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Preface

Before you lies the report Alesund, A Dutch Perspective on a Future-Proof City. It has been written as
part of the Master’s programme of Civil and Environmental Engineering at the TU Delft in a Multidis-
ciplinary Project from September until November 2025. The project brings together knowledge from
different specialisations to provide a clear and practical advisory perspective for the local municipality.

We wanted to step out of our comfort zone and take the opportunity to experience another culture and
work setting abroad. After a few online meetings and preparatory documentation, we got the green
light and were allowed to go to Norway. It has brought us many benefits, from learning to communi-
cate professionally in an international setting, to gaining more experience in research in an unknown
language, but overall, it has brought us together closer as a team.

However, we could not have done it without the wonderful support of the many people who helped us
during the process. First and foremost, we would like to acknowledge Andreas Amundsen from the Ale-
sund Kommune, who was available throughout the entire quarter for general questions and consistently
offered his guidance and support. Together with his always enthusiastic and kind-hearted colleague,
Lin Marie Norberg Jacobsen, we felt very welcome in the city from day one, and they introduced us to
everyone. We would also like to express our gratitude to Torodd Skjerve Nord (NTNU) for his weekly
availability, detailed feedback, and the broad and valuable knowledge he shared with us. We would
also like to thank our supervisors from TU Delft, Victor Knoop, Henk Jonkers, and Yuguang Yang. Their
guidance throughout the entire process has helped bring our deliverables to a high standard. We are
also very thankful to everyone who is not explicitly mentioned, but who assisted us during our time
abroad.

Bouwe-Jan, Christiaan, Isabelle, Rona and Thijs
Alesund, Norway, November 2025



summary

The municipality of Alesund has large ambitions to make the city more sustainable, more vibrant and
ultimately future-proof. However, it faces several problems in doing so. First of all, the population
is increasing, while there are limited possibilities for growth. The increasing population will put extra
pressure on the road infrastructure network, which is already congested every day. The city has an
extensive public transport network, but this is barely used. In addition, the population is ageing. Young
people leave the city, while the share of older residents increases. A balanced population in terms of
age is desired, so efforts have to be made to let the city remain attractive for all generations. This
could be done by realising a vibrant new city district, which the municipality aims to do in Sgrsida. This
area is now mainly unused, with unoccupied or temporarily used buildings. The Sgrsida project first
entailed demolishing these buildings, and constructing new ones after. However, since sustainability is
becoming increasingly more important, reuse of existing buildings is now also considered. An example
is the Devold building close to the cruise quay. Another problem is the nearing end of life of the Steinvag
bridge between Hessa and Aspgya. This bridge has to be replaced within the coming 12 years, but no
plans are in place yet. It forms the only connection between Hessa and the rest of the city, forming an
essential link in the road network.

The municipality has set out three separate cases to investigate:

» Design a new connection between Hessa and Aspgya as a replacement for the Steinvag bridge.

» Assessing the environmental impact of demolishing the Devold building and constructing some-
thing new compared to reusing it.

* Investigate the transport network to determine if further growth of car usage is possible and to
analyse if public transport can help reduce the congestion problems.

The cases are separate projects, but the long-term effects of them will influence each other and the
vision of the city. Therefore, they are linked to each other in order to get more insight in their long-term
effects, as well as they ways in which they influence each other. This will give also give a better insight
in the opportunities of the cases when considering it as a single, large project.

The public transport network of Alesund (operated by FRAM) was analysed using General Transit Feed
Specification (GTFS) data in two configurations: buses only and buses plus already existing ferries. The
system is generously dimensioned relative to current demand: no link reaches saturation and average
bus occupancy is 32%. Coverage is city-wide, with passenger flows concentrated on the main west—
east corridor between the city centre (Kollektivknutepunkt) and Moa trafikkterminal; key hubs show
high betweenness centrality. The network is robust and well-structured. However, since ridership is
low, there are other factors than the network itself that prevents people from using public transport.
Further research to these factors is recommended.

A traffic model of the city and its direct surroundings is also constructed. This model is built for the
evening peak and includes the car, bus, cycling and walking as travel modes. Congestion occurs on
the main east-west connection during the evening peak. No further increase in car traffic is possible on
the current infrastructure network. Increasing the bus frequency on all lines by 50% has a negligible
effect on overall ridership, so it is not worth it.

A multi-criteria decision analysis is performed to deduce the optimal location of a new connection be-
tween Hessa and Aspaya, as replacement of the Steinvag bridge. Criteria are for example costs and
emissions, but also travel time between Hessa and the city centre and compatibility with the existing
infrastructure. The travel times for different location alternatives are determined with the previously
mentioned traffic model. The optimal location turns out to be at the location of the current bridge, but
the orientation of the bridge is slightly altered.
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The newly designed bridge is a tied-arch bridge, which is comparable to the design of the Steinvag
bridge. This design was mainly chosen to appeal to the local population, as the current bridge is a
landmark in the city centre. Designing a different type of bridge would likely lead to resistance from the
local population. In addition, it is common practice to replace bridges with a bridge of similar shape
in Norway. The bridge will have one lane per direction, with a cycling lane and side walk on either
side. Since Hessa might see developments like new housing or jobs in the future, due to an increase in
population, the bridge needs to accommodate future traffic flows. Even if 5,000 inhabitants and 5,000
new job opportunities are realised on Hessa, the bridge will not be the bottleneck in the traffic system
when designed with one lane per direction. The preliminary design is based on both a DIANA FEA
model and hand calculations. This is done based on the Norwegian Standard of the Eurocode and the
National bridge guidelines.

The chloride content of the Steinvag bridge is analysed to investigate appropriate end of life scenarios
for its construction elements. Data on the chloride content of the bridge in 2007 and 2017 was provided
by the county of Magre og Romsdal. This data was used to estimate the chloride content in 2037, which
is close to the end of the service life of the bridge. A publication of Statens vegvesen was used to
establish which chloride contents were acceptable and which were not. Comparing the estimated
chloride contents to the limit values shows that the concrete is too contaminated to be reused for
structural purposes. Therefore, it is advised to separate the steel from the concrete, so that the steel
can be recycled into new products and the concrete can be used as landfill.

Multiple life cycle assessments are performed in parallel for the Devold building. The first is based on
both the Norwegian standard NS 3720 and the second on European standards EN 15978 and EN 15804.
The results of both assessments show that reusing the Devold building has a lower environmental
impact than demolishing the building and constructing a new one. They both show that reusing the
Devold building has a lower environmental impact than demolishing the building and constructing a new
one. This is mainly due to the high environmental impact of producing and installing new construction
elements, encompassed by modules A1-A5 in the assessment. A comparison between the results of
the Norwegian and European methodologies shows that the Norwegian one is less effective at creating
a complete image of the environmental impact. Therefore, it is recommended to opt for the European
methodology.

The municipality is investigating the future use of the Devold building. One of the options is to turn it
into a concert hall. This is in line with the municipality’s vision of making Sersida a new vibrant city
district. However, a concert will have a large impact on the already busy transport network. When a
concert starts during the evening peak, the maximum amount of visitors is 500. A total grid lock will
occur with higher visitor numbers due to people arriving by car. If a concert starts just after the evening
peak, 1,000 people can be attracted by it without heavy congestion occurring.

Lastly, a comparison has been made between projects in Norway and the Netherlands. Some important
differences were found between the two engineering cultures. In Norway, projects are usually more
flexible and can therefore be completed faster. In contrast, the Dutch approach often takes more
time, as it focuses more on long-term planning and preparation. Both approaches have corresponding
advantages and limitations.
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Introduction

This chapter outlines the scope of the project and presents the general background information neces-
sary to understand its context. It highlights the relevance of the various disciplines involved and clarifies
how they interconnect throughout the work. Finally, it identifies the central problem that serves as the
guiding thread for the remainder of the report.

1.1. Delft University of Technology

This project was carried out by five master’s students from the Delft University of Technology, all in
their second year of study. The team consists of students from three different specialisations within
the Faculty of Civil Engineering and Geosciences: two from Traffic and Transport Engineering (master
Civil Engineering), two from Structural Engineering (master Civil Engineering), and one from Resource
and Waste Engineering (master Environmental Engineering).

The Multidisciplinary Project (MDP) is an MSc elective module in which students from different disci-
plines work together to solve a real-world problem for an external client. The goal of the MDP is to
combine the technical, environmental, and societal dimensions of civil engineering into an integrated
solution strategy. Students are encouraged to set up their own project and to conduct it abroad, thereby
gaining experience in international collaboration and professional practice.

In this case, the project was initiated in cooperation with Alesund Kommune, focusing on the future de-
velopment of the city’s transport, structural, and environmental systems. Working from different tech-
nical perspectives, the team analysed the existing situation, developed scenario-based approaches,
and formulated recommendations to support Alesund’s ambition to become a more sustainable and
resilient city.

1.2. Project Description and Area

1.2.1. City Context and Demographics

Alesund is the largest city between Bergen and Trondheim on the west coast of Norway, located in the
Sunnmgre fjords in the Mgre og Romsdal county. The city has experienced steady population growth
in recent decades and continues to function as a regional hub for commerce, education, and several
services (Alesund Kommune, 2025b). Its demographic profile is characterised by 46,310 inhabitants in
the city (Stokkan et al., 2025) (59,305 inhabitants in the municipality), with a population distribution that
reflects both a significant working-age group and an increasing share of elderly residents (Statistisk
Sentralbyra, 2025¢), see Figure 1.1. The presence of a university campus (NTNU i Alesund) and sev-
eral secondary schools also attracts a younger demographic, which supports the demand for housing,
transport, and cultural activities.
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Figure 1.2: Surroundings of the city of Alesund

Figure 1.1: Ages in Alesund (Statistisk Sentralbyra, 2025c). (OpenStreetMap contributors, 2025)

Alesund’s economy is historically rooted in fisheries and the maritime sector, but today it also relies on
tourism, education, and knowledge-intensive services. The city remains Norway’s largest fishing port
and an important cruise destination, underlining its dual role as both a production hub and a gateway
for visitors. Besides, a significant share of the existing building stock and public infrastructure is ageing
and no longer aligned with contemporary functional or environmental standards. At the same time,
population growth and changing demographic needs have led to a growing shortage of suitable housing,
particularly in central areas. As a result, the city faces increasing pressure to renew outdated facilities
while simultaneously expanding its capacity to accommodate future residents and services (ITU, 2020).

Despite the expected population growth (from 59,305 inhabitants today to 59,627 in 2030 and 62,151 in
2050 (Statistisk Sentralbyra, 2025¢)), Alesund faces a demographic challenge. Many young residents
move to larger cities for study or employment opportunities, while the share of elderly inhabitants con-
tinues to increase. This shift in the population structure places pressure on the city to remain attractive
and accessible for all generations.

In response, Alesund Kommune has set the ambition to make the city more sustainable, accessible,
and ultimately future-proof. These goals focus on maintaining reliable connections between the islands,
increasing public transport use, and reducing congestion and emissions. At the same time, the munic-
ipality aims to create a more vibrant urban atmosphere by encouraging active mobility and the reuse
of existing buildings (Re-Value, 2025).

1.2.2. Urban Vision and Development Plans

Alesund Kommune adopted the Sgrsida plan in 2015, a strategic framework for redeveloping the south-
ern waterfront. The plan envisions approximately 130,000 m? of new mixed-use space, including hous-
ing, offices, cultural venues, and educational facilities (Alesund Kommune, 2025b). Sarsida Utvikling
AS, established in 2019, oversees this transformation with the goal of making Sersida a flagship ex-
ample of sustainable urban development, balancing ecological, economic, and social objectives. The
municipality is also part of the Re-Value project, a European initiative that promotes innovative and
people-centered planning methods for waterfront regeneration. Through this collaboration, Alesund
aims to test new tools for stakeholder engagement, sustainable mobility, and climate adaptation, en-
suring that Sgrsida becomes a resilient and inclusive urban district (Re-Value, 2023).

1.2.3. Current Challenges and Opportunities

The ongoing projects show that Alesund Kommune envisions several changes for the city. It would like
to become more sustainable in different aspects, to offer efficient accessibility throughout the city, and
to realise urban development that supports cultural and social life, all while dealing with an increasing
population.

Alesund faces several critical challenges in translating this vision into practice:

» Transport and car dependency: The city’s strong reliance on private cars conflicts with the am-
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bition of sustainable urban mobility. Alesund aims for zero growth in car traffic use (Bypakke
Alesund, 2024a), making a modal shift towards public transport, walking, and cycling essential,
though it requires systemic investments and behavioural change.

+ Ageing infrastructure: The Steinvag bridge between Aspgya and Hessa is at the end of its ex-
pected service life, highlighting the need for a replacement design that balances durability, ca-
pacity, and sustainability.

 Sustainability and circular construction: Large-scale demolition and redevelopment raise ques-
tions about material waste. Integrating reuse and circular economy principles is essential to
reduce environmental impact.

» Ageing population: As mentioned before, young people leave the city, which leads to an ageing
population.

1.3. Problem statement

The main problem is that the city of Alesund is not yet future-proof, which becomes clear from the
challenges mentioned in the previous section. Therefore, the municipality has asked to investigate
three separate cases, which will help them with policy planning for the future.

+ Design a new connection between Hessa and Aspgya as a replacement for the Steinvag bridge.

+ Assessing the environmental impact of demolishing the Devold building and constructing some-
thing new compared to reusing it.

* Investigate the transport network to determine if further growth of car usage is possible and to
analyse if public transport can help reduce the congestion problems.

Even though these cases are separate projects in different domains, the outcome of each design will to
some extent influence the city as a whole and its overall vision. Efforts have been made to identify these
effects in order to provide more insight into the long-term impacts and opportunities of the projects.

Traffic intensity is, for example, directly related to the design of a new connection as replacement
for the Steinvag bridge, especially when determining the required number of lanes and width. Also,
the location of the bridge determines travel time to the city centre and beyond for the inhabitants of
Hessa. Since houses need to be build in order to facilitate the population growth, Hessa might see an
increased population as well in the future. This has to be taken into consideration when designing a
new connection. Next, the Devold building is located in the Sgrsida area, where the municipality aims
to develop a vibrant new city district. Such a district could increase pressure on the traffic network
because of the additional travel demand to and from the area. The Devold building could be used to
create an attractive place that encourages young people to stay in the city, helping to reduce population
ageing. Lastly, the construction elements of the Steinvag bridge can be recycled and repurposed at
the end of the service life of the bridge, which is in line with the sustainability goals of the municipality.

Therefore, the three cases given by the municipality are closely related to one another and to the overall
future vision of the city. Working on the future of Alesund is therefore a multi-disciplinary project, where
collaboration between disciplines is of utmost importance.

Although Sgrsida is the spatial starting point of the municipality’s future vision, the wider region is
considered in this project to understand how the city functions as an interconnected system.

1.4. Objectives

In order to tackle the three cases given by the municipality, thorough analyses are conducted of the
traffic system, environmental impact of different scenarios for the Devold building and new design of
the Steinvag bridge. These analyses are included in Appendix A, B and C respectively.

However, since it has become clear that the cases are closely related to each other and the general
future vision of the municipality, 5 additional objectives are formulated that combine the different aspects
of the project. These objectives will help show the municipality how the different cases influence each
other, which will give them the knowledge to take well-considered decisions for planning decisions that
affect the long term development of the city.
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The main objectives in which different fields of expertise intersect are formulated in the following objec-
tives for this multi-disciplinary project:

1. Location choice of new main connection between Hessa and Aspgya;
2. Population and jobs growth on Hessa;

3. Realisation of cultural centre;

4. End of Life of the Steinvag bridge;

5. General future planning.

The fifth objective is not focussed on a specific location, building, or network in Alesund, but sheds light
on the conflicts between ambitious long-term goals and short-term projects.

The three separate detailed analyses form the basis of these objectives. The constructed models and
attained results of the analyses are used to adequately tackle these objectives.

1.5. Stakeholder Analysis

As the project involves major spatial and infrastructural changes in Alesund’s city centre, several public,
private, and societal actors play an important role in shaping its outcomes. A stakeholder analysis was
carried out to identify the most relevant organisations, their interests, and their level of power. These
stakeholders were positioned in a power-interest diagram (see Figure 1.3) to visualise their relative
importance in the decision-making process.
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Figure 1.3: Power-Interest diagram.

The most powerful and interested stakeholders are Alesund Kommune, Sarsida Utvikling AS, Mgre og
Romsdal County Authority, the road authorities, the port authorities, and environmental organisations.

Alesund Kommune is the main client and leading authority for this project, as it holds responsibility
for all developments within the municipality. The municipality’s best interest is to make Alesund more
sustainable, accessible, and future-proof. Sgrsida Utvikling AS is part of Alesund Kommune and co-
ordinates both the strategic planning and day-to-day management of the area. Its primary objective is
to turn Sgrsida into an example of sustainable urban development combining economic growth, envi-
ronmental responsibility, and new housing opportunities. Mgre og Romsdal County Authority and the
Road Authority (Statens vegvesen) hold formal decision-making power regarding infrastructure and
road safety. The Port Authorities (Alesundregionens Havnevesen) influence the relocation and future
use of harbour areas, while environmental organisations safeguard compliance with sustainability and
emission targets.
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A detailed description of all stakeholders and their position in the power-interest framework is provided
in Appendix F.

1.6. Reading Guide

Chapter 1 introduces the background and context of the project. It describes the city of Alesund, its de-
mographic and urban development characteristics, and the key challenges that motivated this research.
The stakeholder analysis identifies the main actors involved and their interests and is elaborated in more
detail in Appendix F.

Chapter 2 explains the methodologies applied for the objectives. Results are given in Chapter 3. Finally,
Chapter 4 contains a discussion and Chapter 5 gives conclusions and recommendations.

Appendix A contains a detailed description of the analyses related to the transport network. The Life
Cycle Assessment of the Devold building is included in Appendix B. Appendix C contains the structural
analysis of a new bridge as a replacement for the Steinvag bridge.

Appendix D gives the additional information for the Norwegian load model, Appendix E provides a
preliminary estimation of the amount of vehicles passing the Steinvag bridge. The final appendix, Ap-
pendix G, contains the lines of code used for the traffic and structural analyses.



Methodology

The analyses are based on three cases provided by the municipality, each drawing upon knowledge
and methods previously developed at TU Delft. These cases serve as the foundation for the future
scenarios explored in this project. Each scenario offers an opportunity to explore a different field of
application and to integrate multiple perspectives, enabling a broader and more integrated vision to
make Alesund future-proof.

For the Steinvag bridge, a preliminary design proposal is developed by selecting a suitable location,
identifying the governing loads and establishing the basic geometry. These will be identified based on
the client’s requirements and the norms that apply to the region. These are mainly the Norwegian annex
to the Eurocode and the Handbok N400 from Statens vegvesen. With these dimensions and loads, the
bridge can be designed. The internal and external forces are calculated with a fininite element model
in the DIANA FEA software and verified with hand calculations. Based on these forces the dimensions
of the bridge can be iterated. Besides the design of the bridge, the construction process will also be
described, such that a complete and feasible design of the bridge is made. The full explanation can be
found in Appendix C.

A traffic model of Alesund is developed in the software OmniTRANS. This model computes traffic flows
through the city and its direct surroundings for four different transport modes during the evening peak
(between 15h and 17h). The car, bus, walking and cycling are the considered modes. The model is
constructed using the logic of the 4-phase model. The city is divided into 25 zones. The production
and attraction (number of people departing/arriving) of all zones is computed using the number of
inhabitants, number of job opportunities, sport area and culture area in each zone. These data are
taken from Statistisk Sentralbyra (SSB). Next, it is computed how many people travel between each
pair of zones for each transport mode. The travel time is used as an indicator to do so. Higher travel
times are less attractive, so less people travel between a pair of zones with a certain transport mode
for higher travel times. Finally, the computed travel movements are assigned to the network, using the
All-or-Nothing assignment (AON), the Deterministic User Equilibrium (DUE) and the Zenith algorithm
for the bike/walk, car and bus mode respectively. Finally, the model is calibrated using observed traffic
counts of Statens Vegvesen. The full methodology of the OmniTRANS model is included in Section A.2.

The Alesund bus network is analysed to evaluate how effectively its structure facilitates passenger
travel and to understand the patterns of its current use. Using General Transit Feed Specification
(GTFS) data from Entur, the network was built for a typical weekday and adjusted to reflect the actual
operations. The network was then represented as graphs to capture both the physical routes and the
transfer connections between lines. Based on this representation, several indicators were calculated
to assess the network’s connectivity, efficiency, and resilience. A demand model was developed to
estimate how passengers move through the system, and these flows were assigned to the routes based
on travel time, waiting time, and number of transfers. This results in link-level passenger loads and
saturation values, providing insight into which parts of the network are most and least used. Together,
these analyses provide a clear picture of how well the current network performs and how its structure
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influences passenger behaviour. The detailed methodology underlying this analysis is presented in
Section A.3.

The environmental impact of the Devold building in the case of demolition and new construction, as
well as reuse, is evaluated using the Life Cycle Assessment (LCA) methodology. The process involves
creating a bill of materials for each scenario, identifying relevant Environmental Product Declarations
(EPDs), and quantifying the environmental impacts. These results are then used for comparison be-
tween scenarios and to identify environmental impact hotspots. To ensure transparency and consis-
tency, two parallel LCAs are performed. The first is based on the Norwegian standard NS 3720 and
includes only greenhouse gas (GHG) emissions. This first assessment makes it possible to compare
the results of this study with other Norwegian projects. The second is based on the European stan-
dards EN 15978 and EN 15804 and includes all impact categories and modules as far as possible. This
second assessment is used as a sensitivity analysis to test whether the conclusions of the GHG-only
LCA remain valid when additional impact categories are considered. A more detailed description of the
LCA methodology is presented in Section B.3.

2.1. Location choice of new main connection between Hessa and
Aspgya

When designing a replacement for a key infrastructure element, the most straightforward solution is
often to rebuild in the same location with a similar design. However, in a complex network like Alesund,
relocating the connection could potentially improve the network performance, for example by reducing
the travel times between Hessa and the city centre (Aspaya). Therefore, several alternative locations
have been identified, each with its own advantages and disadvantages. Different locations of the new
connection might lead to different traffic intensities during peak hours, so each option must be able
to accommodate the expected traffic load. In addition, every alternative location must be assessed
in terms of structural feasibility to ensure that it can physically support the intended function. The
alternatives are implemented in the OmniTRANS model to evaluate their impact on traffic intensity and
travel times between Hessa and the city centre.

A multi-criteria decision analysis (MCDA\) is applied to identify the optimal location of the new connection
between Hessa and Aspgya. The criteria in the MCDA are the following:

+ Costs;

» Travel time between Hessa and Aspgya;
» Compatibility to existing infrastructure;

+ Conflict with surroundings;

* Environmental Impact;

+ Hindrance for ships during construction;

» Connection to Hessa during construction.

Each alternative was assigned a score between 1 and 10 for each criterion, and each criterion was
given a specific weight reflecting its relative importance. A score of 1 is the worst, and 10 is the best.
The overall performance of each alternative was then calculated as the weighted sum of its criterion
scores, with the highest total score indicating the preferred option.

The criterion scores were derived from a combination of literature review, expert’s opinion, and results
from the OmniTRANS traffic model.

2.2. Population and jobs growth on Hessa

The new design for the Steinvag bridge will have to accommodate any future increase in traffic during
the design life of the new bridge. The new bridge will be the only connection between Hessa and
Aspgya. This means that all the traffic between the two islands has to use the bridge. Therefore, the
objective is to determine the required number of lanes per direction, and to determine to what extent
population and employment could grow without the bridge becoming a bottleneck in the traffic network.



2.3. Realisation of cultural centre 8

First, the current intensity during the evening peak on the Steinvag bridge will be estimated. Unfor-
tunately, the traffic registration point at Steinvag bridge (that measures the intensity) is out of service.
Due to the scope of this project, it is not possible to determine the exact intensity with the OmniTRANS
model beforehand. That is why an intensity is first estimated.

There are two approaches for estimating the traffic intensity: (1) using the amount of inhabitants and
employees, and (2) extrapolating traffic counts on the old bridge. These strategies require assumptions,
so the result has to be checked afterwards with the OmniTRANS model.

Method 1 relies heavily on assumptions. Intensities towards Hessa depend in this estimation only
on the amount of inhabitants returning home after a work day. Assumptions are made regarding the
number of employed inhabitants of Hessa, the fraction of inhabitants working outside of Hessa, and the
fraction of people travelling during the evening peak. The intensity towards Aspgya is assumed to only
depend on the number of employees working on Hessa but not living on Hessa. Finally, the current
modal split is used to determine the fraction of people using the car.

Method 2 uses measurements from Statens vegvesen of the intensity at Steinvag bridge in the past
(when the measurement point was still active), extrapolated using the growth of intensity at another
nearby measuring point.

The two methods are compared, and a single intensity in both directions is determined. Handbok 159 of
Statens vegvesen is used to determine the required number of lanes in each direction for the estimated
current intensity on the Steinvag bridge.

To evaluate whether the determined number of lanes remains sufficient under significantly higher pop-
ulation levels and more job opportunities on Hessa, the maximum feasible number of new inhabitants
and new job opportunities will be derived through trial-and-error testing in the OmniTRANS traffic model,
once it has been developed. The methodology for developing the OmniTRANS model is included in
Subsection A.2.2. Extra population and extra job opportunities are added to the model separately, and
simultaneously, to see the effects of only adding inhabitants or jobs, and the effect of adding both at the
same time. Additional population is expected to lead mainly to higher traffic volumes towards Hessa,
and additional jobs mainly to higher traffic volumes towards Aspgya. The population and number of jobs
on Hessa will be increased and the model will be rerun. This process repeats itself until the capacity
on the bridge is reached.

2.3. Realisation of cultural centre

The analysis of the Devold building currently assumes that its future use will remain similar to its cur-
rent function as a skatehall and event space. However, alternative uses are also worth considering.
The most demanding option appears to be a concert hall, as it would require additional structural as-
sessments and renovations to meet current standards, while also impacting the surrounding transport
network.

The network analysis will be redone for a major attraction at the Devold building to investigate the impact
of additional travel demand. The new Brosund bridge (parallel to the current Hellebrua) is assumed
to be constructed before the new concert hall is opened, since both are part of the Sgrsida project.
The results will indicate whether the infrastructure and building configuration are resilient enough to
accommodate such a high level of intensity.

The network analysis is performed for different visitor numbers to the concert hall (extra attraction
of travellers) at different moments in time. Since concerts usually take place after a work day, only
attraction to the concert hall is considered, because going to the concert hall takes place during busier
moments than leaving the concert hall. Two time frames are used: during the evening peak (15-17h)
and just after the evening peak (17-19h). Moreover, scenarios with higher frequency of buses are tested
to see the effects on the overall transport network. The frequency of bus line 1 is increased by 50%
in these scenarios, which is the only line passing the concert hall. The same duration for the second
period is used as the duration of the evening peak (2 hours) for a fair comparison between time frames.
Note that the peak intensity caused by a concert will be higher than the model will show, since most
people arrive in a short time frame shortly before the start of a concert. It is, however, not possible to
determine this with the developed static evening peak traffic model.
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The OmniTRANS traffic model is developed for the evening peak, so it has to be adapted for the
time frame after the evening peak. Technical details about these model modifications are included in
Subsection A.2.4.

The network is analysed on the following indicators for the different scenarios:

+ Carintensity and IC (intensity-capacity) ratio at Nedre Strandgate near Hotel Waterfront towards
the centrum;

« Car intensity and IC ratio at Alesundsvegen near the TINE factory towards the centrum;

 Travel time to the concert hall from Hessa north (west of the concert hall) and NTNU (east of the
concert hall) by car;

» Number of bus travellers to the area of the concert hall and the percentage of people going to the
area using the bus.

The car intensity is the number of cars on a road section. The IC ratio indicates the ratio between the
intensity and the capacity of a road section. The two selected locations are expected to be the busiest
road sections, because they are closest to the concert hall.

2.4. End of Life of the Steinvag bridge

Reuse of the Steinvag bridge is not possible due to the presence of chloride and the corresponding risk
of corrosion (l.A. Lervik, personal communication, September 2025). To evaluate other possible End
of Life (EoL) strategies, an assessment of the bridge’s elements and materials will be carried out.

The technical drawings provided by the county of Mgre og Romsdal will be used to identify the di-
mensions of the main elements of the bridge. These drawings are supplemented with additional mea-
surements and estimations of elements whose dimensions are not clearly specified. All materials of
the bridge are assumed to consist of reinforced concrete. Using the dimensions, the volume of each
element will be calculated to determine its contribution to the total volume of the structure.

Next, chloride content measurements from 2007 and 2017 from 15 different locations and four depths
(0-10 mm, 10-20 mm, 20-40 mm, and 40-60 mm) will be analysed to assess the risk of chloride-induced
corrosion of the reinforcement steel. The risk of corrosion is assessed according to a document by
Statens vegvesen on Norwegian coastal structures.

Lastly, the increase in chloride content up to the end of the bridge’s service life in 2037 will be projected
using two scenarios. The first scenario assumes that the increase between 2017 and 2037 is similar to
the increase observed between 2007 and 2017, and the second scenario assumes a more conservative
increase of 50%. These projections are then used to investigate suitable EoL strategies, such as
recycling.

2.5. General future planning

This scenario analyses the Norwegian planning system in comparison to the Dutch context. The analy-
sis will focus on the Plan- og bygningsloven (PBL) (Lovdata, 1985) and the Nationale Omgevingsvisie
(NOVI) (Rijkswaterstaat, 2020) as primary references. In Norway, municipalities have broad discre-
tion over local planning, including zoning and master plans, which allows incremental, adaptive devel-
opment that can respond to local conditions. This approach prioritises meeting current needs, with
staged investment and the possibility to adjust plans over time, reflecting a shorter initial planning hori-
zon. In contrast, the Dutch system is characterised by strong national guidance, integrated life-cycle
considerations, and early-stage optimisation to manage scarce space and infrastructure efficiently. By
analysing these contrasting approaches through the lens of the PBL and the NOVI, the study aims to
identify how Alesund can combine Norwegian flexibility with the long-term planning principles seen in
the Dutch context.

To compare the two systems, the study first looks at Norway under the PBL and then the Netherlands
under the NOVI. For each, it describes the main features, advantages, and disadvantages, and provides
examples to illustrate how the systems work in practice. Finally, it points out similarities and differences
and gives advice on what parts could be useful for Alesund.



Results

A tied arch bridge is suggested as a replacement for the current Steinvag bridge. The arch will span
90 meters and be 20 meters high. The width of the bridge is 15.5 meters, such that traffic can pass the

bridge in both ways, as well as cyclists and pedestrians. All general design decisions can be seen in
Figure 3.1, 3.2, 3.3, and 3.4.

Figure 3.1: New orientation for the bridge.

f"*‘b““”‘ arch
Pord
houlder.
req
]
- - — : +
dm 45m  ofm  3m 3m akm ASm  Am

Figure 3.3: Side profile. Figure 3.4: Logistical map.
The complete results and recommended steps can be found in Appendix C

The OmniTRANS evening peak traffic model shows that growth in car traffic is not possible in Ale-
sund. Most sections of the main east-west connection from the city centre to Moa (E136) are already

10



11

at, near or over their capacity in both directions, indicating that congestion occurs, as shown in Fig-
ure 3.5 in red. Intensity-capacity (IC) ratios on the main east-west connection are between 0.9 and
1.25. The intensities in the road network are asymmetric in the evening peak; travel demand out of the
city is higher than into the city. Moreover, public transport, cycling and walking have low modal shares.
Therefore, congestion and emissions could be reduced by realising a modal shift from the car towards
these modes. However, the bus network is already good. Increasing the frequency of all buses by
50% does not lead to a significant higher bus ridership, which means that investing in more buses is
not worth it. Other aspects of the public transport system could be improved, but are not included in the
OmniTRANS model. Furthermore, the new road configuration in Sgrsida including the new Brosund
bridge will lead to lower intensity on Hellebrua and higher overall network robustness, but it does not
solve the congestion problem on the E136 on Ngrvegya and further east. Detailed results of the traffic
model are included in Appendix A.
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Figure 3.5: Current situation in car network during the evening peak.

The bus network performance analysis shows that the Alesund bus network is generously dimensioned
compared to current demand, with no signs of overcrowding on any line. Passenger flows are mainly
concentrated along the main west—east corridor between the city centre and Moa trafikkterminal, while
routes to the surrounding islands such as Ellingsgya and Vigra carry fewer passengers. The inclusion
of ferry connections shortens both the longest and average travel paths, improving regional accessi-
bility without changing the overall structure of the network. Ferries therefore act as fast, long-distance
links that complement the bus services between islands. Overall, the network appears well-structured
and robust, offering good coverage and sufficient capacity across the region. However, bus utilisation
remains relatively low, suggesting that the current service supply exceeds actual passenger demand
in most areas.

Both the LCA based on the Norwegian standard NS 3720 and the LCA based on the European stan-
dards EN 15978 and EN 15804 show that, over a reference study period of 60 years, reuse of the
Devold building results in a lower environmental impact compared to demolition and new construction.
The difference between the scenarios is smaller when using the Norwegian LCA methodology, which
only considers greenhouse gas (GHG) emissions, compared to the broader European LCA methodol-
ogy. Both assessments show that the highest environmental impact occurs during the production and
transport of construction elements (modules A1-A4 in the demolition and new construction scenario,
and module B4 in the reuse scenario due to element replacement). The results also show that the
environmental impact of the reuse scenario improves when the need for repairs and replacements is
reduced or delayed. Overall, both LCAs show that reuse is more environmentally favourable, especially



3.1. Location choice of new main connection between Hessa and Aspgya 12

when element replacements are minimized and the service life of the current elements is extended as
much as possible. The detailed results, as well as their interpretation, are presented in Appendix B.

3.1. Location choice of new main connection between Hessa and
Aspgya

This section outlines the outcomes for selecting the optimal location of the new connection between
Hessa and Aspgya. It first introduces the four proposed alternatives, after which the outcomes of the
multi-criteria decision analysis are discussed.

3.1.1. Location Alternatives

Four potential locations for a new connection between Hessa and Aspgya are considered and evalu-
ated in this section. Figure 3.6 shows the location of the alternatives. Option 1 and 2 involve bridge
structures, option 3 can be realised either as a bridge or a tunnel, and option 4 represents a tunnel
alternative. Given the expertise of the structural engineers in this project, only bridges are possible
to design in this project, but a tunnel might also be an interesting alternative. Therefore, tunnels are
considered in the location analysis.
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Figure 3.6: Potential new connection locations, edited from (OpenStreetMap contributors, 2025).

Redesign of current bridge (Red)

The first option is a new bridge at the same location and retaining the current infrastructure of the
connection between the islands. The connection between the islands over the current bridge works
fine, which is why a bridge at the same location is a viable option. It has a total span of around 80
meters.

The main advantage of this alternative is the cost. The redesign entails that no changes are to be made
to the surrounding roads and buildings in the area. The first downside of this alternative is that the two
islands will be disconnected for a longer period since the existing bridge has to be demolished before
the new bridge can be built. Secondly, the existing support infrastructures might also need to be rebuilt
to be up to standard. The biggest downside of this alternative is the restriction on the dimensions of
the bridge. One of the reasons for the new bridge is to make room for pedestrians and cyclists. In this
location alternative, it is quite complicated to make room for these road users without impacting the
surroundings. In order to increase the width of the bridge, buildings will have to be demolished, which
will result in low support from the local residents.
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New bridge-design at current location (Purple)

The second location alternative consists of a bridge that has the same starting point as the existing
bridge but crosses the water in a different orientation. It thus ends at a different location than the
current bridge does. This makes the bridge a bit longer, with a total span of approximately 130 meters.

The first advantage of this alternative is the possibility of increasing the bridge’s width. With the new
path of the bridge, fewer or no buildings would have to be demolished or relocated (depending on the
design) to accommodate the increased width of the bridge. This will hopefully increase the residents’
support for the new bridge. The second advantage is that parts of this bridge can be constructed whilst
the current one is still operational, resulting in a shorter disconnection between the islands. There will
still be a disruption since the two bridges start at the same location on Aspgya. Since the bridge will
follow a new path, it will cross new buildings on land. It is important that there is good communication
with the owners of these buildings, since the new bridge might cause some disturbances both during
construction and after completion.

New bridge- or tunnel-design at docks (Blue)

This location alternative features a whole new location around 500 meters south of the current location.
The location is chosen based on the current road infrastructure of Alesund. The idea is to extend
the E136, which is shown in Figure 3.6. Road infrastructure is already present, but would need to be
modified to accommodate the increased traffic on the route towards the bridge. On Hessa, the bridge
would end on the Skarbgvikgata.

At this new location, both a bridge and a tunnel can be constructed, however, the minimum span is 250
meters, which will increase the dimensions of the bridge drastically. The new structure will cross two
harbour structures, which can act as a foundation for the bridge or tunnel. The advantage of building
a bridge compared to a tunnel is the cost, since the construction of a bridge is cheaper. The tunnel
has the advantage that vertical clearance is not an issue, which is a constraint when building a bridge,
since there is no height difference on both sides of the waterway.

The biggest advantage of the new location of the bridge is that there is no disconnection between the
islands during construction, since the existing bridge can remain open. The new location also makes
it easier to make the bridge wider to accommodate all road users. A downside is the cost, both when
building a bridge and a tunnel. This is due to the adjustments to the existing road structure that need to
be made and the proportions of the structure. The bridge at this location would have a larger span than
at the current location, making it more expensive. As mentioned before, the construction of a tunnel is
also costly. Just as with the previous alternative, good communication with the surrounding residents
is of great importance. When a tunnel will be built an alternative needs to be suggested for pedestrians
and cyclists.

New tunnel to the south (Orange)

Currently, there might be plans plans to divert part of the traffic through a tunnel at the southern part of
the city of Alesund (Alesund Kommune, 20252), to lower the traffic intensity of the Hellebrua and the
rest of the old city centre. This location alternative uses these plans as a starting point for the location
of a new tunnel. This tunnel could be split, or a tunnel at this location could be built, regardless of the
existing plans.

This plan has little to no clash with the existing infrastructure, making it a viable option. The cost, how-
ever, will be very high due to the scale of the tunnel (over one kilometre), which makes this alternative
less desirable. Tunnelling might be hard through this part of the bay, since the depth profile varies
rapidly over the distance, and it is again not suitable for pedestrians and cyclists

3.1.2. Multi-Criteria Location Analysis

The different locations will be compared to each other by certain criteria. These criteria will receive
appropriate weights based on their importance to the final decision. The criteria used are stated below
and ranked for each location alternative. In Table 3.2, the weight and score for each criterion and
alternative are presented. This comparison will result in the most desired alternative for the location of
the new connection.
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Cost

The first and foremost criterion in any project is the cost it will incur, both construction and maintenance
costs. Bridges are overall cheaper than tunnels due to the simpler design and fewer risks (U.S. De-
partment of Transportation, 2023). This means that the red alternative will be the cheapest, followed
by purple. This is due to the larger span of the purple alternative compared to the red one. Blue will be
even more expensive since the span is almost five times as long and the tunnel at this location is even
more expensive. The orange option is the costliest due to its length.

Travel time between Hessa and city centre

The new connection could reduce travel time between Hessa and the city centre, which is beneficial
for the residents of the island. It makes living there more attractive and also opens possibilities for new
businesses. The two main residential areas at Hessa are in the north and south. Uncongested travel
times between these two areas on Hessa and the city centre are presented in Table 3.1. The red and
purple alternatives result in the same travel time and are mainly beneficial for residents of the northern
neighbourhood. The blue alternative results in the lowest overall travel time. The orange alternative
is beneficial for the southern neighbourhood, but leads to a travel time increase for the northern neigh-
bourhood compared to the current situation. Differences between the red, purple and blue alternatives
are small, but the orange alternative leads to a significantly high travel time for residents of Hessa north.

Table 3.1: Free flow travel time between Hessa and city centre for different location alternatives.

Alternative tt Hessa north — tt Hessa south —

city centre [min] city centre [min]
Red 6.06 4.14
Purple 6.06 4.14
Blue 5.52 3.60
Orange 8.28 4.26

Compatibility with existing infrastructure

The connection with the current infrastructure is another important criterion to take into consideration,
as the new connection should not negatively impact the currently present infrastructure. The red and
purple designs will align perfectly with the current situation. Moreover, a new location of the bridge might
require upgrades of the road infrastructure on Hessa. This is not the case for the red, purple, and blue
alternative, since the main traffic flows use the same road as in the current situation. Figure 3.7 shows
the OmniTRANS model output for the red and purple alternative. All routes near and at Hessa have
IC ratios below 0.6 (shown in green/yellow), indicating that no congestion occurs. The same holds for
the blue alternative, presented in Figure 3.8. For the orange location, Kaptein Linges veg needs to be
repurposed from a local to a distributor road, because it will serve as access road to Hessa. This road
has an IC ratio around 0.8 (shown in orange) in Figure 3.9, indicating moderate forms of congestion.

Figure 3.7: Intensities and IC ratios on road network for Figure 3.8: Intensities and IC ratios on road network for
location alternative red and purple. location alternative blue.
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Figure 3.9: Intensities and IC ratios on road network for location alternative orange.

Conflict with surroundings

This criterion analyses the impact the new construction will have on the current buildings and the sur-
rounding area of each location alternative. The current alignment of the road does not offer much
space for widening of the road. The red scenario will require demolishing several buildings and will
have a significant impact on the surroundings. The purple alternative will allow more space and an
easier option to widen the road for pedestrians and cyclists. The blue and the orange variants start and
end in port areas, where there are not many structures that might influence the construction of the new
connection. The correct alignment with the current connecting roads might result in conflict with some
houses.

Environmental impact

The emissions are hard to calculate beforehand, therefore this section will only provide an estimation.
The short bridge, the red option, will have the least direct emissions. The secondary emissions caused
by the destruction also have to be considered, and these are comparable in pollution to the purple
design. The construction of a tunnel will require more building materials, a higher construction time
and heavier machinery, which will result in higher emissions.

Hindrance for ships during construction

The large marine traffic does not use the waterway under the Steinvag bridge, but the route is used
by the local fishermen and other recreational boats. The construction of a bridge in the red and purple
scenario has an impact on this traffic route. The other two plans depend on the construction method of
the tunnel. Ifitis a drilled tunnel, the hindrance will be minimal, while a tunnel with submerged elements
will result in an entire closure of the waterway, which causes heavy disruption in the waterway.

Connection during construction

The different location alternatives have varying effects on the connection between the islands. The
red alternative will require a full destruction and rebuild of the current bridge. This will cause a long
disconnection between the two and resultin a heavily undesired situation. A better scenario is the purple
situation, where this time is significantly reduced, since the new structure can be built alongside the
current bridge and only requires a short time of disruption. The two other designs will cause negligible
disruption since these constructions can be built entirely besides the current scenario, and Hessa will
be connected at all times.

3.1.3. MCDA Decision Matrix
Table 3.2 shows the decision matrix of the multi-criteria location analysis. A high score is positive in
the analysis, although it might seem counterintuitive for some criteria, like emissions.

From the MCDA, the purple alternative appears to be the best option for the connection between the
islands. The difference in score between purple and blue is, however, small. Therefore, more research
to the criteria has to be done and other criteria might need to be included as well. Given the limited
time of this project, it is chosen to move forward with the purple alternative. The design of the bridge is
further explained in Appendix C.
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Table 3.2: MCDA Decision Matrix.
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3.2. Population and jobs growth on Hessa

The estimated current traffic intensity on the Steinvag bridge is 607 vehicles towards Hessa and 723
towards Aspgya during the evening peak (15:00-17:00). The detailed calculations underlying these
values are provided in Appendix E. Based on these intensities, a single lane per direction is sufficient,
as the capacity of a two-lane road under ideal conditions is approximately 2,800 veh/hour for both
directions combined. The current demand is therefore well below capacity.

The estimated intensities are compared to the model intensities in OmniTRANS. The current population
on Hessa is 3,852 and the current number of job opportunities is 791. This leads to 730 cars driving
to Hessa over the Steinvag bridge and 303 cars driving to Aspgya during the evening peak (15-17h).
The intensity was over-estimated in both directions. However, the capacity of the bridge was also
over-estimated, and is only 1,600 veh/2h per direction. Still, one lane per direction is sufficient, for the
coming years, and there are currently free flow conditions in both directions.

When only the population at Hessa increases by 5,000 (equally divided over zone 1 and 2 in the traffic
model) to 8,852 people, the intensity on the Steinvag bridge towards Hessa during the evening peak
becomes 1,559 passenger cars. The capacity is almost reached, and congestion occurs in this situation.
However, the bridge itself would not be the bottleneck in the traffic network. The intensity in the other
direction, towards Aspgya, increases to 369 cars.

When only the number of job opportunities on Hessa increases by 5,000 to 5,791, the intensity on
the Steinvag bridge towards Aspaya increases to 1,531 cars during the evening peak. The intensity
towards Hessa increases to 600 vehicles.

When both the number of inhabitants and the number of job opportunities increase by 5,000, the in-
tensity on the bridge towards Hessa becomes 1,292 vehicles and the intensity towards Aspgya 1,548
vehicles during the evening peak. Interestingly, in this scenario the intensity on the bridge is lower than
when only adding inhabitants or only job opportunities to Hessa. This is caused by a higher number of
trips on Hessa itself. When both inhabitants and jobs are added to the island, more new inhabitants
can work on Hessa, so they do not have to leave the island.

Table 3.3: Intensities during evening peak on Steinvag bridge in different development scenarios at Hessa.

Scenario \ Intensity towards Hessa Intensity towards Aspogya
Current situation 730 303
Only adding 5,000 inhabitants to Hessa 1,559 369
Only adding 5,000 job opportunities to Hessa 600 1,531
Adding 5,000 inhabitants and 5,000 job opportunities to Hessa 1,292 1,548

Figure 3.10 shows the intensities and intensity-capacity (IC) ratios on the car network in the scenario
with 5,000 additional inhabitants and 5,000 additional jobs on Hessa. The numbers show the intensity
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on aroad section and the colours indicate the traffic state, where red means congestion and green free
flow conditions.

The bridge is able to handle the mentioned increase in population and jobs on Hessa. It will not be
the bottleneck of the network, although capacity is almost reached. Some delays occur in this situation
near the bridge, but it is not necessary to construct a four-lane bridge (two lanes in both directions) for
this population and job opportunity growth.

The infrastructure network on Hessa would have to be improved to facilitate the additional traffic. The
roads at the southern part of Hessa experience congestion. The E136 (Nedre Strandgate) on Aspgya
also needs improvements to facilitate this traffic growth. At some road sections, intensity exceeds the
capacity of the road, so there are major delays.

Figure 3.10: Intensities on network in case of 5,000 additional inhabitants and 5,000 additional jobs on Hessa.

In conclusion, the population and number of job opportunities at Hessa can both increase by 5,000 in
combination with the proposed bridge design with one lane in each direction. However, infrastructure
on Hessa and Aspgya does need to be improved to facilitate the growth in traffic demand due to the
increase in inhabitants and employees on Hessa.

3.3. Realisation of cultural centre

Table 3.4 gives the performance indicators of the transport network for different scenarios regarding
the concert hall, which is located in zone 4 in the traffic model.

As can be seen in Table 3.4, the road from Hessa towards the concert hall (and city centre) is not
congested in any case. Most of the people attracted to the concert hall live east of Hellebrua, so
they do not use Nedre Strandgate to get there. Travel times between Hessa and the concert hall are
constant in all scenarios as well.

Interestingly, intensity at Nedre Strandgate is lower in all concert hall scenarios than in the base scenario
(no concert hall, evening peak). The differences are low; the intensity for the scenario with 2,000 visitors
and increased bus frequency during the evening peak is 30 vehicles lower than in the base scenario.



3.3. Realisation of cultural centre 18

Table 3.4: Network performance for different scenarios related to the concert hall.

Scenario Ins_sc (IC')1 Ipv_sc (IC)2 ttHessa—>CH3 ttNTNU—>CH4 Bus users to CH
[veh/2h],[-] [veh/2h],[-] [min] [min] (percentage)®
[passengers],[%]
No concert hall, evening peak \ 638 (0.40) 1,255 (0.78) 3.40 4.93 51 (11.1%)
During evening peak
500 visitors 625 (0.39) 1,464 (0.92) 3.40 5.49 106 (11.0%)
” + increased bus frequency 620 (0.39) 1,473 (0.92) 3.40 5.12 108 (11.3%)
1,000 visitors 616 (0.39) 1,667 (1.04) 3.40 5.62 161 (11.1%)
” + increased bus frequency 612 (0.38) 1,664 (1.04) 3.40 5.49 163 (11.2%)
2,000 visitors 602 (0.38) 1,974 (1.23) 3.40 6.19 269 (10.9%)
” + increased bus frequency 598 (0.37) 1,956 (1.22) 3.40 6.14 274 (11.2%)
After evening peak
500 visitors 301 (0.19) 848 (0.53) 3.40 4.47 78 (10.9%)
” + increased bus frequency 299 (0.19) 845 (0.53) 3.39 4.47 79 (11.1%)
1,000 visitors 294 (0.18) 1,107 (0.69) 3.40 4.55 131 (10.8%)
” + increased bus frequency 292 (0.18) 1,103 (0.69) 3.39 4.54 134 (11.0%)
2,000 visitors 282 (0.18) 1,637 (1.02) 3.40 4.95 237 (10.7%)
” + increased bus frequency 280 (0.18) 1,632 (1.02) 3.39 4.95 242 (10.9%)

1 Intensity at Nedre Strandgate (near Hotel Waterfront) towards the centrum [veh/2h], IC ratio is dimensionless.

2 Intensity at Alesundsvegen (near TINE factory) towards the centrum [veh/2h], IC ratio is dimensionless.

3 Travel time by car from Hessa north towards concert hall in minutes.

4 Travel time by car from NTNU towards concert hall in minutes.

5 Total bus ridership towards concert hall area (Aspgya east) [number of passengers], percentage of total attraction [%].

