway, rated the factors and explored issues and challenges further.  

5.5 Case study #3: Identification of key success factors for implementation 
of innovations in the Swedish railway  

The purpose of this case study is to identify key success factors for implementation of 
innovations in the Swedish railway. This case study contributes to answering research 
question one, i.e. which are the main issues and challenges when implementing innovative 
solutions in railways? By identifying key success factors, it will contribute with valuable 
information when creating a challenge-driven framework for innovations. It aims to provide 
in-depth knowledge regarding what is necessary to enable implementation of innovations and 
if there are differences depending on organisational belonging. 

5.5.1 Case study description 

This case study is based on a questionnaire that concluded the first three years between 2013-
2016 of the ePilot project and the stakeholders gathered experience and knowledge from the 
sub projects (see Figure 13). 
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5.5.2 Data collection 

To answer to what extent identified factors influence the chances of a successful 
implementation of innovations, a qualitative research method was considered appropriate in 
the form of an online questionnaire. The selected factors were based on results from the 
workshop in case study #1, where issues and challenges were discussed together with factors 
from the CFIR framework were evaluated in a questionnaire. Since the CFIR framework 
contains 39 factors it was too extensive for this online questionnaire. Therefore, a mixed 
selection of factors based on queries from the ePilot project, often mentioned issues and 
challenges from previous case studies and CFIR factors were included in the online 
questionnaire (see Appendix E).  

Question 1 and 2 was related to the ePilot project and the purpose with these questions were 
to investigate the importance of deeper collaboration between organisations and the 
existence of a neutral collaboration platform, when implementing innovations. Question 3-6 
are often mentioned issues and challenges but is not factors in CFIR. Question 3 is related to 
factor I.C in CFIR (see Appendix B), question 4 is related to factor V, question 5 is primarily 
related to factor II.D but also factor III.D.4, and question 6 is primarily related to factor I.H but 
also factor II.D. Question 7-11 is from the CFIR framework where question 7 responds to III.E.2, 
question 8 responds to I.E, question 9 responds to I.D, question 10 responds to III.C, and 
question 11 responds to III.E.1. The questions based on the CFIR framework was factors that 
was not top rated in case study #2 but has been often mentioned during discussions.   

The questionnaire was sent to participants in the ePilot with response time: 2016-12-08—
2016-12-20 and with 28 respondents from different types of organisations, see Table 13 and 
Figure 29. The respondents were asked to rate the factors from 1, having very little 
importance, to 6, having much importance. 
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Table 13. List of respondents from the questionnaire. 

 

 
Figure 29. Organisational affiliation of the respondents to the questionnaire. 
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5.5.3 Data analysis 

According to the questionnaire the key success factors for implementation of innovations in 
the Swedish railway were the existence of financial incentives for change and that the receiver 
understands the benefits of the innovation, see Figure 30. 

When comparing perceptions about key success factors among the respondents from other 
parts of the railway industry (Figure 31) with respondents from Trafikverket (Figure 32), the 
following interpretations can be made.  

Trafikverket rates question 8 (the opportunity to test the innovation on a small scale to reverse 
the innovation) and question 7 (the availability of time to implement in the daily work) as most 
important. The other group rates question 3 (understanding the benefits) and question 5 
(financial incentives for change) most important. 

 

 
Figure 30. Impact of factors on implementation of innovations. 
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Figure 32. Impact of factors on implementation of innovations - Trafikverket employees. 

 
Figure 31. Impact of factors on implementation of innovations - others. 
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When comparing perceptions about key success factors between the respondents that has 
less experience then average (Figure 33) with the respondents with more experience than 
the average time (16,8 years) for the group (Figure 34), it shows that the more experienced 
group rated question 5 (financial incentives for change) and question 3 (understanding of 
the benefits) as most important. The less experienced group rated question 7 (time to 
introduce innovations in the daily work) as the most important but all factors were rated 
evenly. 

 

 

 
Figure 33. Impact of factors on implementation of innovations - experience less than group average (16,7 years). 
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The respondents find the existence of financial incentives for change and that the receiver 
understands the benefits of the innovation as important. This is connected to the calculated 
costs and benefits for implementing an innovation. There must be a win-win situation for 
implementation to occur. The second highest rated factor shows that reversibility of an 
implementation is important, probably due to the high safety requirements for railway. The 
lower rating of the factor that extended collaboration outside one’s own organisation is not 
as important can be because the implementation of an innovation is seen as an intra- 
organisational issue and not a task involving multiple organisations. This can be connected to 
the lower rating regarding if neutral collaboration platform is needed.  

It is interesting to compare if there is a difference of opinion when rating factors, between a 
large government organisation like Trafikverket and the other parties in the railway industry. 
The results shows that the highest rated factors differed between the two groups, where 
Trafikverket rated reversibility and enough time to implement innovations in their daily work 
as key success factors while the other group rated financial incentives and that the receiver 
understands the benefits of the innovation higher. This could possibly indicate the difference 
between a tendering and customer organisation, and more profit-driven, smaller 
organisations. 
  

 
Figure 34. Impact of factors on implementation of innovations - experience more than group average (16,7 years). 
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When comparing the more experienced group to the less experienced group it could be noted 
that the more experienced group rated the impact of all factors lower in general than the less 
experienced group. 

The respondents to the questionnaire were familiar with the ePilot where similar topics have 
been discussed on several occasions. This could possibly limit the objectiveness of the 
respondents. 

5.6 Case study #4: Identification of opportunities and barriers related to 
digitalisation of the Swedish railway 

The purpose of this case study is to identify opportunities and barriers related to digitalisation 
of the Swedish railway. This case study contributes to answering research question two, i.e. 
which are the essential prerequisites that enable innovations in railway digitalisation? The aim 
of this case study is to identify opportunities and barriers related to digitalisation, to later 
incorporate this into a challenge-driven framework for innovations.  

5.6.1 Case study description 

This case study is based on ePilot sub project 201 Collaboration, innovation, implementation, 
agreements, and business models, and experiences from the first three years of the ePilot 
project (see Figure 13).  

5.6.2 Data collection 

To answer the research questions, a qualitative research method was considered appropriate 
in the form of interviews. The respondents were selected based on active participation in the 
ePilot project or being referred to as railway experts by their peers. Twenty-three questions 
were constructed based on experience from previous case studies and identified in literature 
(see Appendix F). There were five interviewers from different organisations, taking turns to 
lead the interviews, asking the questions in a semi-structured way. The other participants 
listened actively and made notes of the replies. Twenty-three respondents were interviewed, 
according to Table 14. 

  

Table 14. Summary of respondents. 
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The interviews took about one hour per respondent and were conducted between 2019-09-
17—2019-10-28. The answers were recorded and transcribed. The responses have been 
analysed, grouped under the question, and presented in a summarised form without 
organisational affiliation for the respondent. The identities and records of participants are 
anonymous. The respondents have given their consent to recording of the interviews and 
were informed of the purpose of the interview. A short descriptive analysis was made together 
with a summary of the contributions to and considerations for the challenge-driven 
framework for innovations.  

5.6.3 Data analysis 

Question 1: What is the current situation regarding business models for digital services for 
operation and maintenance in the Swedish railway?  

The respondents generally answered that the industry is still immature when it comes to 
digitalisation and so are business models for digitalised services. Reasons why the industry is 
perceived as immature is according to the respondents, uncertainty about ownership and 
right of use of data, knowledge about information security and whether one can sell functional 
solutions or if it is just a matter of selling data. Several respondents believe that a challenge in 
the deregulated market is that the infrastructure manager and the maintenance contracts 
have different goals such as punctuality and profitability. 

Among the respondents from the infrastructure manager, the majority considered that there 
are currently no established business models for digital services in railways. They meant that 
the information flow goes in one direction instead of a continuous exchange where each party 
refines the information. Furthermore, the respondents believed that within tendering, clear 
incentives must be created for both the infrastructure manager and the contractors that lead 
to minimising faults in the infrastructure. At present, there are, for example, contracts where 
maintenance contractors earn more from emergency troubleshooting than fixing the faults 
before they disrupt train operations. 

The maintenance contractors expressed that there are no clear business models for digital 
services but give examples of maintenance contracts where the contractors have greater 
responsibility and where digital services could be utilised. The maintenance contractors 
believes that today there are too much time-consuming manual work with data processing for 
it to be used for maintenance decisions. 

The railway suppliers argued that business models for digital services are about data being 
shared, analysed and that it is possible to see the results. Suppliers believe that it is possible 
to create functioning business models for digital services if the infrastructure manager 
provides clearer directives as there are often ambiguities regarding ownership of equipment 
and data information. 

According to the consultants, there is no business model in terms of digitalisation of 
maintenance since it is limited to only provision of information by the infrastructure manager. 
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Among traffic operators and train owners, respondents' answers varied, some believing that 
they have a functioning business model with the infrastructure owner because there is a 
continuous exchange of data between the parties, while some felt that there are no actual 
business models that work. They also argued that business models will change as the 
digitalisation of the railways develops, but that the market is not ready for that yet. 

An example of an existing business model around a digitalised service was created in 
collaboration between several stakeholders in the railway industry who benefited from the 
development of a wheel degradation monitoring solution. There were incentives for all parties 
to resolve the issue. The solution consisted of monitoring wheels via Trafikverket's detectors. 
A small group collaborated to develop a solution that increased the life length of wheels by 
45%, partly due to new analyses of data in combination with a new way of working. The 
detectors and decision support alerts for problems with wheels long before they must enter 
the workshop. 

Respondents considered that some form of provision of data must exist, but accessibility 
should be restricted and regulated by contracts, e.g., through traffic agreements. 

Question 2: Do current business models for operation and maintenance within the railway 
need to change as the digital railway develops?   

Respondents from the infrastructure manager agreed that business models must be changed 
as the digital railway develops. They argued that the needs of all parties must be covered when 
reviewing existing business models in combination with changes in regulations to facilitate the 
implementation of innovations to make full use of the opportunities of digitalisation. 

The railway suppliers considered that current business models need to change in connection 
with the development of the digital railway, by updating regulations but also that decisions 
need to be made, for example whether third-party equipment not owned by Trafikverket 
should be allowed. 

The consultants replied that both the regulatory framework and form of procurement need 
to change since the current regulations hinder development while at the same time lacking 
incentives. 

The traffic operators and train owners argued that digitalisation means that business models 
will need to be changed and adapted to the parties involved in the transaction. They also 
argued that the industry is not quite mature yet as they do not fully see the benefits of 
digitalisation. They further replied that the infrastructure side must focus more on long-term 
and planned maintenance using knowledge from those working on tracks. 

Academia replied that digitalisation must characterise both the procurement process and 
business models. If it is possible to make money from the old business models, development 
will take time. Incentives must be created to monetise new business models before a change 
will take place. 
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In summary, incentives and bonus models need to be developed so that meeting the bonus 
commitment will result in a financial gain. Digital maintenance services must also be worked 
into the specifications, it should be included in the procurement process and implementation.  

There is also a need to review and change the regulatory framework, information sharing 
agreements and have more standardised agreements. Finally, the infrastructure manager 
needs to open for functional commitments and abandon requirements to own everything. 

Question 3: Do the railway actors need to act in other ways to drive the development 
forward, e.g. develop other business models and create new ways to make money?  

Respondents from the infrastructure manager agreed that railway stakeholders have to act in 
other ways. Some felt that the challenge was that the maintenance contractors had to adapt 
to technological developments, while other respondents felt that the infrastructure manager 
do not have time to implement new technical solutions. Some respondents highlighted that it 
must be economically beneficial for the maintenance contractor to be creative and innovative, 
while questioning whether it is correct for taxpayers' money to be used to finance the 
development of innovations by private companies. 

The maintenance contractors replied that it is difficult to bring in new technology even though 
there is both good will and many ideas. 

The railway suppliers felt that Trafikverket had to clarify their guidelines, as they could not 
take a chance because there is financial risk. 

The consultants agreed that the behaviour of the stakeholders must change, but that the 
infrastructure manager cannot create business models, the market must do so. On the other 
hand, they believed that regulations should be changed so that they do not prevent business 
models from emerging. 

Academia argued that structural changes must be made to the existing business models, for 
example by selling functionality instead of products as at present. 

The traffic operators and train owners considered that change in behaviour must take place 
with a focus on what needs there are and not what can be measured with a specific 
technology. 

In summary digital services are different from product thinking, structural changes need to be 
made and other knowledge and skills brought in. The infrastructure manager must also open 
for new ways to make money and how to handle data, to create opportunities for 
automatization through digitalisation. The base requirements are that there must be a 
solution to a problem. Incentives are not only money, but it can also be sharing of 
responsibility or making operations more efficient via digitalisation. 
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Question 4: Are there obstacles or incentives to the development of new business models? 

Academia considered that there are no obstacles but a lack of incentives. Since everyone has 
to go through the same long development and approval process, digital development is not 
promoted. Some of the Trafikverket respondents agreed with the academy that there are no 
obstacles but rather a lack of incentives. Other Trafikverket respondents considered that 
regulations and long contracts could be obstacles in the development of business models, as 
the long contracts entail difficulties in changing the regulations that could allow for new 
solutions. Incentives for a robust facility should be created by working more with bonuses 
than with fines. It also emerged that Trafikverket receives higher costs, as operators and 
contractors do not cooperate sufficiently, creating small maintenance gaps that drive up costs. 
Trafikverket respondents believe that condition-based maintenance can be an opportunity for 
the maintenance contractors to make money with the conditions that exist now. 

The traffic operators and train owners wanted the agreements to be developed in such a way 
as to create incentives. The regulations constitute an obstacle in that when something is to be 
physically tested in the facility, extensive risk analyses and security assessments must be 
carried out. 

The contractors felt that there is a great willingness to develop business models, but that there 
is no monetary incentive. In maintenance contracts, it must be clear what you are making 
money from, and it should be measured. They believed that they should be given more 
responsibility and freedom so that creativity is not hampered. At present, they believe that 
virtually all work must be approved by Trafikverket before it begins.  

The suppliers replied that there must be clear incentives, there are currently insufficient 
incentives from Trafikverket to work with business models that benefit the entire system. In 
addition to availability and reliability, it is also important to look at the wear and tear that the 
railway system receives from those who use it. It is important to examine the quality of the 
rolling stock. The consultants agreed that regulations and current maintenance contracts are 
obstacles to the development of business models. 

Question 5: Can new actors enter the railway market? 

The contractors believed that new actors could enter the market if they are sensitive to what 
Trafikverket want. A contractor had in principle a monopoly before but now has only a market 
share of 50-60% since new companies has entered the market. Rental companies have 
entered the market by renting out machines to contractors. 

Academia and consultants replied that it is difficult for new actors to enter the market. 
Academia considered that the long lead times from innovation to implementation mean that 
it is difficult to enter the market for new actors. Even existing ones can have a hard time in the 
market as they must be financially sustainable before they can get pay-back for their 
investments. 
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The suppliers said that it is possible for new actors in the market, provided that Trafikverket 
are open to demand services and availability instead of products and components. The 
regulations also constitute an obstacle, the regulations must become clearer for new actors 
to venture into the market. 

The traffic operators and train owners considered that new actors can enter the market, but 
then they must understand their needs. Players who can provide knowledge-based statistical 
models are in demand in the industry and should therefore be able to enter the market. 

Question 6: Is there a market for innovations? 

There was a consensus that there is a market for innovation, although slow, small, and 
immature. For maintenance there are some larger actors. New players have had to be 
innovate and find new and cheaper solutions – for better or worse. Since there is no incentive, 
you must be smart with your business models. More digital services will come and those who 
try to hold on to the old will lose shares of the market. The development will come from the 
smaller businesses, but they will not be able to stay to the finish but will be bought by large 
companies. To drive development, the industry needs to collaborate more. 

Question 7: How active is the supplier market in trying to sell new products / services and 
how good are they at understanding the need and how a product / service can fit in? 

The supplier market is perceived as active, but it is usually hard to find a clear way forward. 
Not everyone has a focus on maintenance, which means that the development has stagnated 
when choosing, for example, production aids. Digital competence is missing, and suppliers of 
digital services lack operational expertise. There is a gap between Trafikverket and the 
supplier that consists of the fact that you as a supplier do not see the needs and what problem 
to solve because on the Trafikverket side you do not have full knowledge of what digitalisation 
means and how this can be used to develop the business. It is very important that suppliers 
know what the needs are and what problems arise (e.g. seasonal variations). Some of the 
respondents from Trafikverket are worried to talk to suppliers, as they fear that there will be 
an appeal. Some Trafikverket respondents lean back on the regulations that feel safe to stick 
to. 

Question 8: How do you see the railway industry in 10 years, regarding eMaintenance? 

In 10-20 years, there will be a generational change and the industry will have to add new skills. 
Everyone has access to all the information through an iPad and thus gets a complete overview 
where we keep track of the system, its condition, degradation mechanisms and can predict 
the need for maintenance. The inspection activities are automated, with on-board 
measurement equipment and have thus freed up capacity on the track. Digital twins exist for 
a few systems. There will be more digital analytics services and staff who can verify, validate 
and information will become more accurate so that you get equivalent assessments. The 
major change is taking place within regulations that also need to be streamlined towards 
Europe.  
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Infrastructure maintenance is back in-house. People from other industries come with new 
ideas and the railway industry works together to a greater extent. A digitised railway system 
is a requirement for creating condition-based maintenance. 

Question 9: How do you view ownership / use rights for collected data? 

Most respondents think that the area is important but neglected where you do not know the 
difference between data ownership and use rights, and there are no requirements for data. 
Data should be considered as any physical asset. The use rights should be determined by the 
owner. Most respondents believed that the owner of the asset should also own the data. 
Regarding the problem of how data should be shared and used, options highlighted were that 
it should be regulated in the contracts, classify the data according to how sensitive the 
information is and that those affected by the data have the right to use it. Ownership of a 
measurement supplier's data should also be agreed upon before starting measurement 
assignments. Today, uncertainty about the issue of information security has caused the 
pendulum to switch towards no data being shared, which slows down development and 
implementation. Many respondents requests cloud services and open decoded data with 
some governing restrictions.  

Question 10: What is the goal of digitalisation in railways?  

The goals according to the respondents can be summarised in optimisation, efficiency, cost 
savings, customer benefit and improved safety. That you see the benefits and can predict and 
plan for events in the future and get a better understanding of the asset's future capacity. You 
work more proactively and can reduce corrective maintenance. You go from manual safety 
inspection to more frequent automated objective maintenance inspection. Information 
becomes more objective and fact-based. It also helps to gain more knowledge in maintenance 
contracts. There will also be better resource planning. If you get better information, you can 
plan better and perform more planned maintenance instead of waiting for corrective 
maintenance. By using digital twins, changes can be simulated and reduce lead times. It is 
important to consider what happens if you remove the human factor and what happens if the 
digitalised system does not work. Redundancy is therefore very important. 

Question 11: Do you currently work with digitalisation of railways with an emphasis on 
creating better conditions for maintenance and asset management? 

Most respondents say that they work with the existing maintenance systems, Bessy, 0felia, 
etc. to do analyses. However, there is a reactive non-holistic approach without a clear goal. 
Most people consider Optram to be the most reliable system and the system used the most 
for analyses. Process mapping is essential for supporting the work. Digitalisation should 
support the processes. It is important to involve experts when strengthening the analytical 
capabilities. You should not start by collecting data without thinking about what you want to 
get out of it. 
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Question 12: In which phases (operational, tactical, strategic) do you see the greatest 
benefit of digitalisation? 

Ten of the respondents believe that there is a great benefit in all phases, where Trafikverket 
has a large responsibility for the strategic phase. However, depending on which party you 
represent, you have different opinions about which phase is most important. However, many 
believe that the quickest way to get implementation of digitalised tools is to start in the 
operational phase, and then start working with the tactical and then the strategic, i.e. a 
bottom-up approach. 

Question 13: How do you work with information security? 

Most respondents describe that uncertainty regarding the issue of information security has 
meant that the bar for access to data has been set very high, which slows down the 
development and implementation of new solutions. This is an area of improvement and where 
cultural change is needed. One respondent says that a checklist at the beginning of the project 
is not enough, which is usually tasked to the IT department, who not in charge. Another 
respondent points out that this issue must be linked to legal changes so that everyone has the 
same approach. A few more indicate that ISO 27000 is used as a support and standard and 
that CSM-RA is an established way of working. GDPR is another thing that needs to be 
considered. 

Question 14: Who performs data analysis and what does the business model around the 
data flow look like?  

Respondents from Trafikverket replied that they do not really know what business models 
around the data flow look like, but some of the respondents believe that they do in-house 
analyses together with external consultants. The traffic operators and train owners replied 
that they had some in-house data analysis, but the majority also believed that external 
consultants help develop documentation or systems that they can use for the analyses. 

The consultants replied that they conduct data analysis for customers, collect data, create 
algorithms, and sometimes analyses occur in connection with others. The maintenance 
contractors' responses varied, with some not analysing data at all. Other contractors believed 
that it was their role as contractors to perform analyses from collected data to understand the 
cause of recurrent faults.The suppliers' responses similarly to the contractors were varying, 
where some suppliers do all analysis in-house while others combined in-house analysis with 
external consultants' analysis. 

Most respondents think that data providers should be paid fairly, but then the data should be 
open. Data should be available without expensive investments in tools to access it. It is in 
Trafikverket's interest that the systems become cheap but robust. If the data is open, this 
means that when requesting bids for maintenance contracts, everyone receives the same 
information, which provides a better competitive situation and knowledge of the condition, 
for all bidders. However, many people believe that there are no business models for data 
analysis today. 
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Question 15: What are your experiences with: IT platforms, cloud services, analytics tools, 
maintenance systems. Who are the users of the tools? 

The respondents mentioned experience from Trafikverket's information systems. The traffic 
operators and train owners work with RFID, Maximo, SAP, but has also implemented and uses 
wheel monitoring decision support systems developed in ePilot sub projects. 

Question 16: How do you go from visions of improving punctuality and minimising 
disruption as well as research results / tests to implementing solutions? 

When asked how to move from visions and tests to implementation, the answers from the 
respondents can be grouped according to: 

• Involve the user from the beginning: 
o Responsible for system management and operational staff should be involved 

from the outset. 
o By involving the future user, new opportunities and needs can be discovered. 
o Solutions become familiar to the user if participating from the beginning. 

• Proactiveness by Trafikverket: 
o Tested solutions must be ordered by Trafikverket otherwise no 

implementation. 
o It is difficult to get feedback as a technology supplier and it depends a lot on 

the right contacts with Trafikverket. 
• Knowing the needs: 

o Create knowledge about the needs and agree early goals and deliverables. 
o Create measurable goals with a focus on utility realisation in the system. 

• Develop an approach for: 
o A process for introducing new solutions that cover e.g., IT environments, 

training, and regulations. 
o Templates for handover from project to management. 
o Implementation plans. 
o Demonstration and validation to not get stuck in the power point stage.   
o Bridging the gap between return on investment (ROI) and the organisation 

since we have taken in far too little since the ability to go from ROI to tests in a 
controlled way and then implementation is lacking. 
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• Perform tests: 
o Previously, there were test arenas during 2009-2013 where you could do things 

quickly. Now this is done in Shift2Rail and demonstrations. It is uncertain 
whether S2R will solve all this. It is a grey area how to do this at European level 
and then get it to Swedish conditions and specifically applied to local 
conditions. The organisation is not able to manage the knowledge that comes 
in, culturally and in processes. 

o The ePilot model is very good where you work with testing technologies with 
different actors together. You must work closer to the operational activities 
when you are within such a high TRL level. 

o You should test on a smaller scale before launching and making a national 
investment. 

Question 17: How do you measure the benefits of change initiatives? 

In the cases where the respondents answered that the benefit of the change work is 
measured, it is in the form of key measurements such as the proportion of corrective and 
preventive maintenance, number of faults and punctuality. Five respondents state that they 
do not measure at all and some comment that it should be done. Consultants measure via 
number of assignments, revenue, and customer surveys. Others use Traffic Analysis´ key 
measurements. The traffic operators and train owners seem to be more active with this where 
they see a direct benefit of change as a support to achieve target values and set goals. 

Question 18: How does increased digitalisation affect established working methods, 
decision-making processes, organisation, etc.? 

When asked if increased digitalisation affects established working methods, decision-making 
processes, organisation, the majority answered that there will be a major change. It 
completely changes the way you look at information. It is about people and managers who 
have to change the way you do things in the organisation. The information will simplify 
everyday life, previous handwork will be digital, and you will have more time for other things. 
You go from a planning role to a governing role and have time for other value adding activities.  

Today work is reactive, and it is important to work proactively. The ability to validate new 
technology must be developed and established working methods must change. 
Organisationally, the respondents believe that there will not be any major changes other than 
that ICT will not be a centralised function but more integrated and that organisations need to 
employ a new type of knowledge. All leaders need to see themselves as change leaders. It is 
important to have a good structure and control so that what is created later can be upgraded. 
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Question 19: Which three of the following factors affect the possibilities for implementation 
the most?  

The respondents ranked their three top factors from ‘1’ for the most important, ‘2’ for the 
second most important and ‘3’ for the third most important. 

The factors: 

1. That there are financial incentives for change. 
2. That there are clear business models. 
3. That the recipient has time to introduce innovations in their daily work. 
4. The ability to test the results on a small scale in the organisation, and to be able to 

undo implementation if deemed justified. 
5. Perception that an innovation can be adapted, tailored, improved, or reinvented for 

local needs. 
6. Cultural norms, values, and basic assumptions in a particular organisation. 
7. Commitment, participation and accountability for leaders and managers with the 

implementation.  
8. Other. 

When summarising the answers the most important factor got three points, second most 
important factor got two points and third important factor got one point. 

The most important factor according to the respondents were that there are financial 
incentives for change (see Figure 35). On second place was commitment, participation and 
accountability for leaders and managers with the implementation. In third place came the 
ability to test the results on a small scale in the organisation, and to be able to undo 
implementation if deemed justified. 

 
Figure 35. The most important factors affecting the possibilities to implement innovations. 
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The most important factors according to respondents from Trafikverket were that there are 
commitment, participation and accountability for leaders and managers with the 
implementation; positive cultural norms, values and basic assumptions in a particular 
organisation; and the ability to test the results on a small scale in the organisation, and to be 
able to undo implementation if deemed justified (see Figure 36). 

