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ABSTRACT

The Nyhamna natural gas processing plant (Norway) is one of the country's most
important natural gas export facilities. Due to this activity, the plant has a high energy
consumption that must be supplied by the Norwegian grid with significant energy losses
as it is located in an area far from the main power generation points of the country.

For this reason, in order to achieve greater energy efficiency, a feasibility study
has been carried out on the implementation of 3 small modular reactors (SMR) to supply
the necessary energy to the facility. After analyzing different options, the X-Energy
reactors were chosen. These reactors have a high degree of maturity compared to other
modular reactors with high energy capacity, which is necessary for the Nyhamna plant.

On the other hand, in order to make the best use of the available resources in the
area, the possibility of implementing a plant to produce biogas from salmon sludge has
been studied. The objective of this study is to take advantage of the residual heat energy
from the reactors, which would be used to heat the different processes involved in
biogas production. This plant would use the salmon sludge generated at Salmon
Evolution; a salmon farm located 3 km from the natural gas processing plant. This would
achieve a valorization of the salmon sludge, which is currently discharged into the fjord,
while supplying emission-free electricity to the natural gas processing plant.

This project therefore seeks to conduct a feasibility study of these SMRs with an
innovative approach. Therefore, the ultimate goal of the project is to validate this type
of installations in which nuclear energy is used more efficiently, and in line with
renewable energies, and for this purpose the particular case of the Nyhamna plant has
been studied.

The main results of this project indicate that these reactors could generate 240
MW of electricity, which is more than enough to process the natural gas. In addition,
biogas production would reach 2,500 tons per year, enough to heat about 1,129
Norwegian homes per year.



PREFACE

This project has been developed with the aim of closely studying the energy
scenario in Norway and assessing the capacity of the Small Modular Reactor (SMR)
technology to meet the growing energy demand in the Nordic country. In addition, it
has sought to incorporate an innovative approach by proposing possible benefits of
these reactors, such as the use of residual energy to valorize waste and generate biogas.

During the development of this project, the established objectives have been
achieved, confirming the adaptability of SMR reactors to the energy needs of industrial
plants in Norway. The results obtained demonstrate the potential and effectiveness of
this technology to provide a sustainable and efficient solution in terms of power
generation.

This research has awakened in me a deep personal motivation and reflection
about this technology. The ability of SMRs to address today's energy challenges should
foster a new vision of nuclear energy as a viable and responsible option. At a time when
we are facing pressing energy and environmental issues, it is crucial to explore
innovative and sustainable alternatives that can ensure a reliable and environmentally
friendly energy supply. | am confident that the findings presented in this project can
contribute to informed energy debate and decision-making, and | hope that this
research will motivate other researchers and practitioners to further explore the
possibilities of SMR reactors and promote a broader and more progressive approach to
nuclear energy.

| would like to take this space to express my sincere thanks to my mentor, Jan
Emblemsvag, for all his dedication and support throughout this project. His guidance
and mentorship have been invaluable, and | am truly grateful for his availability and
willingness to address all of my concerns. Without his expertise and encouragement,
this project would not have reached its successful completion.

In addition to my tutor, | would like to extend my deepest thanks to the company
Hyperthermics, and in particular to Elias Liavag. Thanks to the data and information
provided by this company, this project has been able to develop more accurately. Thanks
to their support and availability in the face of the adversities experienced in developing
this work, we have far exceeded the initial expectations set for this project.
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1. INTRODUCTION

In a global scenario characterized by ongoing climate change and the continuous
growth of population and technology, increasing energy demand has become a pressing
need. However, it is essential to address this growing demand in a way that does not
further compromise our environment and contribute to the climate crisis by moving
away from energy produced by fossil fuels. It is in this context that the generation of
energy from clean sources free of greenhouse gas (GHG) emissions becomes essential.
While renewable energy presents itself as a promising option, its intermittency and the
immaturity of some technologies pose significant challenges to fully meet this growing
energy demand. This is where nuclear energy emerges as an alternative worthy of
consideration, offering a continuous, high-performance energy source that can
complement renewable sources and contribute to the transition to a more sustainable
energy system.

In the field of nuclear energy, Small Modular Reactors (SMR) emerge as a
promising and highly advantageous technology. These reactors stand out for their
advanced design and inherent features that ensure a higher level of safety, mature
technology and ability to adjust to energy demand (load following capability), resulting
in more efficient power generation. Moreover, being smaller and modular, they allow
for scalable and adaptable energy production, reducing costs and implementation times
through industrial production in factories as opposed to the on-site construction of the
large nuclear reactor today. In short, SMRs are presented as an improved option for
increasing energy production capacity in an efficient and sustainable manner.

Given the growing interest and acceptance of nuclear energy as a reliable and
sustainable energy source, the opportunity arises to develop a project that takes
advantage of the benefits of fourth generation modular reactors. In this context, the
present work aims to propose and evaluate the feasibility of implementing an energy
generation system based on modular reactors to cover the electricity demand of an
industrial plant, taking full advantage of the technological improvements and
adaptability of this innovative nuclear technology.