The differences are caused by an adapted origin-destination matrix, because the gravity model (see
Subsection A.2.2) is rerun with the additional attraction due to the concert hall.

Alesundsvegen is congested in all scenarios during the evening peak. Many people use this road to
get to the concert hall. The scenario with 500 visitors during the evening peak has an IC ratio of 0.92,
meaning that congestion occurs, but capacity of the road is not reached yet. The concert hall cannot
attract 1,000 or even 2,000 visitors during the evening peak. The IC ratios are above 1.0, meaning
that the capacity is reached and heavy congestion occurs. Spillbacks occur, leading to a grid lock in
the network. The travel time from the NTNU to the concert hall increase from 4.93 minutes to 5.49 and
5.62 minutes when the concert hall attracts 500 or 1,000 people respectively, without increased bus
frequencies. If the concert hall attracts 2,000 people, the travel time increases to 6.19 minutes.

Logically, travel times by car are lower when bus frequencies are increased, since more people chose
the bus. However, the differences in travel times are small because the amount of people choosing the
bus instead of the car is also low.

If a concert starts after the evening peak, more people can be attracted by it without leading to conges-
tion. No congestion occurs if the hall attracts 1,000 people (max. IC ratio of 0.69). This is caused by the
lower amount of commuters on the road. A concert that attracts 2,000 people also leads to congestion
between 17h and 19h.

The last column of Table 3.4 shows the number of concertgoers that uses the bus and the percentage.
Increasing the frequency of bus line 1 by 50% only leads to a slight increase in public transport usage:
5 additional people use the bus in the case of 2,000 concertgoers, both with concerts during and after
the evening peak. Intensities on the car network decrease with an increasing bus frequency, but this
decrease is negligible. It is, therefore, not worth it to increase the frequency. However, an important
aspect in mode choice for concertgoers is not included in the model: alcohol consumption. It could
be that people do not use the car to go a concert because they want to be able to drink. Still, a 50%
increase of frequency of bus line 1 is unlikely to lead to many additional bus users.

Another aspect in choosing the travel mode that is not included in the model is parking availability. 364
cars are expected to go to the concert hall if it starts during the evening peak (500 visitors). If a concert
starts after the evening peak (1,000) visitors, 739 cars are expected. If no parking is available, people
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might be inclined to use other modes instead of the car. This is a policy decision the municipality has
to make, and further investigation in decision making processes of concertgoers is required to support
this policy decision. It should be noted that the number of cars could be lower, because a higher
percentage of people use carpooling to go to a concert than for regular commuter traffic, where the
model is constructed for.

3.4. End of Life of the Steinvag bridge

To investigate appropriate EoL scenarios for the Steinvag bridge, an overview of the dimensions and
material composition of its elements has been created. The overview is based on technical drawings
supplied by the county of M@re og Romsdal and is supplemented with additional measurements and es-
timations of elements whose dimensions were not clearly specified (Heien & Selbrug, 1951). Table 3.5
shows the different elements and their estimated volumes and volume percentages.

Table 3.5: The elements of the Steinvag bridge and their respective volumes and volume percentages.

Element \ Volume [m*]  Volume percentage [%)]
Arches 252 15.0
Columns 46 2.7
Crossbeams 8 0.5
Deck 982 58.5
Foundation 345 20.5
Tension rods 3 0.2
Walls 43 2.6

Table 3.5 divides the Steinvag bridge into several elements, namely the deck, foundation, arches,
columns (with varying heights and cross-sections), walls, crossbeams, and tension rods, listed here
from largest to smallest in volume. All elements are assumed to consist of reinforced concrete, as the
internal properties cannot be derived from the technical drawings or other available documentation.

As stated in Section 2.4, the reuse of the Steinvag bridge is not possible due to the high chloride content
in the concrete. The allowable chloride content in reinforced concrete is typically specified in European
or national standards, However, no separate Norwegian standard specifying the allowable chloride con-
tents in reinforced concrete was found. Therefore, a publication by Statens Vegvesen (the Norwegian
Public Roads Administration), Befongkonstruksjoners Livslgp, was used as a reference (Helland, S.
and Maage, M. and Fluge, F., 2003). This document contains a table showing chloride contents and
the corresponding risk of corrosion of the reinforcement steel for Norwegian coastal structures, such
as the Steinvag bridge. Table 3.6 summarizes these values.

Table 3.6: Chloride contents of concrete and corresponding risk of corrosion.

CI~ % of concrete (assumed 440 kg cement/m®) \ Risk of corrosion

>0.36 Certain
0.18-0.36 Probable
0.07-0.18 Possible

<0.07 Negligible

Since no updated national values were found, it is assumed that these values remain applicable today.
They also closely correspond with the European limits for chloride content in reinforced concrete speci-
fied in EN 206, which are 0.4% for most structures and 0.2% for structures exposed to harsher climates,
such as the coastal climate in Alesund (Silva et al., 2015). This alignment supports the applicability of
the Statens vegvesen ranges for chloride content of reinforced concrete and the corresponding risk of
corrosion in this study.

The county has provided results from tests measuring the chloride content in the reinforced concrete
elements of the Steinvag bridge at various locations. These tests were carried out by Statens vegvesen
in 2007 and 2017 and are used to estimate the chloride content in 2037, which is the end of the bridge’s
service life. The tests include results for various reinforced concrete elements of the bridge, such as
the arches, columns, deck, and walls, and show chloride content measurements from 15 different
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locations. For each location, measurements were taken at four depths: 0-10 mm, 10-20 mm, 20-40
mm, and 40-60 mm.

Due to confidentiality, the measurements of the chloride content cannot be included in this report. Nev-
ertheless, the available data has been analysed to assess the risk of corrosion of various elements of
the bridge.

The results of the tests carried out in 2007 indicate that, for most of the locations, the risk of corrosion
was within the negligible range. Overall, 71.7% of the measurements fell within this range, 18.3% fell
within the possible range, and 10.0% fell within the probable range. None of the tests were within the
certain range.

The results of the tests carried out in 2017 show a different distribution. Here, 46.8% of the mea-
surements were within the negligible range, 38.3% fell within the possible range, 8.5% fell within the
probable range, and 6.4% fell within the certain range.

The change in chloride content since 2017, as well as the projected change until 2037, is uncertain.
With the available data, it is not possible to identify a trend in the rate of change in chloride content for
the different elements, as the exact locations of the measurements are not known. However, it can be
assumed that elements closer to the water will experience a faster increase in chloride content due to
their higher exposure to chloride in the water.

A comparison between the results of 2007 and 2017 shows a shift from mainly chloride contents with
a negligible risk of corrosion to a larger share of chloride contents with a possible or probable risk of
corrosion. This indicates a gradual decrease in the quality of the concrete. The average increase in
chloride content between 2007 and 2017 (after excluding outliers) was approximately 161.7%.

Assuming a similar change in chloride content between 2017 and 2037, 25.5% of the measurements are
expected to be within the negligible range, 38.3% within the possible range, 14.9% within the probable
range, and 21.3% within the certain range. Assuming a more conservative increase in chloride content
of 50%, 29.8% of the measurements are expected to be within the negligible range, 40.4% within the
possible range, 19.1% within the probable range, and 10.6% within the certain range.

Table 3.7 shows the distribution of the risk of chloride-induced corrosion for the different measurement
locations in 2007 and 2017, as well as the two possible future scenarios.

Table 3.7: Distribution of the risk of chloride-induced corrosion for the different measurement locations of the Steinvag bridge.

Risk of corrosion \ 2007 2017 2037 (similar increase) 2037 (conservative increase)

Certain 0.0% 6.4% 21.3% 10.6%
Probable 10.0% 8.5% 14.9% 19.1%
Possible 18.3% 38.3% 38.3% 40.4%
Negligible 71.7% 46.8% 25.5% 29.8%

Overall, the results indicate an ongoing increase in chloride-induced corrosion risk across various ele-
ments of the Steinvag bridge.

3.5. General future planning

Situation Norway

Norway has a large land area relative to its population, which means there is generally more space avail-
able for development. Many areas have low population density, and natural landscapes often remain
largely untouched, offering opportunities to balance development with nature. Under the PBL, munic-
ipalities have significant authority over local planning, including zoning, master plans, and approvals
for construction projects. This allows them to adapt plans to local conditions, consider environmental
features, and respond to changing needs over time. Compared with the Dutch system, Norwegian
regulations are less strict, giving more freedom in design, technical requirements, and implementation.

This system has several advantages. The flexibility of local decision-making allows municipalities to
make incremental changes, adapting to new social, environmental, or economic circumstances. Plans
can be adjusted to the specific needs of each community at a certain moment in time. In addition,



3.5. General future planning 21

staged investment makes it easier to manage costs over time, as projects can be developed gradually
instead of requiring large upfront spending.

At the same time, there are some disadvantages. Because municipalities act independently, long-term
goals may not be coordinated across regions. Different standards and priorities can create inconsisten-
cies in infrastructure or services. Planning often focuses on immediate needs, which can lead to higher
costs or redesigns in the future. Finally, without early large-scale planning, opportunities for efficiency
or multifunctional land use may be missed.

Situation Netherlands

The Netherlands has a much smaller land area and a higher population density than Norway, which
makes efficient use of space a central concern. The NOVI provides strong national guidance and re-
quires municipalities to align local plans with broader strategic objectives. Dutch planning integrates
long-term considerations, such as life-cycle costs, multifunctional land use, and infrastructure dura-
bility, early in the process. This system is more prescriptive than the Norwegian PBL, ensuring that
developments are coordinated across regions and meet national policy goals.

This system has several advantages. Early-stage planning helps optimise land use, reduces conflicts
between different projects, and ensures that infrastructure and housing are durable and sustainable.
National and regional coordination makes it easier to implement large-scale projects consistently and
reduces the risk of redundant investment. By integrating long-term considerations from the start, mu-
nicipalities can plan for growth, climate adaptation, and future expansion in a more systematic way.

At the same time, there are some disadvantages. Because national rules are strict, municipalities
have less room to adapt plans to new or unexpected local needs. Decision-making can be slower be-
cause amendments often require approval from higher authorities. In some cases, local priorities may
be overshadowed by national objectives, which can reduce responsiveness to immediate community
demands.

Observations and Cases

A recent example in Alesund is the development of the new bus terminal, which was planned and built
as a street terminal rather than the bus station near Terminalen that was in use before. The project
was prepared in about one year (Bypakke Alesund, 2024b) and construction took just over another
year (Mgre og Romsdal Fylkeskommune, 2022), which shows that projects can be delivered quickly
when needed. The terminal has made transfers more visible and convenient. However, because the
surrounding infrastructure is still changing, it is uncertain how well the terminal will connect to the future
network, especially with the crossing of the Korsegata and Keiser Willems gata. Some buses already
need to wait or stop in less suitable locations, which shows that short-term solutions can later create
planning challenges if the wider system is not yet decided.

Another example is the Steinvag bridge, which is reaching the end of its service life. There are no real
plans for its replacement yet, but research and early planning will need to begin on time to prevent
maijor traffic disruption. Previous projects in the municipality have shown that large interventions can
be completed successfully within short time frames. However, without early coordination, there is a
risk of choosing a solution that works in the short term but reduces future options. Exploring alternative
scenarios (see Section 3.1) could help identify whether a different location or design might bring more
long-term value for the area.

The south side of the city presents several challenges for future planning. Various parts of the quay
construction in Sgrsida are not under ownership of the municipality, but are instead the responsibility
of the port authorities. In general, governance and communication within the municipality, especially
to municipal companies such as the port authority, parking company and property company, is chal-
lenging (A. Amundsen, personal communication, September 2025). The municipality is planning on
constructing new housing and other cultural facilities on top of the quay construction in the seafront
area of Sgrsida (known as Kulturhavna within the Re-Value project). This makes them dependent on
the future plans of the port authorities, which are not always in line with the politically approved plan for
the area. The harbour is also affected by frequent cruise ship arrivals, which block views and generate
large flows of pedestrians. At present, there is no concrete plan to address these issues, leaving uncer-
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tainty for future development. In addition, parts of the quay construction appear to be in bad condition
and are in need of renovation (Norconsult, 2023). Although this is not the municipality’s responsibility,
the uncertainty surrounding the condition of the quay construction makes it difficult for them to develop
concrete ideas for the future development of the area.

An important observation is that LCAs are, in both countries, often performed only after a project is com-
pleted, but integrating it during the design phase allows planners to take results into account early and
adjust decisions. While the Dutch approach includes more factors than C'O,, the Norwegian approach
is simpler, but leads to less detailed outcomes. The Dutch method potentially influences key decisions
more strongly based on these extra insights. Both countries have major steps to take regarding early
anticipation to environmental impact.

A few Dutch cases are included below to show how similar planning challenges are handled in practice
in The Netherlands. They illustrate how long-term preparation can be helpful, but also how high early
investment and fixed designs can sometimes create new problems.

A clear example of long-term planning in the Netherlands is the train station in Delft that was built in
2014 (Treinenweb, 2015). During construction, two railway tunnels were built, even though only one
was needed at the time. The second tunnel was planned as a future capacity expansion. This approach
required a much higher investment at the start, but it was less expensive than executing the project
twice. However, because the demand for the second came later, it could not be used immediately,
and extra maintenance had to be carried out before it could become operational (Bicycle Dutch, 2018).
This shows both the strength and the risk of long-term planning: the future is well prepared for, but high
upfront costs can also lead to long waiting periods before benefits are realised.

Another example is the tram connection between Delft and the university campus. The idea behind
the route was to improve sustainable mobility and offer a direct link between the central station and the
university area. It was initially planned to operate in 2014, however the project faced several miscalcu-
lations and design issues, which meant that the parts of the line had to be rebuilt twice (Vermond, 2024).
This caused disruptions to other projects in the network and created a chain effect in planning. In this
case, long-term planning was not based on all relevant factors, showing that a high upfront investment
does not always lead to lower total costs in the end.

A third example is the new study facility Flux at TU Delft. This building was designed as a short-
term, modular solution to provide more study spaces and exam halls while the campus undergoes
redevelopment (Van der Wal, 2023). It can be dismantled or moved easily, and does not interfere with
the university’s long-term spatial strategy. Unlike the earlier examples, this project shows how Dutch
planning can also be flexible when needed. In addition, the building was developed as a showcase
project. Itis emission-neutral, which fits long-term sustainability goals while still being temporary. It also
includes several innovations, such as a connection to the district heating network, the reuse of furniture
from previous projects, and refurbished floorboards from the 2012 London Olympics (Neptunus, 2023).



Discussion

Location choice of new main connection between Hessa and
Aspgya

The multi-criteria analysis showed that the purple alternative is the best option for the new connection
between Hessa and Aspgya. This option is at the same location as the current Steinvag bridge, but the
orientation of the bridge is slightly altered. However, the blue alternative has almost the same score in
the multi-criteria analysis. Therefore, it is worth investigating this location alternative further.

The four location alternatives are scored on the seven alternatives. The alternatives are given a score
between 1 and 10, but the actual value is not computed for all criteria. Actual costs and emissions are,
for example, not calculated for the criteria, but an estimation has been made of the relative costs and
emissions instead for each alternative. It is not possible to express the criteria conflict with surround-
ings, hindrance for ships during construction, and connection during construction in numbers, so again
relative scores are assigned. The OmniTRANS model is used to score the alternatives on the criteria
of travel time and compatibility with existing infrastructure. This model also has limitations, which are
addressed in Subsection A.2.5.

To conclude, the multi-criteria analysis gives a useful first overview of the suitability of the location op-
tions. Nevertheless, more detailed and quantitative research is required to select the optimal location.

Population and jobs growth on Hessa

At most 5,000 new inhabitants and 5,000 new jobs can be realised on Hessa without the new Steinvag
bridge becoming a bottleneck in the traffic system. These numbers are solely determined based on the
transport network, without investigating if it is physically possible and socially acceptable to construct
that many new houses, appartment buildings, offices and other structures. Hessa is a small island with
a relatively low population. This many new buildings will likely change the culture and living environment
on Hessa substantially, and it is the question whether this is desired and required for the expansion of
the city. However, this investigation is only meant to find out if it is possible to accommodate so many
new residents and employees on Hessa, from a traffic point of view.

The methodology consisted of adding new inhabitants and job opportunities on Hessa in the Omni-
TRANS model, until the bridge reached its capacity. Therefore, all uncertainties regarding this research
are caused by the uncertainties and assumptions in the OmniTRANS model. These are explained in
Subsection A.2.2 and Subsection A.2.5.

Realisation of cultural centre

The OmniTRANS traffic model is used to compute how many visitors a new concert hall can attract at
different moments during the day and for different frequencies for passing buses, without leading to a
grid lock in the infrastructure network. In this project, a total of 6 scenarios are considered, but this
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could be more to investigate the effects of small changes in number of visitors, start time of a concert
and bus frequencies.

An important result of this research is that the start time of a concert has a considerable impact on
the maximum number of visitors that can be attracted by it, without leading to heavy congestion in the
transport network. By starting a concert after the evening peak, the maximum visitor number is 1,000
instead of 500.

The OmniTRANS model is developed for the evening peak, and includes commuting, regular sporting,
and regular cultural activities as travel purposes. Going to a concert could be considered a regular
cultural activity, but could also be a special type of activity, for which people consider other travel
decisions than the model includes.

In addition, the model considers a 2-hour period. Travel demand is assumed to be constant during this
period, and the same holds for the resulting intensities on the network. For a concert, most people
arrive shortly before the start. People do not arrive equally spread over a 2-hour period before the
concert. Therefore, the peak intensities on the network are higher than the model predicts.

End of Life of Steinvag bridge

The analyses of the chloride content of the elements of the Steinvag bridge Section 3.4 indicate that the
expected increase in chloride will cause a shift from a mainly negligible risk of corrosion to a possible,
probable, or even certain risk of corrosion. The following section will interpret the results and evaluate
feasible EoL strategies for the bridge’s materials.

The largest element of the bridge, the deck, is expected to have a chloride content with a probable or
certain corrosion risk. This makes it difficult to reuse this element, as the high chloride content is likely
already to have started affecting the reinforcement steel. If this is not yet the case, it will probably not be
long before this process is set in motion. In addition, the uncertainty associated with chloride-induced
corrosion would likely make it difficult to find a buyer willing to reuse the element, as buyers usually opt
for newly constructed elements with negligible corrosion risk.

The second largest element of the bridge, the foundation, was not assessed by Statens vegvesen.
However, as discussed Appendix B, it is common practice for foundation piles to remain in the ground
when the service life of a structure has ended. Therefore, it is assumed that a similar EoL strategy
applies to the foundation of the Steinvag bridge. If the foundation is to be removed from the ground, then
it is expected that the elements will have a relatively high chloride content, because of their proximity
to the water. This makes it difficult to fully reuse these elements, similarly to the deck.

The third largest element of the bridge, the arches, is expected to have a chloride content with a possible
corrosion risk. Although this is on the lower side of the corrosion risk, it is still difficult to reuse these
elements, similarly to the deck and foundation. Selective removal of chloride-containing surface layers
is not a viable option to make high-end reuse of the arches possible, as this will likely be too labour-
intensive. Furthermore, since the chloride measurements were taken at only a couple of points along
the arches, it is difficult to determine which areas would require selective removal.

Given the chloride content of the deck and the arches, recycling may be a more feasible EoL strategy
than reuse. As identified Subsection B.6.1, a waste processing facility is located 14 km from the Devold
building, which places it 14.8 km from the Steinvag bridge. Here, the elements could be crushed to pro-
duce recycled aggregates while simultaneously separating the reinforcement steel from the concrete.
The recovered steel could then be recycled at the nearby facility that specializes in steel recycling. As
the aggregates remain contaminated with chloride after crushing, they should either be treated to re-
duce the chloride content or landfilled under controlled conditions to prevent leaching of chlorides into
the soil or groundwater.

The other smaller elements of the Steinvag bridge, such as the columns and walls, are expected to have
a chloride content with a possible corrosion risk. Just like the arches, removal of chloride-containing
surface layers is not a viable option for similar reasons. Furthermore, the columns and walls make
up only a small portion of the overall structure. It would likely be inefficient to selectively demolish
and process these elements separately from a logistics point of view. It is therefore more practical to
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process these elements together with the larger elements.

A major uncertainty comes from estimating the dimensions of elements for which no measurements
were given. For example, the thickness of the deck is unknown. Any difference in the deck thickness
would change the total amount of reinforced concrete used in the analysis. And since the deck is
responsible for ~60% of the total volume, this might have a significant impact. However, this does not
affect the assessment of the Steinvag bridge, because the elements are still unsuitable for reuse and
are better suited for future use as landfill, for example.

Another important observation were some unexplainable changes in the data between 2007 and 2017.
In some locations, the chloride levels went down, which is not possible naturally without human inter-
ference. It is possible that maintenance or other processes caused this phenomenon. Since there was
no extra information to explain these points, these locations were not included in the analysis.

Since the current chloride levels were estimated, there is no guarantee that the calculated values are
accurate. Extrapolation without knowing the possible error in the data is not very reliable, so any
conclusions drawn from the data can only be interpreted qualitatively, not quantitatively.

General future planning

Before comparing the systems, it is important to note that overall planning procedures and methods in
Alesund are quite similar to those in the Netherlands. The differences highlighted here are mainly small
observations about local culture and ways of working, rather than fundamental structural differences.

The Norwegian and Dutch examples show two different ways of planning. The Norwegian PBL model
works well for quick decisions and local flexibility, but long-term coordination is sometimes limited. This
can lead to solutions that work now, but are harder to adjust later. The Dutch NOVI model plans far
ahead and prepares for future growth, but this often requires high investment early on and leaves less
room for change once plans are fixed.

For Alesund, the Norwegian approach is visible in the rapid delivery of the bus terminal and the un-
certainty regarding the harbour area in Sgrsida. These show that the city can move fast, but also that
long-term choices are not always secured. It was noted that in both cultures, life-cycle analysis is usu-
ally done only after construction, but it will give early insights and should be included during the design
stage. The Dutch examples show the opposite risk: preparing too much in advance can create inertia
or maintenance costs if the timing changes.

Both approaches have their advantages and drawbacks, and the best choice always depends on the
specific boundary conditions of the project. Some situations benefit from Norwegian-style flexibility,
while others are better served by Dutch-style long-term planning and tools such as life-cycle analysis
or early scenario testing.



Conclusion and Recommendations

5.1. Conclusion

The optimal location for a new connection between Hessa and Aspgya is at the current location of the
Steinvag bridge. The orientation of the bridge is altered, making it possible to construct the new bridge
while the old bridge is still open, preventing a long disconnection between Hessa and the city.

The design of the new bridge includes one lane per direction. The current intensity on the bridge during
the evening peak is well below the capacity of a one lane per direction road. Even with a population
increase on Hessa from 3,852 to 8,852 (+5,000) residents and an increase in employment from 791 to
5,791 (+5,000), the bridge is not going to be a bottleneck in the traffic network. These developments
on Hessa might be needed in the future to accommodate potential population, as the population of
Alesund is increasing. In conclusion, a bridge design with one lane per direction is a suitable solution
for the long term, considering possible development plans on Hessa.

From the separate analysis regarding the bridge, it has been found that a tied-arch bridge is a feasible
option, all information considered. The proposed design consists of a superstructure with a span of 90
meters and two approach bridges connecting the two islands. The width of the design is 15.5 meters,
which should be enough to allow for future intensities as well as different modalities.

The Steinvag Bridge has high levels of chloride in the concrete. Measurements taken at different places
and depths show that the chloride levels vary. When this data is projected to the year 2037, it shows
that there is too much uncertainty about how the chlorides and other elements will spread. Because of
this, demolition contractors cannot safely reuse some parts of the structure.

The life cycle assessments for the different future scenarios of the Devold building show that reusing
the building is more environmentally sustainable than demolishing it and building a new one. The
environmental impact, expressed in NOK per m? GFA over a reference study period of 60 years, of the
former is approximately NOK 437.33 when using the Norwegian methodology and NOK 891.53 when
using the European methodology. The impact of the latter is NOK 621.80 when using the Norwegian
methodology and NOK 2,542.58 when using the European methodology. In addition, the European
methodology is better at creating a complete overview of the environmental impact compared to the
Norwegian methodology. Therefore, the European methodology is preferred.

One of the options of reusing the Devold building is to open a concert hall in it. This is in line with the
vision of the municipality of creating a vibrant new city district in Sgrsida. Such a concert hall could
host at most 500 people if an event starts during the evening peak. If more people are attracted by
it, congestion reaches levels that are too high, and a grid lock will occur. Concerts that start after the
evening peak can host 1,000 people without leading to too high congestion levels. Increasing bus
frequencies on lines to the concert hall does not lead to a significantly higher modal share of public
transport. It would not solve congestion problems and is therefore not advised.

This is related to the already high quality of the bus network, which provides large coverage across
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the region. It offers frequent connections along the main west-east corridor linking the city centre
and Moa. The connection to the islands is less frequent but serves the demand from and to these
locations. The network is capable of accommodating future population and job growth without the need
for major structural changes. However, the relatively low utilisation levels indicate that the service is
over-dimensioned for the current demand, showing that the challenge for Alesund lies not in the network
design, but in encouraging more people to use public transportation. The good performance of the bus
network is a beginning in achieving the sustainability goals, and will support a modal shift towards bus
usage in the future.

The traffic model also showed that increasing all bus frequencies does not lead to significantly more
people in the bus. Congestion now occurs during the evening peaks, with highest levels of congestion
at the E136 between the city centre and Lerstad. An increase in car traffic is not possible, since it would
lead to a total blockade of the roads in the city.

Finally, the Norwegian approach of civil engineering projects is characterised by fast-moving projects
that can be quickly realised. However, long term coordination between different stakeholders is some-
times limited, which might lead to problems in the future. In contrary, Dutch projects are often planned
far ahead, but this leads to less flexibility in changes during a project. Both methods have their advan-
tages and disadvantages, and could learn from each other. Also, in both countries, life cycle assess-
ments are often performed after a project is completed, while it is better to implement it in the design
phase.

5.2. Recommendations

The new connection between Hessa and Aspgya should have one lane per direction, with a cycle lane
and a side walk on either side. The best option is to build a bridge rather than a tunnel, specifically
a tied-arch bridge. However, it is recommended to further investigate the optimal location of the new
connection between Hessa and Aspgya. A quantitative analysis of the considered criteria is required,
as is potentially the inclusion of other criteria. In addition, new tests of the chloride content in the
Steinvag bridge are required to obtain the current state of different parts of the bridge, to determine
which end of life scenarios are feasible. Furthermore, it has to be investigated whether the computed
maximum number of new inhabitants and jobs on Hessa is physically possible on the limited area and
whether it is socially desirable.

The Devold building should be reused instead of demolished, based on the environmental impact of
both options. The Devold building can be used as a concert hall in the future. A maximum amount of
visitors of 1,000 is recommended if concerts start after the evening peak, and 500 if they start during
the evening peak.

Moreover, research to other aspects of the public transport system is required to determine which policy
measures increase its modal share. Increasing the frequency of local buses is not recommended,
because it has been found that this will not increase bus ridership.

Finally, it is recommended to take inspiration of some of the aspects of the Dutch method of planning
in civil engineering projects. Increasing long term planning and improving coordination between stake-
holders from different fields of expertise can further enhance project efficiency in Norway. Also, the
inclusion of life cycle assessments during the design phase of projects is recommended.
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Analyses of the Transport Networks

This chapter focuses on traffic in Alesund. Section A.1 is the introduction to the traffic and transport
related work in the multidisciplinary project. Then, Section A.2 covers the development and application
of a traffic model of Alesund. Next, Section A.3 goes deeper into the current bus network of Alesund.
Finally, Section A.4 gives the overall conclusions of the analyses of the traffic system.

A.l. Introduction

This section first describes the current infrastructure of Alesund, gives the problem statement, briefly
mentions ongoing infrastructure projects in Alesund and lists the goals of the transport project.

A.11. Current network

The city of Alesund has one major road, the E136, connecting the islands from east to west to the
mainland. Two bridges are crucial for connecting the islands: the Steinvagbrua between Hessa and
Aspgya and the Hellebrua between Aspgya and Ngrvgya. Moreover, the Ellingsgytunnel east of the
city centre connects Alesund to the island Ellingsgya, and is also on the route to the northern islands
Vigra (airport), Valdergya, Giske and Godgya. There is also a ferry service for pedestrians and cyclists
between the city centre and Valdergya. The mainland begins east of Aspgya, with the neighbourhoods
Géseid, Hatlane, Ase, Moa and Spjelkavik, stretching from west to east. The large island south of the
city is Sula, which is accessible by car via the E39 and by foot or bike via the ferry from the city centre.
Figure A.1 and A.2 show the overall network and the most important traffic-related locations in the city
centre.
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Figure A.1: Region of Alesund. Figure A.2: Alesund city centre.
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Keiser Wilhelms gate in the city centre for city buses. Long-distance and airport buses depart from
nearby Korsegata. At Moa, in the east of the city, there is a large bus terminal as well.

Vigra

Giske Valderoya

Ellingsoya

Godoya

@ ALESUND

Figure A.3: Buses FRAM (FRAM, 2025b). Figure A.4: Buses FRAM on map.

A.12. Problem statement

Congestion during peak hours occurs often in the city of Alesund. Most of the inhabitants and employ-
ees of the city use the car as a travel mode, which causes traffic jams on the main roads. The current
population of Alesund Kommune is 59,305, the expected population in 2030 is 59,627, and in 2050 it
is 62,151 (Statistisk Sentralbyra, 2025c). This means that the travel demand in the city will increase.
In order to make Alesund future-proof, future traffic flows need to be modelled to determine if the in-
frastructure can offer this demand or if (policy) changes need to be implemented. Moreover, certain
places in the city are being redeveloped to residential or working areas, which will likely increase the
travel demand in the city.

In Norway, 47% of the trips are made as car driver, 23% by foot, 12% by public transport and 11% as
passenger in a car (Opinion AS, 2025). In the region Alesund, 71% of the trips are made as passenger
car driver, 7% as car passengers, 6% by public transport, 14% by foot and 2% by bike (Helle-Tautra &
Strand, 2020), as shown in Figure A.5.

pedestrian

bicycle

public transport

car passenger

car driver

Figure A.5: Current modal split in Alesund.

So, car traffic has a very high share in the modal split, in general and compared to the overall country
statistics. In addition, on average only 32% of the bus seats was used in 2024 in Alesund (Statistisk
Sentralbyra, 2025a). Apparently, the level-of-service of available bus services is not good enough for
people to use the bus. In Alesund, it would be beneficial to realise a modal shift from cars to public
transport or active modes (walking, cycling) for some of the inhabitants. This would reduce the number
of vehicles on the road, and thus reduce the congestion. There are also sustainable and health benefits
related to this desired modal shift. Emissions decrease when less people use the car, and active modes
(even only as access/egress mode for the bus) increase the health of people. Finally, running buses
with a 32% occupation level is economically not viable, so it would also be financially beneficial to
increase ridership in the buses.
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To conclude, Alesund is a car-oriented city, which leads to congestion during the peak hours. The
infrastructure is likely unable to handle the expected increase in travel demand in the future. Moreover,
the car is a non-sustainable travel mode. In addition, public transport usage is low, indicating an insuf-
ficient level-of-service of the public transport network. This should increase in order to realise a modal
shift to the bus, which is desirable for reducing congestion and promoting sustainable travel.

A.1.3. Ongoing projects

There are already several ongoing infrastructure projects in Alesund. Bypakke Alesund is one of these
projects. The project focuses on sustainable and efficient transport through the city in the coming
15 years, starting from 2022. Since the population will increase, and the network is already (near)
its capacity, measures have to be taken. The project is a collaboration between Mgre og Romsdal
(the county), Alesund Kommune (the municipality) and Statens Vegvesen (Norwegian Public Road
Administration) (Bypakke Alesund, 2025b). The goal of the project is to get more people to cycle, walk
and use public transport in Alesund, in order to reduce the share of car traffic in the city. Alesund
Kommune wants to realise a zero-growth of car traffic with the project (Bypakke Alesund, 2024a).

The wider framework of Bypakke Alesund is guided by three main objectives (Mgre og Romsdal Fylkeskom-
mune, 2022):

» Ensuring that the city has a reliable and efficient transport system across all modes of travel,
capable of meeting the expected growth in demand.

+ Contributing to the development of a future-oriented public transport service, adapted to changing
mobility needs.

» Supporting attractive and sustainable urban development, in line with long-term city planning
goals.

One of the subprojects of Bypakke Alesund is “Sgrsida og Brosundet”. Statens Vegvesen is going to
build a new main road through Sgrsida, starting near the new bus terminal at Keiser Wilhelms gate and
ending at the Waterfront Hotel (Nedre Strandgata). It involves a new bridge over Brosundet (Brosund
bridge), which will decrease traffic load on Hellebrua. Moreover, Notenesgata will become a one-way
street towards the west, also reducing the intensity on Hellebrua. The one lane reduction also makes
it possible to build a new cycle path on Notenesgata (Bypakke Alesund, 2025d). The new bridge will
also increase network robustness, since the two parallel bridges are alternatives for each other in case
one of them becomes obstructed due to for example an accident. Figure A.6 shows the new roads in
the city centre.

Figure A.6: Future road plan in city centre (Bypakke Alesund, Figure A.7: Future bus plan in city centre (Bypakke Alesund,
2025d). 2025b).

Another subproject is the development of a new bus hub in the city centre. The Keiser Wilhelms gate
and Korsegata bus stops, located close to each other, were developed into a central public transport
hub (see Figure A.7).

The bus hub in Alesund’s city centre reflects the three main objectives of the Bypakke Alesund project.
Traditionally, buses waited for long periods at the central bus terminal, taking up valuable space (Mgre
og Romsdal Fylkeskommune, 2022). The former bus terminal has therefore been replaced by a street-
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based hub that integrates bus operations more easily. The section of Keiser Wilhelms gate near the
hub is now closed to through-traffic, though limited access remains for vehicles such as those entering
the parking garage. Meanwhile, Korsegata was converted into a two-way street to accommodate both
general traffic and bus operations (Bypakke Alesund, 2025c).

Since the completion of the works in the fall of 2024, the organisation of services has been as follows
(Bypakke Alesund, 2025c¢):

+ City buses depart from Keiser Wilhelms gate;
» Long-distance and airport buses depart from Korsegata.

In addition, the Post Office intersection (Keiser Wilhelms gate - Lorkenesgata) was adapted to allow
Keiser Wilhelms gate to continue southwards via Sgrsida and over the new (to be constructed) Brosund
bridge. This connection will be realised in collaboration with the Norwegian Public Roads Administration
as part of a later stage of the project (Bypakke Alesund, 2025c¢).

There are also several subprojects of Bypakke Alesund in the eastern parts of the city. For example,
a new tunnel between Breivika and Lerstad will be built (Bypakke Alesund, 2025a). However, in this
multidisciplinary project the focus is on the city centre area.

There are also plans to construct a new tunnel underneath the city centre, connecting Aspgya and
Ngrvaya, reducing the car traffic in the city centre. It is, however, uncertain whether the project will be
carried out and how it would be financed (Alesund Kommune, 2025a). Therefore, it is chosen not to
include it in this project.

A.1.4. Goals of transport and traffic project
There are two main goals of the transport-part of this project:

1. Develop a model that computes traffic flows through Alesund in the current and future situations
to determine the state of the network and to determine the effects of developments on land use,
demography and bus frequencies on the network.

2. Analyse the current bus network to investigate if the low bus usage is caused by structural errors
in the design of the network.

Traffic model

The first is to model traffic flows through the city for multiple transport modes. This results in an overview
of the current intensities in the infrastructure network. Congested road sections will be identified, pro-
viding information on the current use of the network and determining if further growth of car traffic is
possible with the current infrastructure.

Thereafter, scenarios with city developments are tested with the model to predict future traffic flows
through the city, aiming to give insight into traffic flows through the city in different future scenarios.
These future scenarios include the development of cultural hotspots in the Sgrsida area, population
increase at Hessa and different locations for a potential new connection between Hessa and the city
centre. The new road configuration in the city centre (Figure A.6) is also incorporated into the future
scenarios.

The traffic flow through the city is also an important factor for the bridges, for example for the new
design of the Steinvagbridge. The traffic intensity, which follows from the traffic model, determines the
required dimensions, mainly the width, of the bridge.

Bus network analysis
The second goal of the project is to analyse the current bus network in Alesund.

Despite the construction of the new bus hub in the city centre, the fact that only 6% of trips (see
Figure A.5) are currently made by bus suggests that the network still does not fully meet its potential.
The low share of public transport use may indicate structural issues within the bus system, such as
routing, connectivity, or service reliability that limit its attractiveness, even with the upgraded hub. A
deeper analysis of the bus network’s performance is therefore needed, in order to identify bottlenecks
and opportunities for making public transport a more attractive alternative in Alesund.
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A.2. Traffic Model

This chapter covers the methodology, development and results of the overall traffic model of Alesund.

A.2.1. Introduction to model

The model for traffic flows through Alesund is constructed in OmniTRANS. This is a traffic modelling
software developed by Dat.mobility (Goudappel) and commonly used in The Netherlands (Goudappel,
n.d.). The software uses Ruby programming language.

In short, a simultaneous trip distribution and modal split model is incorporated in the 4-phase model,
with as the final result the intensity on the infrastructure and ridership of public transport. The model is
constructed for the evening peak hour. The evening peak hour lasts from 15:00 to 17:00, and is busier
than the morning peak, as follows from the traffic counts in the city (Statens Vegvesen, 2025b). The
focus of the model is on the city centre of Alesund (the islands Aspgya and Norvaya). However, other
areas are included, because they generate traffic demand in and through the centre.

The 4-phase model first determines the production and attraction per zone of the city. The city is divided
into zones for determining the travel demand through the city. A total of 25 zones is used, which is the
maximum number of zones that can be used with a student licence in OmniTRANS. Production is the
number of people departing from a certain zone within the specified time frame. Attraction is the number
of people arriving in a certain zone within the time frame. For the evening peak hour, zones with many
job opportunities are expected to have a high production, whereas residential areas are expected to
have a high attraction, since people return home from work in the evening. Based on the production
and attraction, and the travel deterrence (i.e. travel time) between zones for different transport modes
(car, public transport, bike, walking), it is calculated how many people travel between each pair of zones
with each transport mode. This is summarised in four origin-destination (OD) matrices. Finally, these
travel movements are assigned to the network. So, it is calculated how many cars/bikes/pedestrians
are on specific links of the network and how many people are in public transport vehicles (buses). The
model is calibrated with observed traffic counts of Statens Vegvesen, until differences between model
and observations are below a certain threshold.

An important notion is that the model only includes inhabitants and employees of Alesund. Trips related
to tourism are not included in the model, but should not be forgotten. For example, the Hop-on-hop-off
bus departs every 30 minutes from the cruise terminal to make a trip through the city (Hop On AS,
2025). There are also other companies offering these kinds of bus tours.

The model is a static model. This gives a good first overview of the traffic flows through a city, but
does not capture all (dynamic) effects of it. A static model assumes that the traffic volumes on a link
are constant during the considered time period. It also assumes that all modelled trips start and end
within the time period. The results give an average view of the conditions during the considered time
period. Therefore, it is a good technique for investigating specific time periods, like a peak hour. A
disadvantage is that the length (distance) of congestion is not part of the results of a static model.
Spillback effects are therefore not identifiable from a static model. The resulting travel times, however,
are the real travel times, including delays due to congestion.

A.2.2. Methodology

Development

The 25 zones are created based on their inhabited area and distance to the centre of Alesund. Near
the centre, small zones are used, while areas far away from the centre are larger. All travel movements
originating or arriving in the latter areas affect the traffic system in the centre of Alesund in the same
way, because they use the same road/bus to access/egress Alesund. This justifies the larger areas.
The zones are presented in Figure A.8. Zone numbers and names are listed in Table A.1.
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Figure A.8: Considered zones.

Figure A.9: Zones in grid.

Table A.1: Zone numbers and names.

Zone number Zone name \ Zone number Zone name

1 Hessa south 15 Hatlane
2  Hessa north 16  Sjukehus
3 Aspgya west 17 Ase
4  Aspgya east 18 Moa
5 Centrum 19  Eastern towns (Spjelkavik, Breivika, Blindheim,
6 Centrum North Vegsund, Myrland, Magerholm)
7  South of Aksla 20  Southern towns (Molvaer, Langevag, Fyllingsgen,
8 Aksla Fiskarstrand, Mausiedvag, Eidsnes)
9  Soccer stadium area 21 Vigra

10 Neorveya 22  Giske

11 NTNU 23 Valdergya

12 Nervasundet 24  Godgya

13  Borgund 25 Ellingsgya

14  Gaseid

The required input for the model and the calibration is the following:

» Number of inhabitants and number of employees (jobs) per zone;
* Area of sport locations and cultural locations per zone;

» Speed limit, capacity, allowed road users per road in the network;
+ Traffic counts at certain locations in the city.

The number of inhabitants is collected by the Statistisk Sentralbyra (SSB) per grid of 250x250m. The
number of employees per zone is taken from the same data source (Statistisk Sentralbyra, 2025¢). Per
zone the sum of inhabitants and jobs of all the grids within the zone is taken. Figure A.9 shows the
grids of 250x250m (that have at least one inhabitant or employee) that are included in each zone.

The land area of sport and cultural locations per zone is taken from the SSB as well (Statistisk Sen-
tralbyra, n.d.-a). It is not possible to extract the total area per zone from this data source, so they
are manually computed. The traffic counts (for calibration) are taken from Statens Vegvesen (Statens
Vegvesen, 2025b). The zonal data from the SSB is included in Table A.14 in Subsection A.2.8.

Phase 0: Setting up the OmniTRANS model
The first phase is to set up the network in OmniTRANS. The following steps have to be taken:

1. Adding a background map;

. Creating the zones;

. Adding centroids;

. Linking zones and centroids;

a b~ WODN

. Adding nodes;
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. Adding links;
. Defining link types;

0 N O

. Assigning a link type to each link;
9. Adding bus stops;

10. Adding bus lines;

11. Connecting the centroids to nodes.

The background map is used to accurately build the network in the OmniTRANS software. The map
is used to trace the roads and is taken from Open Street Map (OpenStreetMap contributors, 2025).
The length of the digital map is scaled to the length in real-life. Any distance on the digital map in the
software then corresponds to the real distance.

The zones are created as “Areas” in OmniTRANS. They are traced on the background map. The
zones cannot overlap each other. One centroid is placed in each zone. This centroid represents all the
aspects of a zone (the inhabitants, jobs, sports area and cultural area).

Next, the nodes are added to the network. The nodes represent the intersections of the road network
or bus stops. Some nodes are only used as an access point to the network from the centroid (explained
in step 11). Links are created between two nodes, if they are in real-life connected by a road. Only a
selection of all roads is included in the model. All major through going roads are included, as are all the
roads that the public transport (bus) uses. Smaller roads are also included if they are expected to have
a high traffic intensity. This could be when they act as a short cut between certain places compared to
the major roads. In the city centre, more (and smaller) roads roads are included, because the focus of
this project is on the centre.

Thereafter, the link types are defined in OmniTRANS. Link types consist of the relevant characteristics
of a type of road. This definition includes the speed limit, the capacity and the allowed road users on
the link. The used speeds for cars and buses are 30, 40, 50, 60, 70 and 80 km/h. These are the speed
limits on the roads in and around Alesund. A speed of 4 km/h is used for walking, and 12 km/h for
cycling.

Next, all links in the network are assigned a type. Special attention is paid to one-way roads. The link
type in one direction includes all travel modes, the type in the other direction only cycling and walking
or no modes. The ferry between Alesund Skateflukaia and Valdergya ferjekai is added as a cycling
and walking link. If this link would not be included, Vigra, Godgya, Giske and Valdergya would be
unconnected to the city centre. The speed of this link is set up in such a way that the travel time of
this link matches the real travel time of the ferry plus half the headway between two ferries (average
waiting time). Table A.2 shows the included link types in the model. The allowed modes and the speed
for motorised traffic are given. The connector is a special type of link (see later).

For some of the roads, the speed limits are considered to be infeasible. Many minor roads have a
speed limit of 50 km/h, which vehicles cannot drive in reality for safety reasons (many intersections,
pedestrian crossings, parked cars, no lane marking, narrow road, etc.). For these roads, an addi-
tional link type is defined, with a speed of 40 km/h. This link type is assigned to the following roads:
Steinvagvegen, Kirkegata, Apotekergata, Parkgata, Kipervikgata, Keiser Wilhelms gate, Raysegata,
Storgata, Buholmgata, Radhusgata, Harald Torsviks plass, Borgundvegen (between Kipervikgata and
Roysegata), Skaregata, Notenesgata, St. Olavs plass, Lgvenvoldgata, Rasmus Rgnnebergsgata and
Lerstadsvegen.

The capacity of a road depends on many factors, like design speed, width and surroundings. For a
normal 50 km/h road, the capacity is approximately 900 veh/h per direction under ideal conditions in
Norway (A.R. Saetre, personal communication, September 30, 2025).

In the network, roads are classified as main, major or minor for this project. The main roads are all
through-going highway-like roads outside of the built-up area. They must satisfy the following criteria:

» The road is not designed for pedestrians and cyclists (no sidewalk or cycle path);
» The speed limit is 60 km/h or higher.
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Table A.2: Link types in traffic model.

link type |  mode! speed limit [km/h] | link type |  mode! speed limit [km/h]
30 all modes C,PT,B,W 30 70 only car & PT C,PT 70
40 all modes C,PT,B,W 40 80 only car & PT C,PT 80
50 all modes C,PT,B,W 50 50 no car PT, B, W 50
60 all modes C,PT,B,W 60 40 only PT PT 40
70 all modes C,PT,B,W 70 only active modes B, W -
80 all modes C,PT,B,W 80 ferry link B, W -
50 only car & PT C,PT 50 minor through roads | C, PT,B, W 40
60 only car & PT C, PT 60 connector C,B,W 50

1 C: car; PT: public transport; B: bicycle; W: walking

The capacity on a two lane road is 2,800 veh/h under ideal conditions for both directions together
(Statens Vegvesen, 1990). A correction factor of 0.8 is assumed for non-ideal conditions, and a 50/50
division between traffic volumes in both directions is used. This leads to a capacity of 1,120 veh/h per
direction, and 2,240 veh/2h in the OmniTRANS model for the main roads.

In a city, road capacity is also determined by the saturation flow of traffic lights (how many vehicles can
pass a traffic light per hour). Therefore, the green and red time are measured at the intersection Keiser
Wilhelms gate - Korsegata - Sjggata for the major direction (Keiser Wilhelms gate « Sjggata) and the
minor direction (Keiser Wilhelms gate — Korsegata & Sjggata — Keiser Wilhelms gate). The measuring
is performed with a timer on a smartphone, and it is done on a Monday during the evening peak. A
total of 10 green-red cycles is observed for all directions. It is assumed that every 2 seconds a vehicle
can pass the light. Counting the number of passing vehicles is considered to be less reliable, since it
is unknown if the capacity is reached at the moment of counting. Then, the average cycle time (green
+ red), average green time and average red time are computed. Based on the average cycle time, the
number of cycles per hour is computed. This is used to compute the amount of green seconds per
hour, which together with the 2 seconds per car is used to compute the capacity. Finally, the capacity is
computed for a 2-hour period, since this is also the period the OmniTRANS model considers (15-17h).

N3,

=2
¢ 2

=N-t, [veh/2hours] (A1)

with N the number of cycles per hour and ¢, the average green time.

The calculated capacity of the major direction at this intersection is used for all major roads in Alesund.
The capacity of the minor direction is used for all minor roads in the city. Although not all roads have
traffic lights, this calculated capacity is used because the traffic lights are a determining factor in the
road network. On adjacent major roads, the maximum amount of cars is equal to what the traffic lights
let through. For the minor roads, the capacity is also lowered by parked cars, intersections and narrower
lanes.

For both type of roads, two measurements have been taken to determine the capacity. The average
of the two is used as final capacity, rounded to the nearest higher multiple of 50. A road (section) is
considered to be a major road if it satisfies the following criteria:

» The road has priority at all intersections;
* The road has lane markings;
» There are no parked cars directly next to the road.

All other roads are classified as minor roads. This classification is done per road section, using Google
Maps or visits to the road. Table A.3 shows the computed capacities. The computed capacity for the
main roads approximately matches the capacity under ideal conditions (900 - 2 = 1,800 veh/2h).

For all cycle paths and sidewalks, a capacity of 720 cyclists/pedestrians per hour is used. This cor-
responds to one cyclist/pedestrian per five seconds. All capacities are doubled when putting them in
OmniTRANS, because itis a 2-hour model (15-17h). It is expected that the capacities for these modes
do not have any effect, since the modal share is low.
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Table A.3: Capacity of main, major and minor roads in OmniTRANS model.

Road type | Capacity in model [veh/2h]

Main 2,240
Major 1,600
Minor 650

Next, a bus stop is added to each node with a bus stop in real-life. In principle, it would be possible to
include all bus stops. However, since the modal share of public transport is low, the exact boarding/a-
lighting location of passengers is of limited relevance. Public transport usage between zones is more
interesting and requires a lower level of detail, which is chosen for this project.

Then, the bus lines are added to the network. Many bus lines do not have a single route, but multiple
variants. All bus lines and their variants that are included in the model are presented in Table A.15 in
Subsection A.2.8. For the frequency, the number of buses driving in the project area between 15h and
17h are included. Also when a bus just enters the network at 16:50, or if it reaches its destination at
15:05, itis included. This leads to an overestimation of the public transport supply. However, excluding
them leads to an underestimation. A bus has 45 seats (Statistisk Sentralbyra, 2025a) and an assumed
crush capacity of 60 people.