 
  

 
Figure 36. The most important factors affecting the possibilities to implement innovations according to respondents 

working at the infrastructure manager. 
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The most important factor according to the respondents from traffic operators and train 
owners were commitment, participation and accountability for leaders and managers with the 
implementation (see Figure 37). On second place was financial incentives for change. In third 
place came that the recipient has time to introduce innovations in their daily work. 

 

 
  

 
Figure 37. The most important factors affecting the possibilities to implement innovations according to 

respondents working at traffic operators and train owners. 
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The most important factor according to the respondents from maintenance contractors were 
financial incentives for change (see Figure 38). On second and third place was that there are 
clear business models and positive cultural norms, values, and basic assumptions in the 
organisation. 

 

Regarding other factors affecting implementation it was mentioned that for expensive 
innovations, it is important that there is room to dare to take a risk in the development phase, 
you want a sensible depreciation period. There must be a contract in the background, and it 
is important that the innovation solve the customer's problems. Today, it has happened that 
problems have been discovered that the customer is not aware of, but there is no budget for 
a solution as there is a lack of flexibility in the contracts. 

Other factors or comments mentioned for influencing implementation of innovations: 

• We have chosen to work one-step at a time in pilot form and check that the business 
model holds. Without commitment, nothing would have happened. It should not cost 
more than it generates. 

• Trafikverket must open for the contractor to submit ideas in agreed contracts and be 
willing to share the risk of launching the idea - some form of incentive is required. 

• Dynamic regulations. 
• Clear working methods and processes for implementing R&I results to benefit the 

organisation. 

 
Figure 38. The most important factors affecting the possibilities to implement innovations according to 

respondents working at maintenance contractors. 
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Question 20: How can we speed up the implementation of new solutions for the railway? 

Some have worked bottom up and become successful. They utilised the operational staff's 
knowledge and used them as salespeople. Someone must own the issue and it should be in 
Trafikverket's interest to take on the role of implementation. Other comments regarding the 
speed of implementing new solutions: 

• Tests take time. Sometimes several years even for minor changes. You must be patient. 
• The safety culture that applies is challenging. 
• Start with the working methods. Technology is no problem. 
• Adapt regulations so that they enable the use of new technology and enable 

demonstration of new solutions (in contracts, for example). 
• To work directly with contractors and the project manager for the contract (there are 

36 contracts in Sweden). Make changes and additions to ongoing contracts. 
Incorporate changes in the template for the maintenance contract. Change the 
regulations (technical regulations take 3-4 years to change).  

• An agile approach is needed. Develop and adjust. It is better to get started and correct 
afterwards. Do not aim at building the perfect system at once. 

Question 21: What are the main challenges in implementing new solutions? 

Some of the main challenges: 

• Lack of insight and competence. 
• Lack of leadership, support, common goals, participation, and time to work with 

implementation. 
• Difficult to change in regulations. 
• Lack of a process to drive implementation that is accepted in the organisation. 
• Lack of demonstration / validation opportunities. 
• Lack of new forms of business models where you share risk. 
• The benefits and costs end up in different places where someone else make money. 
• Technology and digitalisation must work together. 
• Understanding the needs of users. 

Question 22: What are the main challenges for digitalising railway maintenance? 

Some of the main challenges: 

• Not enough incentives in economy and business models. 
• Regulations and established working methods can be difficult to change. 
• Creating redundancy and continuity plans. 
• Lack of standardisation and knowledge about data security. 
• Lack of opportunities for test and validation. 
• The benefits and costs end up in different places. 
• Maintain and update everything from old technologies to digital systems. 
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Question 23: Have you been involved in any innovation procurement, and if so, what are 
your experiences from this? 

Eight of the respondents have been involved but think it has been difficult due to competition 
rules, ambiguity with who is responsible, unclear risk distribution and long project times. On 
the other hand, it is seen as a possible tool for developing the industry. 

Summary of observations during interviews 

If an infrastructure manager wants to become stronger in his client role and be able to order 
function-based maintenance from maintenance contractors, this will require an adjustment 
of current business models, but also that new players with completely new business models 
can enter the market.  

An example that a respondent mentioned is how ProRail manages railway maintenance in 
Holland. They have implemented function-based maintenance, and the contractors therefore 
ensure that the infrastructure has a certain operational reliability. Access to data is 
fundamental for this to work. ProRail has contracts with contractors who collect data and then 
provide it. The contractors make their own analyses and decide when and which maintenance 
actions need to take place. However, ProRail makes the same analyses as the contractors to 
follow up that everything is handled well. If the contractor's inadequate maintenance would 
lead to the infrastructure not being available, it would lead to a fine regardless of whether 
there was a train disruption or not. They may also have to carry the costs if they need more 
time on the track than previously said, as it counts as extra downtime. 

New business models could include valuation and permissions for activities such as collecting 
data from the asset itself, providing a database where companies active in the industry can 
retrieve and provide information and analysis services based on available data. Users of 
services could be Trafikverket, traffic managers and maintenance contractors with benefits 
such as more objective assessments based on facts as well as increased opportunities for 
follow-up and planning. 

Business models in the industry are few, more business models focusing on data and 
digitalised solutions could create increased competition and increased efficiency and thereby 
the length of the innovation cycle could be reduced. However, there is a lack of incentives in 
the industry, which may be a contributing factor to existing business models not changing. 
Many respondents talk about the importance of selling a function, but since there is no 
incentive, no one wants to take responsibility for how it should work in practice. Another 
problem with today's business models is that the flow of information is one-way. By opening 
for information and data to be shared between parties in the industry, conditions are created 
for new business models. 

It is important to point out that an individual party cannot decide or choose a business model, 
as it is something that emerges from the market depending on the obstacles, incentives and 
needs that exist. There are ways to create a pull in the system for new digitalised solutions by 
working with financial and regulatory incentives.  
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Trafikverket can influence so that regulations do not create obstacles to digital development. 
Trafikverket can also work to develop incentives to steer development in the desired direction. 
Increased availability of data and knowledge of data management enables new and existing 
players to carry out analyses and collaborate on a digital railway. By formulating contracts so 
that incentives are created for all actors involved, can lead to collaborations between players 
in the industry resulting in new solutions and benefitting the society. 

In the railway industry, there are many types of agreements, depending on the assignment 
and party relationship. The agreements are based on control documents and regulations 
produced by the industry that are used to describe the execution and scope of the work, how 
to handle various situations that arise, such as e.g., what applies in the field of contracting, 
etc. These documents facilitate and clarify responsibility and commitment and do not 
constitute real obstacles to innovation. From a system perspective, these agreement models 
need to be reviewed regarding how these can be developed and supplemented to include 
data sharing and benefits from digitalisation. 

Long lead times when presenting innovative solutions are a challenge to small and medium 
sized companies. The only solution might be for large suppliers to purchase the innovation.  

It is important for the suppliers to understand the needs of the industry, have domain 
knowledge and the expertise needed to develop solutions contributing to the benefits that 
digitalisation can give. 

To encourage the sharing of data, one should focus on the fact that the data is accurate, that 
it is available and that which is confidential is secure. If you follow ISO standard 27000 on 
information security, you follow the three key words: Information technology - Security 
technology - Management system for information security (SIS-ISO / IEC 27000: 2018). To 
increase innovation, the availability of data needs to be high, and at the same time, 
information security must be considered. There is a need for an industry wide framework for 
data governance to enable development. 

Data analytics is performed within organisations without any extended sharing of data or 
knowledge between organisations. The lack of incentives in business models for sharing data 
could be a cause. 

To succeed with transformative projects and realise the benefits, there must be an awareness 
of the project, how it affects employees, how communication should go and how the project 
is highlighted to reach and motivate affected target groups. Various success factors for change 
can be the management's commitment, a common message and managing expectations. 

The different responses from infrastructure managers and maintenance contractors regarding 
factors affecting implementation where Trafikverket emphasise intra-organisational factors 
while the contractors put weight on lack of financial incentives show how important it is to 
understand different organisational prerequisites to develop the system.  
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Performing risk analyses is an important step in the change process, which provides a useful 
communication tool for sharing problems and communicating the vision. Understanding risks 
related to change requires first an analysis of the potential risks and then an agreement on 
the measures that will manage the risks effectively. In the field of railways, Regulation EU 
2015/1136, Common safety method for risk evaluation and assessment, CSM-RA, sets 
requirements for how to carry out the change management process regarding traffic safety in 
railways.  

The regulation states that any change, including organisational changes, with safety 
implications for operation and maintenance, requires compliance with CSM-RA risk 
assessment requirements. The first step consists of evaluating whether the change can affect 
traffic safety or not. If traffic safety can be affected, the next step is to evaluate whether the 
change is significant or not. This evaluation is based on six criteria, where the change can be 
significant if one of the criteria is not met. If the change is both safety-related and significant, 
the CSM-RA risk assessment process should be applied. Finally, CSM-RA requires that a risk 
acceptance for the changes that are assessed be evaluated using one or more of the following 
principles for risk acceptance: application of rules according to accepted practice; a 
comparison with similar reference systems; or a risk assessment covering probability, 
consequence, and its integration. 

Demonstrators are described as an effective instrument in the innovation process that leads 
to meetings, mainly in pre-commercial phases, between developers, problem owners and 
innovators, but also as an engine for innovations to be created. Innovations can be tested in 
realistic operating conditions where risk, costs and accidents can be reduced. Development 
and the function of demonstrators can be one of the most important ways to implement and 
commercialise research results. There should be a greater opportunity to perform tests in 
maintenance contracts. 

For demonstrated solutions to reach their full potential, it is important to try to understand 
what can affect the possibility to implement various innovations in railways. These factors can 
form the basis for a model that can be used in demonstrators to be able to take solutions 
further from testing to full implementation. Such a model should consider challenges such as 
incentives, regulations, and maintenance contracts. 

It takes a lot of work to bring about a change. At present, there is generally no cohesive 
responsibility to implement a change that involves testing, verifying, and implementing a new 
solution. A process that is fragmented into many different parts where no one knows who is 
responsible for what and no one really knows how it is connected. The conclusion is that 
someone must be personally responsible for implementing change in contract. 

A support function is needed for testing, verification, and implementation if the line lack of 
resources for driving development. 
  



STUDIED CASES 

Page | 102 

Personal responsibility should permeate the business to bring about change as it must be clear 
as to who is responsible for what. Today, there is only responsibility for daily work, not for 
organisation-wide development that could take responsibility for implementation. The 
process should be clearer, as well as the responsibility for the process. 

To succeed with transformative projects and realise the benefits, there must be an awareness 
of the project, how it affects employees, how communication should go and how the project 
is highlighted to reach and motivate affected target groups.  

Various success factors should be identified, analysed, and described. It is important to involve 
the end user at an early stage by finding out the needs and creating a proactive approach. 

Summary of contributions to and considerations for a challenge-driven framework for 
innovations based in the interviews: 

• Industry wide common goals regarding digitalisation. 
• Incentives in business models and contracts that stimulate ways of working to 

guarantee operational reliability. 
• An industry wide framework for data governance to promote development of new 

solutions. 
• Find a balance between the need for information security and the need for innovations 

that create prerequisites for a reliable railway. 
• Create dynamic regulations and a support function to speed up the change process. 
• Have a systematic approach for change and implementation of innovations. 
• Provide a testbed for testing, validating, and implementing innovation in industry wide 

collaborations. 
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5.7 Case study #5: Study of issues and challenges regarding data sharing 
between cross-organisational stakeholders in the Swedish railway 

The purpose of this case study is to study issues and challenges regarding data sharing 
between cross-organisational stakeholders in the Swedish railway. This case study contributes 
to answering research question two, i.e. which are the essential prerequisites that enable 
innovations in railway digitalisation? The aim of this case study is to identify issues and 
challenges regarding data sharing, to later incorporate this into a challenge-driven framework 
for innovations.  

5.7.1 Case study description 

This case study is based on ePilot sub project 219 Data sharing for railway and was performed 
within the ePilot project (see Figure 13). 

In the case study, experiences from four ePilot sub projects is included, where the common 
objective was to demonstrate eMaintenance solutions and support the development of 
decision support to enable predictive maintenance. Another common denominator when 
selecting projects to study was that they all required cross-organisational collaboration and 
sharing of data between infrastructure managers, operators, maintenance contractors, 
maintenance workshops, suppliers, and academia to achieve the common objective. The 
projects differed regarding what type of data was collected and what component of the 
railway that was studied. 

The selected sub projects were: 003 Trend analysis of wheel profile, 202 Implementation of 
digital collaboration of wheel-rail, 203 Test bed railway and 214 Implementation of condition 
monitoring of infrastructure from trains (see Figure 13). 

The objective of ePilot sub project “003 Trend analysis of wheel profile” was to evaluate if 
wheel profile measurements could be done automatically using a wheel profile gauge and 
after collection of wheel profile readings, enable trend analysis of the speed of wear and 
degradation. The results of the tests were based on historically collected wheel profile data, 
historically collected individual vehicle traceability data (individual vehicle/wheel axle), and 
historical vehicle performance and vehicle maintenance condition. Three organisations 
participated in this sub project.  

The objective of ePilot sub project “202 Implementation of digital collaboration of wheel-rail” 
was to test and validate technical solutions implemented as a cloud service for predicting and 
presentation of the condition on wheels adapted to the two participating operators. 
Quantitative data were collected through Trafikverket´s detectors and participating operators’ 
maintenance and vehicle data systems. Eight organisations participated in this sub-project, i.e. 
Trafikverket, academia, and an analytics service provider. 
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The objective of ePilot sub project “203 Test bed railway” was to maintain solutions developed 
in the ePilot regarding a cloud-based platform collecting different types of data in a cross-
organisational context, to be used in further research regarding eMaintenance. Six 
organisations participated in this sub project, i.e. Trafikverket, academia, two railway 
consultancies, an analytics service provider, and a measurement service provider. 

The objective of ePilot sub project “214 Implementation of condition monitoring of 
infrastructure from trains” was to demonstrate and compare methods for condition 
monitoring of infrastructure from regular train services to see whether these monitoring 
systems can provide more frequent monitoring, faster proof that conducted maintenance 
action has given results, detect faults due to sudden events, and provide continuous 
information for decision support. Ten organisations participated in this sub project i.e. 
Trafikverket, academia, one railway consultancy, an analytics service provider, two 
measurement service providers, a maintenance contractor, and three train operating 
companies. 

5.7.2 Data collection 

To study issues and challenges regarding data sharing between cross-organisational 
stakeholders in the Swedish railway, a qualitative research method was considered 
appropriate in the form of interviews. The interviews were performed 2018-2019. The 
respondents were chosen based on active participation in the selected projects and can be 
considered experts in the field by their peers. For each of the selected projects, a data flow 
model was constructed to illustrate different data sharing scenarios, which were discussed 
during the first set of interviews. Fifteen questions were constructed based on barriers 
identified in literature and then referred to the respondents before the interviews (see 
Appendix G). The two interviewers asked the same questions to all the respondents in a semi-
structured way. Thirteen people were interviewed, according to Table 15. 

Table 15. List of respondents from first set of interviews. 
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A second set of five questions regarding more holistic issues, i.e. digitalisation and business 
models, were constructed to complement and expand the answers from the first set of 
interviews (see Appendix G). Seven respondents were the same as in the first set of interviews 
but was complemented with 16 new respondents who are considered as experts in the field. 
The interviews were semi-structured allowing for explorative clarifications. 23 people were 
interviewed, according to Table 16. 

The answers to both set of interviews were recorded and transcribed. The responses have 
been analysed, grouped under similar aspects and presented in a summarised form without 
organisational affiliation for the respondent. The identities and records of participants are 
anonymous. The respondents have given their consent to recording of the interviews, been 
informed of the purpose of the case study, and have gotten the opportunity to read and 
comment before publishing.  

A list of governing documents, laws, and regulations with a possible connection to data sharing 
and data governance within railway was compiled. Then guidelines for data governance in a 
cross-organisational context within the Swedish railway industry was proposed based on the 
interviews and the document analysis. 

Table 16. List of respondents from second set of interviews. 
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The project has been limited to studying the data sharing that has taken place within the ePilot 
project and its sub projects. 

5.7.3 Data analysis 

A summary of completed interviews together with a list of governing documents regarding 
data sharing for railway are presented in this section. After analysing the interviews, answers 
from similar questions have been summarised in aspects considering the issues and challenges 
regarding data sharing between cross-organisational stakeholders in the Swedish railway. 

The summary of the first set of interviews is presented in Table 17 and Table 18. 
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Table 17. Summary of the first set of interviews, part 1. 
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Table 18. Summary of the first set of interviews, part 2. 
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The summary of the second set of interviews is presented in Table 19. 

 
  

Table 19. Summary of the second set of interviews. 
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Some of the related documents with a possible impact on data governance listed in literature 
are described in Table 20. 

Table 20. Some of the related documents with a possible impact on data governance. 
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5.8 Case study #6: Study of opportunities and barriers when implementing 
innovations in a Swedish railway maintenance contract  

The purpose of this case study is to study opportunities and barriers when implementing 
innovations in a Swedish railway maintenance contract. This case study contributes to 
answering research question one, i.e. which are the main issues and challenges when 
implementing innovative solutions in railways? The aim of this case study is to study 
opportunities and barriers, to later incorporate this into a challenge-driven framework for 
innovations.  

5.8.1 Case study description 

This case study is based on ePilot sub project 243 Crowd sourcing and innovation procurement 
and was performed within the ePilot project (see Figure 13). To achieve the aim of this case 
study, an investigation was made regarding the possibility of implementing innovations in 
procured maintenance contracts within Trafikverket´s responsibilities.  

For the procurement of operation and maintenance, "General regulations for construction 
contracts (AB)" where used in the beginning, where the infrastructure manager is responsible 
for what is to be performed and specifies how it is to be carried out. Within a few years, the 
procurement strategy was changed to "General provisions for design and build contracts 
(ABT)" where the responsibility for carrying out operation and maintenance to the required 
function was transferred to the maintenance contractor. The assignments were initially 
procured on a current account but were then converted into lump sum agreements. From the 
beginning, the selection criteria included, e.g., requirements for delivered quality and previous 
experience. Due to several appeals against completed procurements, the criterion of lowest 
price became most common. 

Lump sum maintenance contracts had very little room for testing innovations. One of the 
purposes behind Trafikverket initiating and funding ePilot, was to open the possibility for 
testing and implementing results from research and development, and where innovators get 
the opportunity to test their ideas in operational conditions. 

Results from the ePilot sub projects showed potential for improvements of the railway. 
Therefore, Trafikverket wanted to test and evaluate whether it was possible to implement the 
results within one of Trafikverket's maintenance contracts. The goal was to adapt and design 
the maintenance contract to stimulate innovation and the maintenance contractors´ ability to 
conduct development and testing. This was going to be achieved by developing a way of 
working, based on continuous improvements, where the contractor can get compensation for 
planning, proposals, implementation, follow-up, and validation of improvement. The chosen 
maintenance contract was for the southern part of the Iron Ore Line. 
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The maintenance contract for the southern part of the Iron Ore Line was procured in the 
winter of 2017 and the maintenance contractor won the contract with a duration from 2017-
10-01 to 2022-09-30. The contract included Luleå-Gällivare and Boden-Haparanda. The 
contract included preventive and corrective maintenance including winter services.  

The contract was procured as a design and build contract at a fixed price. However, the 
conditions for the functional commitment changed when Trafikverket decided to upgrade the 
permitted axle load from 30 tonnes to 32.5 tonnes for iron ore traffic. Such an upgrade means 
that the conditions for a functional commitment become difficult for both Trafikverket and 
the maintenance contractor to assess and control. Trafikverket's project manager for 
maintenance then chose to renegotiate the contract so that Trafikverket is responsible for 
what is to be performed and specifies how it is to be carried out. In connection with this, an 
agreement was made to test and jointly evaluate the implementation of results from ePilot 
through an addendum to the Administrative Regulations (AF). It was also agreed that the 
working method would be based on continuous improvement. The contract was then 
converted from a design and build contract (ABT) to a construction contract (AB).  

As the maintenance contractor in this case had relatively little experience from railway 
maintenance, this meant that most of the improvement proposals came from the more 
experienced Trafikverket project leader, who also took on a more active role as client and who 
also acted as a moderator during meeting. 

The parties agreed that initiation, planning, follow-up, analysis, and evaluation would take 
place within the contracts three different meeting types: 

• Construction meeting 
• Production technical meetings 
• Management / Follow-up of inspection remarks meetings 

Dissemination of results and experience was expected to involve the client and maintenance 
contractors via an experience seminar for nationally systematic improvement and 
implementation work. 

5.8.2 Data collection 

To study opportunities and barriers when implementing innovations in a Swedish railway 
maintenance contract, a qualitative research method was considered appropriate in the form 
of interviews. 

The respondents were selected based on active participation in the ePilot, deep knowledge in 
track maintenance, experience from outsourcing of maintenance and can be considered 
experts in the field by their peers. Ten questions were constructed to understand the 
conditions of the maintenance contract at Södra Malmbanan and to describe the context of 
the case study. This was followed by 16 questions regarding any implementation of results 
from the ePilot within the maintenance contract for the southern part of the Iron Ore Line 
(see Appendix H). The questions were referred to the respondents before the interview and 
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answered in writing. The interviews were followed up and expanded on the answers by two 
interviewers. Three people were interviewed, according to Table 21. 

The answers were recorded and transcribed. The oral and written responses have been 
analysed, grouped under similar aspects and presented in a summarised form. The identities 
and records of participants are anonymous. The respondents have given their consent to 
recording the interviews, been informed of the purpose of the case study, and have gotten 
the opportunity to read and comment before publishing. The case study was limited to 
studying innovations from ePilot and the possible implementation in the railway. The case 
study is limited to one maintenance contract, thus provides initial information regarding 
aspects to consider when implementing innovations within a maintenance contract. The case 
study was performed during 2019. 

  

Table 21. List of respondents from the interviews. 
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5.8.3 Data analysis 

The analysis describes the respondents' answers from the interview and form the basis for a 
proposal on what aspects need to be considered when implementing innovations in a Swedish 
railway maintenance contract, i.e. between the infrastructure manager and the maintenance 
contractor. 

Test and implementation of innovations in the contract 

No implementation of results from ePilot was carried out within the framework of the 
maintenance contract for the southern part of the Iron Ore Line. However, tests and validation 
of solutions were accomplished. Testing of a method of using thermal imaging to inspect the 
heat function of switches was performed, with the aim of developing a structured approach 
with supportive tools for test and evaluation. Work was still in progress at the time of the 
interviews with testing and validation of e.g., a new rail component, a new type of scale, Rail-
View, Sky-View, an overhead inspection camera and a track measurement system. The tests 
were funded by other projects, with a certain contribution with the participant’s own time. 

Regarding the intention of developing and testing procurement methods in ongoing 
maintenance contracts to stimulate innovation and the contractor´s ability to pursue 
development, the respondents answered that there are very few incentives for the contractor 
to conduct systematic improvement work within the framework of contracts. No follow-up 
was done regarding how the parties experienced working with tests and implementation.  

Regarding challenges that exist for implementing innovations, regulations are often 
mentioned automatically as an obstacle. Another challenge, however, may be that the 
procurement of maintenance contracts is very static and takes place approximately every 
seven years. The conditions during the time of the contract are set and therefore, it will be 
difficult to make changes. 

Process for testing innovations and associated responsibilities 

The attempts that were made to test new solutions in the contract required an active and 
knowledgeable project leader from Trafikverket. It was unclear who is responsible for the 
development within Trafikverket. In this contract, testing worked since those engaged in the 
contract have had previous experience of development. Technology requirements cannot be 
decided by the districts, only requirements regarding what information is needed, i.e. infra-
red images. The contractor can choose how to solve it, but the district is not allowed to order 
a thermal imaging camera. Even if the district sees the benefit of the innovation in a certain 
contract, there is no further responsibility for applying it in a contract, the systems Bessy and 
0felia, and creating an education for the application. Someone must be personally responsible 
for implementing change in a contract. 
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It is important to get support from the administration during tests to make a trial planning and 
documentation to be able to make a proper evaluation. Measurements are often made 
without a well-thought-out plan regarding what data needs to be collected to be able to make 
a sensible evaluation and what to compare with. More stakeholders than the districts need to 
be involved so that all aspects are covered. Formally, the project manager should turn to the 
project support unit, but it is not certain that you know this as a project manager. Work often 
takes place in vertical functions, but a horisontal, holistic structure must be located at the top. 
The respondent’s opinion was that a sense of personal responsibility must permeate the 
organisation. 

A new way of working was required for both Trafikverket and the contractor, where the 
Trafikverket project manager initiated change and requested more structure in the contract. 
The contractors´ task is to perform the activities where much is controlled in the technical 
documents (TDOK). The contractor can compete by doing the job right, to the right quality and 
efficiently. Initiatives for better planning and innovation often come from Trafikverket in this 
type of contracts. At present, it is up to the project manager to make improvements due to a 
certain amount of leeway in the contract but there is no standardised way of working. 

According to the respondents, there is no network for knowledge transfer for project 
managers and as a result there is a risk that knowledge will disappear.  

The respondents pointed out the following ambiguities within the process for testing, 
implementing innovations and the associated responsibilities: 

• Finding out what deficiencies there is in the system and finding root causes. 
• Implementing change. 
• Deciding whether it should be included in a regulatory change. 
• Make demands regarding content in the regulations. 
• Ensuring implementation in support systems. 
• Performing tests. 
• Ensuring that training in the new way of working is developed. 
• Writing the instructions that are included in the contract. 
• The entire process. 

A quote from one of the respondents: “We have fragmented a fairly simple process into many 
different parts, and no one knows who is responsible for what and no one really knows how 
this is connected, therefore there is almost a short circuit of the system. It is almost impossible 
to drive change because there is no overarching process.”  

Goals within the maintenance contracts 

The project manager runs the contract and not the system. They develop strategic decisions 
and set the budget. The goal may be that the quality should be improved, but there is no 
physical measure of this goal.  