Connectors link the centroids to the nodes in the network. Per zone, 1 to 10 connectors are used.
This depends on the local infrastructure of the zone and the number of bus stops in the zone. The
connectors divide the travel demand over different access/egress points of the network. Travellers will
choose the connector that leads to the lowest travel time for their entire trip.

This likely means that they choose the connector, and thus node on the network, that is closest to
their final destination and/or use the closest connector to their origin. This can give distorted demands,
because itis desirable to distribute travellers throughout a zone according to the housing and job density.
Therefore, the capacity of a connector depends on the total production and attraction of a zone. For the
connectors from a centroid towards the network, the capacity of a single connector is determined by
dividing the total production by the number of connectors, rounded upwards to multiples of 50. For the
connectors in the other direction, the attraction is used. The multiples of 50 are chosen in order to keep
the model usable with slight changes in the production and/or attraction. By restricting the capacity and
choosing a certain BPR-function (see phase 4), the model is forced to distribute passengers over all
connectors, which reflects reality better. For zones with only one connector, the capacity is simply put
at 9999, as all travellers have to use that connector anyway. Connectors can be used by passenger
cars, pedestrians and cyclists. Since the number of pedestrians and cyclists is expected to be low, the
connector-capacity is initially not applied for these modes, because the exact movements within a zone
are less relevant since congestion is unlikely to occur for these modes.

Phase 1: Trip production/attraction

In this section the production and attraction formulae are determined. Many factors are determined
using literature. It should be noted, however, that these factors are unlikely to be fully correct. After
the model has been developed and run, these factors can be adapted to more accurately capture the
reality, in the calibration process. The scope of this project, regarding production and attraction, is
limited to the variables mentioned in this section.

First, the production (P) of trips per zone is calculated. This is the number of departures from each zone
in the evening peak hour. First of all, production is caused by employees going home. The number
of employees per zone is known. In Norway, 26% of the work-related trips start between 15h and 17h
(Opinion AS, 2025). This is the percentage of all commuter traffic during a day in that time period,
and thus includes the morning peak as well. The factor should be two times as high to represent the
home-going evening trips: 0.52. Nowadays, working from home is popular. In Norway, 57.4% of the
employees never works at home, 36.0% works less than half of the working hours at home, and 6.5%
works more than half of the working hours at home (Statistisk Sentralbyra, 2024). It is assumed that the
second category works 25% of the working hours at home (75% goes to work), and the third category
works 75% of the working hours at home (25% goes to work). The percentage of employees going to
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work and thus using the infrastructure, is therefore:

% non-home working employees = % never at home + 0.75 - % less than half-time at home

A.2
4+ 0.25 - % more than half-time at home = 0.86025 (A-2)

So, on an average working day, 86.025% of the employees goes to work.

In addition to commuting, travel demand also arises from sporting and cultural activities. For sports,
the motives are divided into two age groups: children aged 15 years and younger, and individuals older
than 15 years.

For the first group, it is assumed that children are accompanied by one of their parents or caregivers
when travelling to sports activities. According to a national survey (Statistisk Sentralbyra, n.d.-b), 72.2%
of children in this age group participate in an organized sport such as football, handball, gymnastics,
or swimming several times per week. In Alesund, there are 6,670 children aged 15 years or younger
(Statistisk Sentralbyra, 2025c). Applying the participation rate, about 72.2% - 6,670 ~ 4,816 children
regularly attend sports activities. Assuming each child participates twice per week, this generates
2-4,816 ~ 9,632 trips per week which equals roughly 9,632/7 = 1, 376 trips per day. The second group
consists of people older than 15 years, a total of 52,635 individuals (Statistisk Sentralbyra, 2025c).
Within this group, 87% report practising sports at least once a month, and for many this extends to
several times per week (Statistisk Sentralbyra, n.d.-c). Unlike children, they are more likely to engage
in activities such as running or cycling, which do not necessarily require travel. To stay conservative
(leading to higher travel demand), we assume that on average, they engage in sports once per week.
This results in 87% - 52,635 ~ 45,792 people participating, corresponding to 45,792/7 ~ 6, 542 trips
per day. Although this also includes joggers and cyclists (that do not need travel to and from their
sport activity), it is chosen to use this number, even though it leads to an overestimation of the travel
demand. It is not found how many people run and/or cycle. This overestimation balances out with the
conservative choice for the number of sport trips in total. Taken together, the two groups account for
about 1,376 + 6,542 = 7,918 trips per day related to sports activities in Alesund.

Approximately 15% of leisure-related trips depart between 15h and 17h (Opinion AS, 2025), during the
evening peak. Thisis 7,918 -0.15 = 1, 187.7 trips. Scaled to the total number of inhabitants of Alesund,
this is (1, 187.7) /59, 305 = 0.02 trips per inhabitant for sport activities.

Cultural activities in the land use map of the SSB include the theatre, cinema, religion, museums and li-
braries (Statistisk Sentralbyra, n.d.-a). It is assumed that the number of trips towards religious buildings
during the evening peak hour is negligible. The average number of visits in one year for theatre/mu-
sical, opera, ballet/dance performance, concert, cinema, library and museum is 0.8, 0.1, 0.2, 1.8, 2.1,
3.6 and 1.4 respectively, for Norwegians aged 9 or older (Statistisk Sentralbyra, 2023). In total, this
is 10 visits per year, or 0.028 visits per day. Using the 15% trips departure during the evening peak,
this is 0.15 - 0.0280 = 0.0042 visits per inhabitant (aged 9 or older) per evening peak hour. The number
of inhabitants aged 10 or older is 52,974, while the total number of inhabitants is 59,198 (Statistisk
Sentralbyra, 2025c). Therefore the number of culture-related trips during the peak hour per inhabitant
is 0.0042 - (59,198/52,974) = 0.0046.

The following formula is used:

P =0.52-0.86025 - jobs 4 0.02 - inhabitants + 0.0046 - inhabitants

. . . (A.3)
= 0.447 - jobs + 0.0246 - inhabitants

The attraction (A) of a zone is the number of trips that arrive in a zone. This is in the evening peak
hour based on the number of inhabitants of a zone, they arrive home from work. Also, people arriving
at sports or cultural activities in a zone are part of the attraction.

In Norway, there are 2,882,095 employees (July 2025) (Statistisk Sentralbyra, 2025d). The total pop-
ulation in July 2025 was 5,606,944 (Statistisk Sentralbyra, 2025b), so 51.4% of the population was
employed. This factor is also used to determine the number of people with a job in Alesund, per zone.
Again, the percentage of employees that does not work at home (86.025%) is incorporated in the formula.
Also, 52% of inhabitants return home in the peak hour again.
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Per zone, the sport and culture areas are known in m? (Statistisk Sentralbyra, n.d.-a). Therefore, the
number of people that 1 m? sport or cultural area attracts needs to be known. The most popular sports
in Norway are soccer, golf and handball (Norges Idrettsforbund, 2024). In the data set, however, almost
all areas indicated as sport are a soccer pitch or another large outside green area. Therefore, only the
soccer pitch is used to determine the attracted number of people to a m? of sport, since this reflects the
dataset best. Approximately 25 people play on a soccer pitch of approximately 7,000 m? simultaneously.
An additional 1,000 m? is assumed for buildings included in the sport area (dressing room, canteen, etc.)
So, a soccer field attracts 25/8000 = 0.003 people per m? during the evening peak (15h-17h). There
are two sport areas manually removed from the data. These are the Color Linestadion and a ski slope,
both with a very large area. People do not go to the stadium to sport themselves, which is why it is
excluded. The ski slope is excluded because it is assumed that people do not go skiing in the evening
(when it is dark).

For cultural locations, it is assumed that 0.001 people are attracted to it per 1 m? area. The order of
magnitude is assumed to be the same as for sports area. Also, it is assumed that cultural locations
are less attractive during the evening peak hour, because there is more choice of time for culture than
sport. During the evening peak, people are either going home, eating or sporting (with usually fixed
starting times). Therefore, culture is less attractive during the evening peak. This leads to the lower
assumed factor (0.001).

The area of the Sunnmgre Museum and Atlanterhavsparken are manually removed from the data. Both
have a high area, but close during the evening peak. Therefore, their zones will get a disproportionate
attraction if they are included in the model.

A =0.514-0.52 - 0.86025 - inhabitants + 0.003 - sport area + 0.001 - cultural area

A4
= 0.230 - inhabitants + 0.003 - sport area + 0.001 - cultural area (A4)

An important criterion is that the sum of all attractions regarding commuters (work-home) (approxi-
mately) equals the sum of all productions of commuters. The same holds for the sport and culture
motive. The proposed factors meet this criterion.

The sum of all attractions and productions should be exactly equal. This is impossible to realise with
the factors of formula Equation A.3 and Equation A.4. Therefore, the productions are balanced to the
attractions after they have been calculated. Attractions are chosen as reference, because they are
based on household data to a higher degree than productions, in this situation. Household data is
considered to be more accurate.

Phase 2: Trip distribution & Phase 3: Modal split

In the next phase, the trip distribution and modal split is computed simultaneously. Trip distribution
refers to where people travel to from where. The result is summarised in an origin-destination (OD)
matrix per travel mode. This division per mode is referred to as the modal split.

First, skim matrices are computed for every mode. These matrices have size 25x25 (the number of
zones) and contain the shortest travel time between all combinations of zones. For example, cell (4, 24)
shows the travel time from zone 4 to zone 24. The matrices are not symmetrical, since travel times
can differ between directions, for example due to one-way streets. The diagonal shows the intrazonal
travel time: the travel time within a zone for people that do not leave their zone. In this project, half of
the average travel time towards the closest neighbouring zone is used as intrazonal travel time.

The travel times between each combination of zones for each mode is computed by the software. For
the car, bike and walking, the computation is performed using the free speed (speed limit) and length
of the link. A downside of this technique is that the travel time is also affected by other factors than link
length and speed limit, like intersections, width of the road and more, which are not incorporated in the
method.

For public transport, four skim matrices are computed: the travel time, waiting time, number of trans-
fers and generalised costs matrices. For all matrices, the minimum value per OD-pair is used. The
generalised costs (GCpt) are used for the further calculations. This includes the total in-vehicle time,
waiting time and a penalty for transfers. The route with the lowest generalised costs is not necessarily
the route with the lowest in-vehicle travel time, waiting time and number of transfer separately.
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One minute of waiting time in Norway is valued as 1.8 minutes of in-vehicle time for short waiting times
(< 7.5 min), 1.2 minutes in-vehicle time for waiting times between 7.5 and 10 minutes, and 0.4 minute
in-vehicle time for long waits (> 15 min) (Killi, 1999). In this project, the middle factor of 1.2 is used,
since this is the weighted average of the factors (weighted to occurring wait times in the wait skim
matrix). A transfer counts as 10 minutes of in-vehicle time (Killi, 1999). Equation A.5 gives the formula
for generalised costs.

GCPT = tinveh + 1.2 - twait + 10 - Niransfers (A-5)

Then, the travel deterrence is calculated for each combination of zones for each travel mode. This
captures the resistance to travel between a pair of zones. A higher travel time corresponds to a higher
deterrence, and thus less people travelling between the zones, all other variables being constant. The
model is only constructed using travel time as explanatory variable for the deterrence.

Costs also influences travel decisions, but are not included in the model. All bus trips within the project
area have the same fixed costs, so once somebody chooses the bus, the costs do not have an influence
any more. The costs per kilometre for electric, diesel and benzine cars is different, which makes it
difficult to incorporate it in the model. In addition, fuel prices differ per day in Alesund. Given the limited
time for the project, it is therefore chosen not to include costs in the deterrence functions.

The deterrence function differs per mode. A fixed increase in travel time by car is perceived less badly
than by foot. Also, certain travel times are unacceptable by foot or bike, but still acceptable by car and
public transport.

A deterrence function should satisfy the following four conditions (Cats, 2024):

+ It should monotonically decrease with travel costs;

* Its integral should be finite;

» The impact of a fixed cost difference should depend on the absolute level;
+ It should have a marginally diminishing relative impact.

An exponential function (Equation A.6) is taken for each travel mode. This function satisfies all criteria,
and is often used for this purpose (Bovy et al., 2006). The travel time between zone i and j with mode
v is indicated with c;;,.

f(cijv) = Qy - €XP (_ﬁv . Cijv) (A6)

The a-value captures all other effects than the travel time (c;;,), for example mode preference. The
B,-value captures the sensitivity to the travel time. A higher 3, corresponds to a more rapid decline in
willingness to use that mode for an increase in travel time. The initial values for « and 8 can be adapted
during the validation of the model. The (-values are chosen according to the relative sensitivity of
increased travel time for the different modes. A one minute increase in travel time for pedestrians is
perceived worse than for cyclists, which in turn is worse than public transport, which is worse than the
car, because of the physical effort. The values 1, 2, 3 and 4 are initially used for the -values. The
a-values are chosen with the current modal split in mind. However, simply using the fractions of the
modal split (0.78, 0.14, 0.06 and 0.02 for car, bike, bus, walking respectively) as a-values will not reflect
reality well. This is due to the shape of the deterrence functions. A low « in combination with a high
[ results in a mode being very unattractive (almost 0) for low travel times, it could be even so low as
most travel times between adjacent zones. Travel times between non-neighbouring zones would be too
high for travellers to choose walking or cycling. So, the modal share of walking, for example, would be
underestimated, and the modal share of car overestimated. Therefore, the factors shown in Table A.4
are selected as initial values for « and 5. The a-value of the car (a fast mode) is lowered compared to
its modal share, and the a-values of the other modes is increased. The values of « reflect the order of
modal shares (car has highest «, pedestrian the lowest). After the modal has run, the modal split can
be checked and the factors could be altered if necessary. Figure A.10 shows the deterrence function
of the different modes.
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Table A.4: o and g values per travel mode (v).

‘ ay By
Car 0.45 1
Bike 0.30 3
Public transport | 0.20 2
Pedestrian 0.15 4

Deterrence functions

— Car

0.4 Bike

—— Public Transport
0.3 1 —— Pedestrians

Mode attractiveness

T T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0 35
Travel time in hours

Figure A.10: Deterrence function per travel mode (v) with corresponding values from Table A.4.

Once the deterrence functions are determined, a new matrix is computed. This matrix has 25 rows (all
zones) and 100 columns (25 zones with all four travel modes). It shows the value of the deterrence
function between two zones ¢ and j for a given transport mode v. The matrix is the starting point for
applying the gravity model (see Table A.5). The last row shows the computed attraction per zone, and
the last column the computed production per zone (Phase 1).

Table A.5: Set-up of gravity model matrix

flcijo) | i=1 | ji=2 | ... | Production

| Car PT Bike Walking | Car PT Bike Walking | ..

The model is doubly constrained. The sum of the values in a row should be equal to the computed
production (in phase 1) of that zone. Also, the sum of the values in a multicolumn (four columns: car,
PT, bike, walking) should be equal to the computed attraction of that zone.

> Tyw=P (A7)
J v
Z > T = A, (A.8)

with T;;, the number of trips originating in zone ¢ and arriving in zone j made by mode v, P; the
production of zone 4, and A; the attraction of zone j.

1=1
1 =2
1=3
T=...
Attraction | | |

The gravity model is applied to achieve the constraints in an iterative manner. Columns and rows are
balanced alternately, until all balancing factors have converged to 1. In each iteration, a new matrix is
constructed. If the balancing factors have converged, the production and attraction per zone match the
calculated production and attraction in phase 1.

When columns are being balanced, the balancing factor is as followed:

> Tijo
;= = (A.9)
J Aj
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This factor ~; is multiplied with the values in the cells of the matrix corresponding to the same zone j.

When rows are being balanced, the balancing factor is:

Zj :rijv

5; =
==5

(A.10)

This factor §; is multiplied with the values in row 1.

First, columns are balanced, and then rows. This process repeats itself until the balancing factors
converge to 1. In OmniTRANS, this is realised by demanding an ¢ of 0.00001. This is the sum of the
absolute difference between the computed productions (in the gravity model) and demanded produc-
tions (from phase 1) and the computed and demanded attractions, summed for all zones. A maximum
of 100 iterations is performed in OmniTRANS to prevent the model from crashing. The final result is
an origin-destination matrix specified per transport mode.

Phase 4: Network assignment
Finally, the transport modes are assigned to the network. The final result will be intensities per link on
the road network, bicycle and walking infrastructure, and the ridership on bus links.

Before doing the assignment, the total number of people using the car has to be translated to the
number of cars. 7% of the people have car passenger as mode in the current modal split, and 71% car
driver. The OD-matrix for cars includes all people using the car. Therefore, all cells in the OD-matrix
are multiplied by a factor 7/(71 + 7) = 0.91 in order to get the number of cars in the network.

The cars are assigned to the network using the Deterministic User Equilibrium (DUE) assignment. In
this assignment type, it is assumed that people consider congestion when selecting their route. They
are assumed to be aware of the true travel times. The travel time consists of uncongested travel time
(with free speed) and delays due to congestion. In this assignment method, travellers choose their
optimal route (least travel time). This is not necessarily the system’s optimal route choice (lowest total
travel time summed over all travellers). Travellers going from the same origin to the same destination
might select other routes. The true travel time is calculated per link with the Bureau of Public Roads
(BPR) link performance formula:

L, Y Ba
ta(qa)=vmax-<1+aa-<g> > (A.11)

with
* t, travel time on link a (h)
* g, flow (load) on link a (veh/km)
+ v"® maximum speed on link a (km/h)
» C, capacity of link a (veh/km)
* ag, B, parameters of link a

When the link load, ¢,, nears the capacity, C,, travel times increase, because congestion occurs. The
standard values of the factors «, and 3, are 0.15 and 4 respectively. They are used for many urban
areas (Martin & McGuckin, 1998). The a,-value indicates the factor with which the travel time increases
at capacity compared to free flow conditions (Mtoi & Moses, 2014). For example, if the uncongested
travel time is 20 minutes, and «, is 0.15, the travel time at capacity is 20 + 20 - 0.15 = 23 minutes. This
also means that the higher the «,, the earlier (with lower intensities) congestion occurs. The §-value
determines how fast the travel time increases when congestion occurs (Mtoi & Moses, 2014). A higher
B, leads to higher travel times when the capacity is exceeded. Figure A.11 shows the effects of different
values for o, and 3 on the BPR function.

The BPR-parameters have to be specified per road type. The best option is to determine the parameters
based on observed link flows and speeds for all link types. However, this is out of the scope of this
project. Therefore, it is chosen to use the standard o, = 0.15 and 3, = 4 for all 50, 60, 70 and 80 km/h
roads (main and major). Over-capacity is expected that have a greater negative effect on residential
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BPR function
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Figure A.11: Effects of o and 8 on BPR function.

roads (30 and 40 km/h). These minor roads are assigned an «, = 0.20 and a 3, = 5, resulting in a
higher increase in travel time at capacity compared to free flow, and a steeper increase in travel time
for increasing intensities higher than the capacity. The connectors are assigned an «, = 0.01 and a
B, = 500. This leads to an almost horizontal line until capacity, and then a very steep line upwards. So
travel times do not change until capacity is reached, but once it is reached, they increase very rapidly,
so nobody uses it any more. This method is used to be able to control the distribution of travellers over
the different connectors within a zone.

The assignment is performed iteratively, for which the Method of Successive Averaging (MSA) is used.
After each iteration, the link travel times are calculated again, and the vehicles are re-assigned to the
network. At most 100 iterations are performed. The process stops before that if a convergence of
0.00001 is reached. This is when all paths have a relative increase/decrease below 0.00001 between
two consecutive iterations. This means that all used routes between two zones have the same (true)
travel time which is not larger than any unused route. This is also known as Wardrop’s first principle.

The walk and bike trips are assigned to the network using the All-or-Nothing (AON) assignment. This
means that all people with the same origin-destination pair use the same route, for these modes. They
do not take congestion into consideration, but simply take the route that is quickest without any other
traffic. Congestion is very unlikely to occur for pedestrians and cyclists in Alesund, due to the low modal
share. This makes the AON assignment suitable for these modes.

The public transport travellers are assigned using the ZENITH algorithm of the OtTransit class in Om-
niTRANS. It uses a frequency-based, multipath assignment type without considering crowding in the
buses. Crowding is not considered, because it complicates the model unnecessarily. The modal share
of public transport is really low in Alesund, and buses currently have an average occupancy of 32%
(Statistisk Sentralbyra, 2025a), so crowding will likely not occur. If it follows from the model that it
does occur, another technique will be applied. Public transport trips need an access and egress mode
(going to and from the bus stop). Only walking is considered as access/egress mode. Cycling is not
considered, because the modal share of cycling itself is very low, so cycling in combination with public
transport is considered to be negligible. The car is not considered as access/egress mode, because it
is assumed that people will make their entire trip by car if they use it, because of the very high modal
share. Next, the minimum number of potential stops for access and egress has to be determined. In
this project, one stop is used. This ensures that public transport is always accessible for travellers.
Thereafter, routes between every set of candidates for the access and egress stops are searched for.
The reverse tree generation algorithm is used for this. All lines ending at the destination stop candi-
date are investigated backwards. For all stops on that line, the costs of travelling from that stop to the
destination stop is computed (travel time). If, during the search, a stop is found that was already found
before (in another bus line), a discrete choice model is applied to determine the share of travellers that is
assigned to each path. This discrete choice model considers costs (travel time) and relative frequency.
During the backwards search process, stops with transfers to other bus lines could be found. In this
situation, the path splits into two (or more) paths, adding a cost for transferring. In the end, all possible
paths are known. Then, the discrete choice model is again applied to determine the share of travellers
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that is assigned to each path. In computing the costs of paths, waiting time is again considered as 1.2
times as worse as in-vehicle time, and a transfer counts as 10 minutes in-vehicle.

Calibration Method

In the previous step, the model was developed and the intensity on the infrastructure was predicted.
The next step is to calibrate the model with the observed traffic counts from Statens Vegvesen (Statens
Vegvesen, 2025b). The calibration is only done for the car traffic. For other modes, no real-life data is
available. However, the modal split of the model is compared to the real-life modal split. These should
be (approximately) equal.

The first step is to select the locations with traffic counts to use for calibration. They are presented
in Figure A.12. There are many measurement locations in and around Alesund. Important criteria in
selecting the locations for the calibration are that the measurement locations should have collected
data per hour (and not only per day for example) and that they have been active recently.

Nordstranda

Skjong
.Valderuylunnelen
Valderhaug
Hovland

Ellingssytunnelen

Ellingseytunnelen spr Kolvikbakken ungdomskole

L @ Skuggentunnelen
Socay J Skutvika  Volsdalen g«ui Lerstad
Skarbevik Borgundgavelen

Hatlaéstunnelen. Meaveshi@ 15) Moatunnelen

Slinningen Hatlane  gorgundfjordvegen
Hessa

.Spjelkavik sor
Blindheimstunnelen

Blindheim
LEmEeE) Fiskarstranda

Figure A.12: Traffic counting locations.

A period of 1 year is used between October 6th 2024 and October 6th 2025. For some points, less
data was available. The average number of passenger cars (length < 5.6m) between 15h-16h and
16h-17h is computed per weekday over this period. The weekend is not considered, since it includes
less commuter traffic. These two hours are added together, because the traffic model considers the
15h-17h time period. Then, also the overall average is computed (the average over the 5 averages).
This value is used for further calculations, unless large variations between the days of the week are
identified.

For all selected locations with traffic counts, the Root Mean Square Error (RMSE) is computed (Equa-
tion A.12). Itis the square root of the average squared residuals between the observed and estimated
values. Large errors have a greater impact on the RMSE than small errors. The value of the RMSE
approximately gives the error between model and observation. Lower RMSE-values thus indicate a
better model.

n

1
RMSE = | —- i — Ui)? A.12
- gw ) (A12)
with n the number of traffic count locations, y; the observed traffic intensity at location i and g; the

modelled traffic intensity at location i. There are always two traffic count locations near each other, one
for each direction.
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In addition to the RMSE, the normalised RMSE (nRMSE) is also calculated. The magnitude of obser-
vations ranges from 463 to 2474, which makes interpreting the RMSE sometimes difficult. The nRMSE
gives the average error between model and observation.

nRMSE = 100 - %[%} (A13)

with 7 the average of observations

Apart from the RMSE, the difference, A, (positive or negative) between model and reality of all com-
parison locations (Equation A.14) is also computed, as is the relative difference, RD (Equation A.15).

A;=0i—yi (A14)

RD; = 100- % y_ Ji (A.15)
The average real intensity at the count locations is 1121. It is chosen to use a maximum RMSE of 168,
which corresponds to a deviation of approximately 15% of the true intensities. Traffic is a very stochastic
phenomenon, which is difficult to predict. The model depends on only two socio-demographic variables
and two geographical variables. They are not able to capture all traffic motives, so a nRMSE of 15% is
considered to be good. In addition, no individual absolute relative difference may be larger than 20%.
So, the model is accepted if:

* RMSE < 168;
* |RD;| < 20% for all 7.

If the model does not meet the criteria, it has to be improved. Table A.6 shows possible actions. Apart
from these actions, connectors could also be relocated to better reflect reality.

Table A.6: Actions if model has to be improved.

Observation Action

All model intensities are too low or too high —  Change production and attraction formulae
Some model intensities are too low, others too high —  Change deterrence and/or BPR-functions
Modal split is not correct —  Change deterrence functions

The distribution of traffic between parallel roads is illogical —  Check capacity, speed and BPR-function of roads

A.2.3. Calibration

Table A.7 shows the different steps taken in the calibration process, and the corresponding RMSE per
step. Step 0 is the initial model with input as explained in Subsection A.2.2. The RMSE in step 0 is
the RMSE of the initial model. The RMSE in step 1 is the RMSE of the model with the implemented
changes mentioned in step 0. So the new RMSE after a change is shown a row below. Changes are
kept in successive steps, unless explicitly mentioned that they are reversed.

Table A.7: Calibration steps.

#step| RMSE | Main change

0 534 | Downgrade Borgundfjordvegen from a major road to a minor road since it is not a distributor road and
change orientation of connectors in zone 18 to get more travel activities near AMFI Moa, which is one of
Norway'’s largest shopping malls (Olav Thon Gruppen, n.d.)

1 488 | Change orientation of connector in zone 11 and change attraction formula. The factor for sport is reduced
from 0.003 to 0.002 people per m? sport area. This is done to decrease the attraction of the northern
islands, because the roads towards the islands had a too high intensity, and the islands have a high sport
area compared to the other zones.

— A = 0.230 - inhabitants + 0.002 - sport + 0.001 - cultural

2 | 436 | Change typo found in the production formula in OmniTRANS.

(Continues on next page)
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(Continuation of Table A.7)

#step| RMSE | Main change

3

372

Decrease factor for sport further to 0.0015, because attraction of northern islands is still too high.
Decrease factor for inhabitants leaving for sport and culture during the evening peak from 0.0246 to 0.02,
in order to keep total number of people departing for sport/culture equal to the number of people arriving
for these purposes.

— P = 0.447 - jobs 4 0.02 - inhabitants

— A = 0.230 - inhabitants 4+ 0.002 - sport + 0.001 - cultural

353

Lower the factors for sport even more, aiming to decrease the attraction of the northern islands even more.
— A = 0.230 - inhabitants + 0.0005 - sport 4+ 0.001 - cultural

353

The changes of step 4 are reversed, because they did not lead to a lower RMSE. The focus is for now
relocated to Borgundgavelen, which has a too low intensity. The intensity is tried to be increased by
increasing the production and attraction of zone 13, 14 and 15. This will lead to an increase of production
and attraction in all zones, since the zonal variables of these zones are all lower than average. ltis
chosen to increase the work-related trips. The fraction of people leaving during the evening peak is
increased from 0.52 to 0.60.
— P =0.60 - 0.86025 - jobs + 0.02 - inhabitants = 0.516 - jobs + 0.02 - inhabitants
— A =0.514-0.60 - 0.86025 - inhabitants + 0.0015 - sport + 0.001 - cultural

= 0.267 - inhabitants 4 0.0005 - sport + 0.001 - cultural

417

The RMSE increased, so the model performs worse and the changes are reversed. Now, the intensity at
Moa vest is tried to be increased. This is done by giving zone 18 (the shopping mall) an additional
attraction and production of 700. The production and attraction of this large mall is not captured well by
the explanatory variables in the model. The connector directly linked to the mall is given an increased
capacity, in order to put the extra travel demand at the right spot in zone 18.

344

The northern islands have mostly non-office jobs, so employees cannot work at home as often as other
employees. In addition, the sport and culture area at the northern islands are less attractive than in other
areas of the city. The quality of these facilities is higher in the city, due to scale effects and more demand.
Therefore, lower demand at the islands is expected. New binary factors are introduced in the production
and attraction formulae. The variable island = 1 for zone 21 to 25 (the northern island) and 0 otherwise.
non island = 1 for zone 1 to 20 and 0 otherwise.
— P = (1.0-nonisland + 1.2 - island) - 0.52 - 0.86025 - jobs + 0.02 - inhabitants
= (1.0 - nonisland + 1.2 - island) - 0.447 - jobs + 0.02 - inhabitants
— A =0.514-0.52-0.86205 - inhabitants + (0.8 - island + 1.0 - non island) - (0.0015 - sport + 0.001 - cultural)
= 0.230 - inhabitants + (0.8 - island + 1.0 - non island) - (0.0015 - sport + 0.001 - cultural)

321

More extreme values are used for the factors, because the intensity to the northern islands is still too high,
and from the islands too low.
— P = (1.0 -nonisland 4 1.5 - island) - 0.52 - 0.86025 - jobs + 0.02 - inhabitants
= (1.0 - nonisland 4 1.5 - island) - 0.447 - jobs 4 0.02 - inhabitants
— A =0.514-0.52-0.86205 - inhabitants + (0.5 - island + 1.0 - non island) - (0.0015 - sport + 0.001 - cultural)
= 0.230 - inhabitants + (0.5 - island 4 1.0 - non island) - (0.0015 - sport + 0.001 - cultural)

333

The RMSE increased, so the changes are reversed. The intensity at Borgundgavelen is too low, and at
Skuggentunnelen too high. These roads are alternatives to each other for east-west travel movements. It
is desirable to shift intensity from Skuggentunnelen to Borgundgavelen. This is done by reducing the
capacity of all tunnels with a speed of 60 km/h or higher from 2240 veh/2h to 2000 veh/2h. Capacity of
tunnels is lower than that of regular roads, due to increased headways (Yeung & Wong, 2014). At the
same time, the a-factor in the BPR function for all main roads is increased from 0.15 to 0.50. This means
that the travel time increases by 50% when capacity is reached compared to free flow situations.

10

290

The additional production and attraction at Moa shopping mall (zone 18) is increased to 800 both. In
addition, the factors for the islands are changed.
— P =(1.0-nonisland + 1.3 - island) - 0.52 - 0.86025 - jobs + 0.02 - inhabitants
= (1.0 - noniisland + 1.3 - island) - 0.447 - jobs + 0.02 - inhabitants
— A =0.514-0.52-0.86205 - inhabitants + (0.4 - island + 1.0 - non island) - (0.0015 - sport +0.001 - cultural)
= 0.230 - inhabitants + (0.4 - island + 1.0 - non island) - (0.0015 - sport + 0.001 - cultural)

1

283

More extreme values for the island factors are tried.

— P =(1.0-nonisland + 1.4 - island) - 0.52 - 0.86025 - jobs + 0.02 - inhabitants
= (1.0 - nonisland 4 1.4 - island) - 0.447 - jobs + 0.02 - inhabitants

— A =0.514-0.52-0.86205 - inhabitants + (0.3 - island 4+ 1.0 - non island) - (0.0015 - sport +0.001 - cultural)
= 0.230 - inhabitants + (0.3 - island + 1.0 - non island) - (0.0015 - sport + 0.001 - cultural)

(Continues on next page)
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(Continuation of Table A.7)

#step| RMSE |

Main change

12

281

The RMSE decreased, but the decrease is considered to be too low for the changes to be kept.
Therefore, they are reversed. The formulae introduced in step 10 are used again. Spjelkavik sgr has a
too high intensity towards the south, and a too low intensity towards the north. The high intensity is
caused by a connector of zone 19 that is linked to a node at this road. That node is the closest node to
most of the network linked to a connector in zone 18, which causes a high usage. The connector is linked
to Breivika (neighbourhood). There is no reason to use Spjelkavik ser if Breivika is not your origin or
destination. Therefore, local production should be increased, and attraction decreased. This is done by
altering the capacity of the connector (per direction).

13

282

Although the RMSE increased, the changes are kept, because the measurement points close to zone 18
saw a large increase in model performance. In this step, an external zone is added to the OmniTRANS
network. Zone 10 did not have any inhabitants, employees, sport and culture area, and therefore had no
production and attraction. Zone number 10 is reused as external zone. There are 6,150 people
commuting out of the municipality, and 9,159 people commuting into the municipality (Statistisk
Sentralbyra, 2025c). In the evening peak, this is the other way around. All the northern islands (zone
20-25: Ellingsgya, Valdergya, Godgya, Vigra, Giske) are not part of the municipality. Almost all parts of
zone 18 and 19 (northern towns of Sula, Breivika, Blindheim, Myrland among others) are also not in the
municipality.

It is assumed that 52% of the commuters travel during the evening peak (same factor as used before).
This leads to 3,198 people coming into the municipality, and 4,763 people leaving the municipality during
the peak.

From the Statens Vegvesen counts, it is known that 1,442 people leave the municipality by car towards
the northern islands. 848 people enter the municipality by car from the northern islands. Using the
counting points Spjelkavik sgr and Blindheimstunnelen, it is known that 2,405 people leave the
municipality by car towards the south east, and 2,175 people enter by car.

So in total, 848 + 2,175 = 3,023 people enter the municipality by car at points already included in the
model. 1,442 + 2,405 = 3, 847 leave the municipality by car at points already included in the model.
This leaves 3,198 — 3,023 = 175 people entering the model by car that are not yet accounted for.

4,763 — 3,847 = 916 people leaving by car are not yet included.

Car traffic is 78% of the total traffic. So these numbers have to be multiplied by a factor % = 1.28. This
leads to 224 additional people entering the model, and 1,172 people leaving the model. This is added
with an external zone with given production and attraction.

Travel time within zone 10 is manually set to 9999, to make the deterrence to stay within the external
zone very high, because intrazonal travel for zone 10 should be zero.

14

280

The RMSE slightly decreased, but the changes are kept since the external demand is an important factor
in the network. Attraction to the shopping mall is too high now, it is lowered to 500 people. Also,
intensities towards the city centre are too low, so it has to be made more attractive. Sport and culture in
the city centre is likely more professional and/or popular. So they are more attractive.

— A = 0.230-inhabitants+(0.4-island+1.0-non island/centre+1.3-centre)- (0.0015-sport+0.001-cultural)

15

276

Change connector capacity from Breivika to centroid (zone 19) to 250 instead of 400, aiming at more
traffic on Spjelkavik s@r towards the south.

16

271

Again, new factors in the production and attraction formulae are tried, because the balance between
traffic towards and from the islands, and towards and from the city centre is still off.

— P =(1.0-nonisland + 1.4 - island) - 0.447 - jobs + 0.02 - inhabitants

— A = 0.230-inhabitants+(0.3-island+1.0-non island/centre+1.3-centre)- (0.0015-sport+0.001-cultural)

17

272

The RMSE increased, so the changes are reversed. There is too few traffic on Borgundgavelen towards
the city, while the other direction has the right amount of traffic. Overall, there is too few traffic from the
east to the city centre. It is already tried to make the city centre more attractive, which did not lead to the
desired results. Another option is to increase the production in the east (zone 14-20). These areas have a
high number of employees and a high number of inhabitants compared to the average. The number of
inhabitants is on average for these zones twice as high as the average. The factor for departures related
to sport and culture is increased from 0.02 to 0.025.
— P =(1.0-nonisland + 1.4 - island) - 0.52 - 0.86025 - jobs + 0.025 - inhabitants

= (1.0 - nonisland + 1.4 - island) - 0.447 - jobs 4 0.025 - inhabitants

18

267

Intensities from Moa to the city centre and to the south are still too low. Therefore, the extra production of
the shopping mall is increased from 800 to 2,000. The attraction remains to 500. In the evening peak, it is
logical that more people leave a shopping mall than that they arrive.

19

257

Now, still too few people travel from east to west in the model. It is thought that the external production
(224 people) is too low. Therefore, it is set to 1,224, so an additional 1,000 people arrive into the project
area during the evening peak.

(Continues on next page)
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(Continuation of Table A.7)

#step| RMSE | Main change

20

222

Borgundgavelen has 200-300 cars too few in both directions, while Skuggentunnelen has 300 cars too
much in both directions. So, the intensity has to shift between these roads. The capacity of all tunnels is
reduced by 100 to 1,900 veh/2h, which leads to a decrease of capacity at Skuggentunnel.

21

213

The previous change had the desired effect at Skuggentunnel, but a negative side-effect is that the
intensity at Hatlaastunnel (road leading to Skuggentunnel) is too low now in both directions. The capacity
of one connector in zone 15 (east of the Hatladstunnel) is lowered, aiming to increase the intensity in
Hatladstunnel. In addition, production and attraction formulae are changed again, because the flow
towards the islands is too high and in the other direction it is too low.

— P = (1.0-nonisland 4 1.5 - island) - 0.447 - jobs + 0.025 - inhabitants

— A = 0.230-inhabitants+(0.3-island+1.0-non island/centre+1.3-centre)- (0.0015-sport-+0.001-cultural)

22

193

The intensity at Skutvika towards Spjelkavik is too low (-19.5% or -215 vehicles). This means that the the
production of Hessa and/or west Aspgya has to increase. Almost all departing trips in these zones (1-3)
will go towards Spjelkavik at Skutvika.
These zones score lower than average in all zonal data categories, especially in number of employees.
Therefore, the factor for departures for sport and culture is increased again from 0.025 to 0.030. At the
same time, the factor for attraction per m? sport field is increased from 0.0015 to 0.0020. This is done to
keep the total number of departures for sport and culture approximately equal to the total number of
arrivals for these purposes.
— P =(1.0-nonisland + 1.5 - island) - 0.52 - 0.86025 - jobs + 0.030 - inhabitants
= (1.0 - nonisland + 1.5 - island) - 0.447 - jobs 4 0.030 - inhabitants
— A =0.514-0.52 - 0.86205 - inhabitants
+ (0.3 -island + 1.0 - non island/centre + 1.3 - centre) - (0.002 - sport + 0.001 - cultural)
= 0.230 - inhabitants
+ (0.3 -island + 1.0 - non island/centre + 1.3 - centre) - (0.002 - sport + 0.001 - cultural)
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The RMSE increased, so the changes are reversed. More extreme values for the factors are tried now.
— P = (1.0-nonisland + 1.6 - island) - 0.447 - jobs + 0.030 - inhabitants
— A = 0.230-inhabitants+ (0.2-island+1.0-non island/centre+1.4-centre)- (0.002-sport+0.001-cultural)

24
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The RMSE is again higher than 193, so the changes are reversed. The intensity in Hatladstunnel is too
low towards Spjelkavik (-29.6%). Too much traffic coming from Skuggentunnelen uses Lerstadvegen
instead of Hatladstunnel. This means that Lerstadvegen has to be made less attractive. In the other
direction, traffic intensity is also too low (-9.4%).

At Moa vest, traffic intensity is also too low in both directions. This road acts as an alternative road to
Lerstadvegen, and is reachable from the Skuggentunnel via the Hatladstunnel. The same holds for
Borgundfjordvegen, which also has a too low intensity in the model. A decrease of capacity of 300 veh/2h
is tried at Lerstadvegen. This could be caused by the ongoing road works, which affects a part of the
timeframe of the used data set of Statens Vegvesen for calibration of the data. The new capacity on
Lerstadvegen is 1200 veh/2h.

25
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The change had the desired effect at Lerstadvegen/Skuggentunnel/Hatladstunnel, but the RMSE
increases to 209 (compared to 193 in step 22). So the changes are reversed. Instead, a lower capacity
reduction is tried. A capacity of 1400 veh/2h on Lerstadvegen is now tested.

26
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Although the model predicts intensity in Hatlaastunnel approximately correctly if the capacity of
Lerstadvegen is lowered, the overall model performance decreases. This is mostly caused by lower traffic
intensities at Borgundgavelen and Moatunnelen, both on routes that become less attractive if
Hatladstunnel becomes more attractive.

The model mainly performs badly in Moatunnelen, Skutvika s@r and Blindheimtunnelen. These are all
roads that are also used by traffic originating and arriving in external zones, which are not included in the
model. When ignoring these three points, the model slightly performs better than after step 22. Therefore,
it is decided to go forward with this model, since the project’s focus is not on the three underperforming
points.

Borgundgavelen has -144 and -172 cars, while Skuggentunnel has 210 and 230 too much. These can be
balanced out again. Capacity at Skuggentunnelen is lowered to 1800 veh/2h.

27
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Attraction of the northern islands is too high. Ellingsgytunnelen sgr (+20.2%), Ellingsgytunnelen (+23.1%)
and Valdergytunnelen (+24.2%) all have a too high modelled traffic intensity. Production of the islands is
slightly too low.

Only the attraction formula is changed. The factor for cultural and sport related travel to the islands is
lowered from 0.3 to 0.15.

— A = 0.230-inhabitants+(0.15-island+1.0-non island/centre+1.3-centre)-(0.0015-sport+0.001-cultural)

28 |

190

End of Table A.7

The last step decreased the RMSE of the total model to 190 (nRMSE = 16.2%). When excluding the
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three measurement points at the edge of the model area (Spjelkavik sgr, Blindheimstunnelen and Moa
tunnelen), the RMSE is 164 (nRMSE = 14.3%).

The model after step 27 is kept as final model.
There were two requirements set up for the model:

* RMSFE <168
* |RD;| < 20% for all i

The RMSE using all measurement points is 190, and the nRMSE is 16.20%. This is still higher than
the requirements, but given the time constraints of this project and application of the model that still
has to be done considered to be good enough. Table A.8 gives per measurement point the observed
and predicted intensity, including the difference and relative difference between the two.

When disregarding the entry/access roads in the south-east of the project area (Blindheimstunnelen,
Skutvika sgr and Moatunnelen), the RMSE is 163.89 and the nRMSE 14.30%. Since the roads of these
measurement points can also be used by traffic with neither the destination nor the origin in Alesund, it
is justified to give less weight to the correctness of the model prediction at these locations. Moreover,
the main focus of this project is on the city centre part of the network.

If only the seven most centrally located measurement points are taken into consideration, the RMSE
is 151.82 and the nRMSE is 11.87%. These seven points are Borgundgavelen, Ellingsgytunnelen
sar, Ellingsgytunnelen, Skuggentunnelen, Skutvika, Volsdalen and Kolvikbakken ungdomskole. The
RMSE and nRMSE for these locations indicate a good model performance, even better than the 15%
requirement. The centrally located points are of most relevance, since the focus of this project is on
traffic flows in the city centre.

The other requirement is also not met for all measurement locations. There are locations with an
RD > 20%. The largest RD occurs at the roads that could also be used for through-going traffic (no
origin or destination in Alesund).

There are in total 17,160 people travelling in the network during the evening peak. Table A.9 shows
the observed and modelled modal shares of the four considered modes. Although the modal split is
not exactly right, the model is considered to be good enough. The modal under-estimates the share of
active modes, and over-estimates the share of the car and public transport. This is something to keep
in mind when interpreting the model.

In addition, as previously mentioned, the model only accounts for inhabitants of Alesund. Tourism is
not included in the model.

A.2.4. Results
This section first describes the final model and then gives the results for the current network.

Final model
In this section, the input of the final model is given. Some significant changes to the model have been
made in the calibration steps (Subsection A.2.3) compared to the initial model described in Subsec-
tion A.2.2. Therefore, an overview of the formulae, input and changes to the model are described in
this section.

Equation A.16 and A.17 give the production and attraction formula used in the final model. Table A.14
in Subsection A.2.8 shows the zonal data (variables in production and attraction formulae) for the traffic
model.

P = (1.0 -nonisland + 1.5 - island) - 0.52 - 0.86025 - jobs + 0.025 - inhabitants

A.16
= (1.0 -nonisland + 1.5 - island) - 0.447 - jobs + 0.025 - inhabitants ( )

A =0.514-0.52 - 0.86205 - inhabitants
+ (0.15 -island + 1.0 - non island/centre + 1.3 - centre) - (0.0015 - sport + 0.001 - cultural) (A1)

= 0.230 - inhabitants
+ (0.15 -island + 1.0 - non island/centre + 1.3 - centre) - (0.0015 - sport 4 0.001 - cultural
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Table A.8: Model results and indicators.

Location Direction | Observation Model prediction A RD
Borgundgavelen — Narve 749 701 -48 -6.4%
— Gaseid 1,038 970 -68 -6.3%
Ellings@ytunnelen sor — Ellingsgya 1,488 1,752  +264 +18.7%
— Alesund 1,277 994  -283 -221%
Ellingsgytunnelen — Ellingsgya 1,442 1,738 +296 +20.6%
— Alesund 848 913 65 7.8%
Hatlaastunnelen — Spjelkavik 887 662 -225 -252%
— Alesund 958 894 -64 -6.7%
Moa vest — Spjelkavik 1,274 1,253 -21 -1.6%
— Alesund 1,346 1,259 -87 -6.4%
Moatunnelen — Volda 1,376 936 440 -32.0%
— Alesund 890 864 -26 -2.8%
Skuggentunnelen — Spjelkavik 1,964 2,065 +101 +5.2%
— Alesund 1,953 2,051 +98 +5.0%
Skutvika — Spjelkavik 697 557 -140 -19.8%
— Alesund 897 898 +1 +0.1%
Spjelkavik sor — Spjelkavik 868 500 -368 -42.3%
— Blindheim 463 662 +199 +43.0%
Valdergytunnelen — Valdergya 1,112 1,349  +237 +21.3%
— Ellingsgya 714 635 -79  -10.8%
Volsdalen — Spjelkavik 2,180 2,229 +49 +2.3%
— Alesund 2,080 2,233 +153 +7.3%
Borgundfjordvegen — Spjelkavik 603 622 +19 +3.1%
— Alesund 429 475  +46  +10.9%
Blindheimstunnelen — Volda 2,474 2,151 -333 -13.0%
— Alesund 1,604 1,301 -303 -18.8%
Kolvikbakken ungdomskole  — Alesund sentrum 669 572 97 -14.4%
— Ngrvesund 632 625 -7 -1.0%

Table A.9: Observed and modelled modal split.

Mode \ Observed share  Modelled share
Car (driver + passenger) 78% 81%
Public transport 6% 9%
Bike 14% 9%
Walking 2% 1%

The following changes are made to the computed production and attraction:

» Zone 10 (external): production of 1,224 instead of 0;
» Zone 10 (external): attraction of 1,174 instead of 0;
» Zone 18 (Moa): additional production of 2,000;

» Zone 18 (Moa): additional attraction of 500.

The capacity of all tunnels with a speed of 60 km/h or higher is 1,900 veh/2h in the model. All other
capacities are implemented in the model as introduced in Table A.3.

The deterrence functions as introduced in Equation A.6 are used with the parameter values given in
Table A.4. The BPR function as introduced in Equation A.11 is used with « and § values given in
Table A.10.
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Table A.10: « and -values in BPR-function per road type.

Roadtype | o S
Main 050 4
Major 0.15 4
Minor 020 5

Application to current situation

Figure A.13, A.14 and A.15 show the output of the model for the current network configuration. The
colours, ranging from green to red, indicate the intensity-capacity (IC) ratio, with green meaning free-
flow situations, and red meaning congestion. IC ratios per colour are indicated in Table A.11. The
numbers in Figure A.14 and A.15 indicate the intensity on the road sections during the evening peak
between 15h and 17h.

As can be seen, the main east-west connection into and out of the city (to Gaseid and Hatlane) is
congested during the evening peak. The three access roads to Alesund in the east (Lerstadvegen,
E136 and Borgundfjordvegen) are also nearing their capacity. All these roads cannot handle more
car traffic than there currently is. There are already road projects, like a new tunnel in the east of the
city, that aim to facilitate growth in car traffic. The routes towards the northern islands are busy, but
congestion does not occur. The road from the northern islands to the city has free-flow conditions.

Table A.11: IC ratios per colour indication.

Colour | IC ratio

Green <0.55
Yellow 0.55-0.70
Orange | 0.70-0.90
Red >0.90

Figure A.13: Current IC ratios on car network.
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Figure A.14: Current intensities on car network, zoomed to city centre.
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Figure A.15: Current intensities on car network, extra zoomed into city centre.

Hellebrua (left in Figure A.15) is crowded in both directions. The intensity towards the eastis 1,378 and
towards the west 1,120 vehicles during the evening peak, on a capacity of 1,600 veh/2h. In general,
car traffic intensity towards the east cannot grow in the city centre during the evening peak, as all roads
are already at or near their capacity. Increase towards the west (into the city) is still possible to a
certain degree. Hellebrua is a critical link in the network. A temporary closure of this bridge due to, for
example, an accident will lead to a lot of congestion, as more than 1,000 cars are not able to reach
their destination. This would probably lead to a gridlock on Aspgya and on Norvgya. This problem is
solved in the future, since an additional bridge parallel to Hellebrua will be built as part of the Sgrsida
project.

The model also clearly shows the asymmetry in traffic flows during the evening peak. Intensities out of
the city centre are higher than into the city centre. This is caused by the high amount of jobs in the city
centre and high amount of houses in other areas. This asymmetry is typical for an evening peak traffic
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model.

Figure A.16 shows the free flow and congested travel times between selected zones in the current
network configuration. The origin-destination pairs are selected based on their locations in their net-
work. The main east-west and north-south connections are selected, without getting too much overlap
between the selected routes.

Free flow vs congested travel time for selected routes
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Figure A.16: Free flow vs congested travel times for selected routes.

West of the city centre, on Aspgya, travel times do not increase in the evening peak compared to free
flow conditions. This follows from the trvavel times between Hessa north and south of Aksla. This
also follows from the IC ratios on these road sections, which are indicated in green and yellow in
Figure A.14, meaning an IC ratio below 0.6. Congestion does not occur on these road sections. East
of the city centre, congestion and delays do occur. This follows from all other origin-destination pairs in
Figure A.16. Travel times out of the city (towards the east or north) increase to a higher extent during
the evening peak compared to free flow conditions than travel times into the city. Travel time from
Hessa north to Moa is 62% higher during the evening peak than in free flow conditions, whereas it only
is 13% higher in the other direction. Absolute travel time delays are all below 10 minutes. Apparently,
a 10 minute delay is acceptable for car users in Alesund.

Figure A.17 shows the ridership on bus lines in the city centre. In general, usage of public transport is
low. Logically, most people use the bus near the city centre. The bus lines between the NTNU campus
and the city centre (Keiser Wilhelms gate) are the most used. Also, the bus lines that use the main road
(E136) to the east from the city centre have a relatively high usage. As with car traffic, intensities out
of the city centre are higher than into the city centre, which is logical for an evening peak model. The
separate bus network analysis in Section A.3 goes more into depth in the saturation level on specific
bus links, and the potential increase of public transport usage.

Walking and cycling have low modal shares. In total, 137 and 1,506 use these modes respectively.
Most of the trips have their origin and destination in the same zone, and are not visible on the network
in OmniTRANS. It can be concluded that active modes are almost only used for short trips in the city.
However, as follows from Table A.9, the share of these modes is under-estimated by the model. In
reality, there are likely people using these modes (mostly the bike) for longer commuter distances. The
intensity is so low that there will not be any problems in the cycling and pedestrian network.
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Figure A.17: Current intensities in public transport network, zoomed into city centre.

Application to future scenarios
Now, the model is applied for multiple scenarios:

» New Brosund bridge;
» New concert hall in the reused Devold building in Sgrsida (also included in the main text);
* Increased bus frequency irrespective of other developments.

The OmniTRANS model is also used to select the optimal location for a new connection between Hessa
and Aspgya, and to determine the development possibilities on Hessa in relation to the capacity of the
newly designed Steinvag bridge. The results of these applications are described in chapter 3.

New Brosund bridge

In the near future, the road configuration in the city centre will change as part of the Sgrsida project.
The new Brosund bridge will be built parallel to the Hellebrua, as introduced in Section A.1. This case
will be the base scenario for all other developments that will be implemented in the model. Figure A.18
shows the intensities and IC ratios in this situation. Traffic is divided between the two parallel bridges.
The IC ratio on Hellebrua in Figure A.15 is orange (0.70-0.90) and yellow (0.55-0.70), indicating almost
no congestion to medium levels of congestion. In the new situation, there is free flow on the bridges,
indicated in green (IC < 0.55). However, traffic volumes east of the bridge do not change, so the
new bridge does not reduce congestion there. The heaviest congestion occurs east of the Hellebrua.
Therefore, the new bridge will not solve the overall congestion problem in Alesund.
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Figure A.18: Car network intensities near Hellebrua in new road configuration.

Concert hall
In the main text, the concert hall case is introduced. Different scenarios are described in Section 2.3.
The technical changes to the model for these scenarios are explained in this section.

The original model is an evening peak model. It has to be adapted to the 17-19h time frame. This is
done by changing the fraction of employees that is commuting in the model. It is 0.52 for the evening
peak, this is halved to 0.24 for the 17-19h time frame. 48% of the employees does not travel during the
evening peak. The travel share before and after the peak is approximately equal (Opinion AS, 2025).

Equation A.18 and Equation A.19 are the production and attraction formulae for the model between
17h and 19h.

P =(1.0-nonisland + 1.5 - island) - 0.24 - 0.86025 - jobs + 0.025 - inhabitants

A.18
= (1.0 - nonisland + 1.5 - island) - 0.206 - jobs + 0.025 - inhabitants ( )

A =0.514-0.24 - 0.86205 - inhabitants
+ (0.15 -island + 1.0 - non island/centre + 1.3 - centre) - (0.0015 - sport 4 0.001 - cultural) (A19)

= 0.106 - inhabitants
+ (0.15-island + 1.0 - non island/centre + 1.3 - centre) - (0.0015 - sport 4 0.001 - cultural

The demand from the external zone and the added demand in zone 18 (due to the large shopping mall)
are reduced by the same factor as the regular production and attraction for the scenarios in time frame
17-19h.

+ External production: 0.24 - 1,224/0.52 = 565;

+ External attraction: 0.24 - 1,174/0.52 = 542;

» Extra production Moa: 0.24 - 2,000/0.52 = 923;
+ Extra attraction Moa: 0.24 - 500/0.52 = 231.

The model already incorporates the travel purpose "culture’. The number of inhabitants of Alesund who
depart to go to cultural activities is already included in the model (the production). It is assumed that
people only change their destination due to the new concert hall and that no additional people travel for
the purpose culture. In the long term, this could be the case once people have changed their habits.
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The additional attraction of the concert hall is added to zone 4 (Aspgya east) in the traffic model. The
concert hall will be placed in this zone.

Table A.12 shows the increased frequencies of the separate 'sub’ bus lines 1. The total frequency of
line 1is increased by 50%. Some frequencies are rounded down to the nearest integer, others rounded
upwards, because the frequency has to be an integer.

Table A.12: Old and new frequencies of bus line 1.

no. in model  head sign \ current freq. in model  new freq. in model
Bus 1-east
1 Saevollen - Slinningsodden - Myrland Snuplass 1 2
2 Keiser Wilhelms Gate - Gatestopp Moa 4 6
3 Saevollen - Myrland Snuplass 2 3
4 Keiser Wilhelms Gate - Myrland Snuplass 2 3
5 Saevollen - Keiser Wilhelms Gate 1 1
6 Slinningsodden - Myrland Snuplass 3 5
7 Seevollen - Gatestopp Moa 3 4
8 Slinningsodden - Gatestopp Moa 1 1
Bus 1-west
9 Gatestopp Moa - Saevollen 3 4
10 Gatestopp Moa - Keiser Wilhelms Gate 6 9
11 Gatestopp Moa - Slinningsodden 1 1
12 Myrland Snuplass - Saevollen 3 5
13 Myrland Snuplass - Keiser Wilhelms Gate 5 7
14 Myrland Snuplass - Slinningsodden 1 2
15 Keiser Wilhelms Gate - Slinningsodden 3 5

During the peak hour, 332 cars go to zone 4 if there is no concert taking place. This number increases
to 696 cars with a concert with 500 visitors. So, 364 cars are attracted to the concert. These amounts
already consider car passengers, so it is not the number of people arriving by car, but the number of
cars itself. After the peak hour, 157 cars have zone 4 as destination. This increases to 896 with a
concert of 1,000 visitors, meaning that 739 additional cars are heading to zone 4.

All other results for these scenarios are included in Chapter 3.

Increased bus frequency irrespective of other developments
Three situations with respect to bus frequencies are investigated. The frequency of buses during the
evening is increased in the model, to test if the modal share of public transport increases.

* 50% increase of frequency on lines 1, 2, 3 and 4 (main local bus lines) — 49 additional buses;

* 50% increase of frequency on lines 10, 11, 12, 13, 14, 31 and 32 (minor local bus lines) — 29
additional buses;

* 50% increase of frequency on all before mentioned bus lines — 78 additional buses.

A 50% increase in frequency is chosen, because it leads to substantial more buses, and thus shorter
waiting times, but is also still relatively feasible to implement. Table A.13 shows the modal split of all
transport modes for the different scenarios regarding frequency of bus lines.

Table A.13: Old and new modal split (passengers and percentages) from model.

Scenario \ Car share PT share Bike share  Walk share

Current frequencies 14,610 (82.2%) 1,507 (8.5%) 1,506 (8.5%) 137 (0.8%)
Increased frequency main local bus lines 14,499 (81.6%) 1,629 (9.2%) 1,495 (8.4%) 137 (0.8%)
Increased frequency minor local bus lines | 14,586 (82.1%) 1,530 (8.6%) 1,506 (8.5%) 138 (0.8%)
Increased frequency all local bus lines 14,483 (81.6%) 1,645 (9.3%) 1,494 (8.4%) 137 (0.8%)

It is concluded from Table A.13 that the modal share of public transport increases with increasing
frequency of bus lines. However, 78 additional buses (50% increase of frequency on all local buses)
only lead to 138 more people in the bus. This is financially not feasible for the bus operator, because
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the investment costs for new buses and operational costs (fuel/electricity, salary of bus driver, etc.) are
not covered by additional revenue. The number cars during the evening peak decreases by 127 in the
most extreme scenario. This will not solve the congestion problem in Alesund.

Public transport competes mainly with the car in Alesund. The modal share of biking and walking
remains (almost) constant in all scenarios, while the modal share of the car decreases due to the
increased frequency of buses. However, the inhabitants of Alesund have a high preference for the car,
since a large improvement of the bus network does not lead to a major modal shift.

Frequency is not the only aspect that can be changed in order to get more people in the bus. Design
of bus stops (shelter for bad weather), real-time information (in an app and at the bus stops) and
ticket fare are examples of other aspects. Another option is to discourage people from using the main
concurrent, the car. This can be done by, for example, removing parking or increasing car ownership
taxes. These aspects are all not possible to implement in the traffic model, but could be investigated
with other techniques, like choice modelling and questionnaires. However, the frequency of bus lines
is already at (or near) its optimal, because a large increase in buses does not result in a significant
increase in bus ridership.

A.2.5. Discussion

The model shows that the main road in Alesund is already congested during the evening peak. This
implicates that additional growth of car traffic is not possible. Even larger delays will occur and spill
backs are to be expected, leading to a grid lock of the network. The model also shows a low modal
share of public transport, which is not increased by significant higher bus frequencies. This indicates
that the level of service of the bus network is already high regarding the amount of buses in the timetable.
It is not worth it to invest in higher frequencies. Therefore, other measures have to be taken to make
the public transport more attractive, because the modal share has to increase to be able to satisfy the
travel demand in the future.

The model is able to predict traffic volumes with a fairly high degree of certainty. The normalised RMSE
of the model is 16.2%. However, some simplifications were made in developing the model.

First of all, only four explanatory variables are used for calculating the production and attraction per
zone. lt is implicitly assumed that all inhabitants of the project area make decisions based on these
variables only. Some travel purposes are not included, like visiting friends or family. Also, different
demographic groups might make travel decisions differently, while it is now assumed that everyone
does it the same. Besides, trucks or other large vehicles are not added to the network intensities, but
should not be forgotten. Also the buses with cruise tourists use the network during the evening peak.

Capacity of road sections is used for assigning cars to the network (in the BPR function) and to show
IC ratios after the assignment. The IC ratio is an important aspect in interpreting the results of the
assignment process. So, the capacity is an important factor in the model, but it is very difficult to
determine. To be accurate, measurements of flow and speeds should be taken for a long period, in
order to determine the capacity of a road section with a fundamental diagram. This is not done in this
project.

Additionally, congestion is not taken into account in determining the in-vehicle time of trips taken by
bus. This would add a high level of complexity to the OmniTRANS model, so it is chosen to neglect this
given the limited time for this project. Also, in the combined phase 2-3 of the 4-phase model, people
choose their mode based on free flow travel times. However, they probably know that congestion
occurs and have an idea of the true travel time in advance. Both the bus and the car are affected by
congestion, meaning that they are less attractive than the model predicts. This could be the cause of
the over-estimation of the modal share of these two modes.

Finally, the model is static for a two hour period. This gives a good first indication of the traffic situation
in the network, but does not capture all dynamic effects. The length of congestion is for example not
determined in the model, so potential grid locks cannot be identified. Also, peaks periods within the
evening peak, with even higher than average traffic volumes, are not included in this model.



A.2. Traffic Model 63

A.2.6. Conclusion

The most busy parts of the car network are already at their capacity during the evening peak. Some
road sections have an IC ratio greater than 1.0, for example the main east-west connection in the
city. Further increase in car traffic is not possible on those road sections, because it will lead to an
oversaturated network, with high levels of congestion and long delays. There is no congestion yet on
other road sections, for example the roads towards the northern islands and the road towards Hessa.
These roads could see an increase in car traffic without congestion directly occurring. However, since
increase in car traffic there will coincide with increase in car traffic on the main east-west connection, car
traffic in general cannot grow in Alesund. The new Brosund bridge (parallel to Hellebrua) will increase
the network robustness once it has been constructed, but it will not solve the congestion problems in the
city. Public transport usage is currently low in Alesund. The bus is not attractive enough for people to
use it, but a higher 50% frequency on all lines does not lead to a large increase in bus ridership. Walking
and cycling also have low modal shares. These modes are mainly used for very short distances.

A.2.7. Recommendations

A lower modal share of car traffic is required to prevent the transport system from failing in the future.
Additional research is required to the motives of travellers when choosing their travel mode. Policy
measures for increasing the public transport ridership and decreasing car traffic could be to discourage
car usage by removing parking facilities or introducing a car tax of some sort. Other options are to en-
courage public transport use, for example by improving waiting facilities (now there is often only a sign)
and strong branding at bus stops. Of course, costs could also play an important role in mode choice,
but are not considered in this traffic model. All mentioned policy measures have to be investigated first
before implementing it, to determine if it will have the desired effect. The strong recommendation is to
investigate all measures that potentially lead to a modal shift from car to public transport (not limited to
the before mentioned ones), because a lower modal share of car traffic is required to prevent a total
grid lock in the city of Alesund in the future.

A.2.8. Additional tables for traffic model
Table A.14 shows the input variables for the traffic model.

Table A.14: Input data for traffic model (all taken from Statistisk Sentralbyra, 2025¢).

zone \ culture_area jobs residents sports_area island non_island centre non_island/centre

1 345 2,722 4,872 16,159 0 1 0 1
2 4,302 3,069 3,980 50,860 0 1 0 1
3 0 1171 1,567 0 0 1 0 1
4 5,657 2,888 1,954 0 0 1 1 0
5 14,874 3,611 1,037 4,705 0 1 1 0
6 1,292 445 963 0 0 1 1 0
7 492 773 1,698 2,181 0 1 1 0
8 0 60 71 0 0 1 0 1
9 7,020 758 2,754 29,340 0 1 1 0
10 0 0 0 0 0 1 0 1
1 4,445 1,714 1,861 9,775 0 1 0 1
12 1,952 909 1,919 9,125 0 1 0 1
13 4,654 12 35 0 0 1 0 1
14 6,061 569 1,712 3,544 0 1 0 1
15 2,452 584 2,703 23,979 0 1 0 1
16 0 3,584 3,055 21,419 0 1 0 1
17 11,918 1,069 3,739 17,104 0 1 0 1
18 2,637 3,690 2,942 60,579 0 1 0 1
19 11,974 4,244 13,652 147,896 0 1 0 1
20 31,291 2,119 7,873 100,388 0 1 0 1
21 9,351 124 1,562 74,927 1 0 0 0
22 9,470 85 817 21,007 1 0 0 0
23 8,664 848 4,022 42,770 1 0 0 0
24 9,343 185 1,097 18,470 1 0 0 0
25 5,501 618 2,413 25,666 1 0 0 0

Table A.15 presents all the buses included in the OmniTRANS model. Most bus lines in Alesund do not
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have a single route they drive, there are often variants of the same route, as can be seen in Table A.15.
Bus lines with an asterisk (*) are merged bus lines. Lines are merged when they have the exact same
route within the main project area, but start/end at different locations outside of the main project area.
This happens, for example, at Vigra, where buses start/end at different locations at the island. This is
not relevant for the overall project.

Table A.15: Bus lines included in OmniTRANS model.

no. in model \ head sign frequency in model travel time [min]

Bus 1-east

1 Seaevollen - Slinningsodden - Myrland Snuplass 1 75

2 Keiser Wilhelms Gate - Gatestopp Moa 4 30

3 Saevollen - Myrland Snuplass 2 67

4 Keiser Wilhelms Gate - Myrland Snuplass 2 45

5 Saevollen - Keiser Wilhelms Gate 1 22

6 Slinningsodden - Myrland Snuplass 3 68

7 Saevollen - Gatestopp Moa 3 52

8 Slinningsodden - Gatestopp Moa 1 53
Bus 1-west

9 Gatestopp Moa - Saevollen 3 50

10 Gatestopp Moa - Keiser Wilhelms Gate 6 30

11 Gatestopp Moa - Slinningsodden 1 49

12 Myrland Snuplass - Szevollen 3 65

13 Myrland Snuplass - Keiser Wilhelms Gate 5 45

14 Myrland Snuplass - Slinningsodden 1 64

15 Keiser Wilhelms Gate - Slinningsodden 3 19
Bus 2-east

16 Keiser Wilhelms Gate - Skravika 8 36

17 Keiser Wilhelms Gate - Magerholm ferjekai 8 45
Bus 2-west

18 Skravika - Keiser Wilhelmgs Gate 8 39

19 Magerholm ferjekai - Keiser Wilhelms Gate 7 46

20 Gatestopp Moa - Keiser Wilhelms Gate 1 23
Bus 3-north

21* Korsegata - Roald 4 35

22 Korsegata - Seetra 2 25

23 Moa Trafikkterminal - Saetra 2 40
Bus 3-south

24 Gjeosundsaeter - Korsegata 3 31

25 Roald - Korsegata 2 40
Bus 4-west

26* \ Gatestopp Moa - Lerheimskaia 5 21
Bus 4-east

27* | Lerheimskaia - Gatestopp Moa 6 34

Bus 10
28 | Keiser Wilhelms Gate - Fjelltun - Keiser Wilhelms Gate 3 20
Bus 11

29 \ Keiser Wilhelms Gate - Larsgarden - Keiser Wilhelms Gate 3 30
Bus 12-east

30 \ Keiser Wilhelms Gate - Vaskeriet 5 30
Bus 12-west

31 Vaskeriet - Gatestopp Moa 4 8

32 Gatestopp Moa - Keiser Wilhelms Gate 5 25

Bus 13-north

(Continues on next page)
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(Continuation of Table A.15)

no. in model | head sign

frequency in model travel time [min]

33 \ Moa Trafikkterminal - Olsvik - Moa Trafikkterminal 3 14
Bus 13-south
34 \ Moa Trafikkterminal - Furmyr - Moa Trafikkterminal 3 15
Bus 14-south
35* | Gatestopp Moa - Humla 2 8
Bus 14-north
36 | Humla - Gatestopp Moa 2 8
Bus 31-east
37 Kverve - Roth 1 18
38* Kverve - Lorgja gst 3 13
39 Korsegata - Roth 3 29
Bus 31-west
40 Stokke gst - Korsegata 2 24
41 Lorgja @st - Hoff vest 1 10
Bus 32-west
42 Ytterland - Alnes - Juv snuplass 1 43
43 Ytterland - Alnes 1 25
44 Ytterland - Juv snuplass - Alnes 1 45
45 Korsegata - Alnes 1 60
Bus 32-east
46 Alnes - Ytterland 1 30
47* Juv snuplass - Ytterland 2 30
Bus 210-north
48 \ Korsegata - east of Moa Trafikkterminal 2 30
Bus 230-east
49 Korsegata - east of Moa Trafikkterminal 1 30
50 Alesund Sjukehus - east of Moa Trafikkterminal 1 10
Bus 250-east
51 Korsegata - Emblemsvag 2 44
52 Korsegata - Emblemsvag (via a shortcut) 1 33
Bus 250-west
53 Emblemsvéag - Korsegata (via a shortcut) 2 33
54 Emblemsvag - Korsegata 1 44
Bus 310-north
55 | Sulesund ferjekai - Alesund Sjukehus 1 35
Bus 310-south
56 | Alesund Sjukehus - Sulesund ferjekai 1 35
Bus 100-east
57 \ Skateflukaia - east of Moa Trafikkterminal 6 40
Bus 100-west
58 \ east of Moa Trafikkterminal - Skateflukaia 5 40
Bus 101-north
59 \ Solavagen ferjekai (Veibust) - Skateflukaia 3 25
Bus 101-south
60 | Skateflukaia - Solavagen ferjekai (Veibust) 5 25

Bus 681-east

(Continues on next page)
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(Continuation of Table A.15)

no. in model | head sign

frequency in model travel time [min]

61 \ Skateflukaia - east of Moa Trafikkterminal 1 30
Bus 681-west
62 \ east of Moa Trafikkterminal - Skateflukaia 1 30

End of Table A.15
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A.3. Bus Network Performance Analysis

A.3.1. Introduction to model

Public transport systems can be assessed from both a structural and an operational perspective. On the
one hand, the topology of the network determines how well stops and routes are connected, influenc-
ing accessibility and transfer possibilities. On the other hand, passenger demand and vehicle capacity
shape how the network performs in daily operations and under disruptions. Since Alesund aims to
increase public transport usage, understanding the current network’s structure and performance is cru-
cial for designing measures that improve passenger satisfaction. The main objective of this analysis is
to investigate whether the relatively low use of public transport in Alesund can be linked to the struc-
tural characteristics of the network itself. By examining its connectivity, accessibility, and passenger
distribution, the analysis aims to reveal whether spatial or topological limitations contribute to the low
ridership observed in the city.

A.3.2. Methodology

Public transport networks play a vital role in ensuring accessible and sustainable urban mobility. Their
performance depends not only on how frequently buses run or how many areas they serve, but also
on the underlying structure of the network itself. Graph theory provides a systematic way to represent
and analyse such networks by treating stops and lines as nodes and links in a graph.

The Alesund bus network, operated by FRAM, consists of 12 bus lines and 3 ferry routes serving a total
of 303 stops (FRAM, 2025b). In addition, Viy Buss operates long-distance bus services to destinations
such as Bergen and Oslo, as well as route FB65 to Alesund Airport, Vigra (Vy, 2025). These Vy Buss
services are not included in the present network analysis.

The network was built using GTFS data (General Transit Feed Specification), which is a standardized
format containing detailed public transport information such as routes, stops, schedules, and travel
times. For Mgre og Romsdal, this data can be gathered from Entur (Entur Developer, 2025), the
national open data platform for public transport in Norway. From this dataset, the bus network was
reconstructed and analysed in terms of both its structure and functionality.

To capture the role of ferries in regional accessibility, two network situations are investigated: one includ-
ing only the bus services, and one combining both bus and ferry routes. Although ferry travel involves
different costs and operational characteristics than bus transport, ferries form an important part of Ale-
sund’s public transport system. Comparing both situations provides insight into how ferry connections
influence, for example, overall network connectivity, travel paths, and passenger distribution.

The network is studied through two complementary graph representations. The first is an L-space,
which connects stops that are directly linked along a bus line, highlighting the physical structure of the
network as seen on a typical route map. The second is a P-space, which connects all stops served by
the same line, emphasizing transfer opportunities and the ease of switching between routes. For both
representations, a set of global and local indicators is calculated to evaluate the network’s efficiency
and robustness. These include measures such as the number of nodes, network diameter, and degree
of connectivity, along with centrality metrics identifying the most important stops. Both weighted and
unweighted versions are considered, allowing the influence of service frequency and travel time to be
included in the analysis.

Network structure analysis

The workflow for the network structure analysis consists of three main steps:
1. Importing and processing GTFS data of the Alesund bus network;
2. Constructing two graph representations (L-space and P-space);
3. Computing global and local network indicators.

All analyses were conducted in Python, primarily making use of the gtfskit, pandas, and networkx
libraries.

Importing and processing GTFS data
The GTFS feed for Mgre og Romsdal contains detailed information about routes, stops, trips, and timeta-
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bles for all regional operators. The raw GTFS data were first parsed into an SQLite database using a
self-developed Python pipeline (MobilityData, 2025), based on the reference scripts distributed in the
course CIEQ6232 Public Transport Demand and Network Planning and Operations (Cats et al., 2025).
This pipeline integrates the main GTFS files (agency.txt, routes.txt, trips.txt, stop_times.txt,
stops.txt, shapes.txt, calendar.txt, calendar_dates.txt, frequencies.txt and transfers.txt
) into a dataset suitable for network analysis. Only services of type bus (also containing ferries) are
included in the analysis.

To ensure the resulting graph accurately represents the operational system, several preprocessing
steps were applied:

» September 12th, 2025 was selected as the reference day, representing a weekday with the high-
est number of trips of September. A list of active bus lines and their number of trip_ids was
compiled, as shown in Table A.16. The stop_times.txt file was then filtered to include only
these trips, after which the SQLite file was rebuilt.

Table A.16: Number of trips per bus line in Alesund region.

Line Name #trips | Line Name #trips

1 Hessa-Myrland 170 14 Humla 17

2 Alesund-Lerstad-Magerholm 122 31 Alesund-Ellingsaya 43

3 Alesund-Valdergya-Vigra 63 32  Alesund-Godgya 32

4  Langevag-Fiskarstrand-Moa-Alesund 60 41 Sulesund-Mauseidvag 10

10  Fjelltun 13 | 1145 Hareid-Valdersya-Alesund [ferry] 32

11 Larsgarden 21 | 1148 Alesund-Langevag [ferry] 42

12  Sentrum-Lerstad-Moa-Fremmerholen 79 | 1149  Alesund-Hamnsund [ferry] 24
13  Olsvik-Moa-Furmyr 29

+ Stops sharing the same names within a radius of 1 km were merged. This ensures that nodes
are represented as single entities rather than clusters of near-duplicate stops.

» The stops Keiser Wilhelms gate and Korsegata, located just around the corner of eachother in
Alesund’s city centre, were merged into a single hub node to represent their integration within the
Bypakke Alesund mobility initiative (as explained in Subsection A.1.3).

» Ferry-only terminals were removed, whereas terminals with direct walking connections to the bus
network (Alesund hurtigbatkai Skateflukaia and Alesund rutebilstasjon hurtigbétkai with Kollek-
tivknutepunkt) were merged.

» The stop name Simabakken occurred twice in the dataset; once on the island of Valdergya and
once on Sula. To ensure unique node identifiers, these were renamed to Simabakken Nord and
Simabakken Sar, respectively.

» Edges operated by only one vehicle over the reference day were removed to improve represen-
tativeness of the network. In addition, a small set of edges operated by only two vehicles per day
were manually deleted, as these rare connections would otherwise act as unrealistic shortcuts in
the analysis.

» Edges with missing or zero travel times (duration_avg = 0) were completed using the travel
time of the opposite-direction edge when available. When not available it is estimated through a
distance—time regression (duration_avg = 0.0749 - d), with R? = 0.536).

* Isolated sources (stops with only departures), sinks (stops with only arrivals), or zero-degree
nodes (stops with neither departures nor arrivals) were removed to obtain a single strongly con-
nected network, meaning that all stops are mutually reachable via the available bus routes.

The final processed graph thus reflects the actual structure and service patterns of the Alesund bus
network, enabling both topological and weighted (frequency and travel time) analyses in the subsequent
steps.

Constructing graph representations (L-space and P-space)
The graphs are constructed using the functions g = load_gtfs("aalesund.sqlite"),L = load_graph
("aalesund.pkl") (for L-space, a pickle file for fast loading) and P = P_space(g, L, start_hour
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=4, end_hour=24, mode="Bus") (Cats et al., 2025). Resulting in the following representations, see
Figure A.19 and A.20.

Figure A.19: L-space representation of the bus network of Figure A.20: P-space representation of the bus network of

Alesund. Alesund.

Computing global and local network indicators
Global indicators capture the overall topology and efficiency of the network as a whole. Global indicators
include:

Number of nodes |V|, representing bus stops in the network, and links |E|, representing con-
nections between stops. In L-space, links connect consecutive stops along a bus route, and in
P-space, links connect all stops served by the same line (transfer potential), as can be seen in
Figure A.19 and A.20.

The diameter of a graph is the node count (or travel time (L-space) and waiting time (P-space) in
weighted version) of the longest shortest path /;; between any two nodes.

d= maxly (A.20)

The average shortest path (ASP) is the mean number of steps (or travel time (L-space) and waiting
time (P-space) in weighted version) needed to travel between two randomly chosen stops via the
shortest available route. It reflects the network’s overall navigability and efficiency: the lower the
value, the easier it is to move between stops.

Ziy&j Lij

= A (A.21)
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Connectivity (or gamma index) quantifies how well nodes are linked overall, so how many links
exist relative to the maximum possible amount of links in a connected graph of the same size.
Calculated for L-space only.

|E|

Meshedness (or alpha index) captures how grid-like the network is, higher meshedness means
more alternative paths and greater resilience to disruptions. Calculated for L-space only.

_ B =V]+1

V=3 (A.23)

These were computed using functions such as nx.diameter, nx.average_shortest_path_length,
and custom implementations for the « and v indices based on their equations (see Equation A.22
and A.23) for planar graphs.

Local indicators describe the position and relative importance of individual stops within the network
structure. Local indicators include:
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* Degree k; of a node equals the number of links a;; connected to it, normalised by the maximum
possible. In public transport terms, it shows how many direct connections a stop has. High-degree
nodes are often major transfer hubs or terminals. Calculated for only unweighted scenarios.

* Closeness ¢; measures how near a node is to all others (n — 1) in the network, based on the sum
of shortest path lengths [;;. A stop with high closeness can reach all others quickly, so it tends
to represent a geographically or functionally central location. Weighted closeness incorporates
travel times instead of topological distance.

-1

=Y l;| /n-1) (A.25)
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» Betweenness b; quantifies how often a node lies on shortest paths between other nodes. It
includes the share of shortest paths that traverse through a certain node/link, where o () is the
share of shortest paths between node j and k that traverse node/link i. In transit networks, it
indicates transfer importance: stops with high betweenness act as critical connectors or transfer
hubs. )

b= > 75(0) (A.26)
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By computing these indicators, both the overall structure and the functional role of individual stops
within the network can be better understood. Global indicators reveal how the system performs as a
whole, and whether the network is robust or vulnerable to disruptions. Local indicators highlight critical
nodes that serve as key transfer points or potential bottlenecks. Together, these measures provide
valuable input for network design, performance evaluation and planning interventions. They identify
where additional routes, increased frequencies or improved transfer facilities could most effectively
enhance the public transport network.

Network design and passenger flow distribution

While the structural characteristics of a public transport network are fundamental, passenger experi-
ence depends on how travel demand interacts with service supply. Concepts such as robustness (the
system’s ability to maintain service under disruptions) and resilience (its capacity to recover quickly
after disruptions) are crucial to assessing operational performance. In Alesund, where the bus net-
work is geographically constrained by the surrounding islands, disruptions can have large impacts, as
alternative routes or detours are often limited.

To gain insight into how passengers use the network, travel demand was estimated using a gravity-
based model, which assumes that the number of trips between two zones depends on their population
sizes and the distance separating them. The resulting demand estimates were translated into an origin—
destination (OD) matrix, indicating the number of trips between each pair of network zones.

The overall workflow for the network design and passenger flow analysis comprises four main steps:

1. Computing the shortest paths between all node pairs;

2. Constructing the OD matrix using the gravity model;

3. Assigning passenger flows to the network based on these paths;
4. Computing saturation levels of vehicles.

Compute shortest paths between all pairs of nodes

Shortest paths were computed between all pairs of nodes in the L-space graph, using in-vehicle travel
time (duration_avg) as the edge weight. For each node pair (4, j), the shortest path sp; represents the
route with the minimum total in-vehicle travel time.
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To better reflect perceived passenger costs, these paths were further evaluated using Generalized
Travel Cost (GTC) values, which incorporate in-vehicle time, waiting time, and transfer penalties. For
each path, the total waiting time and number of transfers were derived from the corresponding connec-
tions in P-space, based on the sequence of lines and the number of hops. The GTC for each shortest
path was then calculated as:

GTC(S}%’) = tin-veh(spi) +a- twait(spi) +5- Jvtransfers(spi) (A-27)

where a = 1.2 represents the weighting factor for waiting time, and g = 10 is the time-equivalent penalty
for transfers (as defined in Equation A.5). A total of m = 3 shortest paths were computed for each node
pair to allow for alternative routing options.

Create an origin-destination matrix

To analyse how passengers are distributed across the network, an OD matrix was constructed using a
gravity-based model. The model assumes that the number of trips between two stops depends on the
attractiveness of the destination and the impedance of travel between them.

Let 2;; denote the estimated number of passengers travelling from stop : to stop j. It is defined as:

q; - [ij
vy — - (A.28)
T Yesri i i

where ¢; is the number of passenger trips originating from stop 4, S is the set of all stops in the network,
and f;; represents the impedance function between i and j.

The impedance function captures the decreasing likelihood of travelling as travel time increases and is
defined as:
fij = a-e #CTCy (A.29)

for all j # 4, where GTC,; is the Generalised Travel Cost (in minutes) between stops ¢ and j. The
parameters « = 2 and 8 = 0.2 are defined in Table A.4.

The stop productions are derived from the spatial distribution of population. A set of population points
z € Z (Statistisk Sentralbyra, 2025¢), with attributes pop(z) and coordinates, is assigned to nearby
stops according to the following rule. For each population point, candidate stops within an access radius
of 250 m are identified; if multiple candidates exist, the stop with the highest weighted betweenness is
selected to reflect the attractiveness of transfer-rich locations. If no stop lies within 250 m, the nearest
stop within a broader search radius (d = 1500 m) is used. Points without a stop within d are excluded
from the service region. The population assigned to stop i is then:

pi= Y pop(z) (A.30)

zZ€EZ;

where Z; denotes the subset of population points assigned to stop i. Daily stop productions are taken
proportional to these assigned populations:

Di
¢ = -Q (A.31)
Zies bi

with @ the total number of passengers per day. In this study, @ is computed from the scheduled supply
as Q = Nyips - O - Spus, Where Nyips is the number of bus trips on the reference day (September 12,
2025) equal to 757, O is the occupancy rate in buses in Alesund equal to 32%, and 5, is the average
number of seats per bus in Alesund equal to 45 (Statistisk Sentralbyra, 2025a). Resulting in Q = 10,901
passengers per day.

Passenger assignment

Once the OD matrix was established, passenger demand was assigned to the network. For each OD
pair, travellers were assumed to choose among m = 3 route alternatives, corresponding to the shortest
paths in terms of in-vehicle travel time.
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Passenger route choice was modelled using a discrete choice framework, where each alternative i is
characterised by a set of attributes that influence its attractiveness; specifically, in-vehicle travel time,
waiting time, and the number of transfers. The ultility of each alternative is expressed as its Generalized
Travel Cost (GTC), defined in Equation A.27:

U; = GTC(SPi) = tin-veh(spi) +a- twait(spi) + 8- Ntransfers(sz') (A-32)

where U; represents the systematic utility associated with route i. A higher U; denotes a less attractive
route. As defined in Equation A.5, a = 1.2 represents the weighting factor for waiting time, and 5 = 10
is the time-equivalent penalty for transfers.

To determine the probability that a passenger selects each route, a multinomial logit model was applied.
The probability of choosing alternative i is given by:

e PU:
P (A33)

where P; is the choice probability of alternative i, and the denominator sums over all available routes j
in the choice set with length m. The scale parameter § is set to 1, following the standard assumption
for a basic multinomial logit model without estimation or nesting.

Equation A.33 assumes that passengers prefer routes with lower generalized travel costs, while still
allowing for some variability in individual preferences. The resulting probabilities P; were then applied
to distribute the passenger demand from each OD pair across the three alternative paths. For every
link in the network, the corresponding passenger loads were incrementally updated, yielding the final
link load attribute (1ink_load) for each directed edge.

Network saturation

To assess the operational capacity utilisation of the bus network, saturation levels were computed for
each link. Saturation indicates the proportion of a vehicle’s capacity that is used on average, and
therefore reflects how heavily loaded different parts of the network are. High saturation values point
to potential overcrowding or insufficient service frequency, whereas low values indicate underutilised
links.

For each directed edge (u,v), the average passenger load per vehicle was calculated by dividing
the total passenger load on the edge (1ink_load) by the number of vehicles operating on that edge
(n_vehicles):
link_load
vehicle_load,_,, = w (A.34)
n_vehicles,_,,
Subsequently, the vehicle_load was normalised by the corresponding vehicle capacity to obtain the

saturation ratio: nicle load

saturation,_ ,, = vehic e& 08%u—v (A.35)
where C = 45 passengers represents the average capacity of standard city buses in Alesund (Statistisk
Sentralbyra, 2025a). For ferry routes, higher capacities were applied based on vessel specifications

provided by Brgdrene Aa (Bradrene Aa, 2024) and operator information from FRAM (FRAM, 2025a):

» C = 250 passengers for line 1145 (means capacity, operated by Valdergy, type P30, and Godgy,
type P35);

» C = 130 passengers for lines 1148 and 1149 (operated by Ngrvgy and Kalvgy, both type P25).

The resulting saturation values provide insight into how passenger demand is distributed across the
network. Links with high saturation indicate more crowded corridors, while low saturation values point
to less used connections (and maybe even (almost) empty buses). This measure therefore helps to
identify spatial patterns in network usage and to pinpoint sections where service supply may exceed or
fall short of actual demand.
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A.3.3. Results

This section presents the results of the network structure analysis, passenger flow distribution, and
capacity utilisation for the Alesund public transport network. The findings highlight key structural char-
acteristics, identify important nodes and corridors, and show spatial patterns in passenger demand.

Network structure analysis

Global network indicators

To better understand the role of ferry services within Alesund’s public transport system, the global
network indicators were computed for two versions of the network: one excluding the ferry lines (Ta-
ble A.17) and one including them (Table A.18).

Table A.17: Global Network Indicators (both L- and P-space) without Ferry Links.

Indicator \ L-space P-space Indicator \ L-space P-space
Nodes 296 296 Avg. Shortest Path (unweighted) 24.35 2.23
Links 510 12,654 Avg. Shortest Path (weighted) 2,403.21 105.55
Diameter (unweighted) 72.00 6.00 Connectivity (gamma index) 0.58 -
Diameter (weighted) 6,888.71 620.00 Meshedness (alpha index) 0.37 -
Table A.18: Global Network Indicators (both L- and P-space) with Ferry Links.
Indicator \ L-space P-space Indicator \ L-space P-space
Nodes 296 296 Avg. Shortest Path (unweighted) 21.64 2.23
Links 514 12,655 Avg. Shortest Path (weighted) 2,178.05 105.51
Diameter (unweighted) 60.00 6.00 Connectivity (gamma index) 0.58 -
Diameter (weighted) 5,277.42 620.00 Meshedness (alpha index) 0.37 -

The comparison between the two network versions reveals some structural differences, for example in
network diameter and accessibility between the islands. When ferry routes are included (Table A.18),
both the unweighted and weighted diameters decrease noticeably (from 72 to 60 stops and from 6,889
seconds (115 min) to 5,277 seconds (88 min), respectively), indicating that ferry connections shorten the
longest possible trips across the region. The average shortest path length also decreases (by roughly
-11% unweighted and -9% weighted), showing that the overall accessibility of the network improves
when ferry services are available.

Despite these improvements in accessibility, the connectivity (v = 0.58) and meshedness (o = 0.37) in-
dices remain unchanged, suggesting that ferry links mainly enhance reachability instead of altering the
network’s topological structure. This means the ferries act as efficient long-range connectors, without
significantly increasing the number alternative paths.

Lastly, the indicators in P-space remain virtually identical across both scenarios, which implies that ferry
services influence the physical connectivity of the network (L-space) rather than the transfer opportu-
nities between lines (P-space). In other words, while the number of possible transfers stays the same,
ferries provide much faster connections between the mainland and the islands.

Opensireetvan canto

Figure A.21: The longest shortest path (unw.) without ferries
[Rarvik (top) — Lerheimskaia (bottom)].

Figure A.22: The longest shortest path (unw.) with ferries
[Magerholm ferjekai (bottom) — Blindheimsvika (top)].
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Figure A.21 illustrates the unweighted longest shortest path in the scenario without ferry operations.
The trip spans the full extent of the network, from Rgrvik on the island of Vigra to Lerheimskaia on Sula.
As reported in Table A.17, this route requires 72 consecutive stops to complete. The route follows bus
line 3 towards the central mobility hub Kollektivknutepunkt, continues on line 2 to Porten, and finally
transfers to line 4 to reach Lerheimskaia.

Figure A.22 shows the unweighted longest shortest path in the scenario including ferry operations. As
reported in Table A.18, this path covers 60 stops in total. The trip extends from Magerholm ferjekai on
the mainland to Blindheimsvika on the island of Vigra. It follows bus line 2 towards the central mobility
hub Kollektivknutepunkt, transfers to ferry line 1145 or 1149 to Valderhaugstrand, and finally continues
on bus line 3 to reach Blindheimsvika.

Figure A.23: The longest shortest path (w.) without ferries Figure A.24: The longest shortest path (w.) with ferries
[Blindheim (top) — Lerheimskaia (bottom)]. [Roth (top) — Sulesund ferjekai (bottom)].

Figure A.23 shows the corresponding weighted version, where travel times are taken into account. The
longest shortest path in this case runs from Blindheim (Vigra) to Lerheimskaia (Sula) and takes approx-
imately 115 minutes to complete. The route follows the same general structure as in the unweighted
case, with transfers at Kollektivknutepunkt and Porten, highlighting central interchange points when no
ferry connections are available.

Figure A.24 presents the weighted version, where in-vehicle travel times are considered. In this case,
the longest shortest path runs from Roth on the island of Ellingsgya to Sulesund ferjekai on Sula, taking
approximately 88 minutes to complete. The route involves taking bus line 31 to Kollektivknutepunkt,
transferring to ferry line 1148 towards Lerheimskaia, continuing on bus line 4 to Méaseide skule, and
finally transferring to bus line 41 to reach Sulesund ferjekai.

Local network indicators

The comparison of local centrality measures with and without ferry connections (see Table A.19 and
A.20) reveals that the inclusion of ferry links primarily affects accessibility and centrality within the L-
space, while the P-space indicators remain (almost) unchanged. This confirms again that the ferry
routes influence the physical connectivity between stops rather than the transfer structure between
lines.

Table A.19: Local Network Indicators (both L- and P-space) without Ferry Links.

Centrality | Avg. Std. Min Max Centrality | Avg. Std. Min Max
ki L 0.01168 0.00424 0.00678 0.03390 kip 0.28983 0.21251 0.02712  1.50169
CiLuw 0.04354 0.01005 0.02269 0.06492 Ci,P,uw 0.46276 0.07589 0.28420 0.79515
Cilw 0.00043 0.00008 0.00023 0.00063 CiPw 0.01152 0.00398 0.00270 0.01809
bi L uw 0.07944 0.10146 0.00000 0.55850 bi.p,uw 0.00418 0.02818 0.00000 0.46250

biLw 0.08186 0.09555 0.00000 0.55798 bi p.w 0.00528 0.03838 0.00000 0.54538
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Table A.20: Local Network Indicators (both L- and P-space) with Ferry Links.

Centrality | Avg. Std. Min Max Centrality | Avg. Std. Min Max
ki L 0.01177 0.00442 0.00678 0.03390 kip 0.28985 0.21258 0.02712  1.50508
CiLuw 0.04856 0.01056 0.02663 0.07268 Ci,P,uw 0.46306 0.07583 0.28420 0.79515
Cilw 0.00047 0.00008 0.00031 0.00067 CiPw 0.01153 0.00399 0.00270 0.01810
bt uw 0.07022 0.08536 0.00000 0.58826  b; p yw 0.00417 0.02817 0.00000 0.46295
biLw 0.07373 0.07747 0.00000 0.50497 bi p.w 0.00528 0.03839 0.00000 0.54571

In the L-space, both the average unweighted and weighted closeness centrality values increase slightly
when ferry links are included (from 0.04354 to 0.04856 and from 0.00043 to 0.00047, respectively).
This indicates that, on average, each stop becomes more accessible to the rest of the network once
the ferry connections are included, see Figure A.25 and A.26. The five stops with the highest weighted
closeness centrality values in the case with the ferry connections considered are Hoff vest (6.72-10%),
Hoff (6.55-10~%), Kvervesenteret (6.55-10~%), Kverve (6.49-10~%), and Klipra (6.33-10%).

Figure A.25: The weighted closeness values visualised on Figure A.26: The weighted closeness values visualised on
each node in scenario without ferry connection. each node in scenario with ferry connection.

The betweenness centrality values show a small decrease in both mean and standard deviation when
ferries are included (from 0.07944 to 0.07022 and from 0.10146 to 0.08536 unweighted, respectively),
suggesting a more even distribution of shortest paths across the network. In other words, the ferry
routes relieve some of the load from key transfer nodes (like Moa Trafikkterminal and Porten in the
east of the network) by providing alternative cross-island connections that reduce the need for detours
through the whole region. See Figure A.27 and A.28. The five stops with the highest weighted be-
tweenness centrality values in the case with the ferry connections considered are Kollektivknutepunkt
(0.505), Kverve (0.337), Gatestopp Moa (0.335), Spjekavikskiftet (0.300), and Martingjerdet (0.294).

Opensusettan

Figure A.27: The weighted betweenness values visualised on Figure A.28: The weighted betweenness values visualised on
each node in scenario without ferry connection. each node in scenario with ferry connection.

The degree centrality remains almost stable (it has a really small increase), reflecting that the number
of directly connected stops per node does not change substantially, see Figure A.29 and A.30. The five
stops with the highest degree centrality values in the case with the ferry connections considered are
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Kollektivknutepunkt (3.39-10~2), Urdalen (3.39-102), Kverve (2.37-10~2), Gatestopp Moa (2.37-1072),
and Hankanekrysset (2.03-10~2).
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Figure A.29: The degree values visualised on each node in  Figure A.30: The degree values visualised on each node in
scenario without ferry connection. scenario with ferry connection.

In the P-space, all centrality measures remain nearly identical between the two versions, confirming that
the transfer structure is not significantly affected. The ferry links thus improve how stops are connected
in space, not how many transfer options are available between lines.

Passenger flow distribution

Figure A.31 shows the estimated number of passengers boarding per stop, based on the spatial popula-
tion assignment described in Subsection A.3.2. The resulting distribution shows the population density
and urban structure: the highest boarding volumes are concentrated at stop Pensjonisten (220 passen-
gers, city centre), Apotekertorget (207 passengers, city centre), Kirkekrysset (172 passengers, Sula),
Klipra (158 passengers, city centre), and Landalskiftet (155 passengers, Spjelkavik). See Figure A.32.

Figure A.31: Passenger assignment per stop in network. Figure A.32: Top 5 most passengers per stop.

In contrast, peripheral stops on, for example, the islands of Ellingsgya, Vigra, and Godgya show much
lower boarding numbers, reflecting both lower residential densities and limited service frequencies.

The spatial distribution of passenger flows, shown in Figure A.33 and A.34, reveals a clear concentra-
tion along the main west—east corridor. This corridor connects the dense urban core around Kollek-
tivknutepunkt with the regional interchange at Moa trafikkterminal and further extends towards Blind-
heim and Langevag. The same corridor also carries the highest link loads (around 1,750 passengers
per edge) in the opposite direction, illustrating strong bidirectional flows between the residential areas
in the east and the employment and service centres in the city centre.
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Figure A.33: Load on each link. Figure A.34: Load on each edge.

Network saturation and capacity utilisation
The link load is divided by the number of vehicles on the corresponding edge, visualised in Figure A.35
and A.36.
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Figure A.35: Number of vehicles on each link. Figure A.36: Number of vehicles on each edge.

The calculated saturation levels, displayed in Figure A.37 and A.38, indicate that the network operates
well below its nominal capacity. Across all links, the maximum saturation ratio remains below 1.0,
meaning that no connection experiences vehicle overcrowding under the assumed demand conditions.
This aligns with operational data for Alesund’s bus services, which report an average occupancy rate
of around 32% (Statistisk Sentralbyra, 2025a). The relatively low load factors suggest that the current
service supply comfortably accommodates passenger demand, though it may also point to underutilised
capacity on some peripheral routes. Overall, the network appears resilient and well-dimensioned, with
spare capacity available to absorb future ridership growth or service integration with ferry and regional
lines.
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Figure A.37: Saturation on each link. Figure A.38: Saturation on each edge.
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A.3.4. Discussion

The bus network performance analysis provides insights into the structure and performance of Ale-
sund’s public transport system. However, several factors should be considered when interpreting the
results, as they influence the precision of the findings and their application to real-world operations.

+ To make the Alesund public transport network suitable for analysis, the raw GTFS data from Entur
were pre-processed and simplified. This created a manageable model but required several as-
sumptions. Service frequencies were assumed to be uniform across the day, which may cause
minor deviations from actual operation patterns. Similarly, routes operated by only one vehicle
per day were excluded from the dataset. While this slightly overestimates overall network per-
formance, it avoids unrealistic shortcut connections and shows a more representative picture of
regular service.

» The analysis relies on GTFS data from a typical weekday. Seasonal variations, holidays, and
weekend schedules were not considered. Passenger assignment was determined using esti-
mated travel times and transfer counts, rather than observed behaviour or occupancy data, as
that was not available. As a result, the reported passenger loads should be seen as indicative
rather than absolute.

Travellers were assigned to the network based on the number of residents around each stop,
normalised by total daily trips. However, this approach is supply-oriented and does not fully
capture the demand side. Well-connected areas may attract relatively more travellers than their
population would suggest, while less accessible areas might generate fewer trips. Factors such
as travel motivation, comfort, and price were not included. For instance, while a single bus trip
costs NOK 48 (~€4) regardless of distance, ferry fares are higher. It would therefore be interesting
to explore how travel costs influence route choice and willingness to transfer between modes.