STUDIED CASES 

Page | 116 

Goals are mentioned in the contract but there are no guidelines on how to execute them. No 
structure for sharing experience between project managers exist, only for sharing experience 
within the districts. An incentive built into the contract is the project manager's experience of 
deliveries but without a standardised way of measuring this experience. This is a difficult and 
unpleasant situation for PL. The measurement “experiences” is taken from investment 
projects and is difficult to apply to maintenance contracts. It would be good if development 
activities could be incentivised. 

Contract design and incentives 

It is easier to conduct tests in construction contracts (AB) by being able to influence how it is 
to be performed. It is possible to make variations in a design and build contract (ABT). 

In the case study, the contract is adapted to allow for tests but not to be able to buy new 
products. The administrative regulations states that certain test activities may occur during 
the contract period and resources from the contractor may be needed. Tests are not included 
as a special item but have been discussed within the framework of the contract. A budget are 
available for testing and is a discussion point at the budget meeting and the construction 
meeting. 

As a rule, the construction contracts are too large to be profitable to work with improvement 
activities. In cases where the contractors have pursued technology development, it has been 
extremely clear in the contract how they can make a profit. 

In standard maintenance contracts there are so many incentives that contradicts technology 
development and innovation. The respondents felt that it is not realistic to expect to have 
development within the framework of the contract if you cannot make money on it. The 
contractor's requirement is to generate profit and not engage in innovation. If it is possible to 
measure what the contractor does, it is possible to use an alternative design of the 
maintenance contracts. 

A problem is that the railway industry is losing a lot of skilled personnel. Every five years, 
contracts are procured, and, in this process, staff might be forced to change workplaces to the 
winner of the contract, but in this process, there is also a risk of competence leaving the 
industry altogether. 

If you attempt to change the contract design to stimulate innovations in procurement, the 
change will take a long time as there are only about five contracts that are renewed per year 
and there are about 35 contracts. There are six districts where everyone has their own way of 
working and no overall district manager. An alternative is to implement change in existing 
contracts, but such decisions are extensive. 
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5.9 Case study #7: Study of key factors impact for an implementation of 
innovations in the Swedish railway 

The purpose of this case study is to identify key factors impact for an implementation of 
innovations in the Swedish railway. This case study contributes to answering research 
question one, i.e. which are the main issues and challenges when implementing innovative 
solutions in railways? By identifying key factors, it will contribute with valuable information 
when creating a challenge-driven framework for innovations. The study aims to provide 
knowledge regarding what is necessary to enable implementation of innovations and is a 
follow up of case study #3.  

5.9.1 Case study description 

This case study is a follow up of a questionnaire conducted in case study #3 and was performed 
during 2020 within the ePilot project (see Figure 13). The purpose of the case study was to 
investigate if the stakeholders gathered experience regarding key factors had changed 
compared to three years before. 

5.9.2 Data collection 

To answer to what extent identified factors impact the chances of a successful implementation 
of innovations, a qualitative research method was considered appropriate in the form of an 
online questionnaire. The same questionnaire was used in December 2016 in case study #3. 

The questionnaire (see Appendix E) was sent to participants in the ePilot with response time: 
2020-01-21—2020-03-03 and the total number of respondents were 15 persons that 
answered weather they worked with infrastructure or rolling stock and the percentage of time 
they are involved in maintenance work, see Table 22. The respondents were asked to rate the 
factors from 1, having very little importance, to 6, having much importance. 
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5.9.3 Data analysis 

According to the questionnaire the key factors to impact the chances of a successful 
implementation of innovations were: 1) the existence of financial incentives for change, 2) the 
receiver understands the benefits of the innovation, and 3) commitment, participation and 
accountability for leaders and managers with the implementation (see Figure 39). 

Table 22. List of respondents to the questionnaire. 

 



STUDIED CASES 

Page | 119 

The respondents had the opportunity to submit other answers regarding the question, to what 
extent the factors influence the chances of a successful implementation of innovations, and 
these comments were: 

• Understanding of conditions and regulations is often deficient. It is important that 
lawyers participate early in the work to support an implementation, e.g., regarding 
opportunities linked to LOU / LUF. 

• We must admit that very little has been implemented and I think the root cause is a 
lack of money to carry out powerful preventive measures and yet urgent corrective 
maintenance costs a lot of money with often recurring faults. Maybe we are close to a 
solution by measuring and following up various individual maintenance actions. 

• Unless the benefits are great enough, and the consequence of not introducing 
innovation is great enough, the change that innovation brings will not really be 
implemented in an organisation. Thus, not the innovation either. 

• Implementation is usually limited by a lack of incentives in contracts, governing 
documents, etc. 

• There is a direct link to regulations, and changes in regulations where innovations can 
be integrated. 

• Experimental plans must have been prepared to evaluate the applicability of 
innovations. 

 

  
Figure 39. Impact of factors on implementation of innovations. 
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In both questionnaires, the respondents found the existence of financial incentives for change 
as the most important factor for implementing innovations. This is connected to the calculated 
costs and benefits for implementing an innovation. This factor was followed by two equally 
important factors: the receiver understands the benefits of the innovation and commitment, 
participation and accountability for leaders and managers with the implementation.  

The largest difference in opinion regarding most important factor from 2016 to 2020 (see 
Figure 40) was the factor describing the importance of commitment, participation and 
accountability for leaders and managers with the implementation to succeed. Otherwise, the 
responses were very similar from both questionnaires. The respondents to the questionnaire 
were familiar with the ePilot where similar aspects have been discussed on several occasions. 
This could possibly limit the objectiveness of the respondents. 

 
  

  
Figure 40. Impact of factors on implementation of innovations from the questionnaires made 2016 and 2020. 
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5.10 Case study #8: Study of challenges related to implementation of 
innovations and digitalising the Swedish railway  

The purpose of this case study is to study challenges related to implementation of innovations 
and digitalising the Swedish railway. This case study contributes to answering research 
question one, i.e. which are the main issues and challenges when implementing innovative 
solutions in railways, and research question two, i.e. which are the essential prerequisites to 
facilitate digitalisation of railways? The aim of this case study was to further explore, and study 
challenges related to implementation and digitalisation, to later incorporate this into a 
challenge-driven framework for innovations.  

5.10.1 Case study description 

This case study was performed during 2019 as a part of the ePilot project (see Section 5.2). 
The purpose of the case study is study to what factors influence successful implementation of 
innovations and digitalising railway maintenance according to senior management in railway. 

5.10.2 Data collection 

To answer what factors, influence successful implementation of innovations and digitalising 
railway maintenance according to senior management in railway, a qualitative research 
method was considered appropriate using an ideation method followed by a group discussion. 
During the ideation phase, ideas are documented by each participant in silence by writing 
them down own a piece of paper for two minutes.  

The paper is then passed on to the next participant that can choose to read the ideas and add 
additional information. When the participants get their original document back, the papers 
were collected. During the following group discussion, the participants discussed the two 
questions further and clarified some of the statements made in the ideation phase. 
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The workshop was held 2019-05-08 with 11 participants, see Table 23. The participants are all 
senior management active in the railway industry together with senior researchers. 

The oral and written responses have been analysed, grouped under similar topics and 
presented in a summarised form. The identities and records of participants are anonymous. 
The next step in the research was to map the identified challenges to the CFIR 
implementation framework (see Appendix B) to be able to compare it with previous case 
studies.  

5.10.3 Data analysis 

Regarding the question, what the main challenges for implementing new solutions are, the 
respondents pointed out that the solution needs to be realistic. Development efforts have had 
a strong focus on new technology instead of function, utility, and economy. Technical 
solutions that are further developed during the roll-out can cause problems with backward 
compatibility and there is a need for more standardisation. 

It is unclear who has the overall responsibility that new solutions can be implemented in 
Sweden as several respondents said that there are many bureaucratic obstacles. There are no 
processes for implementation. A suggestion was that dedicated projects can start to 
implement new solutions and work with successful cases as examples. It should be possible to 
study how implementation was done before deregulation.  

Implementation can be made possible through short term contracts to test new ideas that can 
be a starting point for the next generation. There should be possibilities to make changes in 
long-term contracts. 

It is unclear who has the rights to data and are responsible for deciding regulations for 
information security. A deregulated railway sector needs to create models for immaterial 
property rights, ownership, and security.  

Table 23. List of participants. 
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A challenge when it comes to implementation, can be degraded infrastructure and rolling 
stock combined with old technology with long product life cycles.  Old technology can be hard 
to improve with digital systems. A step-by-step approach should be used to improve 
technology. 

Regulations limit the possibilities of having cost-efficient new solutions, e.g. IoT in turnouts 
cannot be used to skip manual inspections. Regulations and business models will be the 
problems. A process is needed to increase the speed of change. The railway industry needs to 
be more open for testing new methods and materials. This could be made possible in a test 
track. New solutions are very costly, and there is a need for digital twins to test them. Virtual 
testing and certification can resolve some of the problems and delays. 

The knowledge regarding how to tender and purchase digital solutions besides pure sensor 
procurement needs to be developed. 

Most respondents mentioned that there is a need to work in cross-organisational or cross-
functional teams so that everyone that is involved in decision-making, has the same goals in 
focus, making, e.g. an LCC analysis easier. There is a need to have business models with the 
right incentives. Contract forms with maintenance contractors need to be evolving faster. The 
responsibility for maintenance and investments rests on different organisations, which makes 
it more difficult. Methods for co-planning is needed. 
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The main challenges for implementing solutions are mapped to the CFIR implementation 
framework topics together with a suggested approach to address the challenges, are 
described in Table 24. 

Regarding the question, what the main challenges for digitalising railway maintenance is, the 
respondents agreed that data management is the most important challenge to tackle. Close 
collaboration is needed where the participants have the rights to extract relevant data. Access 
to relevant data is needed so that you can combine data from different sources to create 
relevant information. Clear agreements are needed prior to start of projects. A common 
information model is needed together with local capacity for data analysis. There are many 
stakeholders and therefore it is important to coordinate at national and European level.  

Table 24. The main challenges for implementing new solutions. 
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Guidelines for how cyber security should be handled are needed. A strategy is necessary for 
how to cope with cyber security when the lifespan of equipment is 30-50 years, i.e. the 
equipment existed before cyber security was a problem.  

Business models for data sharing are needed where data owners do not necessarily have to 
be users. Requirements for digitalisation are missing in the contracts. Models for digitalisation 
that transcend organisational boundaries with shared responsibility are needed. A challenge 
is that competitors cannot cooperate. 

To manage digitalisation in the railway industry it is important to attract the best competence 
and for this the image of the railway industry need to change. 

The main challenges for digitalising railway maintenance are mapped to the CFIR 
implementation framework topics together with a suggested approaches to address the 
challenges, are described in Table 25. 

  

Table 25. The main challenges for digitalising railway maintenance. 
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5.11 Major Case study: Study of appropriate methodologies for assessment 
of innovations in railway  

The purpose of this case study is to study appropriate methodologies for assessment of 
innovations in railway. This case study contributes to answering research question three i.e. 
how can innovations be assessed and compared? The aim of this case study was to explore 
and study requirements for appropriate methodologies for assessment of innovations in 
railway and propose a methodology for a systematic evaluation of innovations for optimum 
decisions within an innovation procurement context. This major case study was performed 
within Trafikverket´s innovation procurement of new system solutions for condition 
assessment of the railway. This is connected to the ePilot since some of the tested innovations 
could be part of the proposed new system solutions within the innovation procurement. 

5.11.1 Case study description 

Large government organisations often need to make decisions concerning the selection and 
purchase of products for use within their own organisations. These decisions need to be 
systematic and reliable, so that all the parameters affecting the fulfilment of the need are 
considered, as well as completely transparent, to guarantee fair competition. The 
requirements can typically be a mixture of quantitative and qualitative aspects. Trafikverket 
is a large government organisation that, in accordance with the principles stipulated in 
Swedish legislation, must be completely transparent in the tendering process. Typically, they 
first need to develop a requirement specification for the product, and there after select the 
optimum product for fulfilling the specification. Occasionally there are no available product 
on the market or there is a need for a holistic solution to a problem consisting of both products 
and services, which requires an innovation procurement. Innovation procurement is a tool for 
government organisations to find and develop new solutions.  

Trafikverket is currently carrying out the innovation procurement of new system solutions to 
get an initial digitalisation boost with subsequent continued digital transformation 
(Trafikverket TRV 2020:29092., 2020). The purpose is to digitalise condition-based 
maintenance within the railway to reduce traffic disruptions through increased knowledge of 
the condition, related to the assets' degradation and maintenance activities. The main goal is 
for new system solutions to create significantly improved operational reliability. This is done 
by reducing disruptive corrective maintenance and improving preventive maintenance. 
Beneficial effects are demonstrated e.g., through significantly reduced need for manual 
inspection, significant reduction of inspection remarks, significant reduction of corrective 
maintenance, etc. The area of application is condition assessment of tracks and catenary 
system solutions that meet Trafikverket's needs. These two areas of application generate 
significant time delays in train traffic and maintenance costs (Trafikverket TRV 2020:29092., 
2020). They also form the technical interface with the operators' trains. 
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The procurement includes further development, verification, demonstration (i.e. validation in 
a real environment) and delivery of a system solution including: 

• Collection, storage, processing, and provision of data. 
• Further analysis and reporting within Trafikverket. 

The information from the system solution should lead to a significant improvement of: 

• Management, planning, execution, and evaluation of maintenance at strategic, 
tactical, and operational level. 

• Productivity in maintenance activities such as planning, execution and evaluation. 
• Regulations (e.g., maintenance programs) for continued dynamic development. 
• Dependability of the assets and system (i.e. the characteristics of reliability and 

maintainability). 

The innovation procurement is carried out in three phases (see Figure 41). 

The first phase is qualification of tenderers. The second phase is the bid and negotiation. In 
phase three several contracts are selected to be part of three stages consisting of: 

• Stage 1 - Further development to a system solution and verification. Verification refers 
to checking that the system solution is built in the right way, i.e. that it meets a 
specification or standard. Trafikverket evaluates the work completed and conducts any 
negotiations. A decision is made as to whether the supplier will be offered continued 
contract work regarding validation and demonstration of system solution in the next 
stage 2. 

• Stage 2 - Validation and demonstration of system solution (including integration) in a 
real environment. Validation in a real environment refers to checking that the system 
solution meets Trafikverket's needs. Trafikverket evaluates the work performed and 
carries out any negotiation. Suppliers whose offered system solution which, after 
completed stage 2, is assessed to meet all the set minimum requirements, and best 
meets Trafikverket's needs, is offered to deliver system solutions to Trafikverket, i.e. 
continued contract work in stage 3. 

• Stage 3 - Purchase of system solution where contract regarding stage 3 includes the 
possibility of further development. 
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In the procurement, the tender that is the most economically advantageous tender for 
Trafikverket is accepted, i.e. the tender that has the best price-quality ratio. According to the 
researcher, the best price-quality ratio is a blunt tool to use since this only gives two 
parameters to weigh against each other. The model for tender evaluation in phase 2 will also 
be used for evaluation of system solution at the end of stages 1 and 2 in phase 3. 

Four to five value-added criteria must be defined since the procurement will be made to the 
best price-quality ratio. The minimum requirements must be met and based on the value-
added criteria, and the innovations will be assigned a grade for the added value. The analysis 
of the innovation must be able to be applied in stages 1-3. 

Phase 1 can have 100 suppliers and in phase 2 there will be a reduction to 6-10 suppliers. 1-3 
systems go on to a purchase, i.e. track and / or overhead contact line (stage 3). 

In phase 2, the requirements are specified with an implementation description and a 
requirements specification or assignment description. In phase 2, the suppliers submit a 10-
page description. Then there will be maybe 50 pages in an implementation description. 

When tenders are received, Trafikverket can negotiate improvements to the tenders and 
validate parts. If a proposal would change the tender documents in any way, Trafikverket can 
make those changes, and everyone who participate will have the opportunity to correct their 
tenders. When it is decided who will continue with the contract in phase 3, there will be a 
step-by-step negotiated procedure based on the requirements specification. 

If tangible demands are made too early, it is almost required that a complete system exist to 
be purchased. The procedure requires relative openness, to develop the system solutions in 
the forthcoming contract.  

Phase 0 was a pre-study investigating internal need, the external market, requirements, needs 
and capabilities (Trafikverket TRV 2020:29092., 2020). 

The vision for the innovation procurement is that Trafikverket can procure information 
solutions for internal needs, maintenance contracts are adapted based on new possibilities 
and information solutions are integrated in maintenance contracts. 

This study investigates the needs and requirements for a methodology that can compare 
several innovations against each other in a structured way at Trafikverket and how a 
methodology could be designed. 
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5.11.2 Data collection 

To answer the research questions, a qualitative research method was considered appropriate 
in the form of participatory action research (PAR) within a case study. Participatory action 
research (PAR) relies on reflective practice of the researchers in action and does not wait to 
apply new understandings to the next situation, but incorporates them into the ongoing 
process (Merriam, 2009). The PAR relates to collaboration between the researcher and 
members of Trafikverket to investigate the need for and to develop a suitable methodology 
for evaluation of innovations, both through action and research activities. 

The case study is Trafikverket´s innovation procurement regarding further development, 
validation, and delivery of new system solutions for condition assessment of the railway. This 
case study was chosen due to the connection to several of the ePilot sub projects, where 
solutions for condition assessment were tested and a good collaborative environment with 
members of the innovation procurement team, was established.  
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The research process has been designed with cycles according to PAR, i.e. reflect, plan, act, , 
and observe, where developing a methodology for evaluating innovations has been the goal 
(see Figure 42). 

One of the methods used in PAR is a focus group (MacDonald, 2012), which is a form of group 
interview that capitalises on communication between the research participants in order to 
generate data (Kitzinger, 1995).  

 
Figure 42. Research process for developing methodology for evaluating innovations. 
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A focus group generally consists of seven to 12 individuals who share certain characteristics 
relevant to the focus of the study (Marshall & Rossman, 2006). During a focus group, the 
researcher creates a supportive environment in which discussion and differing points of view 
are encouraged (Marshall & Rossman, 2006). 

The participants were selected mostly based on active participation in the case study 
regarding Trafikverket’s innovation procurement for automated measurements and can be 
considered experts in the field by their peers. The PAR was performed during three 
workshops, with the researcher guiding the discussions and asking open questions. Suggested 
changes were implemented before the following workshop and presented to the group. Seven 
persons participated according to Table 26, which will be referred to as the Focus group (FG). 

During the first workshop the FG discussed if there is a need for an evaluation methodology 
with examples of parameters that should be weighed together in a smart way in the form of 
requirements and weighted wishes. Then the methodology by (Pahl et al., 2007), according to 
Figure 8, was introduced to the FG. A discussion regarding application of the methodology and 
changes needed, continued during the following workshops. A final proposal of the design of 
the methodology appropriate for evaluating innovations for railway was suggested and 
mapped against Trafikverket´s innovation procurement process. 

The workshops were recorded and transcribed. The responses have been analysed, grouped 
under similar topics and used during the design of the final methodology. The identities and 
records of participants are anonymous. The respondents have given their consent to recording 
of the interviews, been informed of the purpose of the research and a representative for the 
group has gotten the opportunity to read and comment before publishing. 

The governing documents for the innovation procurement has been analysed and applied 
during the design of the methodology. 

Table 26. List of participants in the workshops. 
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In the last step of the case study, the researcher has taken part of eight confidential tenders 
to be able to test the methodology. As these tenders are from an early stage in the innovation 
procurement (phase 1), only an evaluation can be made in the methodology's selection step. 
Experiences and recommendations after this step have been documented by the researcher. 
To be able to perform subsequent steps in the methodology, fictitious values have been used 
by the researcher to be able to simulate a result and demonstrate how the methodology can 
work after negotiation and validation of innovations. 

This research focus on, applying the systematic development and evaluation methodology for 
engineering designs originally developed by Pahl et al. (2007) to further develop and adapt 
the methodology within the case study of an innovation procurement at Trafikverket.  

5.11.3 Data analysis 

In the analysis, Trafikverket´s need for an evaluation methodology is described and what 
requirements it must meet to be useful (see Section 5.11.3.1). Then the methodology by Pahl 
et al. (2007) is described including important changes needed to fulfil set requirements (see 
Section 5.11.3.2). A test and verification of the methodology is described (see Section 5.11.3.3) 
followed by an analysis of the developed methodology´s compatibility with the innovation 
procurement process (see Section 5.11.3.4).  

The analysis is based on the opinions of the whole FG, which has emerged during the 
workshops, unless stated otherwise. 

5.11.3.1 The needs and requirements for an evaluation methodology 

Trafikverket's regulatory letter generally states that the organisation must work for innovation 
and development, but according to the FG there are no tools for how to know whether an 
innovation is worth implementing. Needs that arise in the organisation can initiate an 
innovation procurement. 

When a procurement is started, Trafikverket chooses a type of assignment according to a 
matrix based on complexity assessment, degrees of freedom and existing business strategies 
etc. In most cases, the FG find it difficult to identify whether there is a need for innovation. 
Procurement usually ends up in standard type assignments, i.e. often with the lowest price 
with no special opportunities for bonuses. However, there are opportunities to procure at the 
best price in relation to quality, apply incentives and other driving forces. Occasionally there 
will be a procurement where there is a need for innovation. The FG concluded that there is a 
need for structure and tools in connection to an innovation procurement, i.e. an evaluation 
methodology. 

When it comes to technical material, Trafikverket are very much guided by internal regulation 
documents. It is often prescribed down to the most detailed level what is to be built into the 
system, which makes it difficult for a supplier to offer an equivalent but new solution. There 
have been campaigns to review governing documents and achieve more functional 
requirements, but the efforts have not been completed. 
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The process for technically approved material focuses mainly on only the technical aspects of 
the material. Maintenance operations are not considered, other than making demands on 
maintenance and functional safety. It is unclear what maintenance measures are to be taken. 
Trafikverket has implemented standard EN 50126 regarding technical materials meaning that 
technology can be controlled, but not processes. The studied innovation procurement is 
largely concerning information for which technology is used to collect the information. 

Trafikverket attempts to specify requirements to be met and not how to meet the 
requirements. An example is, that defined requirements must be met after track alignment 
but there are no requirements regarding how the contractor should align the track and which 
machine they should use. There are some degrees of freedom as Trafikverket wants to have 
functional maintenance contracts. The maintenance contracts are today not very functional 
since the safety inspections and predetermined maintenance are scheduled. 

Based on the FG discussions and according to documentation of the innovation procurement, 
there is a possibility for Trafikverket to challenge current ways of working where the supplier 
describes what is technically possible in view of the needs and what the internal regulations 
look like and propose adjustments. It is possible to request a holistic need-based solution 
including both products and services, design of maintenance contracts and changes of 
regulations and processes. 

Trafikverket buys services for a total of around SEK 50 billion each year (Trafikverket, 2021). 
To ensure quality and deliveries, there are approximately 1,500 documents that govern the 
suppliers' actions. The regulations are a challenge that is often discussed when implementing 
new solutions. In innovation procurement, it can be required that the supplier must identify 
any changes that are needed in regulations for a holistic system solution. The supplier can 
indicate what regulations need to be changed, but only Trafikverket can make the change. The 
same applies to maintenance contracts. 

Since the solutions must be based on needs and not only contain technology, but it might also 
be necessary to form a consortium with several parties e.g., technology supplier, maintenance 
contractor and consultants. If the solution suggests mounting measuring equipment on rolling 
stock in traffic, a train operator might have to be involved in the validation.  

The innovation procurement also applies to solutions that already exist on a market but are 
not applied to railways within Trafikverket. There is a high degree of maturity in the market 
for different variants of systems, but not directly suitable, ready-made solutions. 
Development steps is required for the needs to be fulfilled. 

It might be possible to develop the solutions within the framework of current regulations with 
productivity improvements as a result. It means that things are done the same way as before, 
but the process is digitised but not questioned and improved. Some suppliers may suggest 
new ways of working e.g., that you should proceed to make a condition assessment with a 
loaded measurement in the switch, but this process does not exist in the regulations.  
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The solution may be applied outside Sweden, but Sweden have not adapted the enabling 
regulations and if the supplier is aware of it, challenges the regulations and points to specific 
regulations that should be changed. In some cases, solutions are proposed that neither 
increase productivity nor improve the regulations. 

The regulations focused on safety requirements might not be affected by the proposed 
solution. Then the challenge might be regarding the design of the maintenance contracts 
rather than how regulations are challenged. Maintenance plans can be a better tool for 
management where the regulations do not apply. There might be regulatory changes if the 
way of working is changed. During the innovation procurement´s contract period, any needs 
for adaptations of regulations may be discovered as e.g., that the intervals for manual 
inspection can be sparse or even removed. 

The researcher concludes that this reasoning by the FG, shows that it must be possible for the 
evaluation methodology which considers both qualitative and quantitative parameters, to 
provide support for evaluating system solutions. 

The whole FG agreed that the needs and requirements for the evaluation methodology can 
be summarised according to: 

• A possibility to evaluate system solutions. 
• A breakdown of desired effects to requirements and wishes.  
• A possibility to use FMECA and RCM analysis when the innovation is related to the 

maintenance process.  
• Suggestions of parameters to use when evaluating innovations that can be weighed 

together in a smart way in the form of requirements and weighted wishes. 
• Selection in two steps – one for the supplier and one for the solution. 
• Validation as a separate step in the process. 
• Compatibility with the innovation procurement process. 
• A possibility to categorise innovations. 
• Consideration of future potential for development. 

5.11.3.2  A methodology for evaluation of innovations 

This methodology is a result of performed PAR and proposes a way to evaluate innovations in 
a railway context, which can consider and weigh all the relevant requirements and wishes. The 
innovation can be a holistic solution covering e.g., products, services, processes, and 
regulations.  

A systematic methodology (Lundberg & Berg, 2000; Pahl et al., 2007; Pahl & Beitz, 1996; 
Petersson, 2017) was used as reference to further develop a methodology that can be applied 
to innovation procurement of new solutions not yet ready for the market. This section 
describes and motivate modifications that has been made to some of the steps of the 
methodology to fulfil the needs and requirements from Trafikverket when evaluating an 
innovation, see Figure 43. 
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The main result and new contribution compared with the reference methodology (Lundberg 
& Berg, 2000; Pahl et al., 2007; Pahl & Beitz, 1996; Petersson, 2017) is as follows: 

• The methodology is further developed to be suitable for evaluation of innovations such 
as products, processes, or concepts in a railway context.  