» The inclusion of ferry services boosts regional accessibility by reducing travel times between
islands. However, ferries are weather-dependent and can face disruptions, especially during
the stormy winter months. This raises the question of whether ferries should be treated as fully
integrated components of the public transport network or as complementary services that support,
but do not replace, land-based connections.

Despite these limitations, the analysis provides a reliable indication of where its strengths and weak-
nesses lie. It serves as a foundation for future work that could integrate observed passenger data,
dynamic demand modelling, or cost evaluation to further refine the understanding of public transport
performance in the region.

A.3.5. Conclusion

An analysis of the bus network in Alesund shows that the current public transport system is robust and
well structured. The network is generously dimensioned in relation to current transport demand: no
connection has reached saturation point and the average occupancy rate of buses is approximately
32%. The main passenger flows are concentrated along the west-east corridor between the city cen-
tre and Moa trafikkterminal, indicating a clear main structure within the network. Connections to the
surrounding islands, such as Ellingsagya and Vigra, are, on the other hand, used less.

The ferry connections noticeably increase regional accessibility. Both the average and maximum travel
times are reduced, mainly due to faster connections between the islands. The ferries primarily serve as
efficient long-distance connections, thereby strengthening the cohesion of the public transport network
without fundamentally changing the existing topology.

Overall, the analysis shows that the cause of low bus usage in Alesund is unlikely to lie in the network
structure itself. The system is technically good operating, well connected and has sufficient capacity
for future growth. This suggests that other factors (such as travel habits, perception of travel time,
comfort, or limited motivation to leave the car at home) play a more important role in the low use of
public transport.
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A.4. Overall conclusion traffic analyses

The OmniTRANS model showed that congestion in the city is currently at high levels during the evening
peak. The main east-west corridor in the city cannot handle more car traffic than it does now. Public
transport ridership is low, while it could potentially help solve the congestion problems. The bus could
become essential in the modal split of the future, especially with an increasing population and new
points of interest in the city centre (e.g. a new concert hall). The bus network analysis showed that
the network itself is actually good, none of the stops has an extreme low value within one of the local
indicators. Increasing the frequency of all bus lines by 50% does not lead to a substantially higher
ridership in buses, as followed from the OmniTRANS model, and is therefore not advised.

The new bus hub in the centre performs well and efficiently connects the main lines in the network,
facilitating accessibility across the city, which can be seen in, for example, the betweenness values.

The graph-based bus network performance analysis confirmed these findings. It showed that Alesund’s
bus system is structurally strong and generously dimensioned in relation to current demand. No links
in the network experience saturation, and the average bus occupancy is around 32%. The main pas-
senger flows are concentrated along the west—east corridor. The inclusion of ferry services further
enhances regional accessibility by shortening the longest and average travel paths.

Both analyses therefore indicate that the existing public transport network design is good, but passenger
levels are low. This means that other policy measures have to be taken to increase public transport
usage. This could involve discouraging car use by removing parking facilities or introducing additional
taxes. Another option is to encourage public transport use by improving the design and experience
of bus stops, for example, by providing shelters for bad weather, clear branding, and live information
about bus schedules and locations.

Both analyses do not include costs, which could be an important factor. Lowering the fares of buses
might also lead to increased ridership, but this has to be investigated.



Assessment of the Environmental
Impact of the Devold Building

B.1. Introduction

B.1.1. Sgrsida and Kulturhavna

The original plan for Sgrsida, developed in 2015, does not mention the reuse of existing buildings
(Amundsen et al., 2024). At the time, the intention was to demolish them to make room for new ones.
However, in recent years, the idea of reusing existing buildings in Sgrsida has grown in popularity,
mainly due to social and environmental considerations (Amundsen et al., 2024). Not only does it help
preserve the identity of the area by retaining the original architecture, but it also promotes more envi-
ronmentally sustainable construction practices by reducing the amount of construction and demolition
waste, as well as greenhouse gas (GHG) emissions. Although the reuse of buildings offers social
and environmental benefits, it should be noted that it is generally a complicated process that leads to
additional work in the areas of regulation and planning (Amundsen et al., 2024).

The shift in perspective has resulted in new functions for several existing buildings in Sgrsida. Some
examples are the Molobygget, or Molo building, where a bar/brewery/restaurant has been established
and the old bus station, which now houses a concert hall/stage (Amundsen et al., 2024).

It has also led to more research initiatives on the role of reuse in urban development. One of these
research initiatives is the previously mentioned Re-Value project. Although Re-Value’s interest lies
with the development of the entirety of Sarsida, it focuses in particular on Kulturhavna, a small part of
Sorsida located on the seafront that functions as a pilot area for the project.

The pilot area is meant to show how co-creation, cooperation, and knowledge sharing can lead to
sustainable urban development by bringing together and using the input of relevant stakeholders, such
as future users of the area (Amundsen et al., 2024). For Sgrsida Utvikling AS (SUAS), achieving
sustainable urban development means striking a balance between economic, environmental, and social
sustainability (Amundsen et al., 2024). In practice, this implies creating an area that is financially
attractive to investors, has the smallest possible environmental footprint, and provides a place that
people enjoy visiting and using.

B.1.2. Devold building

Within Re-Value, the terms temporary Kulturhavna and permanent Kulturhavna are used to distinguish
between the area’s current state and its long-term vision. The idea is that the input from the temporary
Kulturhavna will be used to gradually transition the area into the permanent Kulturhavna.

At the moment, the temporary Kulturhavna consists of several temporary buildings, such as a library
and a sauna, as well as the Devold building (Figure B.1), which was constructed in 1961 to serve as a
warehouse close to the water. Today, the building is owned by SUAS and is used for various temporary
measures.

80
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Figure B.1: The Devold building.

If the original plan for Sgrsida from 2015 were to be followed, the Devold building would be demolished
and replaced with several smaller buildings intended for cultural and hospitality-related activities. More
recent plans suggest that the area is still being considered for cultural activities, but now with the Devold
building retained instead of demolished (A. Amundsen, personal communication, September 2025). It
should be noted that these plans are still in their early stages and subject to change.

Reuse of the Devold building is only possible if the condition of the structure is good enough. That is
why the Devold building was inspected and structurally assessed for future use as a concert hall in late
2023. The inspections were carried out visually, without sampling or testing, by Norconsult, a Nordic
engineering consultancy firm.

In general, the superstructure was found to be in good condition (Norconsult, 2023). Some minor
corrosion to the walls and wear of the roof were observed, but no serious damage was identified that
would prevent the reuse of the existing structure. The repairs required to the roof and walls were
estimated at 2-2.5 million NOK.

The reuse of the Devold building becomes more complicated when considering its foundation (Norcon-
sult, 2023). The building is partly founded on a rubble fill and partly on rock, with the rubble fill dating
from before 1929. This uneven foundation raises concerns about the long-term stability of the founda-
tion, particularly if additional loads are introduced. Any increase in load may require reinforcement to
the current foundation to ensure enough strength.

Furthermore, part of the quay structure beneath the Devold building is over 100 years old and in poor
condition. Norconsult concluded that minimal repairs (estimated to cost 0.1-0.25 million NOK) would be
sufficient if the building is only to be used for approximately three more years. However, long-term use
would require a completely new floor that is independent of the quay (estimated to cost 22-27 million
NOK) or waiting for the port authorities to renovate the quay construction before starting work on the
Devold building (estimated to cost 6-9 million NOK). However, it is unknown whether the port authorities
are planning on fixing the quay construction within the next few years.

Norconsult also states in their inspection report that the building was designed with three floors in mind,
however, initially only one floor was constructed (Norconsult, 2023). It is not clear whether the existing
foundation and roof were designed with additional floors in mind or whether they were designed for
only a one story building. This must be further investigated to determine whether the elements meet
current-day standards with respect to permitted loads.

The most recent development, after the inspection report of Norconsult, was the renovation of the
Devold building in 2024 to repurpose it as a skate hall. The hall is also being used as an event space.
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During this renovation, only the minimal required repairs to the floor, roof, and walls were conducted.
If the building is to be reused for more years to come, then it's important that the floor is structurally
assessed another time and that more information is gathered on the state of the quay and the plans
for improving the quay. Without this information, it will be difficult to reuse the building, as it results in
a very uncertain situation.

B.2. Problem Statement

At the time of writing, more is known about Sgrsidas economic and social sustainability than about its
environmental sustainability. This is because economic sustainability has been the dominant factor in
traditional property development for a long time, which means that there is already a lot of experience
and knowledge in this area. Furthermore, the inspection report of Norconsult gave clear values for the
costs that would have to be made to make sure the Devold building could be reused. The social sustain-
ability of Sarsida is actively being investigated through events and workshops of the Re-Value project.
In contrast, not much is known about the environmental sustainability besides the fact the construction
sector uses large amounts of energy and produces a lot of greenhouse gas emissions. Furthermore,
most emissions from the construction sector are not being accounted for within the municipality’s over-
all emissions since they are not considered direct emissions. This results in a situation where there is
a lack of data on environmental sustainability.

The goal of this study is to bridge this gap by providing information on the implications of demolishing
and rebuilding or reusing existing buildings. Not only will this create more balance between the three
different aspects of sustainable urban development in future decision making, it also supports SUAS
in their ongoing research on Kulturhavna and Sersida as a whole. For this study, the Devold building
is used as a case study as requested by the client.

B.3. LCA Methodology

This study uses the Life Cycle Assessment (LCA) methodology to quantify and compare the environ-
mental impacts of various (re)development scenarios (demolition and new construction, and reuse) for
the Devold building in Sersida. An LCA evaluates the environmental impact of a building or product
across its entire life cycle, from raw material extraction to End of Life waste management (Finnveden
et al., 2009).

Standards are in place at international, European, and national level to guide the implementation of
LCAs and to ensure consistent and comparable results (Bjgrn et al., 2017). The aim of the international
standards is to provide a general framework for conducting LCAs (Bjgrn et al., 2017). The European
standards build on this framework by providing more specifics on the calculation method, resulting
in more consistent and comparable results (Standards Norway, 2012). An example of a European
standard is EN 15978, which provides a calculation method for the environmental impact of buildings
throughout their entire life cycle (Standards Norway, 2012). This standard is often used in combination
with another European standard, EN 15804, which provides a calculation method for assessing the
environmental impact of construction elements throughout their entire life cycle, as well as rules for de-
veloping Environmental Product Declarations (EPDs) (Standards Norway, 2023). EPDs are documents
containing quantified data on the environmental impact of construction elements throughout their entire
life cycle and are often used to compare products with similar functions (International Organization for
Standardization, 2006). They also serve as data sources for other LCAs.

The national standards are adaptations of the European standards and provide more clarity on aspects
that remain relatively vague in their European counterparts (Vandervaeren et al., 2022). In addition,
they ensure that the LCA calculation method is in accordance with other rules and regulations, as well
as national climate goals (Resch et al., 2022). In Norway, NS 3720 is an adaptation of the previously
mentioned EN 15978 and provides a calculation method for GHG emissions of buildings (Standards
Norway, 2024).

These standards not only provide calculation methods but also specify which environmental impacts
should be considered and how they should be structured and reported. This is done through the se-
lection of impact categories and modules used in the LCA. Impact categories represent the different
types of environmental impacts that a building or product can cause. The European standards EN
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15978 and EN 15804 describe 13 core impact categories and 6 additional ones, resulting in a total of
19 (Standards Norway, 2012) (Standards Norway, 2023). The Norwegian standard NS 3720 narrows
this down and only includes categories 1-4, which relate to GHG emissions (Standards Norway, 2024).
Table B.1 shows the different impact categories, as well as their corresponding indicator and unit.

Table B.1: Impact categories, their indicator and unit.

Impact category \ Indicator Unit

Climate change - total GWP-total kg CO: eq.
Climate change - fossil GWP-fossil kg CO: eq.
Climate change - biogenic GWP-biogenic kg COs eq.
Climate change - land use and land use change GWP-luluc kg CO2 eq.
Ozone depletion ODP kg CFC 11 eq.
Acidification AP mol H+ eq.
Eutrophication aquatic freshwater EP-freshwater kg PO4 eq.
Eutrophication aquatic marine EP-marine kg N eq.
Eutrophication terrestrial EP-terrestrial mol N eq.
Photochemical ozone formation POCP kg NMVOC eq.
Depletion of abiotic resources - minerals and metals | ADP-minerals&metals kg Sb eq.

Depletion of abiotic resources - fossil fuels

ADP-fossil

MJ, net calorific value

Water use WDP m? world eq. deprived
Particulate matter emissions PM disease incidence
lonising radiation, human health IRP kBqg U235 eq.
Ecotoxicity (freshwater) ETP-fw CTUe

Human toxicity, cancer effects ETP-c CTUh

Human toxicity, non-cancer effects ETP-nc CTUh

Land use related impacts / soil quality SQP dimensionless

Modules are used to distinguish between different life cycle stages of a building or product. The use of
modules makes it possible to analyse how each life cycle stage contributes to the overall environmental
impact of a building or product. Typically, LCA calculations following the European standards EN 15978
and EN 15804 include the following modules (Circular Ecology, 2023):

Product stage
* A1: Raw material supply and processing of secondary material

» A2: Transport of raw and secondary material
» A3: Manufacturing of construction products

Construction stage
» A4: Transport to the building site

» A5: Installation into the building

Use stage
* B1: Use or application of the installed product

+ B2:
» B3:
+ B4:
+ B5:
» B6:
» B7:

Maintenance

Repair

Replacement
Refurbishment
Operational energy use
Operational water use

End of life stage
» C1: Deconstruction and demolition

+ C2: Transport to waste processing facilities
» C3: Waste processing for reuse, recovery, and/or recycling
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+ C4: Waste disposal

Module D is also typically included in LCA calculations. This module represents potential environmental
impacts, both positive and negative, associated with reuse, recycling, and energy recovery of a building
or product beyond the system boundary. For example, recycling concrete can reduce the demand for
natural aggregates, saving energy and avoiding emissions that would be required for their extraction.
These benefits are reported as negative impacts in module D.

LCA calculations based on the Norwegian standard NS 3720 use a modified version of the previously
stated list of modules (Standards Norway, 2024). These modifications consist of the exclusion of mod-
ule B7 (operational water use) and the addition of the new module B8 (emissions due to transport in
operation). This new module covers the environmental impacts of transporting people, goods, and
services during the operation of the building. When performing LCA calculations, it is important to stay
critical of these exclusions and additions. For instance, excluding an impact category or module with
high environmental impacts can make a product or building appear more environmentally sustainable
than it truly is, resulting in misleading conclusions and potentially greenwashing.

To ensure a transparent and consistent assessment, and avoid misleading conclusions as much as
possible, two parallel LCAs are performed in this study. The first LCA is based on the Norwegian
standard NS 3720 and therefore only considers GHG emissions. This approach ensures that the results
are comparable with other projects in Norway that apply the same methodology. This assessment will
from now on be referred to as the Norwegian LCA. The second LCA is based on the European standards
EN 15978 and EN 15804 and considers all impact categories and modules, as far as possible. This
approach serves as a sensitivity analyses to test whether the conclusions from the GHG-only LCA
remain valid when considering additional impact categories. This assessment will from now on be
referred to as the European LCA.

An LCA typically consists of the following phases (Latimer, 2023):

1. Goal and scope definition

2. Life Cycle Inventory (LCI)

3. Life Cycle Impact Assessment (LCIA)
4. Interpretation

In the following sections, these stages will be followed and developed first for the demolition and new
construction scenario. After the interpretation of these results, assessments of the reuse scenario will
be performed.

B.4. Goal and Scope Definition Phase
B.4.1. Goal

The goal of both LCAs is to evaluate the environmental impact of the Devold building in the event of
demolition and new construction according to the original plan for Sgrsida of 2015, as well as to explore
more environmentally sustainable alternatives based on reuse of the existing building.

B.4.2. Functional unit

The functional unit of both LCAs is 1 m2 gross floor area (GFA) over a reference study period of 60
years. This functional unit is used to ensure comparability with other Norwegian LCAs, where this is a
common functional unit.

B.4.3. System boundary

The system boundary depends on the standard on which the LCA is based. Based on what was
discussed in Section B.3, the Norwegian LCA only considers GHG emissions (impact categories 1-4)
and includes modules A1-A5, B1-B6, B8, C1-C4, and D. The module on operational water use (B7) is
excluded. The European LCA considers all impact categories, as far as possible. For this study, it was
sometimes not possible to find environmental data on all 19 impact categories. Therefore, only impact
categories 1-13 are included.
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In addition, it was sometimes not possible to find environmental data on all B modules (B1-B8). This is
not uncommon in environmental databases, as manufacturers of construction elements find it difficult to
predict what will happen to their product during the use stage. Therefore, only modules A1-A5, C1-C4,
and D are considered for the initial LCA calculations. This applies both to the Norwegian and European
LCA.

Table B.2 and Table B.3 show an overview of which impact categories and modules are included in the
initial LCA calculations. An X’ means that the impact category or module is included, while an 'N/A
means that the impact category of module is excluded.

Table B.2: Impact categories included in the Norwegian and European LCAs.

Impact category LCA based on NS 3720 LCA based on EN
15978 and EN 15804
Climate change - total X X
Climate change - fossil X X
Climate change - biogenic X X
Climate change - land use and land use change X X
Ozone depletion N/A X
Acidification N/A X
Eutrophication aquatic freshwater N/A X
Eutrophication aquatic marine N/A X
Eutrophication terrestrial N/A X
Photochemical ozone formation N/A X
Depletion of abiotic resources - minerals and metals N/A X
Depletion of abiotic resources - fossil fuels N/A X
Water use N/A X
Particulate matter emissions N/A N/A
lonising radiation, human health N/A N/A
Ecotoxicity (freshwater) N/A N/A
Human toxicity, cancer effects N/A N/A
Human toxicity, non-cancer effects N/A N/A
Land use related impacts / soil quality N/A N/A
Table B.3: Modules included in the Norwegian and European LCAs.
Module LCA based on NS 3720 LCA based on EN 15978
and EN 15804
A1: Raw material supply and processing of secondary material X X
A2: Transport of raw and secondary material X X
A3: Manufacturing of construction products X X
A4: Transport to the building site X X
Ab5: Installation into the building X X
B1: Use or application of the installed product N/A N/A
B2: Maintenance N/A N/A
B3: Repair N/A N/A
B4: Replacement N/A N/A
B5: Refurbishment N/A N/A
B6: Operational energy use N/A N/A
B7: Operational water use N/A N/A
B8: Emissions due to transport in operation N/A N/A
C1: Deconstruction and demolition X X
C2: Transport to waste processing facilities X X
C3: Waste processing for reuse, recovery, and/or recycling X X
C4: Waste disposal X X
D: Future reuse, recycling or energy recovery potentials X X

Lastly, most of the sources used in this study present the environmental impacts of modules A1-A3 as
a combined value. So instead of a separate A1, A2, and A3 module, this study will use a combined
A1-A3 module.
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B.4.4. Assumptions and limitations
Assumptions have been made because of a lack of data and various other uncertainties. These as-
sumptions, as well as other limitations, and their implications for the LCA calculations are listed below.

Limitation: Dimensions of the Devold building

Accurate measurements of the dimensions of the Devold building are lacking. While some dimensions
were given, the other dimensions have been measured from the original floor plans of 1961 and the
updated floor plans from the renovations of 2024, which may lead to small measurement errors.

Assumption: Dimensions and materials of the new buildings

Information on the dimensions and materials of the new buildings that would replace the Devold building
(according to the plan for Sersida of 2015) is lacking. Therefore, this study assumes that the dimensions
and materials are similar to the dimensions and materials of the Devold building. Thus, information on
the dimensions and materials of the Devold building will also be used for the new buildings.

Assumption: In-situ vs. precast concrete

The original building notice states that the main structural elements of the Devold building are made
of reinforced concrete (K.S. Knudsen, 1961). Based on visual inspections during visits to the Devold
building, this study assumes that precast reinforced concrete elements were used. This applies to the
columns, floor, foundation, roof, and walls.

Assumption: Density of reinforced concrete
This study assumes that all reinforced concrete elements have a density of approximately 2,500 kg/m3
(EurocodeApplied, n.d.).

Assumption: Future use of the area

The future function of the Devold building, or more precisely the area in which it is located, is still being
investigated by the municipality. This study assumes that the building will keep its current function as
skatehall and event space. Thus, no additional facilities are required, and that the operational energy
use (B6) will remain similar.

Assumption: Reuse of existing foundation

The Norconsult report states that there is no risk of subsidence (and subsequent damage) if the pres-
sure of the foundation on the underlaying soil does not change. If the building’s function remains the
same, it is expected that there will be no additional pressure. In that case, this study assumes that the
existing foundation can be reused. Thus, no new foundation elements will have to be produced, which
is why it is left out of the LCA calculations.

Assumption: Insulation panels

The Norconsult report states that it is uncertain whether the wood wool cement insulation panels are still
present in the building. This is because it was not possible to detect them during the visual inspections
as there was too much stuff in the way. This study assumes that the wood wool cement insulation panels
are still present in the building. This means these construction elements will have to be demolished
and processed accordingly during the demolition of the Devold building in the demolition and new
construction scenario.

Limitation: Cut-off criteria

The cut-off criteria according to EN 15804 will be used for both the Norwegian and European LCAs to
make the calculations more structured. Thus, the amount of material excluded does not exceed 1% of
the total weight of the building (Standards Norway, 2023). For the LCA calculation, this limitation means
that materials in low quantities can be removed from the LCA calculations as long as their combined
weight percentage does not exceed 1%.

Limitation: Environmental Product Declarations

Finding EPDs that match the construction elements of the Devold building is difficult. This is because
EPDs are a recent development, making it unlikely that an EPD of a construction element of 1961 exists.
In addition, it is not known which specific construction elements were used during the construction of
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the Devold building. For this reason, data from EPDs of similar construction elements are used. In
addition, it is difficult to find EPDs for construction elements that are produced close to Alesund or even
in Norway. For this reason, EPDs are used from neighbouring countries like Denmark and Sweden,
where Norwegian EPDs are lacking. Furthermore, some of the EPDs used in this study don’t contain
data on all impact categories and/or modules. This limits the inclusion of impact categories and/or
modules to the ones for which environmental data is provided in the EPDs.

B.5. Inventory Analysis Phase

B.5.1. Bill of materials

Table B.4 shows an overview of the different materials that can be found in the Devold building, as well
as their volume [m?)], average density [kg/m?], weight [kg], and contribution to the total weight of the
structure [%].

Table B.4: Bill of materials of the Devold building.

Material \ Volume [m®]  Average density [%] Weight [kg] Weight percentage [%]
Glass 3.39 941.60 3,195.19 0.096
Icopal 11.54 1,428.57 16,482.14 0.50
Paint 0.10 1,300 129.07 0.004
Reinforced concrete 1,302.39 2,500 3,257,038.89 98.35
Steel 14.43 1,271.52 18,351.15 0.55
Wood 0.80 247.44 198.24 0.01
Wood wool cement 40.46 400 16,184.78 0.49

The following materials are excluded from further calculations according to the cut-off criteria of EN
15804: Glass, icopal, paint, and wood. These materials have a combined weight percentage of 0.60%.
This leaves enough room for unintentional exclusion of materials that could not be identified on the
basis of the provided floor plans and additional information.

Table B.4 shows that the Devold building consists mainly of reinforced concrete. Table B.5 shows the
different elements of the building that consist of reinforced concrete, as well as their volume [m?] and
their contribution to the total volume [%].

Table B.5: The reinforced concrete elements of the Devold building and their respective volumes and volume percentages.

Element \ Volume [m?®] Volume percentage [%]
Columns 93.12 7.15
Floor 95.55 7.33
Foundation 211.73 16.25
Roof 727.19 55.82
Stairs 0.52 0.04
Walls 174.70 13.41

In addition to reinforced concrete, steel and wood wool cement are also still considered in the LCA
calculations. These materials can be found in the garage doors and the insulation, respectively.

B.5.2. Data sources

To determine the environmental impact of the Devold building, EPDs are used as the main data source.
These are documents that provide the environmental impact of each possible combination of impact
category and module for a certain construction element. Most EPDs originate from the website of
EPD-Norway, which is a Norwegian EPD programme operator (EPD-Norge, n.d.). Their goal is to help
businesses communicate the environmental impact of their products by creating verified and under-
standable EPDs. Their website also contains EPDs from other countries, as they collaborate with EPD
programme operators from neighbouring countries like Denmark and Sweden, as well as programme
operators from more far away countries like China. The other EPDs originate from the website of the
construction product’s producer. Below, a list is provided of the EPDs that are used for the different
elements of the Devold building.
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Columns (reinforced concrete)
» EPD in accordance with ISO 14025 and EN 15804 + A2 Pelare XC4+XF1 (UBAB Ulricehamns
Betong AB, 2024a)

» EPD in accordance with ISO 14025 and EN 15804 + A2 Pelare och Balk (Nybetong AB, 2024b)

» EPD in accordance with ISO 14025 and EN 15804 + A2 Pelare XC3-XF4, niva 3 (Tranemo Prefab
AB, 2024)

Floor and roof (reinforced concrete)
» EPD in accordance with ISO 14025 and EN 15804 + A2 Massivt bjalklag (UBAB Ulricehamns
Betong AB, 2025b)

» EPD in accordance with ISO 14025 and EN 15804 + A2 Massivt forspant bjalklag (UBAB Ulrice-
hamns Betong AB, 2025c)

» EPD in accordance with ISO 14025 and EN 15804 + A2 Massiv bjalklagsplatta/RD-platta niva 3
(Tranemo Prefab AB, 2025)

Foundation (reinforced concrete)
« EPD in accordance with ISO 14025 and EN 15804 + A2 1 meter steel reinforced fundation Pile
in B3 45 x 45 type 20, with 20 rebar (Centrum Paele A/S, 2025a)

* EPD in accordance with ISO 14025 and EN 15804 + A2 1 meter steel reinforced fundation Pile
in B3 45 x 45 type 16, with 16 rebar (Centrum Pzele A/S, 2025b)

* EPD in accordance with ISO 14025 and EN 15804 + A2 1 meter steel reinforced fundation Pile
in G3 45 x 45 type 20, with 20 rebar (Centrum Paele A/S, 2025c)

Stairs (reinforced concrete)
» EPD in accordance with ISO 14025 and EN 15804 + A2 Svangda trappor (AB Strangbetong,
2025)

« EPD in accordance with ISO 14025 and EN 15804 + A2 Trappa svangd XC1 (UBAB Ulricehamns
Betong AB, 2024b)

Walls (reinforced concrete)
» EPD in accordance with ISO 14025 and EN 15804 + A2 Massiv vagg (UBAB Ulricehamns Betong
AB, 20252a)

» EPD in accordance with ISO 14025 and EN 15804 + A2 Massivvagg (Nybetong AB, 2024a)

+ EPD in accordance with ISO 14025 and EN 15804 + A2 Massivvagg V (Skar Elements Hudiksvall
AB, 2024)

Garage doors (steel)
» EPD Sectional doors (Lindab A/S, 2022)

Insulation (wood wool cement)
» EPD in accordance with ISO 14025 and EN 15804 + A2 Semullit Traullit Baux — Cement Grey
wood wool cement panels and wall systems (Traullit AB, 2024a)

+ EPD in accordance with ISO 14025 and EN 15804 + A2 Semullit Traullit Baux — Cement Grey-
White Natural wood wool cement panels and wall A2 fire class (Traullit AB, 2024b)

» EPD in accordance with ISO 14025 and EN 15804 + A2 Semullit Traullit Baux — White Natural
wood wool cement panels and wall systems (Traullit AB, 2024c)

B.6. Impact Assessment Phase

B.6.1. Impact calculation

The first step in the impact assessment phase involves creating a dataset containing environmental
data of the Devold building’s construction elements. Table B.6 shows an overview of these construc-
tion elements, as well as the functional unit used in their corresponding EPDs and the quantity of the
elements expressed in the functional unit.
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Table B.6: Construction elements of the Devold building and their quantities using the functional units of the EPDs.

Element | Functional unit Quantity Devold building
Columns (reinforced concrete) Weight [tonne] 232.80
Floor (reinforced concrete) Weight [tonne] 238.87
Foundation (reinforced concrete) Length [m] 164.86
Roof (reinforced concrete) Weight [tonne] 1,817.99
Stairs (reinforced concrete) Weight [tonne] 1.30
Walls (reinforced concrete) Weight [tonne] 436.75
Garage doors (steel) Surface [m?] 96.22
Insulation (wood wool cement) Weight [tonne] 16.18

For several construction elements, multiple EPDs were used. For these elements, the mean environ-
mental impact of all EPDs was calculated for each combination of impact category and module. This
resulted in a single representative value for every impact category-module pair for every construction
element. These values were then multiplied by the respective quantities, which are shown in the third
column of Table B.6. This resulted in a data set that contains the environmental impact of every impact
category-module pair for the different construction elements of the Devold building. These values were
then divided by the GFA, which is equal to 1273.98 m?, to ensure that the environmental data is pre-
sented in the functional unit as described in Subsection B.4.2. In addition, the values were multiplied
by the respective ecocosts, as shown in Table B.7, to monetize the environmental impact (Nationale
Milieudatabase, n.d.). However, the ecocosts are in euros and were therefore multiplied by 11.66 to
convert them to the Norwegian krone.

Table B.7: Ecocosts per impact category.

Impact category \ Ecocosts [€]
Climate change - total 0.116
Climate change - fossil 0.116
Climate change - biogenic 0.116
Climate change - land use and land use change 0.116
Ozone depletion 32
Acidification 0.39
Eutrophication aquatic freshwater 1.96
Eutrophication aquatic marine 3.28
Eutrophication terrestrial 0.36
Photochemical ozone formation 1.22
Depletion of abiotic resources - minerals and metals 0.3
Depletion of abiotic resources - fossil fuels 0.00033
Water use 0.00506
Particulate matter emissions 549750
lonising radiation, human health 0.049
Ecotoxicity (freshwater) 0.00013
Human toxicity, cancer effects 1,096,368
Human toxicity, non-cancer effects 147,588
Land use related impacts / soil quality 0.000087

Various adjustments to this data set have been made to ensure more accurate environmental impacts.
These adjustments are listed below.

Cross section of the foundation

The EPDs of the foundation consider a cross section that is smaller than the cross section of the founda-
tion piles of the Devold building. Therefore, the environmental impacts have been scaled accordingly.
This has been done by first dividing the values by the cross section mentioned in the EPDs and then
multiplying them by the cross section of the foundation piles of the Devold building, which is approxi-
mately 1.04m? when measured from the provided technical drawings (K.S. Knudsen, 1961).

Scaling of module A4
The environmental data of module A4 was recalculated to ensure that it more accurately reflects the
distance that the product has to travel from the production facility to the construction site. This was
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done by dividing the values by the distance mentioned in the EPDs and then multiplying that value by
the distance between the production facility and the Devold building.

Modules C2-C4 for reinforced concrete construction elements

All EPDs of the reinforced concrete construction elements, except those of the foundation, assume a
recycling rate of 100%. The EPDs of the foundation assume that the construction elements remain
in the ground after the building has been demolished, which is common practice. However, recent
data shows that only 59.8% of Norwegian construction and demolition waste is prepared for reuse and
recycling (European Environment Agency, 2025). Therefore, the assumed recycling rate is considered
unrealistic, which resulted in the alteration of modules C2-C4 for the relevant EPDs.

For each impact category, the environmental data of module C2 was recalculated using the following
equation:

d
C§=C2,EPD-d i -pr+ CoEPD - Loy (B.1)

EPD depD
Where C3 is the recalculated environmental impact in the respective functional unit, Cs gpp is the
environmental impact in the EPD in the respective functional unit, dy is the distance between the Devold
building and the closest recycling facility [km], dgpp is the distance mentioned in the EPD [km], pr is
the waste fraction that gets recycled [-], d, is the distance between the Devold building and the closest
landfill [km], and p;, is the waste fraction that gets landfilled [-]. The closest landfill is approximately
150 km from the Devold building (Bergmesteren Raudsand AS, n.d.) and the closest recycling facility
is approximately 14 km from the Devold building (Attvin, n.d.).

For each impact category, the environmental data of module C3 was recalculated by multiplying them
by 0.598.

As the EPDs assume a recycling rate of 100%, they do not contain data on the environmental impact
of reinforced concrete being landfilled. That is, there is no environmental data for module C4. This gap
in the dataset was filled in by two additional EPDs of reinforced concrete construction elements that
are partially landfilled. The additional EPDs assume that 67% of the construction product is landfilled,
while 33% is recycled (Skonto Prefab, 2022b)(Skonto Prefab, 2022a). Thus, the environmental data
of module C4 has to be scaled to represent 40.2% instead of 67%. This was achieved by dividing
the environmental data by 67% and subsequently multiplying it by 40.2%. The additional EPDs use a
functional unit of 1 tonne, so to get the environmental impact of one of the reinforced concrete construc-
tion elements, the environmental data was multiplied by the quantities as shown in the third column of
Table B.6.

Module C2 for steel garage doors

The EPD of the steel garage door assumes a recycling rate of 98%, which is based on the market
situation of 2022 (Lindab A/S, 2022). Therefore, the assumed recycling rate is considered realistic,
resulting in only an alteration to module C2.

For each impact category, the environmental data of module C2 was recalculated using the following
equation:
dr

depp

Cs =CampPD - (B.2)

Where C3 is the recalculated environmental impact in the respective functional unit, Cs gpp is the
environmental impact in the EPD in the respective functional unit, and dp is the distance between the
Devold building and the closest recycling facility [km]. The closest recycling facility is approximately 14
km from the Devold building (Vartdal Gjenvinning AS, n.d.).

Module C2 for wood wool cement insulation

The EPDs of the wood wool cement insulation assume that the material is transported to a waste
incineration facility for energy recovery. This is considered a realistic scenario for the construction
product, resulting in only an alteration to module C2.
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For each impact category, the environmental data of module C2 was recalculated using the following
equation:
dr

deppD

(B.3)

.
C5 =Cs.gpp -

Where C5 is the recalculated environmental impact in the respective functional unit, Cs gpp is the
environmental impact in the EPD in the respective functional unit, and d; is the distance between the
Devold building and the closest waste incineration facility [km]. The closest waste incineration facility
is approximately 286 km from the Devold building (Statkraft Varme AS, n.d.).

Recalculation of module D

For most construction elements, such as the columns, floor, roof, stairs, walls, and garage doors, the
estimated service life is 50 years. However, this study uses a reference study period of 60 years. Thus,
for these elements, double the amount is needed as they are demolished and replaced after 50 years
have expired. That is, the production and placement (modules A1-A5) of these elements occur twice
within the reference study period. However, it would not be accurate to fully include the environmental
impact of modules A1-A5, as the new element will retain its function for another 40 years after the
reference study period has ended. Similarly, it would not be fair to fully exclude the environmental
impact of modules C1-C4, as demolition and processing of the new element is bound to happen at
some point. This is accounted for by making adjustments to module D. A fraction of modules A1-A5
are subtracted from module D to represent the remaining functionality of the new element after the
reference study period. A fraction of modules C1-C4 is added to module D to represent the demolition
and processing of the new element after the reference study period. For construction elements with
a service life of 50 years, thus, the new element retains its function for 40 of its 50 years after the
reference study period. Therefore, 0.8 (40/50) times the sum of modules A1-A5 is subtracted from
module D. In addition, the new element is in use for 10 of its 0 years during the reference study period.
Therefore, 0.2 (10/50) times the sum of modules C1-C4 is added to module D. Lastly, for the reinforced
concrete elements, the environmental data of module D was recalculated by multiplying it by 0.598
before subtraction and addition of the other modules.

B.6.2. Results demolition and new construction scenario

Table B.8 and Table B.9 show the results of the Norwegian LCA for the demolition of the Devold build-
ing using the functional unit of 1 m? GFA over a reference study period of 60 years with and without
monetization, respectively.

Table B.8: Monetized results, in Norwegian Kroner (NOK), of the Norwegian LCA for the demolition of the Devold building.

Element | c1 c2 c3 c4 D | Total
Columns 0.52 0.84 0.04 1.40 -0.15 2.66
Floor 0.50 0.90 0.02 1.43 -3.08 | -0.22
Foundation 0.00 0.00 0.00 0.00 -0.03 | -0.03
Roof 3.84 6.82 017 1092 -23.44 | -1.69
Stairs 0.01 0.01 0.00 0.01 -0.01 0.01
Walls 0.87 155 0.05 2.62 -1.24 3.85
Garage doors | 0.00 0.00 0.60 0.00 -3.91 -3.30
Insulation 0.00 0.65 8.49 0.09 -0.38 8.84

Total | 574 1076 9.37 16.47 -32.20 | 10.15
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Table B.9: Results, in kg COs, of the Norwegian LCA for the demolition of the Devold building without monetization.

Element | c1 c2 c3 c4 D | Total
Columns 0.38 062 0.03 1.03 -0.11 1.96
Floor 0.37 066 0.02 1.06 -2.28 | -0.16
Foundation 0.00 0.00 0.00 0.00 -0.02 | -0.02
Roof 284 504 013 8.07 -17.33 | -1.25
Stairs 0.00 0.01 0.00 0.01 -0.01 0.01
Walls 064 114 0.04 194 -0.91 2.85
Garage doors | 0.00 0.00 0.44 0.00 -2.89 -2.44
Insulation 0.00 048 6.27 0.06 -0.28 6.53
Total | 424 796 6.93 1218 -23.81 | 7.50

Table B.10 and Table B.11 show the results of the Norwegian LCA for the construction of the new
building(s) using the functional unit of 1 m? GFA over a reference study period of 60 years with and
without monetization, respectively.

Table B.10: Monetized results, in Norwegian Kroner (NOK), of the Norwegian LCA for the construction of the new building(s).

Element ‘ A1-A3 A4 A5 B1-B8 C1 Cc2 C3 C4 D ‘ Total
Columns 55.27 17.79 0.57 N/A  0.52 0.84 0.04 1.40 -29.31 4712
Floor 33.11 28.25 1.02 N/A  0.50 0.90 0.02 1.43 -27.74 37.49
Foundation 0.00 0.00 0.00 N/A  0.00 0.00 0.00 0.00 -0.04 -0.04
Roof 25196 215.00 7.77 N/A  3.84 6.82 017 1092 -211.14 | 285.35
Stairs 0.47 0.07 0.01 N/A  0.01 0.01 0.00 0.01 -0.23 0.35
Walls 65.31 45.55 3.29 N/A  0.87 155 0.05 2.62 -46.40 72.84
Garage doors 10.89 0.35 1.89 N/A 0.00 0.00 0.60 0.00 -9.04 4.69
Insulation 0.13 5.48 1.15 N/A 0.00 0.65 8.49 0.09 -0.38 15.60
Total | 417.15 31249 15.69 N/A 574 1076 9.37 16.47 -324.28 | 463.40

Table B.11: Results, in kg CO2, of the Norwegian LCA for the construction of the new building(s) without monetization.

Element | A1-A3 A4 A5 B1-B8 C1 Cc2 C3 C4 D | Total
Columns 40.86 13.15 0.42 N/A 0.38 0.62 0.03 1.03 -21.67 34.84
Floor 24.48 20.89 0.75 N/A 0.37 066 0.02 1.06 -20.51 27.72
Foundation 0.00 0.00 0.00 N/A 0.00 0.00 0.00 0.00 -0.03 -0.03
Roof 186.29 158.96 5.74 N/A 284 504 013 8.07 -156.10 | 210.97
Stairs 0.35 0.05 0.00 N/A 0.00 0.01 0.00 0.01 -0.17 0.26
Walls 48.29 33.68 243 N/A 064 114 004 194 -34.30 53.86
Garage doors 8.05 0.26 1.40 N/A 0.00 0.00 044 0.00 -6.68 3.47
Insulation 0.10 4.05 0.85 N/A 0.00 048 6.27 0.06 -0.28 11.53
Total ‘ 308.41 231.03 11.60 N/A 424 796 6.93 1218 -239.76 ‘ 342.61

Combining the environmental impact of the demolition of the Devold building and the construction of
the new building(s) results in a total environmental impact of NOK 473.54 per m? GFA over a reference
study period of 60 years or 350 kg CO, per m* GFA over a reference study period of 60 years.

The modules contribute to the total environmental impact to varying degrees. To gain more insight into
this, the contribution of each module was calculated by dividing the absolute environmental impact of
a module by the sum of the absolute environmental impact of all modules. The contribution of each
module can be seen in Figure B.2.
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Figure B.2: Contribution of each life cycle stage to the total environmental impact for the Norwegian LCA.

Table B.12 and Table B.13 show the monetized results of the European LCA for the demolition of the
Devold building and the construction of the new building(s) respectively using the functional unit of 1
m? GFA over a reference study period of 60 years.

Table B.12: Monetized results, in Norwegian Kroner (NOK), of the European LCA for the demolition of the Devold building.

Element | ¢ c2 c3 c4 D | Total
Columns 1.09 2.13 0.10 2.02 -0.34 5.00
Floor 1.27 2.26 0.06 2.07 -5.94 -0.27
Foundation 0.00 0.00 0.00 0.00 -0.05 -0.05
Roof 9.68 17.19 0.45 15.79 -45.20 -2.08
Stairs 0.01 0.01 0.00 0.01 -0.01 0.02
Walls 2.39 4.25 0.16 3.79 -2.25 8.35
Garage doors 0.00 0.05 5.79 0.13 -124.38 | -118.41
Insulation 0.02 1.23 8.64 0.29 -10.50 -0.33
Total | 14.46 2712 1521 2410 -188.62 | -107.73

Table B.13: Monetized results, in Norwegian Kroner (NOK), of the European LCA for the construction of the new building(s).

Element | A1-A3 A4 A5 B1-B8 C1 Cc2 C3 C4 D | Total
Columns 174.72 92.91 1.13 N/A 1.09 213 0.10 2.02 -107.17 166.93
Floor 235.66 71.16 2.58 N/A 1.27 2.26 0.06 2.07 -128.97 186.09
Foundation 0.00 0.00 0.00 N/A 0.00 0.00 0.00 0.00 -0.05 -0.05
Roof 1,793.53 541.60 19.63 N/A 9.68 17.19 045 1579 -981.57 | 1,416.30
Stairs 0.55 0.45 0.01 N/A 0.01 0.01 0.00 0.01 -0.41 0.63
Walls 573.34 123.49 7.65 N/A 2.39 4.25 0.16 3.79 -282.66 432.42
Garage doors 420.53 12.23  13.67 N/A 0.00 0.05 5.79 0.13 -301.76 150.64
Insulation 48.82 9.27 3.64 N/A 0.02 1.23 8.64 0.29 -10.50 61.40
Total ‘ 3,247.14 851.12 48.31 N/A 1446 2712 1521 2410 -1,813.09 ‘ 2,414.36

Combining the environmental impact of the demolition of the Devold building and the construction of the
new building(s) results in a total environmental impact of NOK 2,306.63 per m* GFA over a reference
study period of 60 years.

Similarly to the Norwegian LCA, the modules contribute to the total environmental impact to varying
degrees. The contribution of each module can be seen in Figure B.3.
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Figure B.3: Contribution of each life cycle stage to the total environmental impact for the European LCA.

B.7. Interpretation Phase

B.7.1. Interpretation of the demolition and new construction scenario
This section will only discuss the results of Subsection B.6.2. Interpretations of further calculations and
a general discussion will be discussed later in the appendix.

The assumption that the foundation can be reused in combination with the fact that the foundation
remains in the ground at the end of its service life has resulted in an insignificant contribution of this
element to the total environmental impact. The foundation only contributes to module D with a relatively
small environmental benefit. However, this environmental benefit is so small that its inclusion does not
significantly affect the total environmental impact.

The environmental impact for module D of every construction element is a negative value. Thus, instead
of negatively influencing the environment, it is actually beneficial to the environment. This is likely
because most elements are recycled at the end of their service life and therefore produce secondary
building materials. For the insulation, which is not recycled, it is likely due to the fact that incineration
of the wood wool cement insulation panels leads to energy generation.

Table B.8 and Table B.9 show that, for the Norwegian LCA, the insulation is the biggest contributor to
the environmental impact of the demolition of the Devold building. This is likely because the energy
generation through incineration is outweighed by the GHG emissions that occur during the dismantling
of this construction element. In addition, the tables show that the floor, roof, and garage doors have a
negative environmental impact. Thus, demolition of these elements actually results in an environmental
benefit. For the floor and roof, This is likely because the environmental benefit of the fraction that is
recycled outweighs the environmental impact of the fraction that is landfilled. For the garage doors,
This is likely because 98% of the steel is recycled, resulting in an environmental benefit.

Table B.12 shows that, for the European LCA, the walls are the biggest contributor to the environmental
impact of the demolition of the Devold building. This is more difficult to explain as the walls are not the
largest element of the Devold building. It likely has something to do with he fact that the benefit of the
demolition of the walls is outweighed by the impact of demolition and landfilling. In addition, the tables
show that the floor, roof, and garage doors have a negative environmental impact, which is similar to
the Norwegian LCA.

The demolition of the Devold building for the European LCA results in a negative environmental im-
pact. Thus, if the materials are recycled and processed according to the assumed recycling rates, the
demolition of the Devold building on its own will actually result in an environmental benefit.

Table B.10 and Table B.11 show that, for the Norwegian LCA, the roof is the biggest contributor to the en-
vironmental impact of the construction of the new building(s). This is likely because the roof is made up
of reinforced concrete, which is generally a construction material with high GHG emissions. In addition,
Table B.5 shows that the roof is the largest element consisting of reinforced concrete (approximately
55.82%). The tables also show that the stairs have the smallest contribution (not taking the foundation
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into account) to the environmental impact. This is likely because the stairs are the smallest element
consisting of reinforced concrete (approximately 0.04%). Table B.13 and shows similar results.

Figure B.2 shows that module A1-A3 has the highest contribution to the total environmental impact.
This module is likely the biggest as 98.35% of the building consists of reinforced concrete, which is a
building material with a relatively high environmental impact. The second highest contribution is due
to module D. This module is likely a big contributor as the majority of the construction elements are
recycled at the end of their service life. The third highest contribution is due to module A4. This is
likely due to the big distance between the area where the construction elements are produced and the
construction site, which is caused by the use of EPDs from neighbouring countries.

Figure B.3 shows that the modules with the highest contribution to the environmental impact for the
Norwegian LCA are also the biggest contributors to the environmental impact of the European LCA.
However, there is a bigger difference between their contributions than before. This is likely because
the European LCA includes more impact categories. These impact categories probably play a bigger
role in the processes of modules A1-A3 and D, than in the processes of module A4, which would explain
why there is a bigger difference between the contribution of the modules compared to the Norwegian
LCA.

B.7.2. Reuse scenario

Instead of demolition and new construction, it is also possible to reuse the current structure. In the
reuse scenario, it is likely that the building will have to undergo maintenance, repair, and overhaul
(MRO). Thus, various processes that have been left out in previous assessments will have to be inves-
tigated. That is why the scope of the Norwegian and European LCAs is expanded to now also include
maintenance (B2), repair (B3), replacement (B4), and operational energy use (B6). Use or application
of the installed product (B1) is left out, because it was not possible to find environmental data for this
module for all construction elements. Refurbishment (B5) is left out because all processes that would
fall under refurbishment are already accounted for in maintenance (B2), repair (B3) and replacement
(B4). Operational water use (B7) is left out by default in LCAs based on NS 3720 and is therefore also
not included in this study. Transport to and from the building (B8) is left out because it was not possible
to find data for this module. Table B.14 shows an overview of the expanded scope.

Table B.14: Expanded scope for the Norwegian and European LCAs.

Module LCA based on NS 3720 LCA based on EN
15978 and EN 15804

A1: Raw material supply and processing of secondary material X X

A2: Transport of raw and secondary material X X

A3: Manufacturing of construction products X X

A4: Transport to the building site X X

A5: Installation into the building X X

B1: Use or application of the installed product N/A N/A

B2: Maintenance X X

B3: Repair X X

B4: Replacement X X

B5: Refurbishment N/A N/A

B6: Operational energy use X X

B7: Operational water use N/A N/A

B8: Emissions due to transport in operation N/A N/A

C1: Deconstruction and demolition X X

C2: Transport to waste processing facilities X X

C3: Waste processing for reuse, recovery, and/or recycling X X

C4: Waste disposal X X

D: Future reuse, recycling or energy recovery potentials X X

It is difficult to predict where and when the building will require MRO, as this depends on uncertain
factors such as the weather conditions to which the building will be exposed and the state of the con-
struction element over time. Therefore, assumptions will have to be made, which are listed below.
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Assumption: Maintenance and repair

The EPDs of the reinforced concrete construction elements do not contain environmental data on mod-
ules B2 and B3. Therefore, this study assumes that these elements do not require any form of MRO
if they are within their estimated service life. Thus, modules B2 and B3 of the reinforced concrete con-
struction elements will be equal to 0 in the demolition and new construction scenario. This also applies
to the foundation even though they are not within their estimated service life.

Assumption: Damage to the Devold building

The Norconsult report states that the damage to the Devold building consisted mainly of corrosion
damage to the exterior, as well as damage to the floor (Norconsult, 2023). Based on this information,
this study assumes that similar damage will occur within the study period. Patch repair is considered
the most suitable solution for such damage. This is a commonly used repair technique for (reinforced)
concrete structures where parts of the surface layer have crumbled away (Arskog & Fossdal, 2004).
Patch repair slows the corrosion of the reinforcement steel that might have become exposed due to
the absence of the concrete surface layer. It is also assumed that the application of patch repair does
not influence the dismantling or demolition process of the repaired construction elements at the end
of their service life. Lastly, this study assumes that only the construction elements that were repaired
during the renovations of 2024 will require patch repair. This includes the floor, as well as the roof and
walls. For the floor, the entire GFA is considered (1273.98 m?). For the roof, only the underside and
the side of the roof are considered (497.72 m?), as the top of the roof received a new protective layer
during the 2024 renovations. This layer is expected to be able to protect the roof from any damage
during the study period. For the walls, the entire area of the exterior walls is considered (817.16 m?).

To account for MRO, adjustments were made to the Norwegian and European LCAs. First, adjustments
were made to previous assessments of the demolition and new construction scenario to ensure fair
comparison between that scenario and the new reuse scenario. Then adjustments were made for the
reuse scenario. All adjustments are based on the Norconsult report and are listed below (Norconsult,
2023).

Adjustments to the demolition and new construction scenario

The environmental impact of modules B2 and B3 for the reinforced concrete construction elements is
equal to 0, as this study assumes that these construction elements do not require maintenance and
repair when they are within their estimated service life. This is also true for the foundation even though
it is not within its estimated service life. The environmental impact of modules B2 and B3 for the garage
doors and the insulation was derived from its corresponding EPD. The value for the garage doors was
multiplied by 1.2 to scale the value from 50 to 60 years. The production and instalment of the new
construction elements in year 50 of the reference study period is no longer included in modules A1-A5,
but was moved to module B4. This applies to the reinforced concrete construction elements (except the
foundation) and the garage doors. The foundation is not replaced, as it is expected that the foundation
can be reused for the entire study period. Therefore, the environmental impact of module B4 for the
foundation is equal to 0. The estimated service life of the insulation is equal to the reference study
period. Therefore, the insulation will not have to be replaced and the environmental impact of module
B4 for the insulation is equal to 0.

Addition of operational energy use (B6)

This applies both to the demolition and new construction and reuse scenarios. Data on the operational
energy use (B6) of the Devold building was provided by SUAS. The building has two electricity me-
ters, which together measure the total electricity consumption of the building in kilowatt-hours (kWh).
Table B.15 and Table B.16 show the electricity consumption of the Devold building of 2024 and 2025
respectively.
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Table B.15: Electricity consumption of the Devold building in  Table B.16: Electricity consumption of the Devold building in

2024. 2025.

Month Meter 1 Meter 2 Total Month Meter 1 Meter 2 Total

[kWh] [kWh] [kWh] [kWh] [kWh] [kWh]
January 593 - 593 January 581 11,502 12,083
February 556 - 556 February 520 14,416 14,936
March 595 - 595 March 575 15,167 15,742
April 575 - 575 April 561 11,816 12,377
May 594 - 594 May 580 8,126 8,706
June 576 1,190 1,766 June 564 4,259 4,823
July 1,019 1,663 2,682 July 593 2,502 3,095
August 718 1,919 2,637 August 371 3,221 3,592
September 575 1,341 1,916 September - - -
October 589 3,041 3,630 October - - -
November 571 3,122 3,693 November - - -
December 588 5,404 5,992 December - - -
Total 2024 \ 7,549 17,680 \ 25,229 Total 2025 \ 4,345 71,009 \ 75,354

The second electricity meter was under external management until May 2024. Therefore, data on
the electricity consumption of this month and the months before is missing. In addition, a heat pump
was installed in the building and connected to the second electricity meter in January 2025, which
explains the sudden jump in electricity consumption. The missing data and the introduction of the heat
pump make it difficult to directly calculate the annual operational energy use, which is why additional
information is needed.

As the heat pump is in place to regulate the temperature in the building, the electricity consumption
of the heat pump will be affected mainly by the change in outside temperature, where more extreme
changes in outside temperature will result in a higher electricity consumption. In addition, a heat pump
uses more energy when it is heating a building compared to when it is cooling a building (Raleigh
Heating Home Services, n.d.). This can also be seen in the data provided by SUAS.

Data from the weather station at Alesund Airport shows that the average temperature in the area is at its
lowest from December to March, which matches the relatively high electricity consumption measured
by meter 2 from January to March (Cedar Lake Ventures, n.d.). The same data shows that the aver-
age temperature is at its highest from June to September, which matches the relatively low electricity
consumption measured by meter 2 from June to August.

Rough estimates of the electricity consumption for the months without data are based on the average
outside temperatures throughout the year. The average temperatures of September and June are the
same, therefore, it is estimated that the electricity consumption in these months is also the same. If
there is not a month that perfectly matches with another month regarding the average temperature,
then the electricity of the month with the closest average temperature is used. Table B.17 shows an
overview of the monthly average temperature, the electricity consumption of the Devold building, and
the estimates for the September, October, November, and December.
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Table B.17: Updated electricity consumption of the Devold building in 2025.

Month \ Average temperature [°C]  Total electricity consumption [kWh]
January 2.22 12,083
February 2.22 14,936
March 3.33 15,742
April 5.56 12,377
May 8.89 8,706
June 11.67 4,823
July 13.89 3,095
August 13.89 3,592
September 11.67 4,259
October 8.33 8,126
November 5 11,816
December 3.33 15,167
Total 2025 \ - 114,722

This brings the estimated annual electricity consumption of the Devold building to 114,722 kWh. The
average environmental impact of 1 kWh in Norway is equal to 20 g CO, eq (Nowtricity, n.d.). Thus, the
electricity consumption results in an environmental impact of 2,294 kg CO, eq. per year.

Adjustments for the reuse scenario

The environmental impact of modules A1-A5 for all construction elements is equal to 0, as the build-
ing is being reused. The environmental impact of module B2 for the reinforced concrete construction
elements is equal to 0, as maintenance of these elements is not considered in this study. The environ-
mental impact of module B3 for the reinforced concrete construction elements depends on the amount
of patch repair required. This study assumes that most do not require any patch repair, therefore, the
environmental impact of module B3 for these construction elements is equal to 0. A separate EPD
was used for the production and application of patch repair for the floor, roof, and walls, which do re-
quire patch repair (Saint-Gobain, 2022). The environmental impact of module B3 of these construction
elements is equal to the sum of the environmental impact of modules A1-A5 of the patch repair EPD
multiplied by the area of the element that requires patch repair. This value is also multiplied by the
degree of patch repair, a variable that is added to account for the uncertainty of not knowing where and
when patch repair will be required. The environmental impact of modules B2 and B3 for the garage
doors and the insulation was derived from the respective EPD. The value for the garage doors was
multiplied by 1.2 to scale the value from 50 to 60 years. The environmental impact of module B4 for
all construction elements (except the foundation) is equal to the sum of the environmental impact of
modules A1-A5, C1-C4 and D, as the original element has to be removed first (hence C1-C4 and D)
before being replaced by a new element (hence A1-A5). This value is also multiplied by the degree of
replacement, a variable that is added to account for the uncertainty of not knowing where and when a
construction element will have to be replaced. The environmental impact of module B4 for the founda-
tion is equal to 0, as the construction element is not replaced during the reference study period.

If the Devold building is demolished within the reference study period, then the environmental impact of
the modules from stage C will be allocated to the respective modules. However, if the Devold building
is demolished outside of the reference study period, then the environmental impact of the modules from
stage C will be allocated to module D. This is similar to the calculations that were performed earlier to
account for this process in the demolition and new construction scenario.

The recalculation of module D also applies to the reuse scenario, but in the reuse scenario it is un-
certain in which year the construction elements are replaced or if they are replaced at all. However,
the subtraction of stage A and addition of stage C are done in a similar way. For stage A, the time
between the end of the reference study period and the year in which the Devold building is demolished
is determined and stage A is scaled accordingly. For stage C, the time between the placement of the
construction element and the end of the reference study period is determined and stage C is scaled
accordingly.
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Addition of insulation and cover floor layers

According to the Norconsult report, the floor of the Devold building will have to be improved to allow
long-term reuse (Norconsult, 2023). However, there is no detailed information on the composition of
the additional floor layers, only that their combined thickness is approximately 35-45 cm and that at
least an insulation layer and cover layer are added. Therefore, estimates on the dimensions of these
additional floor layers were made. The total thickness of the combined floor layers is estimated to be
40 cm, with a 15 cm thick insulation layer (Kerr, 2024) and a 25 cm thick cover layer. For the area of
the additional floor layers, the GFA is used, which is equal to 1,273.98 m2. Two new EPDs were used
for the addition of these floor layers to the LCAs (BEWI ASA, Insulation and Construction, 2024 )(Lister
Ferdigbetong AS, 2025).

The EPD of the cover layer does not contain environmental data for module B5. However, Figure B.2
and Figure B.3 show that the contribution of this module to the total environmental impact is very low.
Therefore, this study assumes that the exclusion of this module for this element will not significantly
alter the results of the assessments.

Modules A4 and C2 of the insulation layer have undergone similar adjustments as the insulation panels.
These adjustments were discussed in Subsection B.6.1.

B.7.3. Updated results demolition and new construction scenario

Table B.18 and Table B.19 show the results of the Norwegian LCA for the demolition of the Devold
building using the functional unit of 1 m? GFA over a reference study period of 60 years with and
without monetization, respectively.

Table B.18: Updated monetized results, in Norwegian Kroner (NOK), of the Norwegian LCA for the demolition of the Devold

building.
Element | c1 Cc2 C3 C4 D | Total
Columns 0.52 0.84 0.04 1.40 -0.15 2.66
Floor 0.50 0.90 0.02 1.43 -3.08 | -0.22
Foundation 0.00 0.00 0.00 0.00 -0.03 | -0.03
Roof 3.84 6.82 0.17 1092 -23.44 | -1.69
Stairs 0.01 0.01 0.00 0.01 -0.01 0.01
Walls 0.87 1.55 0.05 2.62 -1.24 3.85
Garage doors 0.00 0.00 0.60 0.00 -3.91 -3.30
Insulation 0.00 0.65 8.49 0.09 -0.38 8.84
Operational energy (B6) | 0.00 0.00 0.00 0.00 0.00 0.00
Total | 574 1076 9.37 16.47 -32.20 | 10.15

Table B.19: Updated results, in kg CO2, of the Norwegian LCA for the demolition of the Devold building without monetization.

Element | ¢ c2 c3 c4 D | Total
Columns 0.38 062 0.03 1.03 -0.11 1.96
Floor 0.37 066 0.02 1.06 -2.28 | -0.16
Foundation 0.00 0.00 0.00 0.00 -0.02 | -0.02
Roof 284 504 0.13 8.07 -17.33 | -1.25
Stairs 0.00 0.01 0.00 0.01 -0.01 0.01
Walls 064 1.14 0.04 1.94 -0.91 2.85
Garage doors 0.00 0.00 0.44 0.00 -2.89 | -2.44
Insulation 0.00 048 6.27 0.06 -0.28 | 6.53
Operational energy (B6) | 0.00 0.00 0.00 0.00 0.00 0.00
Total | 424 7.96 693 1218 -23.81 | 7.50

Table B.20 and Table B.21 show the results of the Norwegian LCA for the construction of the new build-
ing(s) using the functional unit of 1 m? GFA over a reference study period of 60 years with monetization.
Table B.22 and Table B.23 show the results without monetization.
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Table B.20: Updated monetized results, in Norwegian Kroner (NOK), for modules A1-A5 and B1-B5 of the Norwegian LCA for
the construction of the new building(s).

Element \ A1-A3 Ad A5 B1 B2 B3 B4 B5
Columns 27.63 8.89 029 NA 0.00 0.00 36.81  N/A
Floor 16.55 1413 051 N/A 0.00 0.00 3119 N/A
Foundation 0.00 0.00 0.00 N/A 0.00 0.00 0.00 N/A
Roof 12598 10750 3.88 N/A 0.00 0.00 237.37 N/A
Stairs 0.24 0.04 0.00 N/A 0.00 0.00 0.27 N/A
Walls 32.66 2278 164 N/A 0.00 0.00 57.08 N/A
Garage doors 5.44 0.17 095 N/A 0.03 2.08 6.56 N/A
Insulation 0.13 548 1.15 N/A 0.00 0.00 - NA
Operational energy (B6) 0.00 0.00 0.00 NA 0.00 0.00 0.00 N/A
Total | 208.64 158.98 842 N/A 0.03 208 369.28 N/A

Table B.21: Updated monetized results, in Norwegian Kroner (NOK), for modules B6-B8, C1-C4 and D of the Norwegian LCA
for the construction of the new building(s).

Element | B6 B7 B8 c1 c2 Cc3 c4 D | Total
Columns - NA NA 052 0.84 0.04 1.40 -29.31 47.12
Floor - NA NA 050 0.90 0.02 1.43 -27.74 37.49
Foundation - N/A NA 0.00 0.00 0.00 0.00 -0.04 -0.04
Roof - N/A NA 384 6.82 0.17 10.92 -211.14 | 285.35
Stairs - NA NA 0.01 0.01 0.00 0.01 -0.23 0.35
Walls - N/A NA 087 1.55 0.05 2.62 -46.40 72.84
Garage doors 0.00 N/A N/A 0.00 0.00 0.60 0.00 -9.04 6.80
Insulation - N/A NA 0.00 0.65 8.49 0.09 -0.38 15.60
Operational energy (B6) | 146.16 N/A  N/A  0.00 0.00 0.00 0.00 0.00 | 146.16
Total ‘ 146.16 N/A N/A 574 10.76 9.37 16.47 -324.28 ‘ 611.66

Table B.22: Updated results, in kg CO2, for modules A1-A5 and B1-B5 of the Norwegian LCA for the construction of the new

building(s) without monetization.

Element | A1-A3 A4 A5 B1 B2 B3 B4 B5
Columns 20.43 6.58 021 N/A 0.00 0.00 27.22  N/A
Floor 12.24 1044 038 N/A 0.00 0.00 23.06 N/A
Foundation 0.00 0.00 0.00 N/A 0.00 0.00 0.00 N/A
Roof 93.14 7948 287 N/A 0.00 0.00 17550 N/A
Stairs 0.17 0.03 0.00 N/A 0.00 0.00 0.20 N/A
Walls 2414 16.84 121 N/A 0.00 0.00 4220 N/A
Garage doors 4.02 013 070 N/A 0.02 153 485 N/A
Insulation 0.10 405 0.85 N/A 0.00 0.00 0.00 N/A
Operational energy (B6) 0.00 0.00 0.00 N/A 0.00 0.00 0.00 N/A
Total | 154.26 117.54 6.23 N/A 0.02 1.53 273.02 N/A

Table B.23: Updated results, in kg CO3, for modules B6-B8, C1-C4 and D of the Norwegian LCA for the construction of the
new building(s) without monetization.

Element | B6 B7 B8 C1 C2 C3 C4 D | Total
Columns 0.00 N/A NA 038 062 0.03 1.03 -21.67 34.84
Floor 0.00 N/A NA 037 066 0.02 1.06 -20.51 27.72
Foundation 0.00 N/A NA 0.00 0.00 0.00 0.00 -0.03 -0.03
Roof 0.00 NA NA 284 504 013 8.07 -156.10 | 210.97
Stairs 0.00 N/A NA 0.00 0.01 0.00 0.01 -0.17 0.26
Walls 0.00 N/A NA 064 114 0.04 1.94 -34.30 53.86
Garage doors 0.00 N/A NA 0.00 000 044 0.00 -6.68 5.02
Insulation 0.00 N/A NA 000 048 6.27 0.06 -0.28 11.53
Operational energy (B6) | 108.06 N/A N/A  0.00 0.00 0.00 0.00 0.00 | 108.06
Total | 108.06 N/A NA 424 796 693 1218 -239.76 | 452.22
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Combining the environmental impact of the demolition of the Devold building and the construction of
the new building(s) results in a total environmental impact of NOK 621.80 per m? GFA over a reference
study period of 60 years or 460 kg CO- per m? GFA over a reference study period of 60 years.

The updated contribution of each module for the Norwegian LCA can be seen in Figure B.4.
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Figure B.4: Updated contribution of each life cycle stage to the total environmental impact for the Norwegian LCA.

Table B.18 shows the results of the European LCA for the demolition of the Devold building using the
functional unit of 1 m? GFA over a reference study period of 60 years with monetization.

Table B.24: Updated monetized results, in Norwegian Kroner (NOK), of the European LCA for the demolition of the Devold

building.
Element | c©1 c2 c3 ca D | Total
Columns 1.09 2.13 0.10 2.02 -0.34 5.00
Floor 1.27 2.26 0.06 2.07 -5.94 -0.27
Foundation 0.00 0.00 0.00 0.00 -0.05 -0.05
Roof 9.68 17.19 0.45 15.79 -45.20 -2.08
Stairs 0.01 0.01 0.00 0.01 -0.01 0.02
Walls 2.39 4.25 0.16 3.79 -2.25 8.35
Garage doors 0.00 0.05 5.79 0.13 -124.38 | -118.41
Insulation 0.02 1.23 8.64 0.29 -10.50 -0.33
Operational energy (B6) 0.00 0.00 0.00 0.00 0.00 0.00
Total | 14.46 2712 1521 2410 -188.62 | -107.73

Table B.25 and Table B.26 show the results of the European LCA for the construction of the new build-
ing(s) using the functional unit of 1 m* GFA over a reference study period of 60 years with monetization.

Table B.25: Updated monetized results, in Norwegian Kroner (NOK), for modules A1-A5 and B1-B5 of the European LCA for
the construction of the new building(s).

Element | A1-A3 A4 A5 B1 B2 B3 B4 B5
Columns 87.36 46.46 0.57 N/A 0.00 0.00 13438 N/A
Floor 117.83 35.58 1.29 N/A 0.00 0.00 154.70 N/A
Foundation 0.00 0.00 0.00 N/A 0.00 0.00 0.00 N/A
Roof 896.76  270.80 9.82 N/A 0.00 0.00 1,177.38 N/A
Stairs 0.27 0.23 0.00 N/A 0.00 0.00 0.50 N/A
Walls 286.67 61.74 3.83 N/A 0.00 0.00 35224 N/A
Garage doors 210.26 6.12 6.83 N/A 355 86.24 22321 N/A
Insulation 48.82 9.27 3.64 N/A 0.00 0.00 0.00 N/A
Operational energy (B6) 0.00 0.00 0.00 N/A 0.00 0.00 0.00 N/A

Total | 1,647.98 430.19 2597 N/A 3.55 86.24 2,04242 N/A
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Table B.26: Updated monetized results, in Norwegian Kroner (NOK), for modules B6-B8, C1-C4 and D of the European LCA
for the construction of the new building(s).

Element | B6 B7 B8 c1 (o7 (o] c4 D | Total
Columns 0.00 N/A NA 1.09 2.13 0.10 2.02 -107.17 166.93
Floor 0.00 N/A NA 1.27 2.26 0.06 2.07 -128.97 186.09
Foundation 0.00 N/A NA 0.00 0.00 0.00 0.00 -0.05 -0.05
Roof 0.00 N/A NA 9.68 17.19 0.45 15.79 -981.57 | 1,416.30
Stairs 0.00 N/A NA 0.01 0.01 0.00 0.01 -0.41 0.63
Walls 0.00 N/A NA 2.39 4.25 0.16 3.79 -282.66 432.42
Garage doors 0.00 N/A NA 0.00 0.05 5.79 0.13 -301.76 240.43
Insulation 0.00 N/A NA 0.02 1.23 8.64 0.29 -10.50 61.40
Operational energy (B6) | 146.16  N/A  N/A 0.00 0.00 0.00 0.00 0.00 146.16
Total | 146.16 N/A N/A 1446 2712 1521 2410 -1,813.09 | 2,650.31

Combining the environmental impact of the demolition of the Devold building and the construction of the
new building(s) results in a total environmental impact of NOK 2,542.58 per m? GFA over a reference
study period of 60 years.

The updated contribution of each module for the European LCA can be seen in Figure B.5.
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Figure B.5: Updated contribution of each life cycle stage to the total environmental impact for the European LCA.

B.7.4. Interpretation of updated results demolition and new construction sce-
nario

This section will only discuss the results of Subsection B.7.3. Interpretations of further calculations and

a general discussion will be discussed later in the appendix.

The updated results of the demolition and new construction scenario can mostly be interpreted in the
same way as the original results. This was to be expected, as only minor changes were made. The
biggest difference is in the contribution of the different modules to the environmental impact. Module
B4 is now the biggest contributor instead of module A1-A3. This is due to the fact that module B4
encompasses modules A1-A5 of the new construction elements that are produced and installed in
year 50 of the reference study period. So in essence, the reason as to why this module is the biggest
contributor is still the same as before, as the production and placement of construction elements comes
paired with a high environmental impact. Another difference is that module B6 delivers a significant
contribution to the environmental impact of the building. Thus, the way in which the building is used has
a big influence on the environmental impact of the building due to a change in operational energy use.
Module B6 delivers a less significant contribution to the total environmental impact for the European
LCA, because only data on the GHG emissions of energy use in Norway was found.

B.7.5. Results reuse scenario
The following results assume a degree of patch repair of 10%, a degree of replacement of 10% and
replacement in year 10 of the reference study period. Table B.27 and Table B.28 show the results of



B.7. Interpretation Phase 103

the Norwegian LCA for the reuse of the Devold building using the functional unit of 1 m? GFA over
a reference study period of 60 years with monetization. Table B.29 and Table B.30 show the results
without monetization.

Table B.27: Monetized results, in Norwegian Kroner (NOK), for modules A1-A5 and B1-B5 of the Norwegian LCA for the reuse
of the Devold.

Element | A1-A3 A4 A5 B1 B2 B3 B4 B5
Columns 0.00 0.00 0.00 0.00 0.00 0.00 3.80 0.00
Floor 0.00 0.00 0.00 0.00 0.00 0.01 275 0.00
Foundation 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Roof 0.00 0.00 0.00 0.00 0.00 0.00 2091 0.00
Stairs 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00
Walls 0.00 0.00 0.00 0.00 0.00 0.01 5.75 0.00
Garage doors 0.00 0.00 0.00 0.00 0.03 2.08 0.33 0.00
Insulation 0.00 0.00 0.00 0.00 0.00 0.00 1.56 0.00
Insulation layer floor 7.70 0.55 0.03 0.00 0.00 0.00 0.00 0.00
Cover layer floor 71.38 12190 0.00 0.00 0.00 0.00 0.00 0.00
Operational energy (B6) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total | 79.09 12245 0.03 0.00 0.03 210 3512 0.00

Table B.28: Monetized results, in Norwegian Kroner (NOK), for modules B6-B8, C1-C4 and D of the Norwegian LCA for the
reuse of the Devold.

Element | B6 B7 B8 c1 c2 c3 c4 D | Total
Columns 0.00 0.00 0.00 0.52 0.84 0.04 1.40 -0.15 6.46
Floor 0.00 0.00 0.00 0.50 0.90 0.02 1.43 -3.08 2.54
Foundation 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.03 -0.03
Roof 0.00 0.00 0.00 3.84 6.82 0.17 10.92 -23.44 19.23
Stairs 0.00 0.00 0.00 0.01 0.01 0.00 0.01 -0.01 0.04
Walls 0.00 0.00 0.00 0.87 1.55 0.05 2.62 -1.24 9.61
Garage doors 0.00 0.00 0.00 0.00 0.00 0.60 0.00 -3.91 -0.87
Insulation 0.00 0.00 0.00 0.00 0.65 8.49 0.09 -0.38 10.40
Insulation layer floor 0.00 0.00 0.00 0.00 0.13 14.47 0.00 16.30 39.18
Cover layer floor 0.00 0.00 0.00 3.14 4.70 0.23 4.03 -0.75 | 204.64
Operational energy (B6) | 146.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 | 146.16
Total | 146.16 0.00 0.00 8.87 15.59 24.08 20.51 -16.67 | 437.36

Table B.29: Results, in kg COg, for modules A1-A5 and B1-B5 of the Norwegian LCA for the reuse of the Devold.

Element | A1-A3 Ad A5 B1 B2 B3 B4 B5
Columns 0.00 0.00 0.00 0.00 0.00 0.00 2.81 0.00
Floor 0.00 0.00 0.00 0.00 0.00 0.00 2.03 0.00
Foundation 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Roof 0.00 0.00 0.00 0.00 0.00 0.00 1546 0.00
Stairs 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00
Walls 0.00 0.00 0.00 0.00 0.00 0.00 425 0.00
Garage doors 0.00 0.00 0.00 0.00 0.02 153 0.24 0.00
Insulation 0.00 0.00 0.00 0.00 0.00 0.00 1.15 0.00
Insulation layer floor 5.69 041 0.02 0.00 0.00 0.00 0.00 0.00
Cover layer floor 52,78 90.13 0.00 0.00 0.00 0.00 0.00 0.00
Operational energy (B6) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total ‘ 58.47 90.53 0.02 0.00 0.02 1.54 2597 0.00
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Table B.30: Results, in kg COs, for modules B6-B8, C1-C4 and D of the Norwegian LCA for the reuse of the Devold.

Element | B6 B7 B8 c1 c2 c3 c4 D | Total
Columns 0.00 0.00 0.00 0.38 0.62 0.03 1.03 -0.11 4.77
Floor 0.00 0.00 0.00 0.37 0.66 0.02 1.06 -2.28 1.87
Foundation 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.02 -0.02
Roof 0.00 0.00 0.00 284 5.04 0.13 8.07 -17.33 14.22
Stairs 0.00 0.00 0.00 0.00 0.01 0.00 0.01 -0.01 0.03
Walls 0.00 0.00 0.00 0.64 1.14 0.04 1.94 -0.91 7.10
Garage doors 0.00 0.00 0.00 0.00 0.00 0.44 0.00 -2.89 -0.65
Insulation 0.00 0.00 0.00 0.00 0.48 6.27 0.06 -0.28 7.69
Insulation layer floor 0.00 0.00 0.00 0.00 0.09 10.70 0.00 12.05 28.97
Cover layer floor 0.00 0.00 0.00 232 3.48 0.17 2.98 -0.55 | 151.30
Operational energy (B6) | 108.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 | 108.06
Total | 108.06 0.00 0.00 6.56 11.53 17.80 15.16 -12.33 | 323.34

The reuse of the Devold building results in a total environmental impact of NOK 437.36 per m* GFA
over a reference study period of 60 years or 323 kg CO, per m? GFA over a reference study period of
60 years.

The contribution of each module in the reuse scenario for the Norwegian LCA can be seen in Figure B.6.
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Figure B.6: Contribution of each life cycle stage in the reuse scenario to the total environmental impact for the Norwegian LCA.
Table B.31 and Table B.32 show the results of the European LCA for the reuse of the Devold building
using the functional unit of 1 m? GFA over a reference study period of 60 years with monetization.

Table B.31: Monetized results, in Norwegian Kroner (NOK), for modules A1-A5 and B1-B5 of the European LCA for the reuse
of the Devold.

Element ‘ A1-A3 A4 A5 B1 B2 B3 B4 B5
Columns 0.00 0.00 0.00 N/A 0.00 0.00 13.72  N/A
Floor 0.00 0.00 0.00 N/A 0.00 0.00 14.84 N/A
Foundation 0.00 0.00 0.00 N/A 0.00 0.00 0.00 N/A
Roof 0.00 0.00 0.00 N/A 0.00 0.00 11294 N/A
Stairs 0.00 0.00 0.00 N/A 0.00 0.00 0.05 N/A
Walls 0.00 0.00 0.00 N/A 0.00 0.00 35.54 N/A
Garage doors 0.00 0.00 0.00 NA 355 86.24 10.48 N/A
Insulation 0.00 0.00 0.00 N/A 0.00 0.00 6.14 N/A
Insulation layer floor 17.69 096 0.05 N/A 0.00 0.00 0.00 N/A
Cover layer floor 18297 21326 0.00 N/A 0.00 0.00 0.00 N/A
Operational energy (B6) 0.00 0.00 0.00 N/A 0.00 0.00 0.00 N/A

Total ‘200.66 21422 0.05 N/A 355 86.25 193.71 N/A
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Table B.32: Monetized results, in Norwegian Kroner (NOK), for modules B6-B8, C1-C4 and D of the European LCA for the
reuse of the Devold.

Element | B6 B7 B8 c1 c2 c3 c4 D | Total
Columns 0.00 N/A N/A 1.09 213 0.10 7.02 -0.34 23.71
Floor 0.00 N/A NA 1.27 2.26 0.06 7.20 -5.94 19.70
Foundation 0.00 N/A N/A 0.00 0.00 0.00 0.00 -0.05 -0.05
Roof 0.00 N/A N/A 9.68 17.19 045 54.82 -45.20 | 149.90
Stairs 0.00 N/A N/A 0.01 0.01 0.00 0.04 -0.01 0.10
Walls 0.00 N/A N/A 2.39 4.25 0.16  13.17 -2.25 53.27
Garage doors 0.00 N/A N/A 0.00 0.05 5.79 0.13 -74.38 31.86
Insulation 0.00 N/A N/A 0.02 1.23 8.64 0.29 -6.28 10.03
Insulation layer floor 0.00 N/A NA 0.00 0.21 14.64 0.00 0.30 33.86
Cover layer floor 0.00 N/A N/A 5.12 7.88 34.18 5.83 -26.25 | 422.99
Operational energy (B6) | 146.16 N/A  N/A 0.00 0.00 0.00 0.00 0.00 | 146.16
Total | 14616 N/A N/A 1959 3521 64.03 88.50 -160.39 | 891.53

The reuse of the Devold building results in a total environmental impact of NOK 891.53 per m* GFA
over a reference study period of 60 years.

The contribution of each module in the reuse scenario for the European LCA can be seen in Figure B.7.
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Figure B.7: Contribution of each life cycle stage in the reuse scenario to the total environmental impact for the European LCA.

B.7.6. Comparison

Figure B.8 shows the environmental impact, expressed in NOK per m? GFA over a reference study
period of 60 years, for the Norwegian LCA of the reuse scenario for different degrees of patch repair
in blue, as well as the environmental impact of the demolition and new construction scenario in red.
Figure B.9 shows the same, but for the European LCA.
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Figure B.8: Environmental impact of the Devold building for varying degrees of patch repair for the Norwegian LCA.
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Figure B.9: Environmental impact of the Devold building for varying degrees of patch repair for the European LCA.

Figure B.10 shows the environmental impact, expressed in NOK per m? GFA over a reference study
period of 60 years, for the Norwegian LCA of the reuse scenario for different degrees of replacement
in blue, as well as the environmental impact of the demolition and new construction scenario in red.
Figure B.11 shows the same, but for the European LCA.
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Figure B.10: Environmental impact of the Devold building for varying degrees of replacement for the Norwegian LCA.
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Figure B.11: Environmental impact of the Devold building for varying degrees of replacement for the European LCA.

Figure B.10 shows the environmental impact, expressed in NOK per m? GFA over a reference study
period of 60 years, for the Norwegian LCA of the reuse scenario for different years in which the con-
struction elements are replaced in blue, as well as the environmental impact of the demolition and new
construction scenario in red. Figure B.11 shows the same, but for the European LCA.
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Figure B.12: Environmental impact of the Devold building for varying years in which the construction elements are replaced for
the Norwegian LCA.
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Figure B.13: Environmental impact of the Devold building for varying years in which the construction elements are replaced for
the European LCA.

B.7.7. Interpretation of results reuse scenario and comparison

This section will only discuss the results of Subsection B.7.5 and Subsection B.7.6. Interpretations of
further calculations are discussed earlier in the appendix. A general discussion can be found later in
the appendix.

For the Norwegian LCA of the reuse scenario, it can be seen that the cover floor layer and operational
energy (B6) are the biggest contributors to the environmental impact of the Devold building. The high
contribution of the cover floor layer is likely due to the fact that this is a relatively large concrete element,
which is a material that is known to have a significant environmental impact. The contribution of the
operational energy use shows again that the function of the building and the corresponding energy
use have a significant impact on the total environmental impact of the building. The garage doors
have a negative environmental impact and thus an environmental benefit. This is likely due to the high
recycling rates of the construction elements, as was seen in previous results.

The contribution of the different modules of the reuse scenario has seen some changes compared to the
contributions of the demolition and new construction scenario. The results show that the operational
energy use of the building delivers the biggest contribution to the total environmental impact. The
second and third biggest contributions are delivered by modules A4 and A1-A3 respectively. This is
different from what could be seen in pervious results. Now, the transport of the construction elements
(A4) has a higher contribution than the production and instalment. This is likely because in this scenario
it will not be necessary to produce a lot of new construction elements. However, the construction
elements still have to be transported from the place where they are produced to the construction site.
Due to the lower amount of construction elements, the trucks are likely less efficiently loaded, which
causes a shift in the mutual relationship between the two modules.
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Figure B.8 and Figure B.9 show that varying degrees of patch repair do not have a significant influence
on the environmental impact in the reuse scenario. A higher degree of patch repair does result in a
higher environmental impact by a little. For all degrees of patch repair, the environmental impact of the
reuse scenario stays below that of the demolition and new construction scenario. Thus, patch repair is
an environmentally sustainable method of repairing damage to a reinforced concrete building. The main
difference between the Norwegian and European LCAs is the difference between the environmental
impact of both scenarios. The difference for the European LCA is much bigger than the difference for
the Norwegian LCA.

Figure B.10 and Figure B.11 show that the amount of construction elements that have to be replaced
has a significant influence on the environmental impact. This was to be expected, as previous results
have shown that the production and placement of new construction elements is one of the main contrib-
utors to the environmental impact. In addition, a 100% degree of replacement is, in essence, the same
as the demolition and new construction scenario. However, the reuse scenario also includes two new
elements (the insulation layer and the cover layer of the floor) and therefore exceeds the environmental
impact of the demolition and new construction scenario for a degree of replacement of 100%. In addi-
tion, the difference between both scenarios is bigger for the European LCA than for the Norwegian LCA.
This also results in the fact that for the Norwegian LCA, only about 60% of the construction elements
can be replaced before the environmental impact of the reuse scenario exceeds the environmental
impact of the demolition and new construction scenario, while a degree of replacement of about 90%
is possible for the European LCA.

Figure B.12 and Figure B.13 show that the year in which the construction element are replaced does
not have a significant influence on the environmental impact of the reuse scenario. The graphs do
shows that the longer the original construction elements are preserved, the lower the total environmen-
tal impact will be, which can be seen by the decreasing trend in the graphs. For all considered years
in which the construction elements could be replaced, the environmental impact of the reuse scenario
stays below the one of the demolition and new construction scenario. Again the main difference be-
tween the Norwegian and European LCAs is the difference between the environmental impact of both
scenarios. This difference is much bigger for the European LCA.

B.8. General Discussion

The previous chapters have already discussed the interpretation of the results. This section therefore
focuses on the limitations of this study, as well as suggestions for future research.

The study includes various assumptions related to the data and the methodology. It is important to
note that most of these assumptions affect both the demolition and new construction scenario and the
reuse scenario in a similar way. In addition, while the absolute environmental impacts may vary, the
comparison between the scenarios, which is the main focus of this study, remains valid.

The lack of accurate dimensional data has likely caused minor differences between measured and
actual building dimensions. This is mainly due to measurement errors, as various dimensions had to
be measured from the floor plans by hand. However, these errors are expected to be minor since
the measurements were conducted with high precision. Also, because the same dimensions are used
for all LCA calculations, it is not likely that this will have had a significant effect on the comparison of
both scenarios. Some construction elements could not be identified in the floor plans and were thus
unintentionally excluded from the LCAs Including these construction elements in the LCAs would result
in a slight increase of the total environmental impact. However, as this applies to both scenarios, this
is not expected to have a significant influence on the results of the comparison.

It is very unlikely that the new building(s) will have the same dimensions and materials as the Devold
building. Using fewer construction elements will reduce the environmental impact, while the use of more
construction elements will increase the environmental impact. Similarly, using more environmentally
sustainable construction materials will reduce the environmental impact, while the use of less environ-
mentally sustainable construction materials will increase the environmental impact. The assessments
also assume that the Devold building was constructed with precast reinforced concrete elements. If
the building consists of in-situ elements, then all LCA calculations would need to be done again using
appropriate EPDs. However, as this applies to both scenarios, this is not expected to have a significant
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influence on the results of the comparison. Also, if the density of the elements deviates from the ones
that have been used in this study, then the quantities of the construction elements of the Devold building
will be different. Again, while this may alter absolute values, it does not affect the relative comparison.

The future use of the Devold building is uncertain. The study assumes that it will retain its current
function as skate hall and event space. However, if the function were to change, for example to a
concert hall, additional facilities and equipment would be needed. This would lead to an increase of
the total environmental impact of the Devold building. Again, this applies to both scenarios, and is
therefore not expected to result in a different comparison of the LCAs. A change in use could also
result in a different load on the foundation. If it turns out that these loads are higher than before, then it
might be necessary to install additional reinforcement for the foundation. This would increase the total
environmental impact of the Devold building but is unlikely to change the relative comparison between
scenarios.

The use of EPDs from neighbouring countries has likely resulted in a higher environmental impact
than the actual impact of the Devold building. This mainly applies to module A4, as the actual transport
distances will be much shorter than the distances that are currently used in the study. Using EPDs from
Norwegian producers will significantly lower the contribution of this module to the total environmental
impact. This affects both scenarios equally, and therefore is not expected to result in a significant
difference in the comparison of both scenarios. This will have a significant impact on the interpretation
of the contribution of each module to the total environmental impact, as the contribution of module
A4 will now be much lower and will likely no longer be one of the main contributors. Similarly, the
construction elements of the Devold building are not identical to the construction elements described
in the EPDs. This results in the fact that the environmental impact of this study will not be identical to
the actual impact of the Devold building. Again, this affects both scenarios, and thus, will not result in
a significant change to the comparison of the scenarios.

Currently, repairs are only included in the reuse scenario. Including similar repairs in the demolition and
new construction scenario would likely reduce its environmental impact and could therefore lead to a
different outcome of the comparison of both scenarios. If damage occurs to other construction elements,
additional repairs may be necessary in the reuse scenario. However, this is considered unlikely, as
these elements are not exposed to severe weather conditions or heavy loads. Furthermore, no signs
of damage to other construction elements were found during Norconsult’s inspection, indicating that
future damage is unlikely.

it has been assumed that the operational energy use of the Devold building will remain constant over
the reference study period. However, this is very unlikely and it is expected that this value will fluctuate
throughout the years. As this module has a significant contribution to the total environmental impact of
the Devold building, any change will lead to noticeably different results. Again, this would apply to both
scenarios equally. Therefore, it is not expected that this will alter the comparison of both scenarios. It will
significantly alter the interpretation of the contribution of the different modules to the total environmental
impact, similarly to module A4.

All of these limitations and assumptions indicate that additional research is needed to create a more
complete and accurate overview of the environmental impact of the Devold building. Relevant research
includes the creation of a detailed overview of the construction elements of the Devold building to
be able to compute a more accurate value for the environmental impact. It would also be good to
get more information from the port authorities on their future plans for the quay construction, as this
plays a big role in the future of Kulturhavna. Lastly, this study has shown that the production and
placement of construction elements is the biggest contributor to the environmental impact of a building.
Therefore, it would be valuable to investigate different repair and maintenance methods to try to reduce
the environmental impact as much as possible.

B.9. Conclusion

The study concludes that reusing the Devold building results in a lower environmental impact than de-
molishing and constructing a new structure. The largest contribution to the environmental impact stems
from the production and installation of construction elements (modules A1-A5). Therefore, this should
be avoided as much as possible by finding ways to prolong the service life of the current construction
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elements.

Although this study only examined patch repair, the results indicate that maintenance and repair con-
tribute minimally to the total environmental impact, confirming that they are environmentally sustainable
practices.

Lastly, comparing different LCA methodologies shows that a GHG-only assessment cannot fully capture
a building’s environmental impact and may lead to incorrect conclusions.



Redesign Steinvag Bridge

To make the city of Alesund future-proof, it is important that the traffic system and its structural compo-
nents are able to meet its future needs. Since the city consists of islands, bridges play a crucial role in
this system. One of these bridges, the Steinvag bridge, is nearing the end of its service life and must
thus be replaced. In this appendix, a preliminary design of the bridge is made.

C.1. Introduction

The Steinvag bridge was opened 1953 on August 30th and connects the islands Aspgya and Hessa. It
is 144.4 meters long, 9 meters wide and has a total height of 25 meters. It consists of a concrete arch
and a bridge deck, which is 17 meters above the water level (Kartverket, 2025). It consists of two traffic
lanes, one in each direction, and a narrow sidewalk is present on both sides of the road. Currently, the
bridge is planned to be demolished for two reasons.

Firstly, the bridge is an uncomfortable crossing for pedestrians since the sidewalks are quite narrow.
Furthermore, there is little to no room for cyclists to use the bridge. A possible solution for this problem
could be hanging a sidewalk or cycling passage on the sides of the bridge, but studies have shown that
the bridge design doesn’t have sufficient capacity for such an addition (NRK, 2025).

The second reason why demolition is planned is the state of the bridge and its reinforcement. In 2017,
studies have shown high concentrations of chloride in the concrete (Gundersen, 2017). Maintenance
for the reinforcement was needed and performed around the time of these chloride measurements.
This maintenance only extends the service life of the bridge by 20 years, so in 12 years, the bridge will
reach its service life and needs to be demolished. Due to the presence of the chloride, the reuse of
parts of the bridge might be difficult and costly. In Section 2.5 it is investigated whether parts might still
be useful for new purposes or whether the bridge should be downcycled for less critical uses.

The realisation of the new connection must consider various boundaries and conditions. This Program
of Requirements (PoR) lists these conditions in a structured manner, regarding structural, social and
sustainable demands.

* The construction should connect both islands;

» There can be almost no disconnection (less than one week), should always be reachable for
emergency services;

» The project has to be CO, neutral/low emissions;

» Connection should maintain sufficient vertical clearance, above and below the water surface;
» The design should be suitable for different modalities;

» The new service life should be at least 100 years;

» The new design should not have a negative impact on the skyline;

+ All elements should be assessed for reuse;

111
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+ It should be designed within the regulations of Handbgker Statens Vegvesen and NS-EN;
» The new connection should allow for future traffic intensity scenarios.

As can be seen in this list, the bridge will be designed for a service life of 100 years. The future
traffic intensity for this period in time needs to be estimated. Based on estimations and calculations,
it is expected that the current dimensions of the bridge are sufficient. Section 3.1 even shows that
increasing the population with 5,000, will not result in a bottleneck on the bridge. It is thus sufficient to
design a bridge with cycling lanes and a wider pedestrian crossing without adding an additional lane
for car traffic.

The next step is the selection of a suitable bridge type. In principle, a wide range of materials could be
used, but within the scope of this study the analysis is limited to concrete bridge solutions. Five design
concepts were initially explored, of which four proved feasible once the required span was taken into
account. An overview of these alternatives, including their advantages and limitations, is provided in
Section 3.1.

The decision for the type of bridge that will be designed is based on conversations with authorities
and preferences of local citizens. These conversations show that in Norway it is a common practice
to replace a structure with a similar type. For this reason, an arch bridge has been chosen, more
specifically a tied-arch bridge. The location of the bridge and its columns is shown in Figure C.1.

Figure C.1: Location bridge and columns.

The next step is to determine the global dimensions of the bridge. The span follows from the new
placement of the bridge and its supporting columns and is set at 90 metres. The vertical clearance
remains 17 metres, matching the existing situation. This is necessary to ensure that the same water
traffic can still pass underneath and because the surrounding road infrastructure is already designed
for this clearance. The overall width of the bridge is derived from its intended use and the requirements
set by the Norwegian design codes.

The expected traffic volume remains below 6,000 vehicles per day, which classifies the road as type
Hg1. This requires a minimum carriageway width of 7.5 metres, consisting of two 3-metre traffic lanes
and a 0.75-metre hard shoulder on each side. The dimensions of the pedestrian and cycling facilities
follow the existing plans for the island of Hessa. In these plans, the bicycle lanes are 1.5 metres wide,
while the sidewalks measure 2 metres on one side of the road and 2.5 metres on the other, as shown
in Figure C.2.
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Figure C.3: Width of bridge.

The bicycle lanes on the bridge will match the ones of the plans, the sidewalks will be as wide as the
smallest one from the plans. This brings the width of the bridge to 14.5 meters, excluding the width of
the arch.

C.2. Loads

Now that the basic dimensions have been defined, the next step is to determine the loads acting on
the structure. A distinction is made between permanent and variable loads:

* Permanent loads consist of the self-weight of the structural elements as well as superimposed
dead loads, including the road surface, parapets and safety barriers;

+ Variable loads include traffic loads, environmental effects (such as wind and temperature), and
temporary loads during construction.

In addition, accidental loads should be considered, such as the potential impact of a vessel collision.
However, this is out of the scope of this report.

Because these loads may occur under different conditions and with varying levels of uncertainty, partial
safety factors and combination factors are applied. The governing expressions for the Ultimate Limit
State (ULS) and Serviceability Limit State (SLS) situations are given in Equation C.1 and C.2.

ULS:
Ei=Y 76 Grj+ % P+701 Q1+ Y _ Yqi %0 Qr.i (C.1)

j=1 i>1
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SLS:
Eg = Z Grj+P+ Qi1+ Z Yo, Qk.i (C.2)

j=1 i>1

These formulas take various v and ¢ factors as input, as well as the design loads. First the design
loads are shown in Table C.1 with the derivation or explanation in the most right column. Note that
these values are given for the forces that will be applied on one arch. All forces are multiplied by the
relevant effective width. Only the non-self-evident loads will be elaborated below.

Table C.1: Characteristic Loads for Bridge Design.

Load Value Explanation

Permanent Loads [kN/m]

Self-weight deck 57.02 See Subsection C.2.1
Self-weight arch 12.02 See Subsection C.2.1
Superimposed dead loads trafficlane 9.38 Statens Vegvesen, 20252, § 5.2.2-2
Superimposed dead loads bicycle lane/sidewalk 9.00 Statens Vegvesen, 202523, § 5.2.2-1
Variable Loads [kN/m]
Traffic load LM1 27.45 Standards Norway, 2010, § 4.3.2
Tandem System LM1 2x 300 kN + 2x 200 kN Standards Norway, 2010, § 4.3.2
Traffic load Norwegian standard 67.14 Statens Vegvesen, 2014, Most critical of loads
Traffic load Norwegian standard 24.00 Statens Vegvesen, 2014, Most critical of loads
Snow 23.25 Standards Norway, 2018
Construction work 19.38 Conservative load of 2.5 kN/m?

C.2.1. Permanent
The permanent load is calculated by multiplying the density by the effective volume. In this case this
means 0.3 - 7.75 - 2,500 = 57.02 kN/m.

C.2.2. Traffic

There are two different approaches that need to be tested. The first one is Load Model 1 (LM1) defined
by the Eurocode. This places a uniformly distributed load on traffic lanes, with corresponding tandem
systems. These TS’s need to be placed in different positions throughout the system to identify the
determining load combination for different elements. This procedure is shown in Figure C.4.

Location Tandem system 7§ UDL system

Axle loads Q, (kN) q, (or g, ) (kN/m°)

Lane Number | 300

Lane Number 2 200

Lane Number 3 100
Other lanes 0
Remaining area (¢, ) 0

o

rofra frafro
alinfinfia

The details of Load Model | are illustrated in Figure 4.2a.
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(1) Lane Nr. 1 : Oy = 300 KN ; g4 =9 KN/m?
(2) Lane Nr. 2 : Oy =200 kN ; g5 = 2,5 KN/'m’
(3) Lane Nr. 3 : Oy = 10DKN ; g = 2,5 KN/m®

* For w; =3,00m

Figure C.4: Load Model 1 (Standards Norway, 2010).
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The second approach is the load model defined by Statens Vegvesen, 2014. The load is also distributed
over the bridgedeck area, with certain additional loading situations. These loading situations can be
seen in Figure C.5.

| Evenly distributed load s ol e
o N
> Evenly distributed load - o
N| ™M
\ \ L
[Te]
o

Figure C.5: Load placement (Statens Vegvesen, 2014).

The safety and combination factors differ per type of load and are stated in Table C.2.

Table C.2: ULS & SLS Partial Factors and Combination Factors for Bridge Design.

Load Type ~ (ULS/SLS) 4o 1 2 Reference
Permanent Loads
Self-weight 1.35/1.0 - - - Standards Norway, 2016
Superimposed dead loads 1.35/1.0 - - - Standards Norway, 2016
Variable Loads
Traffic / live load 1.35/1.0 0.7 0.7 0.2 Standards Norway, 2016
Snow 16/1.0 0.7 0.5 0.2 Standards Norway, 2018
Construction stage loads 1.5/1.0 1.0 0 1.0 Standards Norway, 2016

These load combinations will be applied in the longitudinal direction of the bridge. In this orientation,
the arch, the cables and the deck can be evaluated. The structural assessment will be carried out in
two steps: first through simplified hand calculations, and then through a finite element model.

C.3. Calculations by Hand

The first step in determining the dimensions of the bridge is to carry out a set of hand calculations.
These results will later be used to verify the numerical models and to check whether the outcomes fall
within the expected range. The input parameters are defined parametrically so that they match the
values used in the FEM models.

The quantities of interest are:

+ the support reactions;

+ the maximum tensile force in the deck (tie);

+ the maximum compressive force in the arch;

+ the maximum tensile force in the hangers;

+ the maximum bending moment in both the arch and the deck.
The arch geometry is defined by the following parabolic equation:

2

2(x) = 20 (1 - 2(”)“"25> (C.3)

The calculation starts with the support reactions. Since there are no external horizontal forces, the
horizontal reaction at the supports is zero. For the simplest symmetrical loading case, the vertical
reaction at each support is equal to half of the total vertical load.
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Next, the internal forces are evaluated. This is done by determining all internal forces for each of
the elements and simplifying the structure into a large truss system. This approach provides a good
indication of the correct order of magnitude, although a number of simplifications have been applied.
The complete calculation procedure is presented in Section G.3 in Appendix G.

The internal moments were based on a slight simplification. The tie-beam is assumed as an infinitely
long continuous beam with the following 'forget-me-nots’:

L2
Mat support — *(]1727
13 (C.4)
q
Min span — ﬂ

The parametric formulas are then filled in with the loads determined in Table C.1.