• The methodology is tested within an innovation procurement. 
• Question 3, 12-14 has been added within task clarification to translate required effects 

into requirements and wishes.  
• FMECA has been included as a method to aid in task clarification. 
• RCM has been included in task clarification to aid in evaluation of maintenance-related 

innovations. 
• There are 32 suggested factors to select from. Fifteen new factors have been added 

since they are useful for evaluating not only products, but also services and more 
holistic solutions. 

• The selection has been divided up in two steps, one for the supplier and one for the 
innovation. 

• CSM-RA has been considered, for innovations effecting safety.  
• Information regarding data governance has been added. 
• A step for validation of requirements and wishes to accommodate an innovation 

procurement, involving test of solutions has been added. 
• A loop between merit number calculation and validation has been added to illustrate 

the process supporting validation of the innovation and recalculation of merit 
numbers. 

• A possibility to categorise innovations included within selection of appropriate 
candidates. 

• Consideration of potential for development included when calculating merit numbers. 

The group concluded that the methodology is very useful and has potential to fit Trafikverket 
because it supports evaluation within an innovation procurement, provides transparency and 
systematic work within the evaluation and support an evaluation group to document the 
work. Sections 5.11.3.2.1 below describes the steps in Figure 43. 
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5.11.3.2.1 Clarifying tasks 

Referring to Pahl et al. (1996, 2007), the purpose of clarifying the task is that it should provide 
support to systematically obtain all the information required to be able to prepare a complete 
and relevant specification at a later stage and to increase the competence of the people who 
are working with the specification. In this first step it is not too important that all the collected 
information falls under the correct question, as the most important thing is that no 
information is forgotten. To clarify the task of finding the optimal innovation to select, the FG 
agreed that the following questions should be answered: 

Define the problem that needs to be solved: 

1. What problem should the innovation solve? 
2. Is this really a problem? What will be the consequences if the problem is not solved 

and if it is solved? 
3. What are the consequences if the innovation is not implemented? 

A Failure Mode, Effects and Criticality Analysis (FMECA), is a systematic approach to 
documenting a system's functions and their possible failures, evaluating the consequences of 
the failures and by scoring, suggesting what measures should be implemented to prevent the 
failures from occurring and / or reduce the consequences of the failures (Trafikverket TDOK 
2019:0262, 2019). FMECA can be applied as a standardised way of working to analyse and 
document functions and properties of a system or component. The FG found that FMECA is 
an appropriate tool for analysing the problem to be solved and answer question 1 and 2. 
FMECA can be used, for example, as a support when setting requirements and wishes for new 
systems and improving existing systems. The requirements are described as functions and the 
consequences of failed functions are related to safety, dependability, and cost on different 
system levels, e.g., local, intermediate, and top. 

 
Figure 43. The proposed methodology for evaluation of innovations. 
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When the problem to be solved is maintenance-related, the FG recommended that the seven 
questions defined by the technical standard SAE JA1011, Evaluation Criteria for Reliability-
centred maintenance (RCM) processes, can be used in addition to FMECA. This to obtain a 
more exhaustive investigation which helps determine the appropriate maintenance tasks for 
the identified failure modes in the FMECA. 

The seven questions are: 

a) What are the functions and associated performance standards of the asset in its 
present operating context? 

b) In what ways does it fail to fulfil its functions? 
c) What causes each functional failure? 
d) What happens when each failure occurs? 
e) In what way does each failure matter? 
f) What can be done to predict or prevent each failure? 
g) What should be done if a suitable proactive task cannot be found? 

The answers to the questions above could be documented in a FMECA. Since RCM focus on 
the identification of applicable and effective maintenance tasks to manage unwanted failures, 
it should be used if the innovation is related to the technical system’s maintainability or the 
organisation’s maintenance support performance. Question a) to e) is used to classify the 
consequences of failure, i.e. if the failure is hidden or not, and if its consequences are related 
to safety, dependability, or cost. Question f) and g) determine what kind of maintenance task 
that is applicable and effective in order to manage the failure mode, e.g., condition monitoring 
or scheduled replacement. These two questions should be considered in relation to question 
4 and 5 below.   

If the analysis by FMECA (not only maintainability or maintenance related innovation) or RCM 
(maintainability or maintenance related innovation) indicates that the innovation can affect 
safety in a railway application, CSM-RA must be applied according to European regulations. 
Hence, the consequence identification by FMECA or RCM contributes to answer question 4 
and 8 below.  

Describe how an innovation could solve the problem: 

4. What tasks should the innovation perform? (If related to maintainability or 
maintenance, RCM should be used to identify an applicable and effective task) 

5. What properties must the innovation have or not have? (Criteria can be found in RCM 
if the innovation is related to maintainability or maintenance) 

6. What innovations are available? 
7. What are the technical trends? 
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Describe the requirements and/or wishes that could apply to the innovation: 

8. What are the requirements according to standards and regulations? (If safety related 
railway application, CSM-RA is mandatory) 

9. What are the standard requirements? Are there any extra requirements needed? 
10. What are the wishes?  
11. Are all requirements and wishes necessary? 
12. In what context will the innovation be used? 
13. What Technical Readiness Level (TRL) is allowed for the innovations? 
14. What are the requirements that will guarantee the demanded effects from the 

innovation? 

The questions are mainly based on previous studies (Lundberg & Berg, 2000; Pahl et al., 2007; 
Pahl & Beitz, 1996; Petersson, 2017) but additional questions (question 3, 12-14) were added 
to respond to requirements and two additional approaches are applied to support the analysis 
(FMECA, RCM). 

Regarding need and requirement: A possibility to use FMECA and RCM analysis when the 
innovation is related to the maintenance process. 

When defining the problem that needs to be solved the whole FG agreed that a Failure Mode, 
Effects and Criticality Analysis (FMECA) systematic approach can be a beneficial way of 
working with the analysis. It is important to distinguish between what is monitored and how 
it is monitored. What is monitored is a basic precondition for the need, e.g., tracks with their 
required function, malfunction, fault mode, etc. It is this system and its functional condition 
that must be tested and monitored, which can be done in different ways. Here, e.g., FMECA is 
used to identify which functions should be monitored and how. The FG also agreed that RCM 
can help answer the question regarding how it should be monitored and be used to identify 
when condition-based maintenance is appropriate (criteria for, e.g., applicability and 
efficiency, which can be expressed as must-requirements and possibly as wishes). FMECA and 
RCM was added as supporting approaches to question 1, 2, 4 and 5. 

Regarding need and requirement: A breakdown of desired effects to requirements and 
wishes. 

The FG agreed that question number 14 was added to the task clarification to assess whether 
the innovation contributes to the desired effects and whether it is possible to place any value 
on these effects. The FG´s opinion was that since an innovation is just one link in the chain, it 
is difficult to place any monetary value on effects that the innovation directly contributes to 
so that decision-makers can justify why they should implement the innovation. Instead of 
trying to assess a value of the effects, a question was added regarding which effects the 
innovation should contribute to and then the effect is broken down into requirements and 
wishes for the innovation to guarantee that these can be met. Question number 14 has been 
added to the task clarification in order to investigate effects and translate them into 
requirements and wishes. 
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5.11.3.2.2 Formulate the goal 

According to Pahl et al. (1996, 2007), when the task clarification is completed, all the 
information and knowledge needed are gathered to make an effective goal formulation. This 
goal formulation aims to serve as a guide in the continued work with the specification. The 
goal should be simple and effective, consisting of a few clear sentences that are solution 
neutral. The aim of the goal formulation is to clarify the task to everyone involved. According 
to the FG it is important that the goal should not include possible solutions, since it is essential 
in this case to have the suppliers describe what the solution could be. 
5.11.3.2.3 Set up a specification of requirements and wishes 

The next step is to set up a specification of the requirements and wishes for the innovation 
(Pahl et al., 2007; Pahl & Beitz, 1996). This specification includes both the requirements that 
must be fulfilled, and the wishes that are beneficial if they are fulfilled. The importance of the 
degree of fulfilment of the wishes will later be decided by weights. According to Pahl et al. 
(1996, 2007), the requirements and wishes are logically sorted into the following factors: 
geometry, kinematics, forces, energy, material, signals, safety, ergonomics, production, 
quality control, assembly, transport, operation, maintenance, costs, environmental aspects, 
and time schedules. After specifying requirements and wishes, they need to be documented 
quantitatively or qualitatively as far as possible (Lundberg & Berg, 2000; Pahl et al., 2007; Pahl 
& Beitz, 1996). It is essential to elaborate the requirements and the circumstances under 
which they must be fulfilled. Refine and extend the list by creating scenarios considering the 
whole lifecycle. The definition of requirements used in this research is: the condition or 
capability that must be met or possessed by a system, system component, product, or service 
to satisfy an agreement, standard, specification, or other formally imposed documents (ISO 
9241-11:2018). Minimum requirements can often be found in legislation to which compliance 
is necessary, e.g., related to safety. 

In the case study, a wider selection of factors, compared to the factors suggested by Pahl et 
al. (1996, 2007), were proposed to be used as possible requirements and wishes in order to 
describe both products, services and holistic solutions to solve a problem. 

Below are examples of main factors that can be used as requirements and / or wishes in the 
specification, which are proposed by the researcher and / or the FG and then approved by the 
FG. These serve as inspiration and discussion material to facilitate and simplify the creation of 
the specification so that nothing will be forgotten. Some factors may partly overlap, which 
requires removing similar factors from the specification. The factors have been divided into 
main factors and sub factors to show how they can relate to each other. Sub factors can also 
be used on the top level as standalone requirements and/or wishes. Some factors come from 
standards, literature, and some from the FG experiences in the area. 
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Regarding need and requirement: Suggestion of evaluation parameters 

Examples of five main factors that are divided up into sub factors is shown in Table 27. The 
five main factors consist of: 1) Technical functionality, 2) Availability, 3) Implementation, 4) 
Sustainability, and 5) LCC. Definitions for the suggested factors are described in this section 
and are supposed to serve as a collection of factors to choose between. 

Technical functionality: Function or a combination of functions of an item, which are 
considered necessary to provide a given service (EN 13306:2017). These functions are listed 
in the FMECA and further analysed in RCM if the innovation is related to maintainability or 
maintenance.  
  

Table 27. A collection of factors and sub factors and application in a procurement. 
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Availability: Ability of an item to be in a state to perform a required function under given 
conditions at a given instant of time or during a given time interval, assuming that the required 
external resources are provided. This ability depends on the combined aspects of the 
reliability, the maintainability, and the maintenance supportability. Required external 
resources, other than maintenance resources, do not affect the availability of the item (EN 
13306:2017). The technical availability (effected by the maintainability) can be a requirement 
towards the supplier. The operational availability (effected by maintenance supportability) 
can only be a requirement towards the supplier if they are responsible for the administrative 
and logistics procedures when maintaining the product). 

Implementation: Implementation is considered in innovation research as efforts being made 
after a decision has been taken on the introduction of an innovation (Rogers, 2003). 

Sustainability: Meeting the needs of the present without compromising the ability of future 
generations to meet their own needs (Brundtland, 1987). Often quantified by a life cycle 
assessment (LCA). LCA is a method for assessing environmental impacts associated with all the 
stages of the life cycle of a commercial product, process, or service. 

Lifecycle cost (LCC): All costs generated during the life cycle of the item (EN 13306:2017). 
Here, only costs that are significant between different alternative innovations should be 
considered manageable, excluding complex societal costs since it is hard to relate societal cost 
with high confidence to the innovation. Hence, costs that are similar for different innovations 
can be excluded and minor costs. 

Sub factors: Technical functionality 

Examples of sub factors grouped under “Good technical functionality” are: 

Functionality for primary task: Function or a combination of functions of an item, which are 
considered necessary to provide a given service (EN 13306:2017). 

Additional functionality for secondary tasks: The innovation might offer more functions 
interesting for the user than requested. 

Adaptability/scalability: Adaptability is the ability for the solution to evolve (be upgraded) 
when the organisation and the requirements evolve. The property of a system to handle a 
growing amount of work by adding resources to the system. Scalability can relate to 
administrative, functionality, geographic, load, and generational properties (El-Rewini & Abd-
El-Barr, 2005) Questions to consider regarding adaptability/scalability is: 

• How configurable are the automation or analytics features?  
• Is it possible or permitted to adapt or extend the format of data?  
• There might be a need to capture new data points. Can new requirements and new 

entire use cases be handled that may come up such as measure other degrading 
properties than first intended?  

• The innovations adaptability needs to come together with the organisation’s capacity 
to adapt it. This could be enhanced by a strong ecosystem. 
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Usability: The extent to which a product can be used by specified users to achieve specified 
goals with effectiveness, efficiency, and satisfaction in a specified context of use (ISO 9241-
11:2018). 

• Effectiveness: accuracy and completeness with which users achieve specified goals. 
• Efficiency: Resources used in relation to the results achieved. 
• Satisfaction: Extent to which the user's physical, cognitive, and emotional responses 

that result from the use of a system, product or service meet the user’s needs and 
expectations. 

• Context of use: Combination of users, goals and tasks, resources, and environment. 

Accuracy of a measurement method and measurement results: Accuracy can include 
trueness and precision (ISO 5725-1:1994) but also false alarm rate and coverage.  

• Trueness refers to the closeness of agreement between the arithmetic mean of many 
test results and the true or accepted reference value.  

• Precision refers to the closeness of agreement between test results. There are 
avoidable random faults inherent in every measurement procedure, i.e. the operator, 
calibration, environment etc. Repeatability is the variability (standard deviation) of 
readings taken using same instrument. Reproducibility is the variability in readings 
when same part is measured by same instrument but by different operators following 
different procedures and in different environmental conditions.  

• False alarm rate (false positive) the percentage of false alarms in the total number of 
failure indications. 

• Coverage (undetected) ratio of the number of faulty functions capable of diagnosis. 

Measurement resolution: The resolution of a measurement system is the smallest yet to 
distinguish different in values.  

Positioning: Accuracy when determining the position of an object in space. 

Information security: The preservation of confidentiality, integrity, and availability of 
information (ISO /IEC 27000:2018). In addition, other properties, such as authenticity, 
accountability, non-repudiation, and reliability can also be involved. 

Safety: The freedom from unacceptable risk of harm (EU 2015/1136, 2015). If there are any 
safety related risks and the application is within railway, CSM-RA is required to be used. 

Noise and vibrations: Unwanted sound and vibration considered unpleasant, loud, or 
disruptive to hearing or being present. 

Interoperability: The innovations compatibility with other technologies in the organisation. 

Sub factors: Availability 

Examples of sub factors grouped under “High availability” are: 
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Reliability: Ability of an item to perform a required function under given conditions for a given 
time interval (EN 13306:2017). The given conditions may include preventive maintenance 
actions and operational modes and conditions. Can be a requirement towards the supplier 
with measurements such as time between failures, time between preventive maintenance 
actions. The failures can relate to safety limits or to traffic being disrupted. 

Maintainability: Ability of an item under given conditions of use, to be retained in, or restored 
to, a state in which it can perform a required function, when maintenance is performed under 
given conditions and using stated procedures and resources (EN 13306:2017). Can be a 
requirement towards the supplier with measurements such as preventive maintenance time, 
mean time to restoration (MTTR). 

Testability: design characteristic, which determines the degree to which an item can be 
functionally tested under stated conditions (EN 60706-5:2007). 

Maintenance supportability: Ability of a maintenance organisation of having the right 
maintenance support at the necessary place to perform the required maintenance activity at 
a given instant of time or during a given time interval (EN 13306:2017). Can be a requirement 
towards the supplier if part of the supplier’s responsibility. Here is also a connection to the 
analysis based on RCM, since the maintenance tasks are identified and documented in a 
maintenance program. 

Sub factors: Implementation 

Examples of sub factors grouped under “Fast implementation” are: 

Effect on regulations: Describes if the innovation can be implemented without changes to the 
regulations or the change needed to implement the innovation.  

Organisational readiness: Recognition of the how prepared an organisation may be to 
implement the innovation based on a clear vision, policies, sponsor commitment and support, 
alignment with goals, implementation plan and peer involvement.  

Competence: The availability of the right competence to implement the innovation. 

Ownership of the innovation and its output: A clear ownership or right to use the innovation 
and its output e.g., data and information. 

Compliance with legal requirements and regulations: Compliance with applicable legal 
requirements and regulations: e.g., the Security Protection Act, the GPDR Regulation, the NIS 
Directive. Documentation in accordance with dependability standard: e.g., EN Standard No. 
EN 50126-1:2017 (2017). The Common Safety Methods for Risk Assessment (CSM-RA) must 
be complied with in the event of a change that affects safety: if the innovation results in a 
change that can affect safety, requirements according to CSM-RA need to be complied with.  

Innovation Ecosystem: A strong and connected community of users (well tested innovation) 
and partners (references, suppliers of spare parts). The supplier’s financial and organisational 
stability. Presence in the region for service and support. 
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Sub factors: Sustainability 

Examples of sub factors grouped under “High sustainability” are: 

Recyclability: Making products easier to recycle by reducing the number of different materials 
and avoiding compound materials that are difficult to recycle. 

Energy consumption: The amount and source of the energy being consumed by the 
innovation.  

Retrofittability: Retrofit the product to be used for a new purpose. 

Useful life: Under given conditions, the time interval beginning at a given instant of time and 
ending when the failure rate becomes unacceptable, or when the item is considered 
unrepairable as a result of a fault or for other relevant factors (EN 13306:2017). The useful life 
should also relate to required performance. 

Pollution: The introduction of contaminants into the natural environment that cause adverse 
change. 

Developed model for circular economy: an economic model based inter alia on sharing, 
leasing, reuse, repair, refurbishment, and recycling, in an (almost) closed loop, which aims to 
retain the highest utility and value of products, components and materials at all times (ERPS., 
2016). 

Sub factors: Lifecycle cost (LCC) 

Examples of sub factors grouped under “Low Lifecycle cost” are: 

Purchase/License/Service Cost: The purchase/license/service cost for the innovation. Cost for 
service can also include data management. What is not included?  

Implementation cost: How much will it cost–directly and indirectly–to setup, configure, and 
rollout this innovation? Implementation cost not only include consulting services required to 
tailor and train, but also internal staff time required to help design, test, and adopt the 
innovation. Connected to implementation factors. 

Maintenance cost: The cost to support this innovation. Direct costs may include time spent 
managing and adapting the system, support services from the innovation provider or 
implementation partner. Indirect costs may include: the cost of staff frustration, burnout, or 
attrition resulting from using unfriendly, inflexible, non-interoperable innovations. Connected 
to the factors: availability, reliability, maintainability, and maintenance supportability. 

Recycling cost: The cost for time and services needed when retiring the innovation. 

Energy cost: The cost of the energy being consumed by the innovation. Connected to energy 
consumption. 
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5.11.3.2.4 Select appropriate candidates 

The next step is to select a suitable number of candidates, which will be evaluated according 
to the specification with its weightings (Lundberg, 2012, 2016; Lundberg & Berg, 2000).  The 
goal is to discard all the innovations that do not fulfil the requirements, so that only the wishes 
will decide the most suitable innovation for further evaluation. Here checkpoints are used, 
and all the requirements of these checkpoints must be fulfilled by the actual innovations, 
otherwise the innovation that fails will be eliminated (Lundberg, 2012, 2016; Lundberg & Berg, 
2000).  

The checkpoints will be selected to fit the application. Checkpoints are inspired by the MPB 
methodology (Lundberg, 2012, 2016; Lundberg & Berg, 2000) but fitted in this research for an 
innovation procurement and approved by the FG is:  

• Checkpoint 1: The innovation addresses the problem 
• Checkpoint 2: All the requirements in the specification must be fulfilled 
• Checkpoint 2: The innovation must be realisable in principle 
• Checkpoint 3: The innovation is within permissible costs  
• Checkpoint 4: The innovation is within permissible technology readiness level (TRL) 
• Checkpoint 5: Enough information for proper decision making is available 

Pahl et al. (1996, 2007) recommends that a selection chart is used to visualise and compare 
alternatives, check the fulfilment of selection criteria and to exclude innovations that do not 
meet requirements, see Table 28. 

According to Pahl et al. (1996, 2007), if an innovation meets a selection criterion it is assigned 
a plus. If it does not meet the criterion, it will be assigned a minus and be eliminated. A 
question mark will draw attention to a need for more information. 

Regarding need and requirement: Selection in two steps – one for the supplier and one for 
the solution. 

According to the whole FG it is a challenge to select among suppliers and proposals in order 
to arrive at a manageable number of options that will be assessed further and then given a 
contract to test and validate their solutions.  

Table 28. A selection chart with checkpoints. 
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A challenge according to the FG will also to be able to assess whether the promised 
competence and solution correspond to reality since the innovations might not have been 
tested on Swedish railways. 

It is normal for Trafikverket to evaluate 3-6 suppliers, but in this innovation procurement there 
can be over 100 suppliers due to the great interest. Therefore, it is important that the 
requirements specifications are clear and distinct so that in phase two, a selection between 
proposals that is passing all requirements is easy to make. In the selection process of the case 
study, it is quite easy to qualify to submit a tender. In this case, more solutions than normal 
continue for selection in the next step. The next step of the Trafikverket innovation 
procurement requires an implementation description with certain commitments from the 
suppliers and it is after this selection process that a certain number of solutions will be offered 
a contract. The selection is based on a value-added evaluation. 

The whole FG decided that the selection in the methodology should be done in two parts due 
to the design of the innovation procurement. The first part should evaluate requirements for 
the supplier and the second part should evaluate requirements for the solution. The 
requirements for the solution in the selection step need to be appropriate to avoid deselecting 
solutions at an early stage. 

According to the FG, in the implementation description, the supplier must state the degree to 
which the requirements are met. During the verification, this must be proven. If the supplier 
does not manage this, the innovation does not go on between stages one and two or to a 
purchase. In the case of partial financing, there may be a refund required if the supplier do 
not keep what is promised. 

The methodology benefits if as many requirements can be set as early as possible. The process 
becomes difficult to manage if you have to rate wishes that should only be a requirement. 
Regarding value-adding functions that are outside the requirements, it is possible in 
negotiations to adjust requirements (Lundberg, 2012). According to the FG, there is an 
opportunity to negotiate improvements in the tenders in phase two. Suppliers are free to 
make suggestions for improvement. The level of the requirements might be higher, and it 
becomes a new requirement. If, on the other hand, the requirements have been set too high 
from the beginning, this may involve unreasonable costs or at the expense of another 
parameter, in which case requirements may have to be reduced. If this happens, the 
procurement may have to be interrupted and redone. 

The whole FG agrees that the proposed methodology makes it easy to adjust requirements. If 
all suppliers are informed that it can be such a process, where you go back to the specification 
of requirements and wishes, adjusts and then back to the selection step for adjustments. Then 
some solutions can be excluded while others can be reconsidered. If there is a legal possibility 
to adjust requirements needs to be investigated further. 
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Regarding need and requirement: A possibility to categorise innovations. 

According to the whole FG there is a need to be able to categorise different innovations if a 
selection will be made from different categories, i.e. what is being measured, type of 
equipment or TRL levels. 
5.11.3.2.5 Create a wish tree and weight wishes 

To compare the wishes against each other, a table is created (Lundberg & Berg, 2000) (see 
Table 29). In the first column, the wishes are compared in pairs to the wishes in the top row 
and a number is entered in each box in the following manner:  1 = Factor 2 is as important as 
Factor 3, 2 = Factor 2 is more important than Factor 1, and 0 = Factor 1 is less important than 
Factor 2. Note that there will be the number one in the diagonal since Factor 1 is as important 
as Factor 1. 

Note that if, for example, Factor 2 is more important than Factor 1, gives the number 2 on the 
relevant line, then Factor 1 is less important than Factor 2, which gives the number 0 on the 
relevant line. Also note that in a 4 by 4 matrix, the column sum must be 16, i.e. for n wishes, 
the sum becomes n∙n and the total sum of all weights is always 1. 

The wishes are weighted according to importance and here it is important to remember that 
each wish also has a clear requirement (Lundberg & Berg, 2000). This means that the higher 
the requirements are set, the less important it is that the wishes exceed their respective 
requirements. The calculation of weights is performed for each branch in the wish tree with 
sufficient accuracy using the weight calculation table. 
  

Table 29. An example of a weight calculation table. 
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The factors marked as wishes are placed in a wish tree in a conventional method according to 
Pahl et al. (2007), to describe how they relate to each other and the resulting evaluation 
criteria. The top level consists of the goal. The second level is the factors, and the third level 
is sub factors (see Figure 44). The sum of each weighting factor for any one level must be equal 
to one. To get the weight of a sub factor the weight of the factor and the sub factor are 
multiplied. If two factors are too similar, those factors might gain too much weight. If there 
are many factors in the wish tree, there is a risk that small wishes can together overpower the 
most important wish. 

5.11.3.2.6 Set value scales and grade parameters 

The next step is to grade all the parameters (wishes) that are included in the specification by 
correlating the values primarily with quantitative measures, but also to qualitative measures 
(Pahl et al., 2007). The value scales must be made dimensionless and have concrete 
regulations in order to enable comparison.  

In the methodology by Pahl et al. (1996, 2007), a ten-point value scale from 0 to 10 is 
suggested, where 0 indicates the requirement and 10 indicates an ideal solution. Using a 
quantitative example, if the maximum tolerable weight of a product is 5 kg, then 5 kg is equal 
to 0 points, and the weight 0 kg corresponds to 10 points (theoretically perfect, since it has no 
weight at all). A more appropriate value for receiving the highest grade, than an unattainable 
value, should be considered to balance the scale.  

Using a qualitative example regarding easy to use, then 0 points mean “can be used with 
difficulty” and 10 points mean “very easy to use”. The idea of mixing quantitative grading with 
qualitative grading can be discussed from a strictly theoretical point of view; for instance, one 
can discuss the difficulty of applying proportional grading concerning easy to use. However, 
here it is regarded as a method that can be of practical use. 
  