C.4. FEM analysis

The 2D DIANA model is constructed with the help of the DIANAIE function. Therefore, small changes
are easily adaptable. In this chapter, each property of the model will be given and all assumptions will
be explained in further depth.

Table C.3 shows the shape properties of the different shapes in the model. All shapes are modelled as
wires.

Table C.3: Shapes properties.

\ Element Class Material Geometry
Deck Class-Ill Beams 2D  Concrete  0.5mx 7.75 m (y,z)
Arch Class-lll Beams 2D  Concrete  1.2mx 0.7 m (y,z)
Cables | Regular Truss Steel 0.00785 m? (circular cross section)

The concrete is modelled after the Eurocode 2 EN1992-1-1 and includes a total strain crack model.
For the tensile behaviour, a linear-ultimate crack strain tensile curve is chosen with an ultimate strain
of 0.0015. The compressive behaviour is according to the compression curve in EN1992-1-1 and no
reduction model is used. The material properties that correspond to the concrete class C45/55 in DIANA
are listed in Table C.4.

Table C.4: Concrete properties.

Property | Value Unit
Young'’s modulus (E¢y) 3.62832.107  kN/m?
Poisson ratio (v.) 02 -
Thermal expansion coefficient (o) 1105 -
Density (p) 24 T/m3
Mean uniaxial tensile strength (fctm) 3,795.45 kN/m?
Mean compressive strength (fcm) 53,000 kN/m?

For the steel of the cables, a simple stress model is used with no compression as the stress dependency.
The Young’s modulus is 1.95-10% kN/m? and a Poisson ratio of 0.3.

A structural linear static analysis is performed with the loads listed in Table C.1.

C.5. Determining Dimensions

In the model, various load combinations were applied to determine the internal forces within the struc-
ture. These internal forces were then used to design and verify the dimensions of the main compo-
nents of the bridge. The detailed calculations from these analyses are presented in Section G.3 in
Appendix G. The following sections outline the key assumptions made during the analysis and provide
corresponding explanations.
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To begin, the dimensions that are evaluated include the arch, which has a thickness of 0.7 m and a
height of 1.2 m. The same dimensions are applied to the tie beam that connects the two arch bases.
In the calculations, each tie is designed to carry the forces corresponding to half the bridge width, while
in practice additional prestressing strands in the deck contribute to the total capacity.

For the arch, deck, and prestressing system, several load cases were analysed to assess the structure’s
resilience under various combinations. These analyses indicate both the structural performance under
different loading scenarios and the appropriate prestressing level to apply at each construction stage.

The first analysis focuses on the deck and prestressing system 28 days after casting, when the concrete
has reached its design strength. The maximum prestress is governed by the concrete’s compressive
capacity. For concrete class C45/55, the design compressive strength f.; is 30 MPa, and the maximum
permissible tensile stress is 1.77 MPa.

At this initial stage, when the deck has just been cast and no external loads are applied, the maximum
allowable prestress force is 25,200 kN to prevent concrete crushing. To ensure adequate compression
throughout the structure and to account for construction uncertainties, it was decided to apply 50% of
the final prestress at this stage.

In the next construction stage, when the self-weight of the arch induces a horizontal reaction at the
beam connection, a minimum prestress force is calculated. The analysis shows that the prestress
should exceed 1,116 kN to prevent tensile stresses under Serviceability Limit State (SLS) conditions.

The transportation phase is also assessed. During transport, no additional external loads are consid-
ered, but a safety margin is included to cover potential uncertainties. Prior to lifting, the final prestress
is applied to ensure that both Ultimate Limit State (ULS) and SLS conditions are satisfied.

Under ULS, the complete design is verified for all components. In the final configuration, using four
prestressing strands of 31x150 mm? within the tension tie results in a unity check value of 0.46, indi-
cating that the design has sufficient reserve capacity to accommodate neglected effects such as wind
and accidental loads.

The cables are assumed to have an effective area equivalent to a strand with a diameter of 100 mm.
At the ultimate limit state, the stress in the steel is 105 N/mm?, which is well below the yield strength of
any steel component. This suggests that the cross-section could be optimized further if the same force
distribution pattern is maintained.

The overall dimensions are summarized in Table C.5.

Table C.5: Typical Dimensions of Tied-Arch Bridge Elements.

Element | Dimensions [m]

Arch 1.2x0.7m

Tie beam 1.2x0.7m

Deck 0.3 m (containing longitudinal and crossbeams)
Cables Diameter of 0.1 m

Pre-stress 4 x 31 x 150 per tie beam

C.6. Joints and Bearing

The approach bridge is designed using a slightly more simplified approach than was used for the main
arch structure of the bridge. The tandem axle loads from LM1 were, for example, neglected in the
design, since the most critical situation has the TS on the deck of the arch. The structure needs two
approach bridges. On the East side of the bridge, on Aspgya, the approach bridge is required to
span 45 m and to overcome a vertical height difference of 2 m between the two ends. It connects
the existing road to the arch structure. On the west side of the bridge, on Hessa, the structure should
span 90 meters to connect the arch structure to the road on the island. It also needs to overcome the
height difference, and it should incorporate a curve, as can be seen in Figure C.6. The total elevation
difference to be overcome by the approach is 11 metres. The elevation change along the trajectory of
the bridge can be seen in Figure C.7.
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Figure C.7: Height profile of ground (Statistik Sentralbrya, n.d.).

Both approach bridges have a dilation joint at one side. The one on Hessa has the joint at the connection
between the abutment (land) and the approach bridge. The other dilation joint is placed between the
arch structure and the approach bridge toward Aspgya. This is visualised in Figure C.8. The dilation
joints are chosen based on the expected expansion of the bridge deck. The formula for this expansion
is:

ALotal = AL + ALy + ALs + ALc (C5)

where:

* ALz = thermal movement (temperature effects) [mm];

* ALj); = mechanical movement (imposed loads, settlements, etc.) [mm];

* ALg = shrinkage movement (concrete drying shrinkage) [mm];

* AL¢ = creep movement (time-dependent deformation under sustained stress) [mm].

In this report, only the thermal movement and the movement due to creep will be considered. It is
assumed that the movement to shrinkage is dealt with during the casting process. The movement due
to creep will be estimated based on a rule of thumb.

The thermal movement is based on the length, alpha, and temperature differences. The temperature
difference in this case is 50 degrees, assuming that the temperature in Norway varies between +30
°C and -20 °C, and the thermal coefficient alpha is 10~° (Table C.4). The dilation joint on Hessa
has to accommodate the movement of 130 meters of the bridge and the one on the side of the arch
structure has to accommodate the movement of 90 meters. It is assumed that the deck will shorten
0.4% due to creep. Table C.6 shows the movement per dilation joint and the total movement both have
to accommodate.
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Table C.6: Movements.

Movement | Joint Hessa [m]  Joint arch structure [m]

Thermal 0.065 0.045
Creep 0.520 0.360
Total \ 0.585 0.405

These results mean that modular expansion joints need to be used since the movements are larger
than 250 mm.

The new trajectory of the bridge allows for multiple columns to be placed under this structure, reducing
the span of the bridge elements. On Aspgya, four sets of columns will be placed and on Hessa nine and
the end of both approach bridges will rest on an abutment, bringing the span of each bridge element
to 10 meters. This allows the bridge to be made using slab decks, just like in the arch structure. The
height of the deck is 0.3 meters and the loads on the deck are the same as on the arch structure, except
for the tandem axle loads.

In Table C.7 and C.8, the reaction forces on the columns and the abutments are listed for both approach
bridges. The values correspond to the forces that will work on a single column, on the abutments, the
double of the force in the table will work.

Table C.7: Values approach bridge Aspgya.

Column | Force [kN]
Abutment 710.3
Column 1 2,066.4
Column 2 1,679.0
Column 3 2,066.4
Column with arch 710.3

Table C.8: Values approach bridge Hessa.

Column with arch | Force [kN]

Abutment 713.0
Column 1 2,050.3
Column 2 1,743.3
Column 3 1,825.2
Column 4 1,804.7
Column 5 1,804.7
Column 6 1,825.2
Column 7 1,742.3
Column 8 2,050.3
Abutment 713.0

The support reaction from the arch structure is equal to 10,658.9 kN. The type of bearing that will be
used in this case is a pot bearing. For the other supports, elastomeric bearings can be used since the
highest load here is 2,066.4 kN. The dimensions of the bearings will be found using NEN-EN 1337.
The Dutch code was used due to the unavailability of the Norwegian annex of the Eurocode. Pot
bearings can carry loads up to 40 MPa (Y. Yang, 2025). The minimal area of the rubber then becomes
266,473 mm?, which is used to find the required diameter. This can be rounded to 600 mm (European
Committee for Standardization, 2004b), bringing the stress to 37.7 MPa. Four pot bearings will be used
in the structure: two on each side of the arch structure. Where the dilation joint is placed, the bearing
should be able to move, whilst on the other side one of the bearings should be pinned in all directions.
Where the dilation joints will be placed and how each of the bearing can move is shown in Figure C.8.
The pot bearing can be made to move in any wanted direction by adding a teflon sheet between the
top of the pot and the bottom of the steel plate connected to the deck. Movement in a direction can be
locked by adding a steel pin.
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Figure C.8: Location of dilation joints and movement of bearings.

Reinforced elastomeric bearings can carry loads up to 15 MPa. All bearings in the structure will be the
same and thus designed for a load of 2,066.4 kN. This brings the required area to 137760 mm?2. The
dimension from the table 3 "Standard sizes for bearings type B” in the code that meets this requirement
is a pad of 300 mm by 500 mm (European Committee for Standardization, 2004b), bringing the stress
to 13.8 MPa. The elastomeric bearings can also be adjusted such that they are free to move in the
required directions by adding steel pins.

Bearings help transfer the loads from the main structure to the substructure, which is the following step
in the design. The substructure consists of columns and abutments. In this design, three different types
will be present: the abutments at the ends of the approach bridges, the columns under the approach
bridges and the columns on the edges of the arch structure.

The columns at the sides of the arch structure will carry the largest load. The bearing transfers two
loads of 10,658.9 kN and two loads of 713 kN. The column is 800 mm wide and 1,300 mm long. The
dimension of the column has to do with the dimensions of the bearings. The column should be at
least 600 mm wide to accommodate the pot bearing and 900 mm long so both bearings can be placed.
Spacing is needed on the outside of the bearings as well as in between, which brings the cross section
to 800 x 1300 mm. It has to be checked whether this cross-section is sufficient for the compression
that is imposed upon it. The minimum required cross-section for the column is equal to:

N, 11,371.9 kN
Ac,min = d = ’ 5 = 0.253 H12 (C6)
Jea 30,000 kN /m

The cross section of the column is thus large enough, since its cross section is equal to 1.04 m2. As
can be observed, the column is larger than needed to sustain the load from the structure. The choice is
made to keep the cross section of the column larger than needed since some loads were not considered
in the design and might have an impact on the column. An example of this is the wind load, which can
cause large moments in the column.

The minimal longitudinal reinforcement needed in the column is determined by the Eurocode through
the formula (European Committee for Standardization, 2004a):

0.10- Ngq

- (C.7)

As,min =

This brings the minimal required longitudinal reinforcement to 2,614.23 mm?. The chosen diameter is
12 mm and in total 26 rebars are placed in the cross-section of the column. On the short side of the
column, seven rebars are placed, spaced at 100 mm from heart to heart and a cover of 94 mm. On the
long side of the column, the heart-to-heart distance is 150 mm and the cover 119 mm. The total amount
of longitudinal reinforcement in the cross section is now equal to 2,940.6 mm?2. Figure C.9 shows the
layout of the reinforcement.
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Figure C.9: Cross-section columns with reinforcement.

The transversal reinforcement also needs to be determined according to EN1992-1-1 (European Com-
mittee for Standardization, 2004a). The diameter should be larger than 6 mm and the spacing has a
maximum of 160 mm. This is what will be used in this design. The horizontal loads are out of the scope
of this report, therefore the columns can not be designed according to the shear force. For now it is
assumed that this transversal reinforcement would be sufficient. In real life however, this should be
calculated on shear and designed accordingly.

The columns under the approach bridges will have the same dimensions on both side of the bridge
even though the loads are slightly different. This simplifies the production process and creates a more
aesthetically pleasing view. The load that the columns must sustain is 2066.4 kN. With the concrete
class C45/55, the minimum area should be 0.069 m2. This is smaller than the cross section of the
bearing, which is 0.15 m2. With 100 mm on each side of the bearing, the cross section of the column
becomes 0.35 m?. The minimum longitudinal reinforcement is calculated according to Equation C.7
475.03 mm?2. Six rebars are placed in the cross section with a diameter of 12 mm. On the long side
of the column there is a cover of 94 mm and a heart-to-heart spacing of 250 mm. On the short side
of the column, the cover is the same but the heart-to-heart spacing between the rebars is 300 mm.
This brings the total longitudinal reinforcement to 678.58 mm?2. Figure C.9 shows the layout of the
longitudinal reinforcement. Just as with the columns on the side of the arch structure, the maximum
spacing is 160 mm and the diameter that is used is 6 mm.

The abutment on the ends of the approach bridges should withstand a vertical force of 1,426 kN on
Hessa and 1,402.6 kN on Aspgya. The type of soil at these locations is gneiss (Norges Geologiske
Undersokelse, n.d.). This is also the material that will be used in the abutments. This choice is made
since it seems as if the abutments that are currently present are made out of gneiss and it is an easily
acquirable material. The material has a unit weight between 2,590 kg/m?® and 2,840 kg/m3, in the
calculations, 2,700 kg/m? will be used. The abutment has to be checked on tipping. For this calculation,
a different force is used that the 1,426 kN and 1,402.6 kN. For the tipping calculation, only the self-weight
of the bridge is considered. This brings the force on the bridge to 920.7 kN. The forces working on the
abutment can be seen in Figure C.10.
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Figure C.10: Forces on abutment Aspgya.
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The earth pressure is calculated using the formula (Editor Engineeringtoolbox, 2025):
F=05-K-v-h*=0.5-0.832-27-21% = 4,953.3 kN /m’ (C.8)

With K = ﬁ and p is the Poisson’s ratio, which is 0.454 (Ji et al., 2009).

The moment that the self-weight and the force on the abutment should withstand then becomes:

21
4953.5 - 3= 34,674.5 kNm/m’

The needed width of the abutment is determined by taking the moment around the lower left point of
the abutment. This gives:

920.7~%+21~27-w-%234,674.5:>w29.891m

This is however way too wide for the surroundings, so an anchor should be placed. The capacity of the
anchor is estimated by a simplified calculation. The minimum width of the abutment can be determined
by the following formula where the width of the abutment is assumed to be 2 meters and the anchor is
placed at 14 meters height:

2 2
9207 +21-27-2- 5 + Fa 14> 34,6745 = Fa > 2,320.9 kN

For the abutment on Hessa, the load is 1,426 kN and only the self weight is equal to 924.16 kN. On
Hessa, the abutment has a triangular shape unlike the wall-like rectangular shape on Aspgya. This
shape is needed since both the land and the bridge deck are under an inclination at this location.
Since these angles are not precisely known, too much assumptions would have to be made to check
this abutment, making the results very unreliable. It is therefore considered outside the scope of this
project. In Figure C.11, a side view of the abutment is drawn. The same type of calculations should be
made so that tipping of the abutment is prevented.

Figure C.11: Forces on abutment Hessa.

Both abutments should also be checked on crushing. The compressive strength of gneiss is 160 MPa
(L. Yang et al., 2023). On Aspgaya, the abutment is at least 15.5 meters wide, bringing the minimum
required width to 0.57 mm, so the structure is more than safe for crushing. On Hessa this will also be
the case.

Finally, the foundation should be designed. Since the soil in the surrounding area consists of gneiss, itis
assumed that a spread foundation will be sufficient enough (European Committee for Standardization,
2004b). This has to be reinforced accordingly and will be anchored into the ground. The foundations
have to withstand the load from the columns, which is the sum of the loads on the columns and the
self-weight of the columns. With a bridge height of 17 meters, the highest loads that the foundations
should be able to carry are:

0.8-1.3-17-25+ 713+ 10,659.9 = 11,814.9 kN
0.5-0.7-17-25+2,066.4 = 2,215.15 kN
The design of the foundation blocks and the anchorage is outside of the scope of this report. It should
both be dimensioned to withstand the horizontal forces that occur due to the wind and acceleration and

braking forces on the deck of the bridge. All of these forces have been neglected in this report and
therefore only a suggestion for the kind of foundation is given.
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C.7. Logistics

In order to construct the new bridge, intensive and accurate planning is required to make sure that
each phase can be completed smoothly. So, before any of the construction can start, the surrounding
area must be cleared for construction. This means that (a part of) the building on the east side should
be demolished, the clearance on both sides of the water should be created and the locations of the
foundation have to be prepared. [1]

The foundation needs to be built for the main piers for the superstructure and for the smaller piers
and abutments of the approach bridges. The piers themselves can be cast in situ, since this does not
disrupt any travel flow and needs to be hardened enough before the superstructure can be placed on
top. This means that these elements will probably be cast early to allow full hardening. [2]

Then, a suitable location needs to be found near the new location of the bridge. This will most probably
be at one of the harbour areas between Hessa and the city centre. There are a few locations, depending
on the future use of the sites, where the construction could be built. At this location, a controlled
environment can be created to ensure high quality-management. In Figure C.12, a possible location
is scouted. [3] In a future scenario where this space will be used for other purposes, one of the other
adjacent open harbour areas in the south might be used.

Most of the materials can be transported over the water due to the surrounding harbour areas. When
not directly used it can be stored in one of the many port areas at the north side of the island. The
concrete can be used from (Ultstein Betong Industri, n.d.) and the reinforcement can be used from
(Norkstaal, n.d.). These companies have local branches that are easily reachable by water and road.

[4]

When the right materials have all arrived, first of all the scaffolding should be built for the bridge deck
and provide a safe working space. On top of this scaffolding of the two arches will be constructed.
Inside the large amount of reinforcement should be tied and accurately placed within the scaffolding.
The connecting elements for the cables should also be put into place for the connection between the
arch and the deck.

The scaffolding will conform to the design of the deck, containing the grid pattern for the beams in both
directions. Lateral and longitudinal reinforcements need to be tied together, the prestress ducts need
to be set in place for both directions and the connections to the cables need to be put in place for
later. The deck will be constructed with prestressing ducts in both directions to create compression in
the deck and prevent it from buckling out of plane. After 28 days, when the concrete has achieved its
desired compressive strength, part of the prestress will be applied. The process should be monitored
accurately since it should be done in a symmetrical order to prevent undesired stresses. These values
are only tested for the longitudinal direction, since that is the deciding direction.

After the deck has been stressed for half of the final load, the arches will be cast. Since they are
cast upright, there is no need for extra dimensioning for rotations in the transportation process. The
scaffolding will be used to support the arch before it reaches its design strength. It also contains
the anchors for the transversal beams between the two arches. The casting will take place in phases,
starting symmetrically on both sides of the arches. This measure prevents unwanted unbalanced loads
and the zones that will endure the highest loads, will reach the necessary strength in time.

Once the arch is hardened enough, the additional post-tensioning can start. Starting with the longitudi-
nal tendons in a symmetrical order and incrementally. This will continue until the desired compression
is achieved and the tendons will be anchored at both ends of the deck. This procedure is repeated for all
tendons. Afterwards the transverse prestressing will follow. These tendons are smaller and will cause
a stiffer deck and limit the cracks. Finally, the concrete transversal beams can also be cast and this will
follow the same procedure of formwork, reinforcement, casting and removing scaffolding. To ensure
long-term durability, the prestressing ducts will be injected with grout. This protects the prestress from
corrosion and enhances the structural integrity of the bridge.

Now that all the concrete elements are in place, it is time to connect the arch with the deck through the
cables. These cables are going to be installed symmetrically, starting with the inward-leaning cables,
from the outside to the inside. In this way, the load will be spread in the most desired manner. These
cables are tensioned afterwards to perform the best when all the long-term effects are considered. After
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these cables are all in place, the scaffolding between the arches and under the deck can be completely
removed. When this has taken place, the final prestressing can be applied.

In the meantime, the bearings have been installed on the piers and abutments. The approach bridge
can be cast in situ on those bearings. These approach bridges are simple slab elements with the
same dimensions as the main deck, but contain less pre-stress. These approach bridges already
have anchor plates or the right connection for the expansion joint that will eventually be placed there.
Since the approach bridges are already installed, it will be easier to assist the placement of the arch
construction.

Eventually, when the cables are installed, the deck is ready for transport. The structure will be pushed
in the length direction onto a pontoon that is on the side of the harbour. This has to be done accurately
and slowly using teflon sheets and a good anchorage of the pontoon. Once the pontoon completely
supports the arch, it will be escorted to the right position in the water. The structure will be lifted
incrementally and carefully placed on top of the piers. This method is based on the method used at the
Portal North Bridge in New Jersey (NJ Transit, 2025). [5]

After placing everything securely in place, the finishing elements will be added. The roads on both sides
will be connected, the asphalt and protective layers will be applied, the parapets and railing will be set
in place and eventually the traffic will be redirected onto the new bridge. Eventually the old bridge can
be demolished and down-cycled for a new purpose.
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Figure C.12: Logistical map.

C.8. Discussion

Due to the limited time available for this project, several aspects of the tied-arch bridge design have
not been fully developed or verified. The most significant limitations and exclusions are summarized
below.

First, there was considerable freedom in determining the design direction. Although an initial meeting
with the county was held regarding the replacement of the existing bridge, no specific design pref-
erences or requirements were provided during the subsequent phases. As a result, it is uncertain
whether the proposed design aligns with future planning objectives, local development strategies, or
other influencing factors that may affect the final implementation.

Furthermore, the effects of accidental and wind loads have been neglected in the current analysis.
These actions were not taken into consideration to simplify the design process, but they are critical for
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a complete structural assessment. In a detailed design phase, the bridge must be verified for stability
and safety under such load cases, including wind-induced vibrations, collision impacts, and potential
fatigue effects.

A finite element model (FEM) was developed to evaluate the structural performance. However, due to
modelling complications and time constraints, the model was simplified. The subsequent calculations
were therefore performed using simplified, constant cross-sections. In reality, the geometry of the arch
and tie members would vary along their length, which would significantly influence stiffness distribution,
internal force flow, and dynamic response. A refined FEM with variable cross-sections would provide
more accurate insight into the overall structural behaviour.

Overall, this design can be used as a guideline for the future connection, however a lot of details need
to be checked.
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Tratfic Estimation Aspgya-Hessa

This appendix documents the calculation behind the two directional traffic intensities on the Steinvag
bridge that are reported in Section 3.2. Two complementary estimation methods are applied: (1) using
the population and employment, and (2) extrapolation from historical traffic counts. These methods
require many assumptions, therefore the outcomes needs to be checked once the OmniTRANS model
is finalised. In both methods, the traffic intensity for the evening peak (15:00-17:00) is estimated.

E.1. Method 1 - Population-Employment approach

This method assumes that evening-peak traffic mainly consists of commuting trips. The calculation
relies on demographic and behavioural assumptions regarding the share of employed residents, work
locations, departure patterns, and the modal split in Alesund. The resulting steps and outcomes are
summarised below:

» Hessa has 3852 inhabitants (Statistisk Sentralbyra, 2025¢);

* It is assumed that all people aged 20-70 years old are employee. This is 64% of the population
(Statistisk Sentralbyra, 2025c), corresponding to 2,465 employed residents;

» Hessa is mostly residential area, 80% of the employed residents (approx. 1,972 people) are
assumed to work outside Hessa and thus return home via the bridge;

* 50% of these commuters (approx. 986 people) are assumed to travel during the 15:00-17:00
period, reflecting Norwegian working culture where employees can leave work flexibly after 15:00;

+ The current model split (see Figure A.5) of Alesund is used; 71% car driver, 7% car passenger,
6% public transport, 14% bicycle, and 2% pedestrian.

Based on these values, the estimated one-directional traffic load towards Hessa during the evening
peak is equal to: 700 cars, 59 public transport users, 20 cyclists, and 138 pedestrians.

On the island of Hessa itself, there are 791 jobs (Statistisk Sentralbyra, 2025¢e). Following the previ-
ous calculations and assumptions, 298 employees work on Hessa but live elsewhere (791 — (2,465 —
1,972) = 298). Applying the same modal split and the same 50% evening-peak assumption gives the
estimated flow towards Aspaya during the same period: 106 cars, 9 public transport users, 3 cyclists,
and 21 pedestrians.

E.2. Method 2 - Extrapolation from historical traffic counts

A traffic counter near the Steinvag bridge (Stenvagsund) was active between March 2022 and Septem-
ber 2024 (period A) but is currently out of service (Statens Vegvesen, 2025b). To estimate recent trends,
data from the nearby Skutvika counting point (see Figure A.12) from period A and between January
and September 2025 (period B) were used, see Table E.1. The percentage change in total daily traffic
between these two periods (calculated per weekday and per direction) was applied to the historical
Stenvagsund weekday data.
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Table E.1: Average number of vehicles per counting point and period.

Average number of vehicles | Average number of vehicles Average number of vehicles at Skutvika in
at Stenvagsund in period A at Skutvika in period A period B
— Aspgya — Hessa — Aspgya — Hessa — Aspgya % — Hessa %
Mo 3,861.1 3,873.2 5,140.4 5,020.8 5,165.0 +0.5 5,035.6 +0.3
Tu 3,994.1 3,989.8 5,277 1 5,166.1 5,327.0 +0.9 5,180.6 +0.3
We 4,009.8 4,005.8 5,243.2 5,138.5 5,309.1 +1.3 5,133.1 -0.1
Th 3,959.2 3,960.8 5,197.3 5,103.9 5,115.7 -1.6 4,989.6 -2.2
Fr 3,875.3 3,940.9 5,211.2 5,183.8 5,222.3 +0.2 5,165.4 -0.4

The average number of vehicles at Stenvagsund during period A was extrapolated using the observed
growth in average vehicle counts at Skutvika between periods A and B. This yields the estimated
average number of vehicles at Stenvagsund for period B (see Table E.2).

The share of vehicles travelling during the evening peak was derived from the hourly distribution at
Skutvika. Between 15:00 and 16:00, 8.5% of daily traffic occurs towards Hessa, and 6.9% between
16:00 and 17:00, giving a combined evening-peak share of 15.4%. In the opposite direction (towards
Aspeya), 9.1% and 9.2% of daily traffic occur during these hours, respectively. These percentages were
applied to the extrapolated average daily totals at Stenvagsund to obtain the estimated evening-peak
traffic volumes, as presented in Table E.2.

Table E.2: Average number of vehicles per counting point and period.

Average number of vehicles at Average number of vehicles at
Stenvagsund in period B Stenvéagsund in peak-hour

— Aspgya — Hessa — Aspgya — Hessa

Mo 3,879.5 3,884.6 710.0 598.9

Tu 4,031.9 4,001.0 737.9 616.8

We 4,060.1 4,001.6 743.0 616.9

Th 3,897.0 3,872.2 713.2 596.9

Fr 3,883.5 3,926.9 710.7 605.4

Average | 3,950.4 3,937.3 | 723.0 607.0

E.3. Conclusion

The first method estimates 700 passenger cars crossing the bridge towards Hessa during the evening
peak, while the second method yields an average of 606 cars on weekdays (Monday—Friday). These
values are relatively consistent, supporting the reliability of the estimation. In the opposite direction,
however, the results diverge more strongly: 106 cars according to Method 1 versus 723 according to
Method 2. Since the first method only accounts for commuter traffic, the higher estimate from Method
2 likely reflects additional trip purposes such as leisure, cultural activities, or social visits.

For the current situation, the results from Method 2 are used, as real traffic counts are considered more
accurate and capture all trip motives.



Stakeholder Analysis

As the project area mainly focuses the central area of Alesund, various stakeholder groups in and
around the city centre are directly or indirectly affected by the proposed interventions. Stakeholders are
evaluated using two key parameters. The first is power, representing the degree of influence a stake-
holder can exert over the project or its outcomes. The second is interest, reflecting how strongly the
project affects or concerns the stakeholder. Together, these dimensions provide a structured framework
for understanding the role and involvement of each actor, as visualised in the power-interest diagram
in Figure F.1.
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Figure F.1: Power-interest diagram.

1. Alesund Kommune

Alesund Kommune is the main client and leading authority for this project, as it holds responsibility for
all developments within the municipality. The organisation consists of multiple departments, each with
its own perspective and priorities. The municipality’s best interest is to make Alesund more sustainable,
accessible, and future-proof.

Key municipal goals include maintaining reliable accessibility between the islands, ensuring the struc-
tural condition of key bridges, and increasing public transport use to reduce congestion and emissions.
Furthermore, the municipality aims to revitalise the Sarsida area, where many buildings are currently
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unoccupied. Repurposing these spaces aligns with Alesund’s sustainability objectives and contributes
to creating a more 'vibrant urban atmosphere’ (Re-Value, 2025).

Given its frontrunner position, Alesund Kommune is expected to lead the overall process. Both its
power and interest in the project are high, as it issues permits, allocates funding, and ensures that all
project outcomes align with municipal policy goals.

2. NTNU i Alesund

The Norwegian University of Science and Technology (NTNU) has multiple campuses all over Norway,
one of which is located in Alesund. This campus hosts around 000 students living both in the city centre
and in nearby residential areas (NTNU, 2025).

NTNU plays an active role in the city’s (sustainable) transformation through its involvement in the Re-
Value project, which focuses on achieving climate-neutral cities while paying close attention to urban
development (Re-Value, n.d.). Through this collaboration, the university contributes academic exper-
tise to practical urban challenges, linking education, research, and real-world implementation.

NTNU’s main interest lies in applying its knowledge to support sustainable development in Alesund and
strengthening its position as a university engaged in real-world innovation. Its power primarily stems
from its partnership in the Re-Value project, where strategic decisions are made regarding the future
of Alesund’s city centre. The university therefore holds a moderate level of power but a high level of
interest.

3. Norwegian Government

The Norwegian government’s main interest in this project lies in its contribution to national climate
and sustainability goals. Norway has signed the Paris Agreement and aims to reduce greenhouse
gas emissions by at least 50% by 2030 compared to 1990 levels (Norwegian Ministry of Climate and
Environment, 2022; Regjeringen.no, 2025). Measures such as the reuse of (materials of) existing
buildings and materials, as well as encouraging a modal shift from private cars to more sustainable
modes of transport, directly support these national objectives.

The government’s power is moderate, as most planning and implementation decisions are made at the
municipal or county level. lts interest in this specific project is relatively low, given the local scale of
Alesund compared to national priorities.

4. Sgrsida Utvikling AS

Searsida Utvikling AS was established in 2019 as the development company responsible for managing
the transformation of Alesund’s southern waterfront (Alesund Kommune, n.d.). The company is part
of Alesund Kommune and coordinates both the strategic planning and day-to-day management of the
area. Its primary objective is to turn Sgrsida into a showcase for sustainable urban development, com-
bining economic growth, environmental responsibility, and new housing opportunities. The project will
provide approximately 13,000 m? of new development area and improve public access to the waterfront
(Alesund Kommune, 2025b).

The company’s main interest lies in shaping Sarsida into a vibrant and attractive part of the city while
ensuring that the development aligns with Alesund’s long-term sustainability goals and public needs.
Temporary interventions in the area must therefore be designed to complement, rather than conflict
with, the future development vision. As both a facilitator of private investment and a representative
of municipal ambitions, Sgrsida Utvikling AS holds high power and high interest in the project. Its
decisions will play a decisive role in shaping how the southern waterfront contributes to Alesund’s
resilience, liveability, and reputation as a forward-looking city.

5. Cruise Lines

Several international cruise lines make short stops at Alesund harbour, with ships arriving and departing
on a daily basis. An important factor influencing the main source of income for cruise lines is the
possibility of visiting multiple coastal cities.

The power of the cruise lines is relatively low, as they do not have a direct contract with the municipality
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that gives them the right to visit the harbour. However, since Alesund’s local economy partly depends
on tourism revenue generated by cruise visitors, the municipality seeks to maintain good relations with
these companies, which gives them a limited degree of indirect power. Their interest in this project is
low, as it does not directly affect cruise operations or port access.

6. Current residents of Alesund

Alesund has a population of approximately 4000 residents spread across about 29 km? (Stokkan et al.,
2025). It used to be one of the most densely populated areas in Norway and still has a high population
density. The city has been developed with a strong car-oriented layout. As a result, public transport,
cycling, and walking are used less frequently than private vehicles.

Residents generally want Alesund to remain a liveable and vibrant city, offering a variety of activities
and services, while still providing a quiet and comfortable living environment. They value accessibility
and short travel times, and therefore expect an urban structure that limits congestion and supports
efficient mobility.

Citizens can share their input and opinion on the development of Sgrsida through the Re-Value project’s
surveys and workshops (Amundsen et al., 2024). These activities are intended to result in at least
one concrete measure based on public input. Although final decisions rest with Alesund Kommune
and Sgrsida Utvikling AS, residents also influence local policy indirectly through municipal elections.
Overall, residents have moderate power but high interest, as the project’s outcomes will directly affect
their daily lives and the quality of their urban environment.

7. Future residents of Alesund

The new plans include additional housing opportunities, making it essential to consider the demographic
profile and facility needs of Alesund’s future residents. Depending on the municipality’s priorities, these
new neighbourhoods could attract different target groups, ranging from students to elderly residents.
Each of these groups has distinct needs in terms of housing type, accessibility, and the design of public
spaces. A cautionary example can be found in the Bijlmer district in Amsterdam (Humanity in Action,
2019), which was initially planned as an inclusive and forward-looking urban area but later became the
Netherlands’ first and only so-called ghetto.

Future residents have a high interest in the project, as it directly concerns their potential living envi-
ronment. However, their individual influence is low, since they are not yet represented in the current
decision-making processes.

8. Tourists

Alesund is a very popular tourist destination in Norway, attracting approximately 70,000 visitors per
year, making it the busiest port city in the country (Nikel, 2025). Tourism plays an important role in
Alesund’s local economy.

The planned development of new cultural hotspots and public spaces along the waterfront is expected
to further enhance Alesund’s appeal, creating a more vibrant and accessible environment for visitors.
However, tourists have a low level of interest in the project itself, as they already perceive the city
positively. Their influence is likewise low, though maintaining a welcoming and attractive cityscape
indirectly benefits this group.

9. Environmental organisations

Sustainability is a central theme within urban development, and environmental organisations play an
important role in ensuring that projects align with national and international climate goals. These groups
advocate for low-emission or carbon-neutral construction, the preservation of natural areas, and the
promotion of sustainable mobility. If environmental standards are not met, such organisations can raise
public awareness or initiate actions that delay or even halt construction.

Given that this project directly contributes to Alesund’s sustainability objectives, environmental organ-
isations have a high interest in its progress and outcomes. Their power is moderate, as they can
influence public opinion and policy decisions, even though they are not directly involved in the imple-
mentation process.
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10. FRAM

FRAM is responsible for the public transport in the county of Mgre og Romsdal, which includes Alesund
(FRAM, n.d.). FRAM organises the planning and operating of regional bus and ferry services and plays
a key role in achieving the municipality’s transport-related goals. To encourage a shift from private car
use to public transport, service improvements will depend on FRAM’s ability and willingness to expand
and adapt its network, even if such measures are not immediately financially profitable.

FRAM'’s interest in the broader urban development project is limited, as its main focus lies in transport
operations. However, its power is moderate to high, since the municipality’s ambitions for sustainable
mobility and reduced congestion can only be realised through FRAM'’s active participation and collab-
oration.

11. Port Authorities

The Alesundregionens Havnevesen, the port authority responsible for the Alesund region, manages
the city’s port infrastructure. The harbour serves multiple functions, including cargo shipping, fisheries,
passenger transport, and cruise operations (Alesundregionens Havnevesen, n.d.).

With the redevelopment of the city’s southern waterfront (Sgrsida), some of the port industrial activities
will be relocated to other locations, while cruise operations will continue to use the existing facilities. This
relocation process makes the Port Authority a important stakeholder with high power, as its approval
and operational planning are essential for ensuring that port functions remain efficient and compatible
with the new urban development.

12. Road Authorities

The Norwegian Public Roads Administration (Statens Vegvesen) is responsible for managing the E136
highway, which runs through Alesund (Statens Vegvesen, n.d.). Any proposed modification to this
road must receive their approval, giving the agency significant decision-making power. In addition to
ownership, Statens Vegvesen is also responsible for ensuring traffic safety, meaning that it will only
approve changes if they meet the required safety and design standards.

Their interest in the project is moderate, as their primary concern lies with the national road network
rather than the broader local redevelopment plans. However, their cooperation is essential for any
infrastructure changes involving the E136 corridor.

13. Local businesses

The transformation of Alesund’s city centre offers new opportunities for local economic development.
Reusing existing, underutilised buildings can attract new businesses and allow existing enterprises to
expand within a revitalised urban environment.

Local businesses have a moderate interest in the project’s outcomes, as these will directly influence
customer access and business visibility. However, their power is limited, since they depend on deci-
sions made by the municipality and development agencies.

14. Various cultural actors

The redevelopment of Sgrsida offers opportunities for the reuse of existing buildings, which could bene-
fit cultural organisations and artists. Empty or underutilised buildings could be transformed into creative
spaces for art production, exhibitions, and events. An example of a key cultural actor already located in
the area is Terminalen Byscene, a venue for concerts and cultural gatherings situated near the cruise
docks (Amundsen et al., 2024). The building it occupies does not currently meet modern structural
standards, so future redevelopment plans must take its relocation or renovation into account.

Cultural actors have a moderate interest in the reuse and development of the area. However, their
power is limited, as they generally depend on municipal funding and decisions made by development
companies.
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15. Mgre og Romsdal County Authority

The Mgre og Romsdal County Authority is responsible for regional governance, overseeing various
departments including infrastructure, education, and transport (Mgre og Romsdal fylkeskommune, n.d.).
Any significant change to Alesund’s roads or public buildings must be approved by the county council.

Its power is moderate to high, given its authority to approve infrastructure investments and its ownership
of regional transport assets. The interest of the county is also high, as the project aligns with regional
goals for sustainable mobility, accessibility, and economic development.

16. The fishing industry

Alesund has a long-standing history as one of Norway’s most flourishing fishing cities, gaining its rep-
utation in the 19th century before much of the city was destroyed in the fire of 1904 (Adventures.com,
n.d.). Although the industry never regained its former scale, fisheries and related businesses remain
an important part of Alesund’s identity and local economy.

Today, many residents still depend on the fishing industry. Their interest in the project is moderate, as
redevelopment could influence access to the harbour. Their power, however, is low, as they hold limited
formal influence over urban planning processes but may still affect public opinion if their interests are
overlooked.
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Code of all Analyses

This appendix includes all the code that is used for the different analyses.

G.1. Codes of OmniTRANS Model

Code G.1: Trip generation.

tripEnds.combinations = [[11, 511]]
# Generate dimension P11 for production and dimension A511 for attraction, results are stored in these
dimensions

tripEnds.time = 10

# time 10 indicates the evening peak

tripEnds.functionSpec = ["(1.0*non_island+1.5*%island)*0.447#jobs+0.026*residents",
"0.230*residents+(1.0*non_island_non_centre+0.15*island+1.3*centre)*
(0.0015*sports_area+0.001*xculture_area)"]

tripEnds.balance = ATTRACTIONS

tripEnds.execute

Code G.2: Skim matrices for car, bike and walk.

# mode 10, 20 and 40 are car, cycling and walking

[10, 20, 40].each do |ml
sk = O0tTraffic.new
sk.network = [m, 10]
# [mode, time]
sk.skimMatrix = [1, m, 10, 1, [0, O, 13], 1]
# [purpose, mode, time, user, [results], iterationl]
# results are only stored for travel time, in dimension 13
sk.skimFactors = [0, 0, 1]
# no additional factor over the travel time
sk.execute

# intrazonal travel time is set to half of the travel time to the closest neighbour.

sc = 0tSkimCube.open
mat = sc[1, m, 10, 1, 13, 1]
ok = mat.fillIntra(1l)

# intrazonal travel time for zone 10 (external zone) is set to 99999.
mat[10, 10] = 99999
sc[1, m, 10, 1, 13, 1] = mat

end

Code G.3: Skim matrix public transport.

makeSkim = OtTransit.new

makeSkim.network = [30, 10]

# [mode, time], mode 30 is the bus

makeSkim.modes = [[40, 40]]

# use as access and egress mode 40, walking

makeSkim.routeFactors=[[0, 0.0, 1.0, 1.2, 10.0, 0.0]]

# in computing generalised costs, 1 min of waiting time is considered as 1.2 min in-vehicle time.

# a transfer is considered as 10 minutes in-vehicle time.

makeSkim.minFind = [[40, 1]]

# find at least 1 bus stop for access/egress mode 40 in each zone

makeSkim.skimMatrix = [1, 30, 10, 1, [18, O, 13, 14, 0, 0, 17], 1]

# [purpose, mode, time, user, [results], iterationl]

# only store generalised costs, in-vehicle time, waiting time and number of transfers in dimension 18,
14 and 17 respectively.

134

13,



G.1. Codes of OmniTRANS Model 135

makeSkim.skimFactors = [1, 0, 1, 1, 0, O, 1]
makeSkim.execute

# intrazonal in-vehicle time:

sc = 0tSkimCube.open
mat = sc[1, 30, 10, 1, 13, 1]
ok = mat.filllIntra(1)

mat [10, 10] = 9999
sc[1, 30, 10, 1, 13, 1] = mat

# intrazonal generalised costs:

sc = 0tSkimCube.open
mat = sc[1, 30, 10, 1, 18, 1]
ok = mat.fillIntra(1)

mat [10, 10] = 9999
sc[1, 30, 10, 1, 18, 1] = mat

Code G.4: Simultaneous trip distribution and mode choice.

makeOd = OtGravity.new
makeOd.skimMatrix = [[1, 10, 10, 1, 13, 1], [1, 20, 10, 1, 13, 1],
[+, 30, 10, 1, 18, 11, [1, 40, 10, 1, 13, 1]]
# import four skim matrices (travel time for car, bike, walk; generalised costs for bus)

makeOd.balance = ATTRACTIONS

makeOd.functionType = EXPONENTIAL

makeOd.functionSpec = [[0.45, -1], [0.3, -3], [0.2, -2], [0.15, -4]]
# define the deterrence functions

make0Od.odMatrix = [1, [10, 20, 30, 40], 10, 1]

# compute 0D matrix

makeOd.epsilon = 0.00001
makeOd.iterations = 100
makeOd.execute

Code G.5: AON assignment bike and walk.

# AON assignment for mode 20 (bike)
assign = OtTraffic.new

assign.odMatrix = [1, 20, 10, 1]
assign.skimMatrix = [1, 20, 10, 1, 2, 1]
assign.load = [1, 20, 10, 1, 2, 1]
assign.assignMethod = ALLORNOTHING
assign.execute

# AON assignment for mode 40 (walking)
assign = OtTraffic.new

assign.odMatrix = [1, 40, 10, 1]
assign.skimMatrix = [1, 40, 10, 1, 2, 1]
assign.load = [1, 40, 10, 1, 2, 1]
assign.assignMethod = ALLORNOTHING
assign.execute

Code G.6: DUE assignment car.

assign = OtTraffic.new
assign.odMatrix = [1, 10, 10, 1]
assign.pcuFactor = 0.91

# decrease the 0D car matrix with a factor 0.91 to exclude car passengers (only add car drivers and thus
cars to the network)
assign.skimMatrix = [1, 10, 10, 1, 4, 1]
assign.load = [1, 10, 10, 1, 4, 1]
assign.assignMethod = VOLUMEAVERAGING
assign.bprPerType = [[[1], [10, 500.0]11, [[2, 6, 14], [0.15, 4.0]1, [[3, 13, 171, [0.20, 5.011,
[t4, 5, 7, 8, 91, [0.5, 4.011]
# define the BPR functions per link type
assign.iterations = 100
assign.epsilon = 0.00001

assign.execute

Code G.7: PT assignment (Zenith algorithm).

assignPT = OtTransit.new

assignPT.routeFactors = [[30, O, 1.0, 1.2, 10, 0]]
assignPT.modes = [[40, 40]]

assignPT.network = [30, 10]

assignPT.load = [1, 30, 10, 1, 3, 1]
assignPT.minFind = [[40, 1]]

assignPT.execute
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Code G.8: Imported packages.

import pandas as

import numpy as

import networkx as

import matplotlib.pyplot as

from gtfspy import

from matplotlib.colors import LinearSegmentedColormap, Normalize
from matplotlib.collections import LineCollection

from matplotlib.markers import MarkerStyle

import
import
import
from mpl_toolkits.axes_gridl.inset_locator import inset_axes

from bokeh.resources import INLINE
import bokeh.io
bokeh.io.output_notebook (INLINE)

Code G.9: Modify GTFS files and make SQlite.

## TRIPS TO USE

stop_times_df = .read_csv("aalesund-gtfs-txts/stop_times.txt")
trips_df = .read_csv("aalesund-gtfs-txts/trips.txt")

stops_df = .read_csv("aalesund-gtfs-txts/stops.txt")

calendar_dates_df = .read_csv("aalesund-gtfs-txts/calendar_dates.txt")

trips_df ["route_id"] = trips_df["route_id"].str.extract(r"(\d+)$").astype(int)

merged_df = stop_times_df.merge(trips_df, how="left", on="trip_id")
merged_df = merged_df .merge(stops_df, how="left", on="stop_id")

merged_df = merged_df.merge(calendar_dates_df, how="left", on="service_id")

merged_df ["date"] = .to_datetime (merged_df ["date"], format="7Y/m/d")

merged_df = merged_df.drop(columns=["stop_id", "shape_break", "arr_time_ds", "dep_time_ds", "shape_id", "
start_time_ds", "end_time_ds", "stop_I", "code", "desc", "location_type", "wheelchair_boarding", "
parent_I", "self_or_parent_I", "exception_type"])

def (route_id, direction, date, start_time=4, end_time=24):
df = merged_df [(merged_df ["route_id"] == route_id) & (merged_df["arr_time_hour"] >= start_time) & (

merged_df ["arr_time_hour"] < end_time) & (merged_df["date"] == date) & (merged_df["direction_id"]

== direction)]

unique_list = df["trip_id"].unique ()

df _direction = merged_df [(merged_df["trip_id"].isin(unique_list)) & (merged_df["date"] == date) & (
merged_df ["direction_id"] == direction)]
df _both = merged_df [(merged_df ["route_id"] == route_id) & (merged_df["arr_time_hour"] >= start_time) &
(merged_df ["arr_time_hour"] < end_time) & (merged_df["date"] == date)]

unique_list_both = df_both["trip_id"].unique ()
df = merged_df [(merged_df["trip_id"].isin(unique_list_both)) & (merged_df["date"] == date)]
return unique_list, df_direction, df

def (lines, date="2025-09-12"):

all_trips = []
for i in lines:

length = 0
for j in [0, 1]:
unique_list, _, _ = (i, j, date=date)

for k in range(len(unique_list)):
all_trips.append(unique_list[k])
length += len(unique_list)
print (£"-> Line {i} has {lengthl} trips")

df = .DataFrame (data=all_trips, columns=["trip_id"])
df .index = df["trip_id"]

df = df.drop(columns=["trip_id"])

df .to_csv("trips_to_use.csv")

print (£"Number of trips: {len(all_trips)}")
print(f"trips_to_use.csv saved with {len(lines)} line(s)")
display(df.head())
(rt, 2, 3, 4, 10, 11, 12, 13, 14, 31, 32, 41, 1145, 1148, 1149], date="2025-09-12")

## MAKE NEW SQLITE
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def (path_csv, version="v2", location="aalesund-gtfs-txts copy"):
df_trip_id = .read_csv(path_csv)
list_trip_id = list(df_trip_id["trip_id"])

stop_times = .read_csv("aalesund-gtfs-txts/stop_times.txt", index_col=0)
stop_times = stop_times[stop_times["trip_id"].isin(list_trip_id)]

stop_times.to_csv(f"{location}/stop_times.txt")
print (f"stop_times saved: {location}/stop_times.txt")

files = ["agency.txt", "calendar_dates.txt", "calendar.txt", "feed_info.txt", "frequencies.txt",
"routes.txt", "shapes.txt", "stop_times.txt", "stops.txt", "transfers.txt", "trips.txt"]
if .path.exists(f"aalesund-gtfs-{version}.zip"):

.remove (f"aalesund-gtfs-{version}.zip")

if .path.exists(f"aalesund-gtfs-{version}.sqlite"):
.remove (f"aalesund-gtfs-{version}.sqlite")

zip_name = f'"aalesund-gtfs-{version}.zip"
with .ZipFile(zip_name, "w'", compression= .ZIP_DEFLATED) as zf:
for £ in files:
zf.write(f"aalesund-gtfs-txts copy/{f}", arcname=f)

print (£"GTFS-zip made: {zip_namel}")

zip_path = f£"{zip_name}"
sqlite_path = f'aalesund-gtfs-{version}.sqlite"

(gtfs_sources=zip_path, output=sqlite_path)

("trips_to_use.csv", version="v4", location="aalesund-gtfs-txts copy")
## IMPORT NEW GTFS
def (imported_database_path, gtfs_path=None, name=""):
# reimport only if the imported database does not already exist
if not .path.exists(imported_database_path):

print ("Importing gtfs zip file")
. ([gtfs_path], # input: list of GTFS zip files (or directories)

imported_database_path, # output: where to create new sqlite3 database

print_progress=True, # whether to print progress when importing data
location_name=name)

return .GTFS (imported_database_path)
def (gtfs_feed, mode, start_hour=5, end_hour=24):
# Generates L-space graph considering the most suitable day from GTFS data. Parameters:
# gtfs_feed: a gtfspy gtfs feed object
# mode: string corresponding to the transport mode that we want to consider
# start_hour: integer with the earliest hour we want to consider (in 0..24)
# end_hour: integer with the latest hour we want to consider (in 0..24, larger that start_hour)

if not (start_hour>=0 and end_hour>=0):
raise AssertionError("Start/end hour should be larger or equal to 0")
if not (start_hour<=24 and end_hour<=24):
raise AssertionError("Start/end hour should be smaller or equal to 24")
if not (start_hour<end_hour):
raise AssertionError("Start hour should be smaller than end hour")
if not (isinstance(start_hour, int) and isinstance(end_hour, int)):
raise AssertionError("Start/end hours should be int")
if not (mode in mode_code and mode_from_string(mode) in gtfs_feed.get_modes()):
raise AssertionError("Mode is not available for the city")

day_start = gtfs_feed.get_suitable_date_for_daily_extract (ut=True)
day_start = 1757628000

range_start = day_start + (start_hour * 3600)

range_end = day_start + (end_hour * 3600 - 1)

print ("Considering trips between %s and %s"%(gtfs_feed.unixtime_seconds_to_gtfs_datetime(range_start),
gtfs_feed.unixtime_seconds_to_gtfs_datetime(range_end)))

G = .stop_to_stop_network_for_route_type(gtfs_feed, mode_from_string(mode), link_attributes=

None, start_time_ut=range_start, end_time_ut=range_end)

#Save original id in node attributes (to keep once we merge nodes)
for n, data in G.nodes(data=True):

data["original_ids"] = [n]
print ("Number of edges: ", len(G.edges()))
print ("Number of nodes: ", len(G.nodes()))
return G

def distance(G, nl, n2):
# Returns the distance in meters between two nodes in the graph.
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def

coords_nl = (G.nodes[n1]["lat"], G.nodes[n1]["lon"])
coords_n2 = (G.nodes[n2]["lat"], G.nodes[n2]["lon"])
return geopy.distance.geodesic(coords_nl, coords_n2).m

(G, delta=100, excepted=[], print_output=True):
# Merge stops that share the same name and are closer to delta meters.

aux = list(zip(*G.nodes(data=True)))
df _stops = .DataFrame (aux [1], index=aux[0]).reset_index() # Dataframe of stops

G_res = G.copy() # Backup original graph

aux = list(df_stops.groupby('name").index.apply(list))
aux2 = [a for a in aux if len(a)>1] # Merge stations that share a name

# Merge only nodes that are at most 100m away from the first node with the same name
aux3=[]
for group in aux2:
clean_group = [group[0]]
for n in groupl[1:]:
if (not group[0] in excepted) and (not n in excepted):
if distance(G, group[0], n) <= delta:
clean_group.append(n)
if len(clean_group) > 1:
aux3.append (clean_group)
for repeated in aux3:
for i in repeated[1:]:
if print_output == True:
print ("Merged %s - %s"%(G_res.nodes[repeated[0]]["name"],G_res.nodes[i] ["name"]))
(G_res,repeated[0],1i)
return G_res

(G,n1,n2):
# Merges node n2 into nl, updates in/out edges, and merge attributes

# Out edges

for e in G.edges(n2, data=True):
# If we get duplicated edges, average them. This should be a very odd case.
if (n1, e[1]) in G.edges(nl):

# Average travel time

G[ni1l[e[1]]1["duration_avg"] += e[2]["duration_avg"]

G[n1l[e[1]1]["duration_avg"] /= 2.0

# Sum total n_vehicles

G[ni1][e[1]]["n_vehicles"] += e[2]["n_vehicles"]

# Merge route counter

G[n1][e[111["route I _counts"] = dict(Counter(G[ni1l[e[1]]1["route I _counts"]) + Counter(e[2]["
route_I_counts"]))

G[n1][e[1]]["shape_id"] = dict(Counter(G[ni1][e[1]]["shape_id"]) + Counter(e[2]["shape_id"]))

G[ni1][e[1]]["direction_id"] = dict(Counter(G[ni][e[1]]["direction_id"]) + Counter(e[2]["
direction_id"]))

G[ni1][e[1]]1["headsign"] = dict(Counter(G[ni1][e[1]]["headsign"]) + Counter(e[2]["headsign"]))

# Else, retain edge in the merged graph, except for self loops
elif nl1 != e[1]:

G.add_edge(nl, e[1], duration_avg=e[2]["duration_avg"], n_vehicles=e[2]["n_vehicles"], d=e[2][
"d"], route_I_counts=e[2]["route_ I _counts"], shape_id=e[2]["shape_id"], direction_id=e
[2]["direction_id"], headsign=e[2] ["headsign"]) # We keep the original distance (d),
which is not exactly right

(graph):
for i in range (150):
if .number_strongly_connected_components (graph) > 1:
print (nx.number_strongly_connected_components(graph), end=" -> ")
pure_sources = [n for n in graph.nodes if graph.out_degree(n) > 0 and graph.in_degree(n) == 0]
pure_sinks = [n for n in graph.nodes if graph.in_degree(n) > O and graph.out_degree(n) == 0]
edges_from_pure_sources = list(graph.out_edges(pure_sources, keys=True, data=True)) if graph.

is_multigraph() \ else [(u,v,0,d) for u,v,d in graph.out_edges(pure_sources, data=True)]
edges_to_pure_sinks = list(graph.in_edges (pure_sinks, keys=True, data=True)) if graph.
is_multigraph() \ else [(u,v,0,d) for u,v,d in graph.in_edges(pure_sinks, data=True)]

if edges_from_pure_sources:
if graph.is_multigraph():
graph.remove_edges_from([(u,v,k) for u,v,k,_ in edges_from_pure_sources])
else:
graph.remove_edges_from([(u,v) for u,v,_,_ in edges_from_pure_sources])

if edges_to_pure_sinks:
if graph.is_multigraph():

graph.remove_edges_from([(u,v,k) for u,v,k,_ in edges_to_pure_sinks])
else:
graph.remove_edges_from([(u,v) for u,v,_,_ in edges_to_pure_sinks])
graph.remove_nodes_from([n for n in graph.nodes if graph.degree(n) == 0])

else:
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def

print (nx.number_strongly_connected_components (graph))
break
(G, space="L", back_map=False, MAPS_API_KEY=None, color_by="",edge_color_by="", export_name=

""", low=0, high=1):
Plots a networkx graph. Arguments:
G: the nx graph
space: either "L" or "P" depending on which space you are plotting
back_map: either False (no map), "GMAPS" (for Google Maps) or "OSM" for OpenStreetMap
MAPS_API_KEY: a valid Google maps api key if back_map="GMAPS"
color_by: string with the name of an attribute in G.nodes that will be used to color the nodes
edge_color_by: string with the name of an attribute in G.edges that will be used to color the nodes

# H HE H R HRR

if back_map=="GMAPS":
map_options = GMapOptions(lat=1ist(G.nodes(data=True)) [0J[1]["lat"], lng=1list(G.nodes(data=True))
[0J[1]["lon"], map_type="roadmap", zoom=11)
p = gmap (MAPS_API_KEY, map_options)
else:
p = figure(height=600, width=950, toolbar_location="below", tools="pan, wheel_zoom, box_zoom,
reset, save"

#Build dictionary of node positions for visualizations

pos_dict={}
#Reproject for OSM
transformer = Transformer.from_crs("epsg:4326", "epsg:3857")

for i,d in G.nodes(data=True):
if back_map=="0SM":
x2, y2 = transformer.transform(float(d["lat"]), float(d["lon"]1))
else:
x2, y2 = float(d["lon"]), float(d["lat"])
pos_dict[int(i)] = (x2, y2)

# Plot updated graph
graph = from_networkx(G, layout_function=pos_dict)

# Add hover tools

node_hover_tool = HoverTool(tooltips=[("index", "Q@index"),
("name", "@name"),
("n_bus_arriving", "@n_arriving_buses"),
("n_bus_departing", "@n_departing_buses"),

("passengers", "@passengers")],
renderers=[graph.node_renderer])

hover_edges = HoverTool(tooltips=[("name_i", "@name_i"),
("name_j", "@name_j"),
("duration_avg", "@duration_avg"),
("a", "ed"),
("n_vehicles", "@n_vehicles"),
("link_load", "@link_load"),
("vehicle_load", "@vehicle_load"),
("saturation", "@saturation")],

renderers=[graph.edge_renderer],
line_policy="interp")

if space == 'P':
hover_edges = HoverTool(tooltips=[("avg wait", "Qavg wait")],
renderers=[graph.edge_renderer],
line_policy="interp")
p.add_tools(node_hover_tool ,hover_edges)

# Define the visualization

if color_by:
mapper = LinearColorMapper (palette=Magma256[::-1], low=low, high=high)
graph.node_renderer.glyph = Circle(size=5, fill_color={'field': color_by, 'transform': mapper})

color_bar = ColorBar(color_mapper=mapper, label_standoff=12, border_line_color=None, location
=(0,0))
p.add_layout (color_bar, "right")
else:

graph.node_renderer.glyph = Circle(size=5)

if edge_color_by:
mapper = LinearColorMapper (palette=Magma256[::-1], low=low, high=high)
graph.edge_renderer.glyph = Multiline(line_width=3, line_alpha=.5, line_color={'field':
edge_color_by, 'transform': mapperl})
color_bar = ColorBar(color_mapper=mapper, label_standoff=12, border_line_color=None, location
=(0,0))
p.add_layout (color_bar,"right")

graph.node_renderer.selection_glyph = Circle(fill_color='blue')
graph.node_renderer.hover_glyph = Circle(fill_color='red')
p.toolbar.active_scroll = p.select_one(WheelZoomTool)

# Different hover and select policies depending on the space
if space == 'P':
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graph.edge_renderer.glyph = MultilLine(line_color = 'edge_color')
graph.edge_renderer.selection_glyph = Multiline(line_color='edge color', line_width=5)
graph.edge_renderer.hover_glyph = Multiline(line_color='edge color', line_width=10)
title = "P-space graph"

if space == 'L':
graph.edge_renderer.selection_glyph = Multiline(line_color='blue', line_width=5)
graph.edge_renderer.hover_glyph = Multiline(line_color='red', line_width=5)
title = "L-space graph"

p.renderers.append (graph)

if back_map=="0SM":
p.add_tile("CartoDB Positron")
if export_name:
export_png(p, filename=export_name+".png")

else:
show (p)
(sqlite, version="v4'", print_output=True, merge_hub=False, ferries=True):
g = (sqlite)
L = (g, "Bus", start_hour=4, end_hour=24)

# merge stops with same name
i, = (L, delta=1000, print_output=print_output)
if print_output == False:
print (f"* merging stops part 1 *")
merge_recommender (L, string_match=95, stop_distance=1000)

# merge mobility hub in city centre

if merge_hub == True:
stop_idl = next(stop[0] for stop in L.nodes(data=True) if stop[1]["name"] == "Korsegata')
stop_id2 = next(stop[0] for stop in L.nodes(data=True) if stop[1]["name"] == "Keiser Wilhelms gate
H)

(L, stop_id2, stop_idl)
print (f"* merging Korsegata [{stop_id1}] and Keiser Wilhelms gate [{stop_id2}] into '
Kollektivknutepunkt' *"
L.nodes[stop_id2] ["name"] = "Kollektivknutepunkt"
else:
print (f"* skipping merging Korsegata and Keiser Wilhelms gate into one hub *")

# merge ferry stops with mobility hub for consistency

if ferries == True:
L_df_nodes = .DataFrame ([{'id': k, #**v} for k, v in list(L.nodes(data=True))])
L_df _nodes = L_df_nodes.sort_values(by="id", ascending=True)

L_df_nodes = L_df_nodes.set_index('id')

remove_ferries = ["Store Kalvgy hurtigbatkai", "Hamnsund hurtigbatkai", "Hareid hurtigbatkai"]
for f in remove_ferries:

L.remove_node (int (L_df_nodes[L_df_nodes["name"]==f].index[0]))

print (£"* remove {f} [{int(L_df_nodes[L_df_nodes['name']==f].index[0])}] *")

connect_for_walking = [["Langevag hurtigbatkai", "Lerheimskaia"], ["Alesund rutebilstasjon
hurtigbatkai", "Kollektivknutepunkt"], ["Alesund hurtigbatkai Skateflukaia", "
Kollektivknutepunkt"], ["Valdergya hurtigbatkai", "Valderhaugstrand"]]

for ¢ in connect_for_walking:
cO_node = int(L_df_nodes[L_df_nodes['name']==c[0]].index[0])
cl_node = int(L_df_nodes[L_df_nodes['name']==c[1]].index[0])
(L, cl_node, cO_node)
print (£"* merging {c[1]} [{cl_node}] and {c[0]} [{cO_node}] *")

else:
print (£"* skipping ferries *")

# rename stop Simabakken, exists two times
L.nodes [4409] ["name"] = "Simabakken Sgr"
L.nodes [4415] ["name"] = "Simabakken Nord"
print (£"Simabakken -> Sgr og Nord")

# remove edges with only one vehicle
list_1_vehicle_edges = []
for u, v in L.edges():
if L[ul[v]["n_vehicles"] == 1:
print (f"* removing edge {L.nodes[u]l['name']} -> {L.nodes[v]['name'l} ({u}, {v}) *")
list_1_vehicle_edges.append((u, v))
L.remove_edges_from(list_1_vehicle_edges)

# remove selected edges with only two vehicles
list_2_vehicle_edges = []

delete_edges = [["Sjukehuslomma", "Ase"], ["Ase", "Sjukehuslomma"], ["Tessbygget", "Gatestopp Moa"l, [
"Vindgérdskiftet", "Moa trafikkterminal"], ["Moa trafikkterminal", "Vindgadrdskiftet"], ["
Kollektivknutepunkt", "Ngrvegata vest"], ["Hoff vest", "Ellingsgy ungdomsskole"], ["Ellingsgy
ungdomsskole", "Hoff vest"], ["Hoff", "Ellingsgy ungdomsskole"], ["Ellingsgy ungdomsskole", "Hoff
"], ["Holskrysset", "Holsmyra"], ["Holsmyra", "Holskrysset"], ["Holsmyra", "Frikirka"], ["
Frikirka", "Holsmyra"], ["Farstad", "Frikirka"], ["Frikirka", "Farstad"], ["Farstad", "Aanng"], [

"Aanng", "Farstad"], ["Henning Verksted", "Aanng"], ["Aanng", "Henning Verksted"], ["Fyllingen",
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"Henning Verksted"], ["Henning Verksted", "Fyllingen"], ["Torget", "Fyllingen"], ["Fyllingen", "
Torget"]]
for u, v in L.edges():
if [L.nodes[u]["name"], L.nodes[v]["name"]] in delete_edges:
print (f"* removing edge manually {L.nodes[ul['name']} -> {L.nodes[v]['name'l} ({u}, {v}) =*")
list_2_vehicle_edges.append((u, v))
L.remove_edges_from(list_2_vehicle_edges)

# fill all duration_avg = O with duration of 'other-way-around'-edge, or with trendlijn formula
check_edges = list(L.edges(data=True))

check_edges = .DataFrame ([{'idl': k, "id2": j, **v} for k, j, v in check_edges])
check_edges.to_csv("output/csv/edges.csv", index=False)

for i in range(len(check_edges)):
if check_edges.loc[i, "duration_avg"] < 1:
idl = check_edges.loc[i, "id1"]
id2 = check_edges.loc[i, "id2"]
df _check = check_edges[(check_edges["id1"] == id2) & (check_edges["id2"] == id1)]

if len(df_check) == 1:
if L[id2][id1]["duration_avg"] > O:
L[id1][id2] ["duration_avg"] = L[id2][id1]["duration_avg"]
else:
L[id1][id2]["duration_avg"] = 0.0749 * L[id1][id2]["d"]
else:
L[id1][id2]["duration_avg"] = 0.0749 * L[id1]([id2]["d"]

if print_output == True:
print (£"({id1:4.0f}, {id2:4.0f}) has now duration_avg {L[id1][id2]['duration_avg']:8.2f}

seconds")

if print_output == False:
print (£"* edges filled with duration *")

# make strongly connected (remove sinks and sources)

n_str_connected = .number_strongly_connected_components(L)
if n_str_connected == 1:
print (£"Graph is strongly connected!")
else:
print (£"Graph is not strongly connected, generating...")
(L)

# save graph
(L, f"aalesund-gtfs-{versionl}.pkl")
print (£"Graph saved in 'aalesund-gtfs-{versionl}.pkl'")

("aalesund-gtfs-v4.sqlite", version="v4", print_output=False, merge_hub=True, ferries=True)
(L, "L", back_map="0SM")

Code G.10: Network structure analysis.

def (g, L, mode, start_hour=5, end_hour=24, dir_indicator=None):
# Create P-space graph given:
# g: gtfs feed
# L: L-space

if not (start_hour>=0 and end_hour>=0):

raise AssertionError("Start/end hour should be larger or equal to 0")
if not (start_hour<=24 and end_hour<=24):

raise AssertionError("Start/end hour should be smaller or equal to 24")
if not (start_hour<end_hour):

raise AssertionError("Start hour should be smaller than end hour")
if not (isinstance(start_hour, int) and isinstance(end_hour, int)):

raise AssertionError("Start/end hours should be int")

time=end_hour-start_hour
# Create a list of backup colors

backup_colors = ['0000FF', '008000', 'FF0000', 'OOFFFF', 'FFOOFF', 'FFFF00', '800080', 'FFCOCB',
A52A2A', 'FFA500', 'FF7F50', 'ADDS8E6', 'OOFF00', 'EGE6FA', '40EODO', '006400', 'D2B48C', 'FA8072'
, 'FFD700']

# Create the P-space graph with the nodes from L-space
PG = .DiGraph ()
P_G.add_nodes_from(L.nodes(data=True))

# Get a list of all routes of the network, with corresponding colors
routes = get_routes_for_mode(g,mode)

# Exception for Vienna metro network
if (g.get_location_name() == 'vienna') and (mode_from_string(mode)==1):

routes = routes[::2]

colors = get_color_per_route(g, routes)
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if not dir_indicator:
# Check to see if direction/headsign/shape exists
dir_indicator = 'empty'

edge_it = iter(L.edges(data=True))
check_edge = next(edge_it, None)
if check_edge:
if check_edge[2]['direction_id']:
dir_indicator = 'direction_id'
elif check_edge[2]['headsign']:
dir_indicator = 'headsign'
elif check_edge[2]['shape_id']:
dir_indicator = 'shape_id'

# Exception for Bilbao metro network
if (g.get_location_name() == 'bilbao') and (mode_from_string(mode)==1):
dir_indicator = 'headsign'

# Exception for Philadelphia network
if (g.get_location_name() == 'philadelphia') and (mode_from_string(mode)==1):
dir_indicator = 'headsign'

# Exception for Amsterdam network
if (g.get_location_name() == 'amsterdam') and (mode_from_string(mode)==1):
dir_indicator = 'headsign'

# Exception for Paris RER
if (g.get_location_name() == 'paris') and (mode_from_string(mode)==2):
dir_indicator = 'headsign'

print("Using %s field as indicator for the direction of routes")dir_indicator)

# Loop through all routes
for iter_n,r in enumerate(routes):

# Get the route color (or a backup if unavailable)
color = colors[r]
if not color or len(color) != 6 \
or (g.get_location_name() ==
nuremberg metro GTFS
#color = next(backup_colors)
color=backup_colors[iter_n%len(backup_colors)]

# Create a set of the directions/headsigns/shapes for this route
dirs = set ()
for e in L.edges(data=True):
if r in e[2]['route_I_counts']:
for h in e[2][dir_indicator].keys():
dirs.add(h)

# Create a subgraph for each direction and add the edges to P-space
for d in dirs:

# Create an empty (directional) subgraph

sub = .DiGraph ()

# Add all edges (and corresponding nodes) that are on this route and direction
for e in L.edges(data=True):
if r in e[2]['route_I_counts'] and d in e[2] [dir_indicator]:
sub.add_edges_from([(e)])

# Loop through all nodes in the subgraph that have paths between them
for nl in sub:
for n2 in sub:
if nl1 !'= n2 and .has_path(sub, nl, n2):

aux_out=[(a,b,c) for a,b,c in sub.out_edges(nl, data=True) if a in
shortest_path(sub,n1,n2) and b in .shortest_path(sub,n1,n2)]
out_e=aux_out [0]

aux_in=[(a,b,c) for a,b,c in sub.in_edges(n2, data=True) if a in
sub,nl,n2) and b in .shortest_path(sub,n1,n2)]
in_e=aux_in[0]

# Take the lowest number of vehicles between the two edges
veh_out = out_e[2]['route_I_counts'][r]

veh_in = in_e[2]['route_I_counts'][r]

veh = min(veh_out, veh_in)

# Compute the average waiting time
veh_per_hour = veh / time

max_wait = 60 / veh_per_hour
avg_wait = max_wait / 2

'nuremburg') and (mode_from_string(mode)==1): #All blue lines in

.shortest_path(
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def

# If the edge already exists, append the values
if P_G.has_edge(nl, n2):

# Change the color to black to signify a shared edge
P_G[n1] [n2]['edge_color'] = '#000000'

# Add the vehicles per hour for this route + direction to the wait_dir
if r not in P_G[n1][n2](['veh']:

P_G[n1][n2]['veh'][r] = {d: veh_per_hour}
else:

P_G[n1l[n2]['veh'][r][d] = veh_per_hour

# Update the average waiting time to be the total of all routes' waiting times

tot_veh = 0
for ro in P_G[n1][n2]['veh']:
for di in P_G[n1][n2]['veh'][ro]:
tot_veh = tot_veh + P_G[n1][n2]['veh'][ro][dil]
P_G[n1][n2]['avg wait']l = (60 / tot_veh) / 2

else:
P_G.add_edge(nl, n2, veh={r: {d: veh_per_hour}},
avg_wait=avg_wait, edge_color='#'+str(color))
return P_G

("aalesund-gtfs-v4.sqlite")
("aalesund-gtfs-v4.pkl")
(g, L, start_hour=4, end_hour=24, mode="Bus")

(P, "P", back_map="0SM")
(L, "L", back_map="0SM")

(L, P, indicator):
if indicator=="global":
nodes_L, nodes_P = len(L.nodes), len(P.nodes)
print (f"Nodes in L-space: {nodes_L}, nodes in P-space: {nodes_P}")
edges_L, edges_P = len(nx.edges(L)), len(nx.edges(P))
print (f"Edges in L-space: {edges_L}, edges in P-space: {edges_P}")

diameter_uw_L, diameter_uw_P = .diameter (G=L, weight=None), .diameter (G=P, weight=None)
print (f"Diameter (unweighted) in L: {diameter_uw_L:.2f}, in P: {diameter_uw_P:.2f}")
diameter_w_L, diameter_w_P = .diameter (G=L, weight='duration_avg'), .diameter (G=P, weight='

avg_wait')
print (f"Diameter (weighted) in L: {diameter_w_L:.2f}, in P {diameter_w_P:.2f}")
asp_uw_L, asp_uw_P = .average_shortest_path_length(G=L, weight=None),
average_shortest_path_length(G=P, weight=None)
print (f"Avg. Shortest Path (unweighted) in L: {asp_uw_L:.2f}, in P: {asp_uw_P:.2f}")

asp_w_L, asp_w_P = .average_shortest_path_length(G=L, weight="duration_avg"),
average_shortest_path_length(G=P, weight="avg wait")
print (f"Avg. Shortest Path (weighted) in L: {asp_w_L:.2f}, in P: {asp_w_P:.2f}")

V, E = L.number_of_nodes (), L.number_of_edges ()
gamma_L, alpha L = E / (3*V - 6), (E - V + 1) / (2%V - 5)
print (f"Connectivity (gamma index): {gamma_L:.2f}, meshedness (alpha index): {alpha_L:.2f}")

elif indicator=="local":
print ("L-space")
L_k_vals = list(ux.degree_centrality(G=L).values())
L_k_avg, L_k_std = sum(L_k_vals) / len(L_k_vals), .Series(L_k_vals).std()
L_k_min, L_k_max = min(L_k_vals), max(L_k_vals)
print (f"Degree - avg: {L_k_avg:.5f}, std: {L_k_std:.5f}, min: {L_k_min:.5f}, max: {L_k_max:.5f}")

L_c_uw_vals = list(nx.closeness_centrality(G=L, distance=None).values())
L_c_uw_avg, L_c_uw_std = sum(L_c_uw_vals) / len(L_c_uw_vals), .Series(L_c_uw_vals).std ()
L_c_uw_min, L_c_uw_max = min(L_c_uw_vals), max(L_c_uw_vals)

print (f"Connectivity (uw) - avg: {L_c_uw_avg:.5f}, std: {L_c_uw_std:.5f}, min: {L_c_uw_min:.5f},
max: {L_c_uw_max:.5f}")

L_c_w_vals = list(nx.closeness_centrality(G=L, distance="duration_avg").values())

L_c_w_avg, L_c_w_std = sum(L_c_w_vals) / len(L_c_w_vals), .Series(L_c_w_vals).std()

L_c_w_min, L_c_w_max = min(L_c_w_vals), max(L_c_w_vals)

print (f"Connectivity (w) - avg: {L_c_w_avg:.5f}, std: {L_c_w_std:.5f}, min: {L_c_w_min:.5f}, max:
{L_c_w_max:.5f}")

L_b_uw_vals = list(nx.betweenness_centrality(G=L, weight=None, normalized=True).values())

L_b_uw_avg, L_b_uw_std = sum(L_b_uw_vals) / len(L_b_uw_vals), .Series(L_b_uw_vals).std ()

L_b_uw_min, L_b_uw_max = nin(L_b_uw_vals), max(L_b_uw_vals)

print (f"Betweenness (uw) - avg: {L_b_uw_avg:.5f}, std: {L_b_uw_std:.5f}, min: {L_b_uw_min:.5f},
max: {L_b_uw_max:.5f}")

L_b_w_vals = list(nx.betweenness_centrality(G=L, weight="duration_avg", normalized=True).values())
L_b_w_avg, L_b_w_std = sumn(L_b_w_vals) / len(L_b_w_vals), .Series(L_b_w_vals).std()
L_b_w_min, L_b_w_max = min(L_b_w_vals), max(L_b_w_vals)

print (f"Betweenness (w) - avg: {L_b_w_avg:.5f}, std: {L_b_w_std:.5f}, min: {L_b_w_min:.5f}, max:
L_b_w_max:.5f}")
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else

print ("P-space")

P_k_vals = list(nx.degree_centrality(G=P).values())

P_k_avg, P_k_std = sum(P_k_vals) / len(P_k_vals), .Series(P_k_vals).std()
P_k_min, P_k_max = mnin(P_k_vals), max(P_k_vals)

print (f"Degree - avg: {P_k_avg:.5f}, std: {P_k_std:.5f}, min: {P_k_min:.5f}, max: {P_k_max:.5f}")

P_c_uw_vals = list(nx.closeness_centrality(G=P, distance=None).values())
P_c_uw_avg, P_c_uw_std = sum(P_c_uw_vals) / len(P_c_uw_vals), .Series(P_c_uw_vals).std ()
P_c_uw_min, P_c_uw_max = min(P_c_uw_vals), max(P_c_uw_vals)

print (f"Connectivity (uw) - avg: {P_c_uw_avg:.5f}, std: {P_c_uw_std:.5f}, min: {P_c_uw_min:.5f},
max: {P_c_uw_max:.5f}")

P_c_w_vals = list(nx.closeness_centrality(G=P, distance="avg wait").values())
P_c_w_avg, P_c_w_std = sum(P_c_w_vals) / len(P_c_w_vals), .Series(P_c_w_vals).std()
P_c_w_min, P_c_w_max = min(P_c_w_vals), max(P_c_w_vals)

print (f"Connectivity (w) - avg: {P_c_w_avg:.5f}, std: {P_c_w_std:.5f}, min: {P_c_w_min:.5f}, max:

{P_c_w_max:.5f}")

P_b_uw_vals = list(nx.betweenness_centrality(G=P, weight=None, normalized=True).values())
P_b_uw_avg, P_b_uw_std = sum(P_b_uw_vals) / len(P_b_uw_vals), .Series(P_b_uw_vals).std()
P_b_uw_min, P_b_uw_max = min(P_b_uw_vals), max(P_b_uw_vals)

print (f"Betweenness (uw) - avg: {P_b_uw_avg:.5f}, std: {P_b_uw_std:.5f}, min: {P_b_uw_min:.5f},
max: {P_b_uw_max:.5f}")

P_b_w_vals = list(nx.betweenness_centrality(G=P, weight="avg wait", normalized=True).values())

P_b_w_avg, P_b_w_std = sum(P_b_w_vals) / len(P_b_w_vals), .Series(P_b_w_vals).std()

P_b_w_min, P_b_w_max = min(P_b_w_vals), max(P_b_w_vals)

print (f"Betweenness (w) - avg: {P_b_w_avg:.5f}, std: {P_b_w_std:.5f}, min: {P_b_w_min:.5f}, max:
P_b_w_max:.5f}")

print ("Kies een indicator: 'global' of 'local'")

(L, P, indicator="global")
(L, P, indicator="local")

## SET NODE ATTRIBUTES IN L

.set_node_attributes (L, .degree_centrality(G=L), '"degree")
.set_node_attributes (L, .closeness_centrality(G=L, distance="duration_avg"), "closeness_u")
.set_node_attributes (L, .closeness_centrality(G=L, distance=None), "closeness_uw'")
.set_node_attributes (L, .betweenness_centrality(G=L, weight="duration_avg", normalized=True), "
betweenness_w")
.set_node_attributes (L, .betweenness_centrality(G=L, weight=None, normalized=True), "betweenness_uw")
(L, "L", back_map="0SM", color_by="degree", low=0.0067, high=0.034)
(L, "L", back_map="0SM", color_by="closeness_w", low=0.00023, high=0.000630)
(L, "L", back_map="0SM", color_by="betweenness_w", low=0, high=0.56)
## FIND (i, j)-PAIR WITH MAXIMUM NUMBER OF STOPS
spl = dict(nx.all_pairs_shortest_path_length(L))
diam_pair, diam_dist = None, -1

for i, dists in spl.items():

for

path_unw
print (£"

j, dist in dists.items():
if dist > diam_dist:
diam_pair, diam_dist = (i, j), dist
= .shortest_path(L, source=diam_pair[0], target=diam_pair[1])
Unweighted diameter: {diam_dist} stops, between {L.nodes[diam_pair[0]]['name']} and {L.nodes[

diam_pair[1]]['name']}, via {path_unw}")

## FIND
lengths
diam_pai

(i, j)-PAIR WITH MAXIMUM TRAVEL-TIME
= dict(nx.all_pairs_dijkstra_path_length(L, weight="duration_avg"))
r_ w, diam_dist_w = None, -1.0

for i, dists in lengths.items():

for

path_w =
print (£"

j, dist in dists.items():
if dist > diam_dist_w and dist < float("inf"):

diam_pair_w, diam_dist_w = (i, j), dist

.dijkstra_path(L, source=diam_pair_w[0], target=diam_pair_w[1], weight="duration_avg")
Weighted diameter: {diam_dist_w:.0f} s (~{diam_dist_w/60:.1f} min), between {L.nodes[diam_pair_w

[0]]1['name']} and {L.nodes[diam_pair_w[1]]['name'l}, via {path_w}")

## FOR VISUALISATION

.set_node_attributes (L,

.set_e

path = p

for i in
u =
v =
L.no
try:

exce

.5, "diameter")
.5, "diameter")

o o

dge_attributes (L,

ath_w
range (len(path)-1):
path[i]
path[i+1]
des[u]l["diameter"], L.nodes[v]["diameter"], L.edges[u, v]["diameter"] = 0, 0, O

L.edges[v, u]["diameter"] = 0 # for better visuals in figure
pt KeyError:
pass

{
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(L, back_map="0SM", color_by="diameter", edge_color_by="diameter")

Code G.11: Network design and passenger flow distribution.

g = ("aalesund-gtfs-v4.sqlite")
L = ("aalesund-gtfs-v4.pkl")
P = (g, L, start_hour=4, end_hour=24, mode="Bus")

## DELETE UNNECESSARY KEYS AND ADD NAMES FOR EDGES FOR EASE
for u, v in L.edges:
L[ul] [v].pop('shape_id', None)
L[ul [v].pop('headsign', None)
L{ul[v].pop('direction_id', None)
L[u][v]["name_i"] = L.nodes[u]["name"]
L[u]l[v]["name_j"] = L.nodes[v]["name"]

## COMPUTE SHORTEST PATHS BETWEEN ALL PAIR OF NODES

# GTC(sp_i) = in-vehicle-time(sp_i) + alpha * waiting-time(sp_i) + beta * N_transfers
def (file, base_name, folder="output/pkl", ext=".pkl"):

path = f"{folder}/{base_name}{ext}"

if .path.exists(path):

.remove (path)
with open(path, "wb") as f:
.dump (file, f)

def (L_space, , k, wait_pen, transfer_pen):

# Initialize a dictionary containing all shortest path information, indexed by node pairs
shortest_paths = dict ()
print (f"Calculating {len(L_space.nodes)} GTC...")
# Loop through all node combinations
for nl in L_space.nodes:
if n1%5==0:
# print ("%d/%d"%(nl,len(L_space.nodes)), end="\r")
per_done = nl/len(L_space.nodes) * 40
per_notdone = int(40 - int(per_done))
print (£"{int (per_done) *''}{per_notdone *''} [{(per_done*2.5):4.1f}%]1{10%' '}", end="\r")
shortest_paths[ni1] = {}

for n2 in L_space.nodes:
# Exclude self-loops
if nl == n2:
continue

#print ("Considering the path between", nil, "and", n2)

# Retrieve the k shortest paths from L-space, using travel time/duration as a weight
k_paths = k_shortest_paths(L_space, nl, n2, k, 'duration_avg')

# Two auxiliary datastructures to store the different shortest paths and corresponding
attributes

tt_paths = []

only_tts = []

# Loop through all k-shortest paths and record the different travel time components
for p in k_paths:

# Record the original route/line taken from the origin node

possible_routes= get_routes_dirs( , plol, pl11)

# Initialize the distance, (in-vehicle) travel time, waiting time and number of transfers
as 0

dist 0

tt =

wait

tf =

0

on o

# Record the list of transfer stations, having the origin as the first "transfer station"
t_stations = [ni]

# Check the routes of all successive node pairs in the path,
# if all routes of the original edge are not on the next edge, a transfer must have been

made OR
# if all routes of the previous edge are not on the next edge, a transfer must have been
made

# Route(s) on that edge become new route.
# Also update the in-vehicle travel time for each edge passed.
for 11, 12 in zip(p[::1], p[1::1]):
tt += L_space[l11][12]['duration_avg']
dist += L_space[11]1[12]1['d"']
routes = get_routes_dirs( , 11, 12)
possible_routes = set(possible_routes).intersection(set(routes))
#if set(orig_routes).isdisjoint(routes) or set(prev_routes).isdisjoint (routes):
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if not possible_routes:
possible_routes = routes

tf += 1
t_stations.append(11)
#prev_routes = get_routes_dirs(P_space, 11, 12)

# Add the destination node as the final transfer station
t_stations.append(n2)

# Change travel time to minutes and round to whole minutes
tt = round(tt / 60)

# Find the waiting times belonging to the different routes taken by looping through all
transfer station pairs
for t1, t2 in zip(t_stations[::1], t_stations([1::1]):
try:
wait += [t1]1[t2]['avg_wait']
except KeyError:
# print ("No P-space edge between transfer stations %d and %d"%(t1,t2))
pass

# Round the waiting time to whole minutes
wait = round(wait)

# Calculate the total travel time, take a penalty for the waiting time and per transfer

transfer_cost=sum([transfer_pen[i] if i<len(transfer_pen) else transfer_pen[-1] for i in
range (t£)])

total_tt = tt + wait * wait_pen + transfer_cost

only_tts.append(total_tt)

tt_paths.append({'path': p, 'GTC': total_tt, 'in_vehicle': tt, 'waiting_time': wait, '
n_transfers': tf, 'traveled_distance': dist, 'transfer_stations': t_stations})

if k_paths:
shortest_paths[n1] [n2]=sorted(tt_paths, key=lambda x: x["GTC"])
else:
shortest_paths[n1][n2]=[]

# Find the path with the shortest total travel time
#min_path_tt = min(only_tts)
#min_path = tt_paths[only_tts.index(min_path_tt)]

#print ("Shortest path is:", min_path, "\n")

# Record that path as the shortest path belonging to nodes nl and n2
#shortest_paths[n1] [n2] = min_path

# Find the geodesic distance between the two nodes
#x1 = L_space.nodes[n1]['lat']
#yl = L_space.nodes[n1]['lon']
#x2 = L_space.nodes[n2]['lat']
#y2 = L_space.nodes[n2]['lon']

#crow_dist = round(distance(L_space, nl, n2))
#shortest_paths[n1][n2]['crow_dist'] = crow_dist
print (100*" ", end="\r")

print ("All GTC computed!")
return shortest_paths

alpha, betas, m = 1.2, [10], 3 # waiting time penalty, transfer penalty, number of shortest paths
gtc = (L, P, m, alpha, betas)
(gtc, base_name="gtc_all")
gtc = open_pkl("output/pkl/gtc_all.pkl")
# gtcl11[2]

## CREATE ORIGIN-DESTINATION MATRIX

def (dis, L):
ylim, xlim = [62.38, 62.6], [5.94, 6.58]
rot_marker = MarkerStyle(“s”
rot_marker._transform.rotate_deg(16)
ms, ec = 15, "w"

.set_node_attributes (L, .betweenness_centrality(G=L, weight="duration_avg", normalized=True), "
betweenness_w")
.set_node_attributes(L, 0, "pop_to_stop")
nodes = .DataFrame ([{'id': k, **v} for k, v in list(L.nodes(data=True))])

gdf _befolkning_ 4326 = .read_csv("output/csv/gdf_befolkning.csv")
gdf_befolkning_ 4326 = gdf_befolkning 4326 [(gdf_befolkning_4326["lon"] <= x1lim[1]) & (
gdf _befolkning_4326["lon"] >= x1im[0]) &
(gdf _befolkning_4326["1lat"] <= ylim[1]) & (
gdf _befolkning_4326["1lat"] >= ylim[0])]
gdf _befolkning_ 4326 = gdf_befolkning_4326.sort_values(by="lon").reset_index().drop(columns=["index"])

pop_used, pop_notused, mean_d = []1, [1, []
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Q =

for i in range(len(gdf_befolkning_4326)):

coords_pop = [gdf_befolkning_4326.loc[i, "lat"], gdf_befolkning_4326.loc[i,

d, s = dis, -1

nodes_compact = nodes[(nodes["lon"] <= coords_pop[1]+0.05) & (nodes["lon"] >= coords_pop[1]-0.05)

& (nodes["lat"] <= coords_pop[0]+0.1) & (nodes["lat"] >= coords_pop[0]-0.1)]

p_stop, p_stop_d = [1, []
p_stop_short, p_stop_b_short, p_stop_d_short = [I, [1, []
for stop in nodes_compact["id"]:

coords_bus = nodes_compact.loc[stop, "lat"], nodes_compact.loc[stop,

distance = geopy.distance.geodesic(coords_bus, coords_pop).m
if distance < 250:
p_stop_short.append(stop)
p_stop_d_short.append(distance)
p_stop_b_short.append(L.nodes[stop] ["betweenness_w"])
elif distance < d:
p_stop.append (stop)
p_stop_d.append(distance)
s = stop
if s 1= -1:
if len(p_stop_short) > 1:

index_to_use = p_stop_b_short.index (np.max(p_stop_b_short))

s = p_stop_short[index_to_usel]

L.nodes[s]["pop_to_stop"] += gdf_befolkning_4326.loc[i, 'pop_tot']

mean_d.append (p_stop_d_short[index_to_use])
elif len(p_stop_short) == 1:

index_to_use = 0

s = p_stop_short[index_to_usel]

L.nodes[s]["pop_to_stop"] += gdf_befolkning_4326.loc[i, 'pop_tot']

mean_d.append (p_stop_d_short[index_to_use])
else:

index_to_use = p_stop_d.index(np.max(p_stop_d))

s = p_stopl[index_to_usel]

L.nodes[s]["pop_to_stop"] += gdf_befolkning_4326.loc[i, 'pop_tot']

mean_d.append (p_stop_d[index_to_use])
pop_used.append (i)
else:
pop_notused.append (i)

(dis=1625, L=L) # assigns people to nodes

757 * 0.32 * 45 # number of bus times average number of people per trip

print (£"Number of trips in one day: {Q:.2f}")

## COMPUTING MATRICES FOR 0D

def

(gtc, nodes):
"""Compute skim matrices: in-vehicle time, waiting time, transfers"""

t_ij = .DataFrame (index=nodes, columns=nodes, dtype=float)
w_ij = .DataFrame (index=nodes, columns=nodes, dtype=float)
tr_ij = .DataFrame (index=nodes, columns=nodes, dtype=float)
gtc_ij = .DataFrame (index=nodes, columns=nodes, dtype=float)

for i in nodes:
for j in nodes:
if i == j:

t_ij.locli, jl, w_ij.loc[i, jl, tr_ij.locl[i, jl, gtc_ij.locl[i, jl

else:

t_ij.locl[i, jl, w_ij.locl[i, jl = gtclil[j1[01["in_vehicle"], gtcl[ill[jl1[0]["waiting_ time"]
tr_ij.locli, jl, gtc_ij.loc[i, jl = gtc[il[jI[0]["n_transfers"], gtc[il[jI[0]["GTC"] / 60

# convert to minutes
return t_ij, w_ij, tr_ij, gtc_ij

(gtc_ij, nodes, alpha, beta):
"""Compute impedance f_ij = alpha * exp(-beta * t_ij)"""
f_ij = .DataFrame (index=nodes, columns=nodes, dtype=float)
for i in nodes:
for j in nodes:
i f ==
f_ij.locli, jl =0
else:
f_ij.loc[i, j] = alpha * .exp(-beta * gtc_ij.locl[i, jl)
return f_ij

(series, Q):
"""Compute production q_i = (betweenness_i / total) * Q"""
share = series / .sum(series)
return share * Q

(q, £_ij):

"""Compute 0D matrix x_ij using gravity model"""
nodes = q.index
x_ij = .DataFrame (index=nodes, columns=nodes, dtype=float)
for i in nodes:

denom = sum(q.loc[k] * f_ij.loc[i, k] for k in nodes if k != i)

for j in nodes:

if i ==
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x_ij.locl[i, jl =0
else:
numer = q.loc[j] * f_ij.loc[i, jl
x_ij.locl[i, jl = (numer / denom) * q.loc[i]
return x_ij

.set_option('display.float_format', lambda x: '%.6f' % x)
nodes, alpha_grav, beta_grav = len(L.nodes()), 1, 1

t_ij, waiting_ij, transfer_ij, gtc_ij = (gtc, list(range(nodes)))
f_ij = (gtc_ij, list(range(nodes)), alpha_grav, beta_grav)
series = df_nodes.set_index("id")["pop_to_stop"]

q = (series, Q).to_frame("number_of_passengers")

x_ij = (q["number_of_passengers"], f_ij)

display(x_ij)
x_ij.to_csv("output/csv/0D_matrix.csv")
## PASSENGER ASSIGNMENT

.set_edge_attributes(L, 0, "link_load")
for i in L.nodes:

L.nodes[i] ["passengers"] = q.loc[i, "number_of_passengers"]
for j in L.nodes:
ifit= j:

n_shortest_paths = len(gtcl[il[j])
for m in range(n_shortest_paths):
path_m, gtc_m = gtc[il[jl[m]["path"], gtclil[jl[m]["GTC"]
denom = sum(np.exp(-gtc[il][jI1[pl["GTC"]) for p in range(n_shortest_paths))
if denom == O0:
prob = 1
else:
prob = .exp(-gtc[il[j1[m]["GTC"]) / denom

for k in range(len(path_m)-1):
node_1, node_2 = path_m[k], path_m[k+1]
existing_load = L.edges[node_1, node_2]["link_load"]
L.edges[node_1, node_2]["link _load"] = existing_load + x_ij.iloc[i, j] * prob

## DETERMINE VEHICLE UTILISATION
def graph_df (L, P):

df_nodes = .DataFrame ([{'id': k, **v} for k, v in list(L.nodes(data=True))])
df _edges = .DataFrame ([{'id_i': u, 'id_j': v, *xd} for u, v, d in list(L.edges(data=True))])
df _Pspace = .DataFrame ([{'id_i': u, 'id_j': v, **d} for u, v, d in list(P.edges(data=True))])

return df_nodes, df_edges, df_Pspace

for u, v in L.edges():
L[ul[v]["vehicle_load"] = L[ullv]["link_load"] / L[ul[v]["n_vehicles"]
if [u, v] in [[15, 223], [223, 15]]:
L[ul[v]["saturation"] = L[u][v]["vehicle_load"] / .mean ([250, 130]) # line 1145 and 1149
elif [u, v] in [[15, 73], [73, 15]1]1:
L[ul[v]["saturation"] = L[u]l[v]["vehicle_load"] / 130 # line 1148
else:
L[ul[v]["saturation"] = L[u]l[v]["vehicle_load"] / 45

df _nodes, df_edges, df_Pspace = graph_df(L, P)

print (f"Mean saturation in the network: {df_edges['saturation'].mean():.2f}")

G.3. Codes for Structural Analysis

Code G.12: SLS calculation: Maximum Prestress

b 0.7

h =1.2

A =D *h

fcd = 45 / 1.5 # MPa in N/mm2
f_t = 1770

P = A * fcd * 1000

print (f'P_max {-P} kN')

# OUTPUT
P_max -25200.0 kN

Code G.13: SLS calculation: Tensile force of arch & moments in arch

#q = self weight arch

N_deck = 1116 #kN from Diana
print(£'P  {N_deckl} kN')

#0UTPUT
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P 1116 kN

# Moment top (tension)

N_arch = 1523 # kN from Diana
A_arch = b *x h

W_arch = 1/6 * b * hx*2

M_max = 227 # kNm from Diana

print (f'{-N_arch/A_arch - M_max/W_arch} <= {-fcd * 1000} kN/m2')

# Moment bottom (compression)

print (f'{-N_arch/A_arch + M_max/W_arch} <= {f_t} kN/m2')

# OUTPUT
-3164.2857142857147 <= -30000.0 kN/m2
-461.9047619047617 <= 1770 kN/m2

Code G.14: SLS calculation: During transport

# q = self weight arch + deck

N_deck = 5868 #kN from Diana

N_arch = 7403 # kN from Diana
M_deck = 664 # kNm from Diana
M_arch = 839 # kNm from Diana

print (f'{-N_arch/A_arch - M_arch/W_arch}
print (£f'{-N_arch/A_arch + M_arch/W_arch}

A_deck = b * h

W_deck = 1/6 * b * h*x2

print (f'{N_deck/A_deck - M_deck/W_deck -
print (f'{N_deck/A_deck + M_deck/W_deck -

# OUTPUT

-13807.142857142859 <= -30000.0 kN/m2
-3819.0476190476193 <= 1770 kN/m2
-26966.666666666668 <= -30000.0 kN/m2
-19061.904761904763 <= 1770 kN/m2

Code G.15: SLS calculation: During transport (with half of the prestressing)

# q = self weight arch + deck

N_deck = 5868 #kN from Diana

N_arch = 7403 # kN from Diana
M_deck = 664 # kNm from Diana
M_arch = 839 # kNm from Diana

print (f'{-N_arch/A_arch - M_arch/W_arch}
print (f'{-N_arch/A_arch + M_arch/W_arch}

A_deck = b *x h

W_deck = 1/6 * b * hx*2

print (f'{N_deck/A_deck - M_deck/W_deck -
print (f'{N_deck/A_deck + M_deck/W_deck -

# OUTPUT

-13807.142857142859 <= -30000.0 kN/m2
-3819.0476190476193 <= 1770 kN/m2
-11966.666666666666 -30000.0 kN/m2
-4061.9047619047615 1770 kN/m2

Code G.16:

# q = all permanent and variable loads

N_arch 11474 # kN from Diana
M_arch = 1303 # kNm from Diana
N_cable = 821 # kN from Diana

print (£f'{-N_arch/A_arch - M_arch/W_arch}
print (f'{-N_arch/A_arch + M_arch/W_arch}

#0UTPUT
print(£'{-N_arch/A_arch - M_arch/W_arch}
print (f'{-N_arch/A_arch + M_arch/W_arch}

N_deck 9106 #kN
M_deck = 1063 #klNm

<= {-fcd * 1000}
<= {f_t} kN/m2')

<= {-fcd * 1000}
<= {f_t} kN/m2')

(P/2)/A_deck} <=
(P/2)/A_deck} <=

kN/m2"')

P/A_deck} <= {-fcd * 1000} kN/m2')
P/A_deck} <= {f_t} kN/m2')

kN/m2')

{-fcd * 1000} kN/m2')
{f_t} kN/m2')

ULS calculation: Most critical condition

{-fcd * 1000} kN/m2')

{f_t} kN/m2')

{-fcd * 1000} kN/m2')

{f_t} kN/m2')
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W_deck = 1/6 * b * hx*2

A_deck = b *x h

f_t = 1770 #kN/m2

P = (N_deck/A_deck + M_deck/W_deck - f_t) * A_deck
print (P)

stress = P/4 / (31 * 150) * 1000
print (stress)
print (f'UC = {stress/1522:.2f}"')

# OUTPUT

-13807.142857142859 <= -30000.0 kN/m2
-3819.0476190476193 <= 1770 kN/m2
-26966.666666666668 <= -30000.0 kN/m2
-19061.904761904763 <= 1770 kN/m2

A_cable = np.pi*(50%%2)/1000000
print (N_cable / A_cable/1000)

#0UTPUT
104.53296662275685
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