 
Figure 44. An example of a wish tree with a goal and two levels of factors as wishes. 
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Three different value scales were suggested in this research to the FG for grading parameters 
(Table 30). The first suggestion had a 0-10 value scale where zero was the requirement. The 
second suggestion had a 0-5 value scale and the third according to the equation for the 
straight line. The whole FG decided that a value scale from 0-5 is sufficient for the case study, 
since the measurement accuracy cannot differentiate between smaller measurements. 

 

 

Table 30. Different alternatives of value scales for grading the parameter accuracy. 
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5.11.3.2.7 Calculate merit numbers 

The next step is to calculate merit numbers according to the original methodology by Pahl et 
al. (1996, 2007). The weighted value is the sub score of each innovation found by multiplying 
the corresponding value by the determined weight. The merit number for the innovation is 
the sum of the weighted values. The innovations that show the highest merit numbers will 
then be the optimum choice (Pahl et.al., 1996, 2007). Calculations are most easily reported in 
a table with the design below, see Table 31. 

Regarding need and requirement: Consideration of potential for development. 

The whole FG thought that it is important for the methodology to be able to consider and 
evaluate the potential for future development for the innovation. 
5.11.3.2.8 Validate assessment parameters 

The innovator provides information in this case study on how requirements and wishes are 
met according to their opinion. The researcher proposed that the next step in the 
methodology should be to check if the provided information is validated in any other context 
or if it is validated in the project. The table for the merit numbers are then updated and if 
there are new magnitudes then the value will be updated, and new merit numbers will be 
calculated. The whole FG agreed that this is a necessary addition to the methodology. 
Guidelines for and in which context the validation has been performed should be provided by 
the supplier. 

Regarding need and requirement: Validation as a step in the process. 

The whole FG decided that validation of solutions need to be incorporated in the 
methodology. The motivation from the group was that the methodology will be used in an 
innovation procurement with solutions that are not fully developed, and the most promising 
solutions will go through a validation stage in phase 3.  

Table 31. A merit number calculation table (Pahl et al., 1996, 2007). 
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Two different alternatives for validation were suggested to the FG; 1) the evaluator used an 
assessed degree of validation based on, for example, previous experience, and 2) the 
validation is a step in the methodology that takes place during phase 3 stage 3, where 
validated values are used to calculate new merit numbers. The FG decided that validation 
should be a step in the methodology to avoid subjective assessments of the degree of 
validation since this can become grounds for appeal. This is a novel approach compared to the 
original methodology and works well since the Trafikverket innovation procurement has set 
aside time for validation for one year in phase 3. Stage 1 in the innovation procurement is 
about theoretical verification and in stage 2, where it is not enough that e.g., look at other 
countries that have introduced the solution, but then the supplier must prove the solution to 
Trafikverket in Swedish conditions. 

After a tender is received, Trafikverket can negotiate successive steps on improvements to the 
tender e.g., the degree of validation. When Trafikverket decide to proceed with suppliers 
believed to have a system that is realistic, a contract is entered which is divided into three 
stages. The first stage is further development and verification, and the second stage is 
validation and demonstration of the system solution. If the second stage is successful, 
Trafikverket will buy the system solution from the supplier, who will also be included in the 
contract in terms of further development. 

According to the FG, the second stage validation and demonstration, will possibly result in 
new measurements compared to values given in the tendering documentation from phase 2. 
This might result in new values when grading parameters that needs to be looped back in the 
methodology to calculate new merit numbers. The new merit numbers will be the input to the 
decision regarding what solution to purchase and what terms of development that needs to 
be negotiated. 
5.11.3.2.9 Analyse weak points 

The merit number calculation is dependent on the quality of the input data (Lundberg, 2016). 
This means that the merit numbers can indicate wrong evaluations, if one or more of the 
following circumstances occur: 

• The requirements are not correct, which will affect the weightings since the same 
meaning requirements can give those requirements too much weight. 

• The wish tree and the wishes are not correct. 
• The measurements, which are correlated to the values, are not correct because of 

wrong input data, inadequate measurements and excessively subjective measures of 
factors that are difficult to measure. 

• The weightings are not appropriate although the requirements are correct. 

To overcome these problems to a certain extent, the two highest merit numbers and their 
corresponding products are finally evaluated with weak point analysis (Pahl et al., 2007).  
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In this method, all the sub merit numbers for the two best candidates are compared with each 
other, with the goal of eliminating the innovation that shows too much variation of the sub 
merit numbers.  

The identification of weak spots can be visualised by graphs of the sub scores: weight and 
value. An example of profiles is illustrated in Figure 45. The lengths of the bars (value axis) 
correspond to the points and the thicknesses to the weights. The areas of the bars then 
indicate the weighted sub scores. It is important to improve the sub scores that provide a 
greater contribution to the overall merit number than the rest. The bar thickness (weight) 
indicates a great importance of the wish. Apart from a high overall merit number, it is 
important to obtain a balanced profile, with no serious weak points. In the example (Figure 
45), Factor 4 is of great importance but received a low rating, which should be examined 
carefully. 

The variant that is most evenly strong, should thus constitute the final choice (Pahl et al., 1996, 
2007). However, one should always make an intuitive check and ask the following questions 
(Lundberg, 2016): 

• Which variant do we choose if we go only by intuition? 
• Does the intuitive choice match the choice suggested by the methodology? 

If intuition and methodology indicate the same variant, one can be more confident that the 
choice is right. If intuition and methodology indicate different choices, one must carefully go 
through all the steps in the systematic methodology to look for any errors, and then choose 
the variant that the methodology indicates. 
  

 
Figure 45. Weak point analysis of two innovations (Zangemeister, 1970). 
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5.11.3.3 Test and verification of the methodology within the case study 

This section describes and discuss the application and testing of the methodology within the 
case study. The FG decided to focus on seamless track in the case study. 

No formal FMECA has been carried out for the innovation procurement, but a dependability 
analysis has been made in the pre-study, where it is known overall what generates the most 
traffic disruptions for the two asset types, seamless track, and overhead catenary. The logic 
behind FMECA has supported the analysis. Sections 5.11.3.3.1-5.11.3.3.10 describes the test 
and verification of the methodology. 
5.11.3.3.1 Clarify tasks 

The answers to questions 1-14 (see Section 5.11.3.2.1) were obtained from the FG and are 
presented consecutively in Table 32 and Table 33, where Q = Question number. 
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Table 32. Answers to questions. 
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Table 33. Answers to questions. 
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5.11.3.3.2 Formulate the goal 

Based in the information from the task clarification, a goal was formulated for selecting the 
best innovation: “Through active asset management and digitisation / automated condition-
based maintenance, improve the dependability and reduce traffic disruptions caused by the 
railway's condition (track position faults and rail defects) or its maintenance, in a cost-effective 
manner.” 
5.11.3.3.3 Set up a specification of requirements and wishes 

The specification was developed by the FG containing requirements and wishes, based on the 
clarification of the task and the goal formulation (see Table 34). The FG had access to the list 
of factors as inspiration and came up with four new main factors and 9 sub factors appropriate 
for the case study. The FG determined which factors are only requirements and which are a 
requirement with associated wishes and determined target values for all factors. 

The four selected factors by the FG were appropriateness, efficiency, feasibility, and 
compliance. These are also the requirements that are formulated in the call for proposals and 
that must be constant throughout the process. Functionality of the technical solution was 
discussed, but deselected due to the goal of a more holistic system solution. Each identified 
factor and sub factor have been related to factors described in Section 5.11.3.2.3 in the 
following text. 
  

Table 34. Specification for the case study. 
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Factor Appropriateness 

Appropriateness describes the quality of being suitable or right for a particular situation or 
occasion. Selected sub factors for appropriateness (1) were accuracy as variation of 
measurements (1a), repeatability as standard deviation between measurements (1b), 
sufficient interval between potential fault and functional fault (pf-interval) (1c) and 
positioning (1d). 

Two participants in the FG, which has the most knowledge in the area, decided that the 
requirement for accuracy expressed as a variation of measurements for the height position of 
the track should be ±1 mm and the wish is ±0.3 mm based on the present solution. The 
requirement for repeatability expressed as standard deviation between measurements is 0.5 
mm and the wish is 0.1 mm. 

The interval between the point at which a potential failure becomes detectable and the point 
at which it degrades into a functional failure (also known as “failure development period” and 
“lead time to failure”) (SAE JA1012, 2002). The interval between potential fault (fault event) 
and functional fault (fault condition, i.e. the PF interval) for the track must be consistent and 
long enough to enable both the condition monitoring measure and the measures taken to 
prevent a functional fault from occurring before a consequence for the traffic. This 
requirement is necessary to have time to discover the fault and plan preventive maintenance 
that does not interfere with traffic. The FG estimated that the requirement for the pf-interval 
should be 3 months, so that if the innovation detects a fault, it should take at least 3 months 
before it becomes a functional fault. The wish is that it should be possible to detect a potential 
fault one year before it becomes a functional fault for good foresight in planning.  

The requirement for positioning is ±6m and the wish is ±2m. The requirement for positioning 
is not high, but it is an important requirement to find the faults every time. If the innovation 
can give a positioning with a standard deviation of ± 6 m, it is better than the measuring train, 
which today is within ±7.5 m during 70% of the time. By having the requirement of ±6 m, there 
is an improvement compared to today. 

• Sub factor 1a can be compared to Factor: Good technical functionality and Sub factor: 
High accuracy (trueness) in Table 27. 

• Sub factor 1b can be compared to Factor: Good technical functionality and Sub factor: 
High accuracy (precision) in Table 27. 

• Sub factor 1c is related to Factor: Good technical functionality and Sub factor: High 
measurement resolution in Table 27. If measurement resolution were used it would 
be important to know at what measurement a beginning fault could detected and the 
speed of evolvement.  

• Sub factor 1d exist in Table 27 as Factor: Good technical functionality and Sub factor: 
Positioning. 
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Factor Feasability 

Feasability describes the condition or fact of producing the results you want without waste, 
or a particular way in which this is done. The only requirement for feasibility (2) according to 
the whole FG is that the solution should be possible to implement in accordance with 
regulations (2a). 

• Sub factor 2a can be compared to Factor: Fast implementation and Sub factor: small 
effect on regulations in Table 27.  

Factor Efficiency 

Efficiency describes the state or degree of an activity being easily or conveniently done. The 
FG discussed why efficiency (3) has been selected and not cost efficiency. The reason for this 
is that for non-critical faults, the measure must be cost-effective where the cost of preventive 
measures needs to be lower than the consequential cost regarding traffic, operation, and 
maintenance. This means that monetary costs are compared with cost to society and 
therefore the factor efficiency was chosen. 

The goal is for the cost of preventive actions to be lower than the cost of the consequences. 
It is a challenge to set requirements and wishes for costs early in the innovation procurement, 
as there is only a budget for the entire project that is not divided per solution proposal and 
there are several solutions that will be tested. Assessments of cost-effectiveness can only be 
made after a demonstration in the field. LCC would also be difficult to assess during the 
innovation procurement. Costs will be in the form of cost for service including costs for data 
management. Data management because there is a need to further build up knowledge in this 
area. 

The FG decided that appropriate sub factors for efficiency is dependability (3a) and cost for 
service (3b). 

Dependability (3a) could be guaranteed with a service level agreement (SLA). The SLA should 
state requirements for delivery of information and cover requirements for testing and 
monitoring the system´s functions, e.g., diagnostic safety measured via undetected faults, 
false alarms, etc. (see EN 60706-5:2007). The technical life span of the technology is not 
relevant as the supplier is responsible for delivering information as agreed. By procuring a 
service, the supplier can continue to develop the technology. 

The cost of the service 3b) is estimated at SEK 10 million as a requirement and SEK 5 million 
as a wish per year. It is important to not have unreasonable wishes and set the wish of the 
cost to zero since the supplier has costs related to the service. It is also complicated to 
estimate a cost since the service might not be on the market yet. Measurement activities cost 
in the current situation around 60 MSEK per year. The manual or machine measurements 
Trafikverket have will not be fully replaced, but the new solutions will provide complementary 
measurements.  
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The scope of the tests to be performed is also unclear. 

• Sub factor 3a can be compared to Factor: High availability and Sub factor: High 
reliability in Table 27. 

• Sub factor 3b can be compared to Factor: Low lifecycle cost and Sub factor: Low 
purchase/licence/service cost in Table 27.  

Factor Compliance 

Compliance describes the act of obeying an order, rule, or request. Selected sub factors for 
compliance (4) are security (4a) and regulations (4b). The requirement for security is that the 
solution have to comply with applicable legal requirements and regulations, e.g., the Security 
Protection Act, the GPDR Regulation, the NIS Directive. There is no wish for this sub factor. 

The requirement for regulations (4b) is that the change in regulations must be possible within 
a year and the wish is that implementation of the solution according to regulations are already 
possible. Trafikverket wants the proposed solution to challenge existing regulations. The 
regulations are aimed at safety requirements, and these may not be affected within the 
innovation procurement. The design of maintenance contracts might need to be changed and 
this can be a better tool for governance where the regulations are too blunt.  

Maintenance plans might need to be changed and improved, which in turn requires regulatory 
changes since the working method has changed. During the contract period, any adjustments 
to regulations can be identified, such as the intervals for manual inspection may be sparser or 
even deleted. The request to change the regulations within one year is related to the time for 
the demonstration, which is set to one year.  

• Sub factor 4a can be compared to Factor: Good technical functionality and Sub factor: 
High information security in Table 27.  

• Sub factor 4b can be compared to Factor: Fast implementation and Sub factor: small 
effects on regulations in Table 27.  

Sub factor 2a and 4b is similar but this does not cause a problem in the evaluation since one 
is only a requirement and the other one is a requirement and a wish. 
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5.11.3.3.4 Select appropriate candidates 

The suggested headings in the selection table are retrieved from Trafikverket´s procurement 
documentation (Trafikverket TRV 2020:29092., 2020). The whole FG agreed that the selection 
criteria in proposed tables are relevant according to the documentation and these might be 
supplemented after negotiation and an updated requirements specification. Since the 
selection will be in two steps according to findings in Section 5.11.3.2.4, there will be a 
selection table for the supplier (see Table 35) and one for the innovation (see Table 36). 

Selection criteria for the supplier are: 

1. A signed tender application. 
2. Existing description of the supplier. 
3. No existing proof of grounds for exclusion.  
4. Existing evidence of fulfilment of qualification requirements regarding technical and 

professional capacity: if you need to remove suppliers who are not credible in selection 
1, column number four indicates if there is evidence that the supplier have performed 
similar assignments. This only indicates if the supplier has entered the information but 
does not rank the answers. In a negotiated procedure there is usually a selection 
mechanism that is based on a reference assignment and referees rate the performance 
according to one member of the FG. 

5. Approved specific confidentiality requirements. 
6. An approved Swedish translation. 
7. Approved financial status. 

 

 

 
  

Table 35. Selection 1 - table for the suppliers. 
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Selection criteria and requirements for the innovation are according to Trafikverket´s 
innovation procurement document (Trafikverket TRV 2020:29092., 2020) and the FG: 

1. Considers joint less track and / or catenary wire (appropriateness). 
2. The solution must be able to detect the condition (appropriateness). 
3. The solution should be able to measure degradation (appropriateness) (1a, 1b). 
4. The solution should provide a PF interval that should be consistent and long enough to 

enable both condition monitoring measures and measures taken to prevent a 
functional failure from occurring (appropriateness) (1c, 1d). 

5. The solution must be able to reduce the probability of critical faults to an acceptable 
level (efficiency) (3a). 

6. For non-critical faults, the measure must be cost-effective (3b). 
7. Documentation in accordance with the relevant dependability standard (feasibility). 
8. For changes that may affect traffic safety, requirements according to CSM-RA must be 

met (4b). 
9. Applicable legal requirements and regulations must be met (4a, 4b). 
10. In principle feasible (2a). 
11. Trafikverket owns data from the asset. 

The selection criteria and requirements for the innovation in connection to factors in Table 36 
was proposed by the author and approved by the FG. 

Regarding need and requirement: Data governance requirements. 

The whole FG discussed what requirements should be made regarding conditions for data 
ownership, right to use, storage and sharing. No security protection analysis or control against 
confidentiality legislation has been made, linked to the innovation procurement, but should 
be completed no later than in phase two in the procurement or in stage one of phase three. 
According to the FG, Trafikverket must take a position on e.g., ownership and rights to use the 
data as well as intellectual property rights. During the contract period, Trafikverket wants the 
rights to use the solution and Trafikverket must own data connected to the facility, i.e. a 
minimum requirement during selection. This resulted in requirement 11 to be added to Table 
36. 

A challenge within the innovation procurement identified by the FG, is permissions regarding 
how suppliers can use data that Trafikverket has today. An existing contract, as well as security 
protection and confidentiality aspects that can affect whether suppliers have access to the 
systems, can govern the right to use data. On the other hand, it would provide a benefit if 
suppliers can cross-reference data and possibly find application cases for data that are not 
used today. This requirement should normally be considered in the supplier selection, but in 
this case study it will be considered in the innovation selection, due to the late addition of the 
requirement. 
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After phase three and stage three (see Figure 41), Trafikverket´s right to use the innovation 
ceases, but the right of ownership for data remains. After stage 3, there will be a competitive 
procurement. Those suppliers who are not selected for the innovation procurement, can still 
compete for a contract. 

Regarding need and requirement: Selection and categorising of proposals. 

The researcher was given access to eight classified offers. After reviewing the proposals, these 
were entered in Table 37 describing their compliance with selection criteria. Selection 1 had 
already been performed by Trafikverket before sharing the proposals. 

Selection 2 resulted in the following comments and recommendations: 

• In some tenders it is up to the reader's own estimate if it is believed that the solution 
should be able to detect the condition and, in a tender, Trafikverket must request 
clarification. 

• It would be advantageous if the supplier fills in a checklist that they meet or will meet 
the set requirements to avoid subjective interpretations of answers. 

• For requirement 6, an estimate must be made by the reader since no price for proposal 
has been requested, but it can be assumed that the societal costs of critical faults are 
very high. 

• If it was a normal procurement, many question marks would cause problems as you 
need to request clarification, but in an innovation procurement you have a negotiated 
procedure to get better solutions. 

• The tender documents do not state what the consortium looks like, and it is only in 
one of the tenders where equipment is to be mounted on vehicles that it is explicitly 
stated that this has been taken into account in the composition of the consortium. 
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The eight tenders were sorted into categories for a possible selection by Trafikverket (see 
Table 38). The sorting was based on the information given by the suppliers in the tenders. The 
categories are selected based on the evaluated proposals and in agreement with Trafikverket. 

Proposed categories are: 

• The innovation´s area of application: joint less track or catenary wire or both. 
• The installation of the innovation: on top of the train, under the train, no installation 

or pre-existing on train. 
• Type of sensor: camera, mobile phone, lidar/laser, eddy current, accelerometer, gyro, 

GPS or other. 
• Technology readiness level (TRL): 1-9. 
• Type of service offered: sensor, analytics, or both. 

Based on the different categories Trafikverket can select to compare the merit numbers for, 
i.e. solutions that concerns jointless track and catenary wire with TRL 9 with each other. 

Categorising the tenders resulted in the following comments and recommendations: 

• It would be helpful if the supplier were asked to categorise their proposals, i.e. 
solutions for jointless track, catenary wire and the analytics have reached different TRL 
and require various efforts to be demonstrated. 

• Other levels for the concepts could be valuable to know such as business readiness 
level. 

• It could be good to know if the innovation has been previously tested in winter 
conditions. 

• The range of the knowledge regarding the application of the proposed innovations and 
the implication of changes seem to vary greatly between the suppliers. 

Table 38. Categorising innovation proposals. 
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5.11.3.3.5 Create a wish tree and weight wishes 

In the case study, the wishes were derived from the requirement specification. The weighting 
of each wish was evaluated by the FG by comparing the wishes with each other (Lundberg & 
Berg, 2000). This procedure was performed at each complexity level in the wish tree. 

To compare the wishes against each other, a table was created (see Table 39). 

The FG decided that appropriateness is more important than cost-efficiency since the solution 
must be suitable for fulfilling the goal. Appropriateness is more important than compliance, 
assuming solutions that does not fulfil safety requirements has been deselected in the 
selection step and the solution should challenge the regulations. Cost-efficiency is more 
important than compliance due to the same reasons.   

The next step was to decide weights for sub factors to the main factor appropriateness, i.e. 
accuracy (1a), repeatability (1b), sufficient pf-interval (1c) and positioning (1d). The FG 
considered the requirements for each sub factor when rating the sub factors according to 
Table 40. 

Repeatability is more important than accuracy because there will be so many measurements 
and if some are not accurate, it does not matter as much. Here it is assumed that it is possible 
to calibrate the measurements. Sufficient pf-interval is the largest challenge and within the 
innovation procurement, the goal is to discover possible faults earlier in the process. 

Table 39. Comparison and weighting of the wishes on the highest level. 

 

Table 40. Comparison and weighting of the wishes on sub factor level. 
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Therefore, the pf-interval is the most important factor. The requirement for positioning is not 
high, but it is an important requirement to consider. Positioning is more important than 
accuracy since it is the faults need to be located every time.  

The disadvantage of using the table method is that the maximum weight is 0.44 (see Table 41) 
in the case with four factors. The FG might want to be able to assign a higher weight to a factor 
and then must do this manually.  

Two FG participants (columns weight part 1 and 2 in Table 40) assigned their own weight to 
the sub factors to see how close their average got to the weight from the table. Sufficient pf-
interval was weighted higher by the two participants compared to using the weighting table. 

The FG compared the sub factors for cost-efficiency (3), i.e. dependability (3a) and cost for 
service (3b) and decided that dependability has the weight 0.75 and cost of service 0.25 with 
the justification that the cost is small compared to the received benefits if a solution is found. 
By using the comparison method with two factors the only weight distribution can be 0.75 and 
0.25 (see Table 41). The author proposes that manual weighting should be considered in the 
case of two factors due to this limitation. 

  

Table 41. Minimum and maximum weights related to number of factors. 
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The factors marked as wishes with their corresponding weights are placed in a wish tree 
according to Figure 46. 

 

 
  

 
Figure 46. A wish tree for the relevant factors in the case study. 
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5.11.3.3.6 Set value scales and grade parameters 

All wishes that are included in the specification were graded by correlating the value primarily 
with quantitative measurements, but also qualitative measures could have been used. The 
value scales for wishes have to be dimensionless and have concrete regulations in order to 
enable comparison (Pahl et al., 1996, 2007). The FG decided that a 0–5-point scale would be 
sufficient since the measurements cannot be differentiated on smaller levels (see Table 42). 

5.11.3.3.7 Calculate merit numbers 

Since the tenders are from an early stage in the innovation procurement (phase 1), only a 
fictitious evaluation can be made in the methodology's selection step. To be able to perform 
subsequent steps in the methodology, fictitious values have been used by the researcher to 
be able to simulate a result and demonstrate how the methodology can work after negotiation 
and validation of innovations. 

The magnitude, value and calculated value were entered for three fictitious innovations in the 
merit number calculation table, see Table 43. 
  

Table 42. Setting value scales for wishes decided by the FG. 

 



STUDIED CASES 

Page | 171 

 

Ta
bl

e 
43

. A
 m

er
it 

nu
m

be
r c

al
cu

la
tio

n 
ta

bl
e 

(P
ah

l e
t a

l. 
19

95
, 2

00
7)

 fo
r t

hr
ee

 fi
ct

iti
ou

s t
en

de
rs

. 

 



STUDIED CASES 

Page | 172 

To take development potential into account in a negotiated procedure, a merit calculation can 
be made with estimated values and guessed functionality within a time horizon of 5-10 years. 
5.11.3.3.8 Validate assessment parameters 

After the fictitious values have been used to calculate merit numbers for three innovations, 
the next step is to in stage 2 (see Figure 41), validate and demonstrate the solutions. This might 
result in adjustments of magnitudes and their responding values with a new calculation of 
weighted values that might change the total sum and what innovation to choose (see Table 
44). 

In the illustrated case, the positioning for innovation 1 was not as accurate as the supplier 
claimed and therefore the magnitude was adjusted resulting in lower points and a 
recalculated weighted value. In this case, it did not change the ranking of the innovation based 
on the weighted value. 
5.11.3.3.9 Select top two candidates 

The top two candidates, innovation number one and three received the highest merit 
numbers and will be compared with each other in a weak point analysis before the final 
decision is made. 
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5.11.3.3.10 Analyse weak points 

The identification of weak spots can be visualised by graphs of the sub scores: weight and 
value (Pahl et al., 1996, 2007). The profiles for the two top rated proposals with fictitious 
magnitudes in the case study are illustrated in Figure 47. 

The weighted merit number was higher for Innovation 3 but when comparing the two options 
in a weak point analysis it shows that Innovation 3 barely passed the requirement for Factor 
1b Repeatability. Since the weight for this factor is quite high, this must be considered when 
selecting the top candidate. 

5.11.3.4 The developed methodology´s compatibility with the innovation 
procurement process 

The developed customised methodology based on Pahl et al. (1996, 2007) must according to 
the FG be applicable to the innovation procurement process for Trafikverket (red boxes in 
Figure 48). The developed methodology for evaluating innovations has been mapped in the 
innovation procurement process in this research to visualise the different tools that can be 
used throughout the process (blue boxes in Figure 48). 

During Phase 0 Pre-study, the setting up of the evaluation according to the methodology can 
be performed through task clarification, formulation of goal, setting up a specification of 
requirements and wishes, wish tree and weighting of wishes, and setting of value scales. Then 
the factors for evaluation are clear and should be communicated to suppliers in the 
procurement documentation. 

 
Figure 47. Weak point analysis graph (Pahl et al., 1996, 2007) for the two compared innovations. 
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In phase 2 Qualification of suppliers and phase 3 Bid and negotiation, the selection tool can 
be used. Based on the bids the merit numbers can be calculated and used to compare 
innovations to be selected for phase 3. 

In stage 2 Validation and demonstration of the innovation, validated information regarding 
the innovation can be used to calculate new merit numbers. Finally, a weakness analysis of 
remaining innovations can be performed to check if there are factors that are too weak and 
need to be considered in the final selection of innovation.  

Trafikverket buys largely according to contracts with qualification requirements and where 
the lowest price applies, but sometimes purchases are made at the best ratio between price 
and quality.  

The FG believe that the methodology can be beneficial to apply during evaluations within an 
innovation procurement where a problem to solve is identified and the best ratio between 
price and quality is not applicable. If there would only be the two factors, price, and quality to 
evaluate, the methodology would not reach its full potential. In this innovation procurement, 
many factors need to be compared where the cost of service is only one sub factor. Support 
material and a knowledgeable methodology leader can be needed for application of the 
methodology. According to the FG, it would be an advantage if the methodology can be 
digitialised for selection and calculations.  

General conclusions made by the whole FG regarding the methodology: 

• The output from the proposed systematic methodology is strongly dependent on the 
quality of the input data. 

• A methodology, which uses pairwise weightings of relevant parameters, is suggested 
due to its simplicity and transparency, for accessing the relative importance of the 
wishes in the specification. 

• The requirement level of a factor will strongly affect the importance (weighting) of the 
related wish. 

• The methodology offers a transparent way of evaluating innovations in a team 
environment. 

• The methodology can benefit from having a method leader as support or digitalise the 
process. 

• The whole FG found the methodology to be compatible with the innovation process. 
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6 Results and Discussion 
This research has been designed and conducted to achieve its main objective, see Section 1.3 
and to fulfill its purpose, see Section 1.2. For this reason, three (3) research questions have 
been formulated, see Section 1.4. During this work eight (8) case studies and one (1) major 
case study has been carried out, as described in Chapter 5.  

The outcomes from the conducted research activites have resulted in the following artefacts: 
1) A challenge-driven mission-based framework for innovations; 2) A methodology for 
evaluating innovations; 3) Strategies and guidelines for data governance; 4) Strategies and 
guidelines for innovation in maintenance contracts; 5) Railway domain systemic aspects 
through the innovation pathway. The relationship between the case studies, research 
questions, and results are described in Figure 49. 

The first research question was posed as: Which are the main issues and challenges when 
implementing innovative solutions in railways? 

To answer the research question, a case study has been conducted to identify issues and 
challenges related to implementation of innovations in railway. Based on these findings, an 
appropriate framework was developed and validated, see Section 6.1. Case study #2 further 
identified and rated issues and challenges impacting implementation of innovations in the 
railway. Case study #3 and #7 evaluated, to what extent identified issues and challenges 
impacted the chances of successful implementation of innovations. The previous case studies 
showed a major barrier in implementing innovations in maintenance contracts and this was 
further investigated in case study #6. This resulted in strategies and guidelines for innovation 
in maintenance contracts (for Result 3 see Section 6.4). Case study #8 investigated main 
challenges for implementing innovations. This resulted in a challenge-driven mission-based 
framework for innovations (see Section 6.1) and the identification of railway domain specific 
aspects through the innovation pathway (for Result 5 see Section 6.5). 

The second research question was posed as: Which are the essential prerequisites that 
enable innovations in railway digitalisation? 

To answer the research question, interviews with 23 respondents from the whole railway 
sector, were conducted in case study #4 regarding opportunities and barriers for the 
stakeholders when developing a more digitalised railway. Essential aspects of governance to 
consider regarding data sharing between cross-organisational stakeholders in a railway 
maintenance context were investigated further in case study #5. This resulted in strategies 
and guidelines for data governance (for Result 4 see Section 6.3). Case study #8, which also 
contributed to answering research question 1, investigated main challenges for digitalising 
railway maintenance and resulted in a challenge-driven mission-based framework for 
innovations (for Result 1 see Section 6.1).  
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The third research question was posted as: How can innovations be assessed and compared? 

To answer the research question, several workshops was performed within a major case 
study. This resulted in the development of a methodology for evaluation of innovation (for 
Result 2 see Section 6.2). Case study #8, which investigated main challenges for implementing 
innovations and digitalising railway maintenance, also contributed to Result 2. 

 

 
Figure 49. Case studies connected to research questions and results. 
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6.1 Result 1: A challenge-driven mission-based framework for innovations 
The analysis identified various issues and challenges related to implementation of innovative 
solutions in railway, including: a) discrepancy between offered functions and understanding 
of needs; b) unclear responsibilities and strategies regarding innovation in a deregulated 
multi-stakeholder system; c) a lack of demonstration and validation opportunities; d) low 
capacity to handle changes throughout the regulatory system; e) insufficient business models 
and maintenance contracts with low support for innovations; and f) lack of inter- and intra-
organisational processes supporting implementation of innovations.  

The three (3) top rated factors affecting implementation were: 1) financial incentives; 2) 
commitment, participation, and accountability for leaders and managers with the 
implementation; and 3) the receiver understands the benefit with an implementation. 

The analyses of the collected data identified some essential prerequisites to facilitate 
digitalisation of railways. These prerequisites are: a) the need for an industry wide framework 
for data governance to promote development of new solutions; b) increased knowledge 
regarding data ownership and data sharing possibilities in a multi-stakeholder environment; 
c) dynamic regulations and a support function to speed up the change process; d) increased 
knowledge and validation possibilities for digitalised innovations; e) industry wide common 
goals regarding digitalisation, incorporation of digitalisation in contracts and unleash creativity 
through more responsibility to suppliers and maintenance contractors; f) a systematic 
approach for change and implementation of innovations; g) business models promoting data 
sharing; and h) incentives for stakeholders to increase the quality of railways.  

The identified issues and challenges were incorporated in the challenge-driven mission-based 
framework for innovations as domain specific systemic aspects (C), see Figure 50. 

As illustrated in Figure 50, a mission addresses a solution, an opportunity, and an approach to 
address several challenges that the society face. The process for developing a mission-based 
road map is the result of this research and is described as a challenge-driven mission-based 
framework for innovations (see Figure 50). To address an identified grand challenge (A1), i.e. 
reliable railway transports, and achieve a selected mission (A2), i.e. enable preventive 
maintenance through digitalisation, a mission-oriented road map should be created. Emerging 
innovations need to be identified together with enabling systems required to accomplish the 
mission (A3). These tasks (A), answer the question “What do we want to achieve?”. 
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After the identification of a grand challenge, missions, emerging innovations, and enabling 
systems, the dimension of change needs to be investigated (B). The dimension of change 
contains collected evidence on systemic aspects and impacts of the grand challenge (B1), and 
an investigation of the existing and emerging innovations relevant for accomplishing the 
mission (B2). In the dimension of change, enabling systems relevant for the mission will be 
analysed, i.e. the business models, infrastructure and production systems, governance and 
regulatory framework, value chains, human capital, behaviour, culture, and values (B3). These 
tasks (B1, B2, and B3), answer the question “What are the challenges and enablers?”. 

The development of a mission-based road map requires a structured approach, answering the 
fundamental question “How are we going to get there?”. Systemic aspects for the domain, i.e. 
railway, describe challenges and enablers that has been identified (C1-C18, see Section 6.5). 
In the implementation pathway (D), an analysis of the domain systemic aspects is guided by 
the adapted CFIR implementation framework (see Appendix I) to support the creation of a 
mission-based road map.  

The framework assumes that mission-based road mapping is a participatory co-designing 
process involving all stakeholders (E1). The road map should describe agreed on specific goals, 
milestones, and targets for the mission (E2) with an appropriate monitoring and evaluation 
system (E3). The proposed challenge-driven mission-based framework refers to several 
methodologies (including methods, tools, and guidelines) (F) that can be used as support to 
resolve the systemic aspects for the domain.  

6.2 Result 2: Methodology for evaluating innovations 
The performed analyses in this work, identified the needs and requirements for a 
methodology to for assessment and comparison of innovations in railway. The needs and 
requirements identified include: a) the possibility to evaluate innovations such as products, 
processes or concepts in a railway context; b) a function to translate required effects into 
requirements and wishes; c) the use of standardised ways of working to analyse and document 
functions and properties of a system or component; d) parameters useful for evaluating not 
only products, but also services and more holistic solutions; and e) consideration of risk, data 
governance and present processes for innovation procurement. 

The proposed methodology for evaluating innovations, see Figure 51, has been validated in 
the context of railway, see Major Case study in Section 5.11. 
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Additions have been made in this study to the methodology developed by (Lundberg, 2016; 
Lundberg & Berg, 2000; Pahl et al., 2007; Pahl & Beitz, 1996; Petersson, 2017) to offer required 
functionality, fit to an innovation procurement (Table 45). 

The proposed methodology for evaluating innovations can be used as a methodology in the 
challenge-driven mission-based framework for innovations, when investigating existing and 
emerging innovations relevant for accomplishing the mission (B2). 

The proposed systematic methodology can be used by the railway industry for decision 
making regarding the selection of the optimum innovations, both products, services, and 
concepts. Advantages compared to present methods used by the railway industry can be 
support for creating a requirement specification and the possibility to weight multiple wishes. 
The methodology can support the evaluation of innovations through test and verification in 
an innovation procurement. The reasons for why it has not been implemented, could be an 
already established and familiar way of working and/or the time needed to set up all the 
necessary parameters. 

 

 
Figure 51. Methodology for evaluating innovations. 
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Table 45. The evolution of the methodology. 
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6.3 Result 3: Strategies and guidelines for data governance 
In this research work, a number of aspects that are essential to be considered when 
developing a governance model for management of digital assets in railway has been 
identified. Hence, this research study has provided recommendations for each specific aspect 
to facilitate the establishment of an appropriate governance regime in railway industry. These 
aspects and related recommendations are described in Table 46. 

Based on the interviews performed in case studies 1, 2, 3, 6 and 7, the importance of providing 
an ontology, to establish a common standard for vocabulary and the interrelationship of terms 
used in the vocabulary was described (Genesereth & Nilsson, 2012; Gruber, 1993; W3C, 2022). 
Such ontology will facilitate the exchange of data and information between stakeholders.  

In this work, an ontology for the context of railway has been provided (Jägare et al., 2019), see 
Table 47. The provided vocabulary includes some definitions from ISO 55000:2014. This 
vocabulary is aimed to facilitate data and information processing. 

 
  

Table 46. Aspects to consider in governance guidelines for railway digital assets. 
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Table 47. Ontology for asset management of cyber assets (Jägare et al., 2019). 
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The concepts for data and information processing have been illustrated in a simplified manner 
in Figure 52. Data is defined as unprocessed content entering a processing node and 
information is processed content, i.e. results from a so-called processing node / process. 

To describe data sharing flows, a data sharing model should be adapted to each new venture 
describing a complex situation with many collaborating stakeholders. An example of a data 
sharing model developed in this work, with the aim to create a decision support tool for track 
maintenance, is depicted in Figure 53. The figure describes how data and information is shared 
between organisations and where contracts affecting data governance is present or missing. 

In this work, several scenarios related to the data processing and exchange of data and 
information has been studied and investigated, see case study #5. One the scenarios was 
related to the condition monitoring of the railway infrastructure and the exchange of the 
measurement data between stakeholders. 

 
Figure 53. Example of a data sharing model. 

 

 
Figure 52. Illustration of processing node. 
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In this scenario, the asset owner writes an agreement with a measurement service provider 
about performing measurements on the asset. Measurements are performed where a train is 
the carrier of a sensor. The information is placed in the measurement service provider’s 
database after being processed in an algorithm.  

The information is transferred to the asset owner who has ordered the measurement. Data 
can then be forwarded to the analytics service provider. An agreement for data transfer is 
written together with a permit given to the analytics service provider to retrieve the asset 
owner's data. Measurements can be made by the maintenance contractor according to 
contracts. The trains that have built in sensors can share data with the infrastructure manager 
according to agreements.  

Output from a processing node, i.e. measurement system, database, analytics tool is 
considered as information (i.e. processed and interpreted data), and the input is considered 
as data (i.e. raw data).  

Examples of issues and challenges discovered when constructing data flow models has been 
summarised in Table 48. 

In this work, strategies and guidelines for enabling an appropriate data governance have been 
proposed and provided, to facilitate data and information exchange in a multi-stakeholder 
context.  These strategies are described in Table 49. 

Table 48.  Issues and challenges regarding data sharing. 
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The proposed strategies and guidelines for data governance can be used as a methodology in 
the challenge-driven mission-based framework for innovations, to support the innovation 
pathway for the domain systemic aspects (C). The domain systemic aspects related are 
business models (C5); incentives and contracts (C6); outsourcing and procurement strategy 
(C7); and data governance (C10). 
  

Table 49. Strategies and guidelines for data governance. 
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6.4 Result 4: Strategies and guidelines for innovation in maintenance 
contracts 

In this work, strategies and guidelines aimed for facilitating introduction of innovation in 
maintenance contracts have been proposed and provided. These strategies and guidelines are 
described in Table 50. 

Table 50 describes the essential aspects that need to be considered when implementing 
results from innovations or making improvements in a railway maintenance contract in 
collaboration between stakeholders, e.g. the infrastructure manager and the maintenance 
contractor. 

The conducted case studies showed that there could be great opportunities for testing new 
solutions in maintenance contracts if the right conditions are in place. Further, the studies 
identified that a maintenance contract needs to incorporate incentives for improvements and 
innovations. Furthermore, the case studies could conclude that to support testing, 
verification, and implementation of innovations, it is important to have a process that is 
understood and agreed by all the involved stakeholders. This process also needs to contain a 
clarification of responsibilities for each party and establish a feedback loop between the 
involved stakeholders. 

The proposed strategies and guidelines for innovation in maintenance contracts can be used 
as a methodology in the challenge-driven mission-based framework for innovations (see 
Figure 50), to support the innovation pathway for the domain systemic aspects (C).  

Table 50. Summary of issues and challenges, and an approach to strategies and guidelines. 
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Related domain systemic aspects are proof-of-concept in collaboration (C2); system thinking 
(C3); work processes (C4); business models (C5); incentives (C6); outsourcing and 
procurement strategies (C7); objectives and strategies (C8); responsibilities (C11); 
collaboration and cooperation (C12); implementation process (C15); and funding and policy 
(C18). 

6.5 Result 5: Railway domain systemic aspects through the implementation 
pathway 

In this research work, the railway domain systemic aspects (barriers and enablers) were 
collected in the case studies, see Case studies 1, 2, 3, 4, 7, and 8. Further, the identified aspects 
were analysed and categorised in five (5) categories, also called ‘factors’, based on their 
characteristics and related context. Based on the identified and categorised aspects, factors 
to consider in the implementation pathway were selected to support the development of a 
mission-based road map. The railway domain systemic aspects will help answering the 
question “How are we going to get there?”, posed in the challenge-driven mission-based 
framework for innovations, see Figure 50. The factors are adapted from CFIR for implementing 
innovation in railway, see Figure 54 and Appendix I. 

Further in this research, the CFIR framework has been modified and adapted to the context of 
railway and the operation and maintenance processes of railway. Some factors in the modified 
CFIR for implementing innovation in railway, has been added or modified based on the data 
from the case studies. The word innovation replaced the word intervention since the 
application has been transferred from healthcare to railway. The classification mechanism for 
defining the categories a have changed to facilitate the implementation of innovations in 
railway. These modifications consider: I) Innovation (Intervention characteristics), II) Inter-

 
Figure 54. The modified CFIR for implementing innovation in railway. 
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organisational (Outer setting), III) Intra-organisational (Inner setting), IV) Individuals 
(Characteristics of the individuals involved, and V) Process (Process). Two factors were added: 
I) I. Immaterial property rights (IPR), III) F. Rules and guidelines and one factor was renamed: 
II) B. Collaboration (Cosmopolitanism). The description of factor: II) D., was changed to include 
cross-organisational incentives and goals. No factors have been removed, even though 
research indicated some with lower importance. No factor was indicated as irrelevant. It is 
important to have a framework considering factors that in another setting can become very 
important.  

The implementation pathway describes aspects, methodologies and factors for each domain 
systemic aspect and are described in Table 51 to Table 68. Different methodologies were 
suggested in these tables, by the researcher, as tools to be used by the organisation while 
attempting to implement innovations, in order to solve the challenges. Some methodologies 
are developed in this research, i.e. the methodology for evaluating innovations, strategies, 
and the guidelines for data governance and innovation in maintenance contracts. Other 
suggested methodologies are standard practice or recognised concepts described in Chapter 
3. 

  

Table 51. The implementation pathway for technology solutions (C1). 
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Table 52. The implementation pathway for Proof-of-concept in collaboration (C2). 

 

Table 53. The implementation pathway for system thinking (C3). 

  

Table 54. The implementation pathway for Work processes (C4). 
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Table 55. The implementation pathway for Business models (C5). 

 

Table 56. The implementation pathway for Incentives and contracts (C6). 
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Table 57. The implementation pathway for Outsourcing and procurement strategy (C7). 

 

Table 58. The implementation pathway for Objectives and strategies (C8). 
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Table 59. The implementation pathway for Regulations (C9). 

 

Table 60. The implementation pathway for Data governance (C10).   
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Table 61. The implementation pathway for Responsibilities (C11). 

 

Table 62. The implementation pathway for Collaboration and cooperation (C12). 
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Table 63. The implementation pathway for Competence (C13). 

 

Table 64. The implementation pathway for Behaviors, culture, and values (C14). 
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Table 65. The implementation pathway for Implementation process (C15). 

 

Table 66. The implementation pathway for Cyber security (C16). 
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Table 67. The implementation pathway for Legacy systems (C17). 

 

Table 68. The implementation pathway for Funding and policy (C18). 
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6.6 Discussion 
In this section, the individual results from the conducted research work are being discussed. 

Discussion related to: Result 1 A challenge-driven mission-based framework for innovations 

The challenge-based mission oriented framework for innovations developed in this research, 
inspired by frameworks made by Damschroder et al. (2009) and Miedzinski et al. (2019), has 
been adapted, restructured, and expanded to the context of railway industry. The framework 
made by Damschroder et.al. (2009) is a meta-framework that has consolidated and unified 
key constructs from published implementation theories.  

There are other theories and frameworks that could have been chosen (Greenhalgh et al., 
2004; Rogers, 2003), but the framework made by Damschroder et.al. (2009) was the most 
appropriate framework since it contains some of the major components, even though it has 
not earlier been verified in the context of railway. The Miedzinski et. al. (2019) framework was 
selected since the researcher believed the analysis of challenges must be connected to a more 
holistic framework, considering a larger perspective when it comes to accomplishing mission-
based strategies and road maps. 

The challenge-driven mission-based framework may also be used to develop road maps for 
change in other industries, where the industry specific challenges should be investigated and 
described. This need to be tested and verified in future work. 

Compared to other studies (Jabłoński & Jabłoński, 2012; Koochaki & Bouwhuis, 2008; 
Marttonen-Arola & Baglee, 2019; McNulty, 2011; Palacin et al., 2016) the issues and 
challenges are similar in other countries with a deregulated railway. The challenge-based 
mission-oriented framework for innovations, should be applicable for implementing 
innovations in other countries. The analysis of domain systemic aspects has to be performed 
with a new mapping of the innovation pathway in order to design a road map. 

Further research is needed to suggest solutions to all issues and challenges, methodologies to 
support the innovation pathway, and how to set up monitoring and evaluation system to 
measure progress in the road map. The suggested set of methodologies within the framework 
is not comprehensive to cover all the needs.  

The methodology for evaluating innovations, strategies and guidelines for data governance, 
and strategies and guidelines for innovation in maintenance contracts has been developed in 
this research and will be discussed separately. The other proposed methodologies: FMECA, 
CSM-RA, risk management, change management, and business process modelling, are 
suggestions by the researcher, as examples of methods and methodologies that could be used 
to support the change. 
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The application of the challenge-driven mission-based framework will provide the following 
general benefits which need to be tested further: 

• Provision of a conceptual support for people, the process and the organisation 
implementing change.  

• Identification and visualisation of systemic aspects (barriers and enablers). 
• Inclusion of specific tasks and events that are appropriate for each stage in the change 

process. 
• The whole value-chain understands and supports the change. 
• Helps to align existing resources within organisations. 
• It allows the organisation to assess the overall impact of a change. 
• It provides a way to anticipate challenges and respond to these efficiently. 
• The risk associated with change decreases. 
• It considers the innovation, from several aspects such as organisation, individual and 

processes. 
• Putting the innovation in a holistic context can minimise resistance to change. 

The practical application of the framework could be done in a cross-functional group within 
an organisation trying to achieve a mission. The practical application might initially require 
support and guidance from a process leader.  

Discussion related to: Result 2 Methodology for evaluating innovations 

The proposed methodology fulfils the needs and requirements for a methodology capable of 
evaluating innovation within the major case study, which is within a specific innovation 
procurement. Since the methodology has been tested at a conceptual level with real 
innovations, but without comprehensive information on, e.g. the quality of specified 
functions, there is a need to continue the testing of the methodology until the final selection 
has been made. The test should also cover the validation of the innovation phase within the 
innovation procurement. 

The methodology provides a transparent way of working in a team when selecting innovations 
and creates opportunities for objective assessments. An advantage of the methodology is its 
ability to take care of all opinions in a group. Then it can easily be shown that all parameters 
have been considered, but that all requirements and wishes are not equally important. The 
methodology is also believed to benefit from cross-functional groups that considers all aspects 
of implementing an innovation. Another advantage of the methodology is that it supports 
both a quantitative and qualitative analysis where you in a structured way can compare 
different alternatives and different factors with each other. A factor can be both a 
requirement and a wish. When evaluating proposals in a procurement innovation process, the 
proposals could be anonymised to guarantee objectivity.  
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However, this is not possible in an innovation procurement if there is a need to negotiate the 
development of the proposals before a decision is made. 

Most evaluation methodologies are sensitive to how the weights and the assessment values 
for factors are set. When determining factors for requirements and wishes, there need to be 
an awareness regarding similarities and cross-connections between factors that can cause 
factors which are similar, to gain too much weight. Imbalance in weights can affect the result 
and can be seen in the weakness analysis. It is important to make a plausibility check for 
weights and compare to the team members expectations.  

This methodology supports the pre-steps to implementation, i.e.: I) knowledge, II) persuasion, 
III) decision, in the innovation-decision process according to Rogers (2003). It should be noted 
that TRL is not enough to describe the innovation process since this only covers the maturity 
of technology, not necessarily including the decision to adopt and the following 
implementation process. 

Discussion related to: Result 3 Strategies and guidelines for data governance 

To enable and transform the maintenance of the fragmented Swedish railway to an integrated 
digitalised system with possibilities of optimised maintenance activities, a greater degree of 
sharing asset, operational and condition data is needed. Two sets of interviews identified 
essential aspects that need to be considered in governance of railway digital assets in a 
heterogeneous cross-organisational context i.e.: a) Unclear definitions for digital assets 
between stakeholders; b) Unclear data flows to resolve contractual relationships; and c) 
Uncertainties regarding data ownership, use rights, contracts. Previous studies regarding 
barriers to data exchange (Backmyr & Gjörup, 2017; Golightly et al., 2013; Jägare et al., 2015; 
Palacin et al., 2016) agrees well with the results from the interviews which indicates data 
ownership and contractual agreements as more prominent barriers. 

These aspects have been considered by proposing an ontology for asset management of cyber 
assets and an approach to strategies and guidelines. A data sharing model, which diagrams 
the relationships between data elements, how data flows through systems and related 
contracts, can support the visualisation of complex and cross-organisational contexts. The 
results can be considered as enablers for digitalising railway and facilitate the development of 
maintenance decision support within the railway industry. 

The ontology that was been created for asset management of cyber assets were used in 
several collaboration projects within ePilot where the stakeholders’ shared data between 
organisations. This ontology was also used in project agreements describing used terms to 
avoid misunderstandings. Thus, this is an area that is evolving quickly with new European 
directives and the maturity within railway is increasing, which can affect the shelf life of the 
result. The ontology can be applied outside a collaboration project, and it would be beneficial 
if the industry had a common standard including cyber assets. Further research could follow 
the rapid development of this area and investigate the implementation of new European 
directives. 
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When discussing ownership regarding data in the ePilot, there was a need to separate the 
terms data and information due to inter-organisational aspects and contract writing. It is 
important to be clear what is supposed to be delivered from, i.e. measurements.  

The proposed data sharing model can be used to describing a complex situation regarding 
data flows and data ownership in any intra-organisational context. By using a data sharing 
model, it visualises uncertainties and highlights any issues that need to be investigated. It also 
provides a tool for an intra-organisational dialogue between different functions, i.e. 
operations, procurement, and legal departments. The developed data sharing model could be 
further developed, incorporating and more formal business modelling techniques such as flow 
charts, data flow diagrams or the Integrated Definition for Function Modelling depending on 
what the company is accustomed to. The most important thing is to be able to visualise data 
flow, ownership, and contractual relationships. 

Railway specialists were selected to be interviewed to get a clear picture of current issues and 
uncertainties in data sharing. The railway specialists have not declared any legal expertise in 
the subject matter. It is important that all involved functions in the company participate when 
implementing strategies and guidelines for data sharing to streamline tendering, contracts, 
and operations. 

The ontology for asset management of cyber assets, the data sharing models and strategies 
and guidelines, has been applied and verified during multiple collaboration projects where 
data sharing was necessary to achieve the aim of the projects. By clarifying aspects such as 
data ownership, right to use data, data distributed to a third party, confidentiality and sorting 
and deletion in the project specification and project agreement; the conditions for 
collaboration were ensured and confidence was built between the parties. 

Guidelines for data sharing should be developed for future test sites where data and 
information can be made available to the industry to increase the development of new 
solutions. These test sites should be added to the Network Statement (JNB), which is an 
appendix to the Traffic Agreement (TRA). 

Information security is very important to consider when sharing railway data, since railway is 
a protected object. Hence, standards like ISO 27000 (Information security) provides valuable 
support. In relation to this there are also common regulations within EU that have to be 
considered, e.g., the NIS Directive (EU 2016/1148, 2016) and GDPR (EU 2016/679, 2016). In 
Sweden, there are also increasing requirements related to national security and total defence 
(combination of military and civil defence) that must be considered. To manage aspects of 
dependability, the IEC 60300-series (International Electrotechnical Commission) is an 
extensive collection of standards that provide detailed and useful guidance from a life cycle 
perspective, as well as application guidelines to specific issues such as reliability analysis. 
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The railway industry needs to implement formal data governance to be able to address data-
related cross-functional activities and regulations, compliance, or contractual requirements. 
The proposed strategies and guidelines for data governance can be used as a methodology in 
the challenge-driven mission-based framework for innovations, to support the innovation 
pathway for the domain specific systemic aspects. The strategies and guidelines can be used 
for data governance and contracting in any multi-stakeholder cross-organisational projects or 
collaborations where cyber assets are relevant.  

The guidelines state that the ownership of data for (which describes properties of) a physical 
asset belongs to the owner of the physical asset. This means that when a measurement 
company measures the condition of the track, the infrastructure manager, owns the cyber 
asset (data and information). The research has shown that this need to be clarified in 
contracts, and at the present, contracts does often not contain any information on the cyber 
assets. Therefore, the guidelines contain recommendations on what aspects to consider 
including in contracts. The test of the implications is limited since these guidelines have been 
proposed for collaboration projects in a testbed setting. The set of terms could be of interest 
for the railway industry, to indicate what a Swedish digital asset governance strategy may 
consider. 

Discussion related to: Result 4 Strategies and guidelines for innovation in maintenance 
contracts 

The proposed strategies and guidelines for innovation in maintenance contracts can be used 
in the challenge-driven mission-based framework for innovations, to support the innovation 
pathway for the domain systemic aspects.  

The number of respondents participating in the case study workshop were few but with high 
experience and could therefore be used a confident source to indicate what the strategies and 
guidelines should contain. The case study was limited to studying innovations from ePilot and 
their possible implementation in the railway within one maintenance contract. This area need 
to be further investigated and verified with a larger number of respondents from different 
functions in the railway industry, especially including maintenance contractors. 

The intentions for the contract described in case study #6, was to adapt and design a 
maintenance contract to stimulate innovation and the contractor's ability to conduct 
development and testing, was originally more comprehensive with a larger budget to make 
changes. The ambitions were lowered since the extra funding was not in the contract but in 
external projects. The administrative regulations in the contract mentioned that certain test 
activities may occur during the contract period and resources from the contractor may be 
needed. The results from the interviews describe that it is possible to conduct tests within a 
general maintenance contract with extra external funding, knowledgeable project leaders and 
well-designed tests. 
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In Sweden, deregulation has resulted in a multi-stakeholder system with heterogeneous 
business incentives governed through procurement and contractual forms for maintenance 
contractors and maintenance workshops. Any expectations that competitive tendering will 
both, lower prices and increase innovation will be difficult to meet, if the maintenance 
contracts are procured with total responsibility at the lowest price. As a maintenance 
contractor, it is possible to win the contract by cutting costs, i.e. remove such activities that 
cost money.  

There is very little room for innovations and the innovations that may arise are created if there 
is a market advantage for the contractor. In procured maintenance contracts where 
Trafikverket keeps the responsibility for development, a problem can be that Trafikverket is 
understaffed at meetings that are arranged and sometimes there is a lack of railway 
competence from Trafikverket´s project manager. This can lead to a feeling that there is a low 
degree of focus on innovation in the maintenance contracts. 

Research has shown that to establish a good climate for development, committed clients and 
contractors, are required to share costs and risks when developing new solutions. Going back 
to AB from ABT for maintenance contract Södra Malmbanan, at the same time as the client 
took on the role of moderator, gave a positive result when it comes to finding new ways of 
working and creating possibilities for tests of innovations. 

Research suggests a higher degree of innovation in longer maintenance contracts (Larsson et 
al., 2022) but in case study #4, Trafikverket respondents considered that regulations and long 
contracts could be obstacles in the development of business models, as the long contracts 
entail difficulties in changing the regulations that could allow for new solutions.  

Discussion related to: Result 5 Railway domain systemic aspects through the 
implementation pathway 

The innovation pathway describes the aspects, methodologies, and factors for each domain 
systemic aspect. The proposed methodologies are examples based on recommendation in 
literature or by experts in the case studies, of what can be used as support to manage the 
domain systemic aspects and factors to accomplish a successful implementation. 

Since the research indicates that there is usually a lack of implementation strategy for 
innovations, it should be possible to devise an appropriate implementation strategy by 
following the implementation pathway, for the specific innovation to be implemented. 
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7 Conclusions 
The purpose of this research work is to study, explore, and investigate how implementation 
of innovations in a multi-stakeholder environment such as railway maintenance, can be 
facilitated through a systematic approach. The main objective of this research work is to 
develop and provide a challenge-driven framework that can be used to facilitate the 
implementation of innovations in railway. 

To contribute to the purpose of this research and to achieve the overall objective of this 
research, several studies and research activities have been conducted. The findings from 
performed research activities have resulted in a set of artefacts. These artefacts are: 1) A 
challenge-driven mission-based framework for innovations; 2) A methodology for evaluating 
innovations; 3) Strategies and guidelines for data governance; 4) Strategies and guidelines for 
innovation in maintenance contracts; 5) Railway domain systemic aspects through the 
innovation pathway. 

The first conclusion is that implementing innovations in the context of railway maintenance is 
challenging. These challenges can be associated to: a) technology, b) organisations, and c) 
humans. It is believed that identifying these challenges is a necessary starting point to 
facilitate the implementation of innovations in railway maintenance. Hence, in this work 
several issues and challenges related to implementation of innovations in railway 
maintenance have been identified, analysed, and provided.  

The second conclusion is that insight into the challenges that need be addressed, when 
implementing innovations in railway maintenance is necessary to achieve the mission, but not 
sufficient. To be successful in implementation of innovations, there is a need of a systematic 
approach materialised in a framework. For this reason, in this work a framework for challenge-
driven mission-based framework has been developed. This framework provides a metamodel 
that can be used to address the identified challenges in implementation of innovations in 
railway maintenance.  

The third conclusion is that the process of implementation of innovations also requires a 
methodology, associated with the developed framework, to continuously assess the 
effectiveness and efficiency of innovations and their expected impacts. Therefore, in this work 
a generic methodology for evaluation of innovations has been developed and provided. The 
methodology provides support for collaboration, transparency, and clarity regarding grading 
of proposals based on requirements and wishes. 

The fourth conclusion is that business models must be developed for the exchange of data, 
information and information services that benefit both the individual organisations and the 
entire system. Digitalisation is considered a prioritised area within railway, but work is needed 
to create and accept new business models accompanying the new solutions. 
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The fifth conclusion is that there is a need for an industry wide framework for data governance 
considering ownership, design of contracts, and information security. Therefore, in this work, 
an ontology and guidelines for data governance has been developed and provided. 

Finally, it can be concluded that the main key success factor, when implementing innovations 
in the context of railway maintenance, is to provide necessary framework, methodologies, 
technologies, and tools that support establishment of a holistic systematic approach aimed 
for implementation of challenge-driven mission-based innovations. 
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8 Research contribution 
The purpose of this research work was to study, explore, and investigate how implementation 
of innovations in a multi-stakeholder environment such as railway maintenance, can be 
facilitated through a systematic approach. Based on this purpose, a main objective was 
defined to develop and provide a challenge-driven mission-based framework that can be used 
to facilitate the implementation of innovations in railway. To achieve the main objective of 
this work, several research activities were conducted to answer the posed research questions, 
see Section 1.4. 

Based on the outcomes and findings from the performed research activities, two (2) categories 
of contributions have been identified, i.e the scientific contributions and the contributions to 
the industry. The contributions to these two (2) categories are: 

• From a scientific perspective, the main contributions of this research work are: a) A 
framework for challenge-driven mission-based innovations that can be applied in 
railway industry; b) A methodology that can be applied to innovation procurement; c) 
A novel approach combining research areas of mission-oriented innovation strategies 
and implementation science together with deep domain understanding of issues and 
challenges; d) A platform for collaborating regarding data and information; e) An 
insight into issues and challenges when implementing innovations in railway; and f) A 
synthesis of state-of-the-art related to implementation of innovation in railway.  

• From a practitioners and industry perspective, the main contributions of this research 
work are: a) An increased awareness of cross-organisational issues and challenges 
effecting the possibility to implement innovations; b) A challenge-driven mission-
based framework that can be used to facilitate the implementation of innovations in 
railway; c) A methodology for evaluating innovations; d) A set of strategies and 
guidelines for data governance in a cross-organisational context; e) A set of strategies 
and guidelines for innovation in maintenance contracts, and f) A guideline related to 
implementation of innovation in railway. 
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9 Expected impact 
The findings from this research study can be used as a framework, providing industry 
practitioners with evidence-based guidance in implementation of innovations in railway 
maintenance. Practical implications for implementation of innovations will vary depending on 
involved organisations.  

Expected impacts from using the developed challenge-driven mission-based framework and 
associated methodologies and guidelines: 

• Increased awareness of factors that need to be considered and what enabling 
methodologies that could be used to make implementation a success. 

• Provision of support when striving to accomplish more complex missions, involving cross-
organisational collaboration and selection of an innovation portfolio. 

• Reduced development and production costs, through an optimised implementation 
process. 

• Increased support from the whole value-chain due to the provision of a framework that 
can visualise the implementation. 

• Increased efficiency in testing, implementing, and utilising existing innovations supporting 
harmonisation of specifications and improvement of the requirement process. 

• Increased support when selecting an appropriate innovation portfolio using the 
methodology for evaluating innovations. 

• Increased awareness regarding data sharing in a cross-organisational context. 
• Increased awareness regarding stimulation and implementation of innovations in 

maintenance contracts. 

Expected impacts from implementing innovations within maintenance that facilitates 
diagnostics, prognostics, and asset management: 

• Improved knowledge and information exchange between railway stakeholders to enable 
efficient asset management and continuous improvements through enhanced monitoring 
and assessment. 

• Enhanced condition monitoring through establishment of monitoring techniques, digital 
infrastructure and interacting systems for monitoring and assessment for the railway. 

• Improved risk management through fact-based online real-time decision support and 
information logistics. 

• Automated condition monitoring and facility degradation modelling frees up capacity 
when traditional inspection methods and the number of people in tracks can be reduced. 

• Reduced need for maintenance services and decreased resource losses in infrastructure 
management, through optimised resource planning. 

• Increased industrial competitiveness for railway in the transport sector. 
• Improved sustainability through improved reliability of railway transports, fewer 

interruptions, less stopping and starting in traffic. 
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10 Further Research 
Facilitating innovations in railway industry is challenging. In this research several artefacts 
have been developed to facilitate innovations in railways. Yet, there is a need of additional 
research effort in this area. Some of the areas for future research with the purpose of further 
advancing the challenge-driven framework for innovations in railway includes:  

• Testing the framework for a defined mission with the purpose of creating a road map.  
• Test the methodology for evaluating innovations on identified emerging innovations for 

selection of the appropriate innovation portfolio.  
• Investigate and analyse enabling systems needed to accomplish the mission.  
• Investigate the domain specific aspects, further with suggestions on methodologies, 

strategies, and tools to use, to promote successful implementation of the innovation 
portfolio. The suggested future work needs to be performed in a cross-organisational 
context.  

• Investigate and propose appropriate goals, milestones, and target for a mission with a 
corresponding monitoring and evaluation system.  

However, the challenge-driven framework could most likely be adapted to other industrial 
domains, beside the railway industry. Hence, an extension of this research may include: 

• Investigate issues and challenges related to implementation of innovations and 
digitalisation in other industries.  

• Test the framework on identified missions in other industries to investigate the 
applicability across industries.  

• Investigate and identify the domain systemic aspects for other industries. 

Future work regarding the methodology for evaluating innovations may include:  

• Continue to test the methodology in Trafikverket´s innovation procurement and 
investigate any challenges that could arise.  

• Application of the methodology in a regular procurement or product/service selection 
process. The suggested list of factors and sub factors to be used as parameters for 
evaluation could be further tested, expanded, and evaluated. 

To ensure a functioning data service market and the development of new business models, it 
is further of vital importance that data storage, transfer, and processing can be made while 
respecting the basic requirements of information security. Hence, proposed future research 
may cover:  

• Investigation and development of models for data ownership, development of business 
models and strategies related to data and information sharing, and requirements of an 
international standardisation and interoperability. 
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Future work related do resolving identified issues and challenges related to implementing 
innovations in railway may include: 

• Investigate and propose how new technology can support dynamic regulations and aid in 
information discovery, contextual content and indicate consequences of change. 

• Investigate possible design of dynamic construction and maintenance contracts to avoid 
locking in regulatory changes. 

• Investigate the design of maintenance contracts that promote enhanced collaboration, 
establish goals that ensures robustness and sustainability, and creates incentives for 
innovation. 
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11 Related papers 
Conference paper: Jägare, V., Karim, R., Söderholm, P., Larsson-Kråik, P.-O., & Juntti, U. 
(2019). Change management in digitalised operation and maintenance of railway. 
PROCEEDINGS: International Heavy Haul Association Conference June 2019, 904–911. 
(Status: Published) 

Globally, railway is experiencing a major technology transformation (or paradigm shift), 
triggered by the enhanced utilisation of digital technology. This technological transformation 
affects not only the technical systems, i.e. railway infrastructure and rolling stock, but also 
regulations, organisations, processes, and individuals. Hence, hardware, software, but also 
liveware (i.e. humans) are affected. Today, the digitalisation of railway is characterised by 
digital services. There are also a range of challenges, e.g., data acquisition, transformation, 
modelling, processing, visualisation, safety, security, quality, and information assurance. To 
deal with these challenges, the railway industry needs to define strategies, which enable a 
smooth transformation of the existing configuration to a digitalised system. Digital railway 
requires a holistic change management approach based on system-of-systems thinking and a 
set of appropriate technologies and methodologies. The railway digitalisation strategy should 
be based on systematic risk management that address aspects of, e.g., information security, 
traffic safety and project risk. In addition, managing changes for a digitalised railway 
effectively and efficiently also requires a framework for aspects such as needs finding, 
requirement identification, and impact of changes for individual, teams, and organisation. In 
this work a case study within the ePilot, has been performed in context of the operation and 
maintenance processes of the Swedish railway. Therefore, this paper aimed to propose a 
framework for implementing innovations and driving change in a digitalised railway. 

Keywords: change management, digitalisation, railway, risk management, implementing 
innovation, framework for implementation 

Conference paper: Jägare, V., Juntti, U., & Karim, R. (2019). Governance of digital data 
sharing in a cross-organisational railway maintenance context. Proceedings of the 5th 
International Workshop and Congress on eMaintenance : Trends in Technologies; 
Methodologies, Challenges, Possibilites and Applications, p. 1–8. (Status: Published) 

The purpose of this paper was to study and explore the essential aspects of data governance 
in eMaintenance that need to be considered such as data sharing and data ownership in a 
cross-organisational railway maintenance context. Furthermore, the paper developed and 
provided an approach to strategies and guidelines, which can be used to govern digital data 
sharing. To fulfil this purpose, case studies of several projects where sharing of data between 
stakeholders in order to develop maintenance decision support, was selected as a research 
strategy and supported by a literature study. Empirical data were collected through 
interviews, workshops, document studies, and observations. An approach was developed and 
validated using a case study. The proposed approach supports the understanding and 
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establishing strategies and guidelines for data governance in a cross-organisational railway 
context. This can be considered as one of the enablers for information logistics for 
maintenance purposes where the approach can be used as a support tool in order to facilitate 
the development of maintenance decision support within the railway industry. 

Keywords: data governance, cross-organisation, maintenance, maintenance decision support, 
railway, eMaintenance 

Conference paper: Jägare, V., Juntti, U., & Karim, R. (2015). Implementation of 
eMaintenance concept on the Iron Ore Line in Sweden. Presented at the International Heavy 
Haul Association : in Perth 21/06/2015 - 24/06/2015. (Status: Published) 

The Swedish railway is after deregulation composed, of several different stakeholders, each 
one with individual objectives and strategies to maintain their assets and rolling stock. 
Although some maintenance data are common between the stakeholders, no greater sharing 
of these data exists. The insufficient data availability impacts the effectiveness in maintenance 
decision making. Luleå Railway Research Center (JVTC) has in more than a decade conducted 
research in eMaintenance. One of the objectives with eMaintenance research is to develop 
maintenance decision support tools through enhanced use of information and communication 
technology for data analytics from various data sources. These tools can also be used to enable 
condition-based maintenance to minimise disruptions and optimise the maintenance cost in 
a railway system. Another objective this research is to discover how to offer operators, 
infrastructure managers and system integrators access to central computerised data to 
support decision making within operation and maintenance. eMaintenance solutions for 
railway are now being implemented in a pilot project called ePilot119 in the northern part of 
Sweden on track section 119 between Luleå and Boden. ePilot119 delivered a collaborative 
platform aimed to enable the development of eMaintenance solutions based on the needs 
and requirements from various stakeholders. These solutions are expected to enable and 
transform the Swedish fragmented rail industry to an integrated system, both from an 
organisational and technical point of view. Some of the objectives are to enhance the sharing 
of data, developing decision support, define the information and communication technology 
(ICT) infrastructure and transform ePilot119 to a common natural process for sharing 
maintenance decision support for the railway. However, implementing eMaintenance 
solutions to support effective and efficient maintenance decision-making related to a complex 
technical system (i.e. railway) and with many heterogeneous stakeholders is challenging, and 
requires appropriate tools (e.g., framework, approaches, methodologies, and technologies). 
Hence, this paper aimed to identify some of the significant factors which need to be 
considered to develop an appropriate implementation process and collaboration platform, 
which aim to facilitate maintenance decision-making through eMaintenance solutions. By 
identifying these factors that might hinder the execution of the project and implementation 
of good results, there is a possibility to jointly create the best prerequisites for the operation 
and maintenance of the railway. 

Keywords: eMaintenance, implementation, collaboration, challenges. 
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Project report: Jägare, V. & Juntti, U. (2020). EP243 - Crowdsourcing och 
Innovationsupphandling. Project report eP20-243-2020, ePilot, Järnvägstekniskt centrum 
(JVTC), Luleå tekniska universitet, Luleå. (Status: Published) 

ePilot is a collaborative project for the implementation of research and development results 
in the field of operation and maintenance with a focus on condition-based maintenance with 
the aim of implementing results from research and development. In this sub project, the 
possibility of implementing results from innovations in public activities is studied, in this case 
within the responsibility of Trafikverket. This by using procured maintenance contracts, idea 
generation via innovation competitions (crowdsourcing) and innovation procurement. The 
results demonstrate that there are great opportunities for increased implementation of new 
solutions in maintenance contracts. This is because it is already clear when a procurement is 
announced that the maintenance contract has room for innovations, sharing responsibility 
and risk between the parties and an increased exchange of experience between Trafikverket's 
project managers in maintenance. Crowdsourcing and innovation procurement are tools that 
can stimulate and enable the implementation of new innovations. To support the 
implementation of innovations, it is important to have an implementation support function. 
This should run across the organisation and find solutions to issues such as responsibility for 
implementation, development of training and changes to regulations and working methods. 

Included in: Karim, R., Jägare, V., Juntti, U., Glover, C., & Lund Cipolla, A. (Eds.). (2020). The 
roadmap for digitalised operation and maintenance of railway : ePilot - Results and Findings. 
Retrieved from http://urn.kb.se/resolve?urn=urn:nbn:se:ltu:diva-77898. 

Keywords: maintenance contracts, crowdsourcing, innovation procurement, implementation 

Project report: Jägare V., Karim, R., Hägglund, C., Nyström, B., Juntti, U., Larsson, D., 
Molnstrand, D., Höjer, M., Allgulander, T., Jonsson, B., Nilsson, A. (2020). JVTC-2020-
Testbädd Järnväg Project report; Järnvägstekniskt centrum (JVTC), Luleå tekniska 
universitet, Luleå. (Status: Published) 

To achieve smooth implementation of new research and innovation, new methods must be 
developed to test new technologies and innovative solutions. Testbed Railway is 
infrastructure for testing, development and implementation of Railway 4.0, the Swedish 
concept for future railway research and innovation. Railway 4.0 is the overall framework 
designed to facilitate the selection of concepts, technologies and methods aimed at 
developing the railway system, both nationally and internationally. Railway 4.0 provides the 
railway industry with improved opportunities to collaborate, collaborate, test, and implement 
relevant research and development results in the areas of digitised railways and 
eMaintenance. This in turn contributes to improved robustness and capacity for the railway 
system, as well as increased cost efficiency for operation and maintenance. Today, the test 
bed covers two track sections (approx. 650 km of railway), i.e. the Iron Ore line and the 
Haparanda line. These two track sections are instrumented so that both infrastructure and 
rolling stock can be monitored online and in real time. Monitoring data is used for 



RELATED PAPERS 

Page | 218 

maintenance analysis, i.e. descriptive, diagnostics, prognostics, and prescriptive maintenance. 
The results described in this project report consist of: the setup for management and 
coordination, a description of connected measurement technology, solutions for information 
logistics and analysis, business models, testing of new solutions, performance management, 
and standardised evaluation methodology. 

Keywords: railway, testbed, eMaintenance, Railway 4.0 

Project report: Jägare, V., Westerberg, J. & Karim, R. (2017). EP042- Molnbaserade 
eMaintenance-tjänster för underhållsbeslut. Project report eP119-042-2017-MeTra, ePilot, 
Järnvägstekniskt centrum (JVTC), Luleå tekniska universitet, Luleå. (Status: Published) 

This project report within the ePilot sub project '042 Cloud-based eMaintenance services for 
maintenance decisions', describe the business and technical advantages that eMaintenance 
solutions bring within the Swedish railway and reflect how mature the railway industry is in 
using eMaintenance solutions. This report describes the developed eMaintenance solution as 
well as results from interviews, observations, and workshops where the maturity of the 
industry for these types of solutions was discussed. 

Included in: Karim, R., Jägare, V., Juntti, U., Glover, C., & Lund Cipolla, A. (Eds.). (2020). The 
roadmap for digitalised operation and maintenance of railway : ePilot - Results and Findings. 
Retrieved from http://urn.kb.se/resolve?urn=urn:nbn:se:ltu:diva-77898. 

Keywords: eMaintenance, business models 

Project report: Jägare, V. & Westerberg, J. (2016). EP051-ePilot Implementeringsmodell. 
Project report eP119-051-2016, ePilot, Järnvägstekniskt centrum (JVTC), Luleå tekniska 
universitet, Luleå. (Status: Published) 

The purpose of this project was to identify some of the most important factors that must be 
considered to develop a suitable implementation process and platforms for implementation, 
to facilitate decision-making in maintenance through eMaintenance solutions. In this work, a 
case study has been made within ePilot sub project 051. The case study identified and 
analysed several influencing factors. Based on the results of the conducted study, it can be 
concluded that the development and operation of demonstrators can be one of the most 
important ways to commercialise research results. Furthermore, it can be concluded that for 
innovations from ePilot119 to be implemented in a deregulated market, it is important to 
monitor and analyse the development of the project. Not only to identify the advantages and 
disadvantages of the technical system, but also the possible organisational, financial, and 
contractual barriers to introducing and implementing new innovative products, processes, 
and systems to learn from and avoid these barriers. As for the next step of this research, a 
framework aimed at supporting collaboration and innovation processes in the context of a 
complex technical system (i.e. railway) will be developed. The framework is expected to 
facilitate risk management in connection with identifying factors, as described in previous 
sections. 
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Included in: Karim, R., Jägare, V., Juntti, U., Glover, C., & Lund Cipolla, A. (Eds.). (2020). The 
roadmap for digitalised operation and maintenance of railway : ePilot - Results and Findings. 
Retrieved from http://urn.kb.se/resolve?urn=urn:nbn:se:ltu:diva-77898. 

Keywords: eMaintenance, innovation, innovation processes 

Journal paper: Söderholm, P., Jägare, V., & Karim, R. (2022). Reality lab digital railway for 
sustainable development. International Journal of COMADEM, 25(2), 39–47. (Status: 
Published) 

This paper summarises the execution and results of the research project “Reality Lab Digital 
Railway”. The goal of the project is to open up the Swedish transport administration’s 
(Trafikverket’s) core business within railway for development and demonstration of digital 
information logistic solutions that are tested by primary actors and end users. The results of 
the project can be summarised in the four areas of regulations, organisation, roles, and 
technologies that contribute to Trafikverket’s ability to achieve the project goals. Examples of 
results are methodologies and tools for establishing and actively managing a more dynamic 
regulatory framework. This framework clarifies the need for innovation as well as the 
specification of the application of digital technologies to strengthen the railway sector’s 
capability. To support collaboration between railway actors during test and demonstration, 
physical and digital assets as well as ICT-solutions have also been established. The project has 
also produced proposals for agreements regarding information management between 
Trafikverket and external parties. 

Keywords: railway, digitalisation, Reality Lab 
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Conference paper: Juntti, U., & Jägare, V. (2019). Enhanced collaboration models in 
eMaintenance projects. In International Heavy Haul Association Conference June 2019 (pp. 
925–931), 10 – 15 June, 2019, Narvik, Norway. (Status: Published) 

The increased digitalisation has led to greater transparency in recent decades, even in the 
railway industry, as it is now has taken a more holistic approach, discussing the railways as 
one system and introduced eMaintenance as a concept. Today the railway is divided in several 
sub systems managed by different stakeholders, all having their own business objectives. In 
order to enhance the collaboration in the Swedish railway, Trafikverket initiated a project 
called ePilot in 2013, where all the stakeholders were invited to participate with the objective 
to implement results from research and development within railway maintenance. ePilot 
provides a collaboration platform for the development of solutions for maintenance decision 
support, based on the needs and requirements from various stakeholders, in order to enable 
and transform the Swedish fragmented rail industry to an integrated industry. A new 
collaboration model has been developed in the ePilot, providing tools and game rules for 
enhanced collaboration towards jointly agreed goals. The model is dependent on trust, 
credibility in order for all parties to feel safe, during the whole project. This paper describes 
factors enabling a successful collaboration, collaborative methodology and provide conditions 
for continued participation in the ePilot project. 

Keywords: railway, collaboration model 

Report: Karim, R., Jägare, V., Juntti, U., Glover, C., & Cipolla, A. L. (2020). The roadmap for 
digitalised operation and maintenance of railway : ePilot - A railway collaboration platform. 
Retrieved from Luleå University of Technology. Luleå. (Status: Published) 

ePilot is an initiative by Trafikverket and many other stakeholders in railway. The intention of 
the initiative has been to create a platform for industry collaboration in order to rationalise 
operation and maintenance for the entire railway. This platform has been based on a concept 
for information logistics and data analysis for diagnostics and prognostics related to the 
operation and maintenance process. The concept is called eMaintenance and has been 
developed by the Luleå Railway Research Center (JVTC) at Luleå University of Technology 
(LTU). Our mission is to provide a collaborative innovation platform enabling operational 
excellence for the railway ecosystem through eMaintenance and Industrial AI. Our vision is to 
enable a robust, resilient, reliable, and digitalised railway system in Sweden that is attractive, 
safe, and efficient. Our goal is to incorporate relevant research and development findings into 
the railway system, thereby contributing to greater reliability, punctuality, and sustainability 
in railway, and greater cost-efficiency in operation and maintenance. 

Keywords: railway, eMaintenance, innovation, collaboration platform, Industrial AI, 
implementation 
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Project report: Juntti, U. & Jägare, V. (2019). EP219 - Juridik för datadelning. Project report 
eP20-219-2018-ImpD, ePilot, Järnvägstekniskt centrum (JVTC), Luleå tekniska universitet, 
Luleå. (Status: Published) 

ePilot is a collaborative project for the implementation of research and development results 
in the field of operation and maintenance with a focus on condition-based maintenance with 
the aim of implementing results from research and development. During the project, several 
obstacles to collaboration and data sharing have been identified, which has led to some 
uncertainty among the parties regarding what is included in the background and foreground, 
respectively who owns the data and information included in a sub project. During discussion 
between the parties, it has also emerged that there is a lack of common nomenclature to 
describe what is meant by different types of data, digitalisation, and different sub processes 
in the flow from raw data to decisions. 

In this sub project, data flow maps have been compiled for some of ePilot's sub projects, with 
the aim of describing the process "from measurement to decision support". Based on these, 
several questions have been compiled and interviews have been conducted with people who 
participated in the ePilot project. Interviews have also been conducted with other industries 
where data sharing occurs. The interviews indicate that increased knowledge and clear 
guidelines are needed in the following areas to avoid barriers to continued data sharing. 

Included in: Karim, R., Jägare, V., Juntti, U., Glover, C., & Lund Cipolla, A. (Eds.). (2020). The 
roadmap for digitalised operation and maintenance of railway : ePilot - Results and Findings. 
Retrieved from http://urn.kb.se/resolve?urn=urn:nbn:se:ltu:diva-77898. 

Keywords: railway, maintenance, data sharing 

Project report: Juntti, U., Jägare, V., Lindgren, M., Olofsson, B., Johansson, N., Hägglund, C. 
& Norrbin, P. (2019). EP201-Modeller för samverkan, innovation, implementering, avtal och 
affärsmodeller. Project report eP200-201-2019-SIIAA, ePilot, Järnvägstekniskt centrum 
(JVTC), Luleå tekniska universitet, Luleå. (Status: Published) 

The goal of the ePilot sub project is to create a knowledge platform that enables digitalisation 
of maintenance, implementation of innovations, improved working methods in the railway 
system and a model to follow up cost and benefit within a competitive and partly public 
railway industry. The sub project has five different sub deliverables regarding collaboration, 
implementation, contracts, business models and cost/benefit models. 

Included in: Karim, R., Jägare, V., Juntti, U., Glover, C., & Lund Cipolla, A. (Eds.). (2020). The 
roadmap for digitalised operation and maintenance of railway : ePilot - Results and Findings. 
Retrieved from http://urn.kb.se/resolve?urn=urn:nbn:se:ltu:diva-77898. 

Keywords: collaboration, implementation, contracts, business models and cost/benefit models 
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Project report: Juntti, U., Jägare, V., & Karim, R. (2018). EP220 – Implementering av 
´Mätstation Sverige’ - Handlingsplan. Project report eP20-220-2018-ImpMSE, ePilot, 
Järnvägstekniskt centrum (JVTC), Luleå tekniska universitet, Luleå. (Status: Published) 

Infrastructure for measuring the condition of infrastructure and rolling stock is a prerequisite 
for condition-based maintenance. Assessment of the facility's current and estimated condition 
contributes to improved risk-based prioritisation of maintenance and traffic management 
measures to maintain punctuality on the railway. This report discusses an overarching action 
plan to establish several measuring sites for testing and then connect them to 'Measuring 
Station Sweden'. Mätstation Sverige is a platform, designed and tested within ePilot, intended 
for transparent and reproducible tests of scientific theories, calculation tools and new 
technology. The goal of 'Measuring Station Sweden' is to strengthen the railway industry's 
adaptability and competitiveness by developing and providing a test bed for research and 
innovation within the railway industry, both nationally and internationally. 

Included in: Karim, R., Jägare, V., Juntti, U., Glover, C., & Lund Cipolla, A. (Eds.). (2020). The 
roadmap for digitalised operation and maintenance of railway : ePilot - Results and Findings. 
Retrieved from http://urn.kb.se/resolve?urn=urn:nbn:se:ltu:diva-77898. 

Keywords: railway, maintenance, data management, measuring station 

Report: Karim, R., Jägare, V., Lindberg, R., & Kumar, U. (2015). Robust and Reliable Transport 
System (RTS): A strategic agenda for resource pooling, collaboration, innovation and 
research. Luleå University of Technology. (Status: Published) 

Transport is fundamental to our economy and society. An efficient and sustainable transport 
system is essential for people and businesses, a truth today, an outmost necessity in the 
future. The Swedish transport system needs to be much more robust, resilient and reliable to 
make this become an everyday reality. RTS’ vision is to enable a robust, resilient, and reliable 
transport system, which is attractive, safe, sustainable, and efficient. RTS’ overall goals are: 1) 
Improved economic, societal, & environmental efficiency – A yearly potential well above one 
billion kronor (SEK); 2) Reduction of disruptions - By more than two thirds within five years 
after implementation of solutions developed within RTS’s core activities; 3) Enhanced 
collaboration & cooperation - The transport sector actors are working within an incentive-
driven triple helix with holistic system perspective RTS includes two complementary research 
and innovation (R&I) domains: 1) R&I that create robustness and reliability of the transport 
system; and 2) R&I that create incentives and tools for the transport industry players within a 
triple helix to cooperate and collaborate. Furthermore, RTS focuses on the application 
domains rail and road systems including interfaces to ports and airports. 

Keywords: transport system, railway, transportation, innovation, research, intelligent 
transport system 
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Appendices  

Appendix A Literature study 
The first search of the main keywords, which was performed in the spring of 2020, resulted in 
some papers deemed relevant while some keywords needed to be refined and further 
explored, see Table A1. 

The combination of “maintenance” and “rail*” indicates that the first paper was written in 
1913, but the increase in production occurs in 1980 and peaks 2016, see Figure A1. 

Table A1. Results from main keyword search. 

 

 
Figure A1. Hits for combination “maintenance” and “rail*” in Scopus. 
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The combination of “innovation” and “rail*” indicates that the first paper was written in 1967, 
but the increase in production occurs in 1995 and peaks 2019, see Figure A2. 

The combination of “digitalisation” and “rail*” indicates that the first paper was written in 
2004, but the increase in production occurs in 2017 and peaks 2020, see Figure A3. 

 
Figure A2. Hits for combination “innovation” and “rail*” in Scopus. 

 

 
Figure A3. Hits for combination “digitalisation” and “rail*” in Scopus. 



APPENDICES 

Page | 245 

The combination of “change management” and “rail*” indicates that the first paper was 
written in 1987, but the increase in production occurs in 2016 and peaks 2019, see Figure A4. 

 

 

 
Figure A455. Hits for combination “change management” and “rail*” in Scopus. 
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The main keywords were refined, a list of related keywords in combination with “Rail*” and 
larger combinations of keywords resulted in papers regarded as relevant after reading the 
abstracts, see Table A2. 

 

 

Table A2. Results from a refined first keyword search. 
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After removing duplicates and reviewing the abstracts there were a total of 48 papers left. 
These papers were listed, read, and analysed. 28 papers were directly related to railway while 
the other papers were related to areas like general manufacturing, construction, 
transportation, and logistics. The content of these papers could be closely related to 
implementing maintenance-related innovations and driving change in a digitalised setting. The 
first author was from Great Britain for 16 of the papers while six papers had first authors from 
Sweden or Poland. The papers were published from 2007 to 2020.  

Other relevant papers have been added to the literature study after the search if considered 
important and relevant. 

The second search of main keywords related to the Major case study, which was performed 
in the fall of 2020, resulted in some papers deemed relevant while some keywords needed to 
be refined and further explored, see Table A3. 

The main keywords were refined, a list of related keywords in combination with “Rail*” and 
larger combinations of keywords resulted in papers regarded as relevant after reading the 
abstracts, see Table A4. 

 

 

 

 

Table A3. Results from second keyword search. 
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Since the number of hits for relevant papers were short, the search was expanded to include 
Swedish keywords and the reference lists were reviewed for more papers, which was twelve 
relevant papers. 

During the writing of this research study a complementary search for papers to complete the 
theoretical framework were made during the first half of 2022 where newer findings were 
added.  

 
  

Table A4. Results from a refined second keyword search. 
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Appendix B The Consolidated Framework for Implementation Research 
The Consolidated Framework for Implementation Research (CFIR) created by Damschroder et 
al., (2009), see Table A5-A9. 

 

 

 

Table A5.CFIR Topic I. Intervention characteristics (Damschroder et al., 2009). 

 

Table A6. CFIR Topic II. Outer setting (Damschroder et al., 2009). 
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Table A7. CFIR Topic III. Inner setting (Damschroder et al., 2009). 

 

Table A8. CFIR Topic IV. Characteristics of the individuals involved (Damschroder et al., 2009). 
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Table A9. CFIR Topic V. Process (Damschroder et al., 2009). 
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Appendix C Questionnaire 1 used in Case study #2 
Questionnaire 

1. What obstacles do you see for the industry to be able to use decision support based 
on condition data? 

a. Commercial 
b. Technology 
c. Organisation  
d. Rules/regulations 
e. Data sharing 

2. What other obstacles e.g., contracts / agreements make it impossible to implement 
innovations? 

3. What obstacles do you experience are greatest in your organisations when introducing 
new technology? 

4. How mature do you think the railway industry is to use condition data to make 
maintenance decisions?  

5. What incentives exist / should exist in your organisation to stimulate the development 
and use of a decision support based on condition data? 

6. Are there any obstacles in sharing / collecting data? 
7. How to solve, despite complicated responsibilities, increased data sharing as input to 

a condition-based decision support? 
8. After deciding to introduce an innovation in a company, how to ensure a successful 

implementation and use of the innovation? 
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Appendix D Questionnaire 2 used in Case study #2 
Questionnaire 

I work at/as:  

� Trafikverket 

� Train operator 

� Maintenance contractor 

� Maintenance workshop 

� Supplier of railway products 

� Consultant 

� Academy 

� Other 

How important do you think the following factors are for the possibilities of implementing 
an innovation in the railway? 

Instruction: 
Weighting: 0=not important, 10=very important, grade with a dash on the line according to 
the following example: 

0 
________________________________________________________I________________10 

If the line is left blank, it is interpreted as if the factor is not clearly described. 

Start 

The innovation is externally developed. 

0 ________________________________________________________ ________________10 

Perception of the quality and validity of the evidence supporting the attitude that the 
innovation will meet the desired requirements. 

0 ________________________________________________________ ________________10 

The opportunity to test the innovation on a small scale in the organisation, and to be able to 
regret implementation if it is considered justified. 

0 ________________________________________________________ ________________10 

Perceived difficulty in implementing, which is reflected in length, scope, radical change, 
subversion, centrality, complexity, and number of steps required to implement. 

0 ________________________________________________________ ________________10 
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The extent to which users' needs, as well as barriers and enablers to meet these needs are 
known and prioritised by the organisation. 

0 ________________________________________________________ ________________10 

The degree to which an organisation is in a network with other external organisations. 

0 ________________________________________________________ ________________10 

Imitating or implementing an innovation under the influence of competition; usually because 
most or other important internal or competing organisations have already implemented or in 
an attempt to gain a competitive advantage. 

0 ________________________________________________________ ________________10 

The innovation is internally developed.  

0 ________________________________________________________ ________________10 

External strategies for disseminating innovations, including policies and regulations (state or 
other central entity), external mandates, recommendations and guidelines, payment for 
performance, willingness to cooperate, and public or benchmark comparison. 

0 ________________________________________________________ ________________10 

Absorption capacity for change, shared responsiveness of stakeholders to an innovation and 
the extent to which the use of innovation will be rewarded, supported, and expected within 
the organisation. 

0 ________________________________________________________ ________________10 

The degree to which actors perceive the current situation as unacceptable or that there is a 
need for change.   

0 ________________________________________________________ ________________10 

Perception of the relative advantage of implementing the innovation compared to an 
alternative solution. 

0 ________________________________________________________ ________________10 

Perception that an innovation can be adapted, tailored, improved, or reinvented for local 
needs. 

0 ________________________________________________________ ________________10 

Material fit between the meaning and values linked to the innovation of the individuals 
concerned, how they correspond to the individual's own norms, values and perceived risks 
and needs, and how the effort fits with existing workflows and systems. 

0 ________________________________________________________ ________________10 

The social architecture, age, maturity, and size of the organisation. 

0 ________________________________________________________ ________________10 
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The nature and quality of the social network and the formal and informal communication 
within an organisation. 

0 ________________________________________________________ ________________10 

The individuals' common perception of the importance of implementing implementation 
within the organisation. 

0 ________________________________________________________ ________________10 

External incentives such as awards for goal sharing, development talks, campaigns and salary 
increase and less concrete incentives such as improved position or respect. 

0 ________________________________________________________ ________________10 

The degree to which goals are clearly communicated, directed towards, and feedback to staff 
and control of feedback towards goals. 

0 ________________________________________________________ ________________10 

Individuals from the organisation who have been formally appointed to be responsible for 
implementing an innovation as a coordinator, project manager, team leader, or other similar 
role. 

0 ________________________________________________________ ________________10 

Cultural norms, values, and basic assumptions about a particular organisation.   

0 ________________________________________________________ ________________10 

Participation of people who are connected to an external unit that can formally influence or 
facilitate the implementation of innovation in a desired direction.   

0 ________________________________________________________ ________________10 

Implement or carry out the implementation according to a plan. 

0 ________________________________________________________ ________________10 

A climate where: a) leaders express their own shortcomings and need for the support and 
input of team members; b) group members feel that they are important, valued, and 
knowledgeable parties in the change work; c) individuals feel mentally safe to try new 
methods; and d) there is sufficient time and space for reflection and evaluation. 

0 ________________________________________________________ ________________10 

Preparedness for implementation through concrete and immediate indicators of 
organisational commitment around a decision to implement an innovation. 

0 ________________________________________________________ ________________10 

Commitment, participation and accountability for leaders and managers with the 
implementation. 

0 ________________________________________________________ ________________10 
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The level of resources set aside for implementation and day-to-day operations, including 
money, education, physical space, and time. 

0 ________________________________________________________ ________________10 

Easy access to easily digestible information and knowledge about the innovation and how to 
incorporate it into processes. 

0 ________________________________________________________ ________________10 

Individuals' attitudes towards and values of the innovation as well as familiarity with facts, 
truths and principles linked to innovation. 

0 ________________________________________________________ ________________10 

Individual belief in their own ability to execute action plans to achieve the goals of 
implementation. 

0 ________________________________________________________ ________________10 

The phase an individual is in, as he or she develops towards being a knowledgeable, 
enthusiastic, and continuous user of innovation. 

0 ________________________________________________________ ________________10 

Other personal qualities that include tolerance for ambiguity, intellectual ability, motivation, 
values, competence, capacity and learning style. 

0 ________________________________________________________ ________________10 

A system or method for action and activities to implement an innovation is developed in 
advance and the quality of these systems and methods. 

0 ________________________________________________________ ________________10 

Attract and involve suitable individuals in the implementation and the use of the innovation 
through a combined strategy for social marketing, education, role models, education, and 
other similar activities. 

0 ________________________________________________________ ________________10 

Individual identification with the organisation, how individuals perceive the organisation and 
the relationship and commitment to the organisation.  

0 ________________________________________________________ ________________10 

Perceived quality in how the innovation is presented. 

0 ________________________________________________________ ________________10 

The costs for the innovation and costs for implementing the innovation, including 
investments, delivery, and alternative costs.  

0 ________________________________________________________ ________________10 
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Individuals in an organisation who have a formal or informal influence on the attitudes and 
beliefs of their colleagues regarding the implementation of innovation. 

0 ________________________________________________________ ________________10 

Quantitative and qualitative feedback on the progress and quality of the implementation 
together with regular reporting from individuals and the team regarding progress and 
experience. 

0 ________________________________________________________ ________________10 

 

Are you missing any factors that can affect the ability to implement innovations? 

� Yes  

� No 

If so, which ones? 

___________________________________________________________________________ 
 
Are you missing any factors that can be barriers to implementing an innovation? 

� Yes  

� No 

If so, which ones? 

___________________________________________________________________________ 
 
Do you have any other comments regarding obstacles and opportunities for implementing 
innovations in the railway?   

___________________________________________________________________________ 
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Appendix E Questionnaire used in Case studies #3 and #7 
Questionnaire 

To what extent do the following factors influence the chances of a successful implementation 
of innovations? (Evaluate where 1 is very little and 6 is very much.) 

1. Extended collaboration 
2. A neutral collaboration platform 
3. That the receiver understands the benefits of innovation 
4. That the receiving organisation has an implementation process  
5. That there are financial incentives for change  
6. That there are clear business models  
7. That the recipient has time to introduce innovations in their daily work  
8. The opportunity to test the innovation on a small scale and be able to reverse 

implementation  
9. The perception that an innovation can be adapted to local needs  
10. Cultural norms, values, and basic assumptions in a particular organisation  
11. Commitment, participation and accountability for leaders and managers with the 

implementation 
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Appendix F Questionnaire used in Case study #4 
Questionnaire 

Business models, agreements, and incentive models 

1. What is the current situation regarding business models for digital services within 
operation and maintenance in the railway?  

2. Do current business models for operation and maintenance within the railway need to 
change as the digital railway develops?   

3. Do the actors on the physical railway need to act in other ways, e.g., develop other 
business models and create new ways to make money?   

4. Are there obstacles or incentives to the development of new business models? 

The railway markets  

5. Can new actors enter the railway market? 
6. Is there a market for innovations? 
7. How active is the supplier market in trying to sell new products / services and how 

good are they at understanding the need and how a product / service can fit in? 
8. How do you see the railway industry in 10 years, regarding eMaintenance? 

Digitalisation, data security, decision support systems  

9. How do you view ownership / use rights for collected data? 
10. What is the goal of digitalisation / connected railways?  
11. Do you currently work with digitalisation and / or a connected railway with an 

emphasis on creating better conditions for maintenance and asset management? 
12. In which phases (operational, tactical, strategic) do you see the greatest benefit of 

digitalisation? 
13. How do you work with information security? 
14. Who performs data analysis and what does the business model around the data flow 

look like?  
15. What are your experiences with: IT platforms, cloud services, analytics tools, 

maintenance systems? Who are the users of the tools? 

Change management – Implementation  

16. How do you go from visions of improving punctuality and minimising disruption as well 
as research results / tests to implementing solutions? 

17. How do you measure the benefits of change? 
18. How does increased digitalisation affect established working methods, decision-

making processes, organisation, etc.? 
19. Which three of the following factors affect the possibilities for implementation?  

1 for most important, 2 for second most important and 3 for third most important:    
• That there are financial incentives for change 
• That there are clear business models 
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• That the recipient has time to introduce innovations in their daily work 
• The ability to test the results on a small scale in the organisation, and to be able to 

undo implementation if deemed justified. 
• Perception that an innovation can be adapted, tailored, improved, or reinvented 

for local needs. 
• Cultural norms, values, and basic assumptions in a particular organisation. 
• Commitment, participation and accountability for leaders and managers with the 

implementation.  
• Other…………………………………………………………… 

20. How can we speed up the implementation of new solutions for the railway? 
21. What are the main challenges in implementing new solutions? 
22. What are the main challenges for digitalising railway maintenance? 
23. Have you been involved in any innovation procurement, and if so, what are your 

experiences from this? 
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Appendix G Questionnaire used in Case study #5 
Questionnaire 

First set of questions for interviews regarding data sharing in the railway industry: 

1. Does the person who generates the data (the owner of the asset) always own the raw 
data (untreated)? 

a. Example - a train runs over a sensor that measures the train 
b. Example - a train carries a sensor and measures the infrastructure 
c. Example - a satellite measures the position of the track 

2. Are there exceptions? 
3. How do you make agreements on raw data today? Does the owner of the object / 

system that generates the data, make agreements with the person who is to: 
a. Make measurements (how measurement is carried out, what is to be 

measured, how long the measurements last, ownership and right of use of 
data, sharing with third parties). 

b. Retrieve System Data from the infrastructure or vehicle owner (e.g., what data 
is retrieved, quality assurance, how it is to be stored, ownership and right of 
use, sharing with third parties). 

4. How do you make agreements today regarding information (processed data)? Does 
the owner of the object / system that generates the data, make an agreement with the 
person who: 

a. Process data from raw data to information (how the information is to be used, 
how and to whom it is to be delivered / presented). 

5. If a measurement provider delivers information to a customer. Can the customer pass 
the information on to a third party for further analysis? 

6. Thinning: How long should / may data be stored? (Academy / Project) 
7. How to protect trust in projects? What to do with joint results before and after the 

project is over. 
8. Can LOU / LUF and the Competition Act cause obstacles for project partners in future 

procurement of results from the project? 
9. Is there data that may not be disclosed - classified data? If so, what is security-classified 

data? 
10. Has the Swedish Transport Administration in its traffic agreement agreed to be allowed 

to measure passing vehicles? For future test sites, is a general agreement needed? 
11. Do you need an agreement with the operators who run over sensors that you can 

register information about the asset? 
12. Are there any incentives or obstacles to stimulate data sharing? 
13. Who should be responsible for taking care of data / clouds? 
14. Do you know of any other projects that look at data sharing in the railway industry? 
15. What do you think is the ideal situation for data sharing in the industry? 

Second set of questions for interviews regarding data sharing in the railway industry: 
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1. What are the goals of digitalisation / connected assets?  
2. What are the issues and challenges regarding data collection and data security? 
3. Are the specific business models, agreements, and incentive models when it comes to 

sharing data? 
4. Which are the requirements to enable implementation of innovations in the railway 

industry? 
5. What challenges are there to digitalise railway maintenance? 
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Appendix H Questionnaire used in Case study #6 
Questionnaire:  

Conditions of the maintenance contract at the south part of the Iron Ore line 

1. What type of procurement AB or ABT?  

2. Was there a project objective, or was "maintaining existing status and function during 
the contract period" applied? 

3. Was there a target? 

a. Reduce corrective maintenance 

b. Reduce train delays 

c. Increased track position quality 

d. Reduced costs  

e. Maintain existing status and function during the contract period  

f. Other 

4. Was there a fine for e.g., missed, or delayed feedback, late arrival time, delays? 

5. How were the tenders evaluated - which factor weighed the most? 

a. Lowest price 

b. Previous experience 

c. Quality  

6. What form of compensation was applied?  

a. Fixed price with functional commitment ABT 

b. Fixed price for basic commitment, variable price according to a-price list for 
others 

c. Incentives  

d. Bonuses  

e. Penalties 

7. Is the scope above correct - snow services, troubleshooting and inspection? 

a. Inspection refers to safety inspection, not maintenance inspection. 

b. How was planned maintenance procured, according to regulations e.g., 
maintenance of insulating joints, overhead contact line, etc.? 

c. How was condition-based maintenance procured, was it based on safety and 
maintenance inspections? 
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8. Was there an option, why not? 

9. Was any collaboration model, i.e. partnering, collaboration basic/high used? 

a. How was this collaboration carried out? 

b.  Was there a moderator? 

10. What working methods were applied during the contract period? 

a. Construction meetings (reconciliation of production, finances, and decisions on 
additional orders) - frequency 1 time / month? Who were the participants?  

b. Production technical meetings: Make suggestions for improvements? 
Frequency? Who were the participants? 

c. Control / Follow-up of inspection remarks - Frequency? Who are the 
participants?  

Questions regarding implementation of results from ePilot in the maintenance contract for 
the south part of the Iron Ore line: 

1. Was the adaptation of the maintenance contract carried out to enable the 
implementation of results from ePilot? 

If yes: 

2. How was the adaptation carried out? Was this carried out in a dialogue between 
Trafikverket and the maintenance ontractor? 

3. Did you need to make any changes to the maintenance contract?  

4. Were mutual goals developed? 

5. Was a special project organisation appointed? Who were part of this organisation, 
there were e.g., consultants and academia represented? 

6. Which method was applied; see question 10 above? Was implementation a fixed point 
at the construction meeting? 

7. How were improvement proposals selected to be tested and validated? 

8. How many proposals were made, how many were carried out as tests and how many 
were successful? 

9. How were tests performed?  

10. How were these paid for, were there e.g., requirements for the contractor to 
participate with his own time? 

11. Was it discussed how these changes:   

a. Effected governing and guiding documents? (regulations, procurement 
documents, etc.) 
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b. Influenced existing working methods and possible need for skills development? 

c. How would further implementation in other maintenance contracts take 
place? 

d. Who will provide new production aids - type thermal camera? 

12. How was the aim of "developing and testing procurement methods to stimulate 
innovation and the contractors' ability to pursue development in ongoing maintenance 
contracts" followed up? 

13. Was any follow-up made regarding how the parties experienced working with 
implementation? 

If no: 

14. Are there plans to create opportunities for testing and implementation of new 
solutions in maintenance contracts? How? Financing?  

15. How does Trafikverket intend to work in parallel with changes in regulations to enable 
the use of innovations? Methodology?  

16. How to stimulate the use of new solutions that improve the railway? 
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Appendix I Modified CFIR adapted to railway 
Modified CFIR framework adapted to implementation of innovations within railway, see Table  

A10-A14. 

 

 

  

Table A11. Modified CFIR Topic II. Inter-organisational. 

 

Table A10. Modified CFIR Topic I. Innovation. 
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Table A12. Modified CFIR Topic III. Intra-organisational. 
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Table A13. Modified CFIR Topic IV. Individuals. 

 

Table A14. Modified CFIR Topic V. Process. 
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