The main objective of this project is to develop a feasibility study for the energy
supply of a large industrial plan using the Nyhamna gas processing plant, located west
of the city of Molde in Norway, as a case. This industrial plant is characterized by its high
electricity consumption, which raises the need to find efficient and sustainable solutions
for its energy supply. Therefore, it is proposed to evaluate the implementation of
modular reactor technology as a viable option to cover this demand, taking advantage
of the benefits of this innovative nuclear technology in terms of safety, efficiency and
low GHG emissions. The ultimate goal is to design an energy system that guarantees a
reliable and sustainable electricity supply for the Nyhamna plant, thus contributing to
the optimization of its operation and reducing its environmental footprint.
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In addition, this project will carry out an energy calculation of these reactors, and
their possible operation to meet the electricity demand. In this analysis, the possibility
of recovering the waste heat from the thermodynamic cycle, which is commonly
discharged into the environment through a condenser, will be studied. This heat
represents a large amount of energy provided by the reactor, and its waste is contrary
to energy efficiency. Thus, the overall objective is to achieve a more sustainable energy
system. In this work, the possibility of using this waste heat to heat the processes of a
biogas generation plant has been evaluated.

This biogas plant will use salmon sludge as the organic material to be transformed.
This material will be provided by the company Salmon Evolution, which is located 3 km
north of Aukra Island, where the Nyhamna gas processing plant is located. Salmon
Evolution is a Norwegian aquaculture company focused on becoming the world's leading
producer of land-based farmed Atlantic salmon. To do this, they use a hybrid continuous
flow system which ensures a sustainable production process with controlled and optimal
growth conditions. In the course of its activity, Salmon Evolution generates large
guantities of sludge, which, due to its apparent lack of usage, is dumped into the ocean.
However, its energy potential has been evaluated for the production of biogas in a
hybrid way together with the modular reactors. In order to make the best use of this
resource, the option of pumping the sludge over a distance of 3 km under the ocean to
the location of the biogas production plant has been considered.

In this way, the current project addresses a number of challenging problems facing
the town of Mgre og Romsdal:

° Firstly, there is the possibility of providing the Nyhamna gas processing plant,
which has a very high consumption, with GHG emissions free electricity.

° Secondly, the salmon sludge problem is solved. In this way, this sludge can be
valorized, giving it an outlet without having to be dumped into the ocean and
polluting it. In this way, the present project will allow marine life in the area to
remain unaffected.

° Finally, a value is obtained from salmon sludge in the form of fuel with a net zero
emission value. This biogas, as a renewable resource, presents itself as a promising
solution for sectors such as marine transport, where the implementation of
electricity grids based on renewable energy systems can be more challenging.

Based on the case of study, this project aims to provide answers to the next four
main research questions. First, the project seeks to prove the viability of SMRs to supply
the electricity demand of industrial plants. In this way, the intrinsic flexibility of this
technology, which has the capacity to adapt to demand, is proven. The second issue that
has been tried to clarify is the possibility of using the rest energy of the reactors to heat
the different processes of a biogas plant. In this way, the aim is to increase the energy
efficiency of the SMRs by taking advantage of an energy that is not generally used.
Implicit in these first two questions is the third question, which is to study and promote
the collaboration of nuclear energy together with renewable energies in order to
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advance towards energy decarbonization. Finally, this project seeks to study the
feasibility of generating biogas from salmon sludge. This will try to give a greater
perspective on this technology, and will discuss its capacity in a project of this size.

This project is aligned with the Sustainable Development Goals (SDG) proposed by
the United Nations in September 2015. These goals were established as a global agenda
to address the world's most pressing socio-economic and environmental challenges, and
set targets to be achieved by 2030. The ultimate goal of the United Nations is to promote
prosperity while protecting the planet, and to this end, the United Nations conducts an
annual update of these goals giving an overview of the status of each of them[1].

This feasibility study mainly contributes to the achievement of SDG 7: "Ensure
Access to affordable, reliable, sustainable and modern energy for all". This goal
emphasizes the need to increase GHG emission-free energy production. To this end, it
is proposed that by 2030 international cooperation must be improved to facilitate access
to clean energy research and technology[2]. Improving energy timeliness is the main
motive of the study, and its implementation would be a contribution to this SDG.

In addition to contributing to SDG 7, this project also has a relevant contribution
to other targets. In particular, it aligns with SDG 9, which talks about improving
infrastructures and modernizing industries to make them sustainable as this project
intends to do by developing on the one hand a nuclear power generation plant, and on
the other hand a biogas production plant. It also contributes to SDG 12 which seeks to
ensure sustainable production and consumption patterns by making efficient use of
natural resources and SDG 14 which seeks to conserve and sustainably use the oceans,
seas and marine resources by preventing pollution of all kinds. The latter two goals are
contributed to through the valorization of salmon sludge, as this action makes better
use of natural resources, preventing the ocean pollution that occurs when this sludge is
dumped at the bottom of the fjord.

In order to carry out this project, it will first be analyzed the context in which it is
situated, both globally and locally in Norway. Then, the state of art will be presented in
which the topics of modular reactors, waste heat utilization and biogas production will
be discussed. Afterwards, the methodology will be presented, where the project and the
details surrounding it will be analyzed. After this, the results will be shown and an
analysis of the project will be carried out. This will lead to the economic study, showing
the financial viability of the project. Finally, a discussion of the results obtained will be
made pointing out the main conclusions of the project.

14



2. BACKGROUND

The current global landscape presents a number of environmental challenges that
are of vital importance for the protection of the planet as we know it. These problems
have a direct impact on our health, well-being and the long-term viability of the planet.
This global problem has to be solved by modern civilization, as it is the main cause of it.

In the late 18th century, a process of social, economic and technological
transformation called the Industrial Revolution emerged in Great Britain (United
Kingdom). Industrialization brought rapid economic growth and technological advances,
but it also caused a number of environmental problems. The burning of coal and the
emission of toxic gases contributed to air and water pollution, and deforestation
intensified due to the demand for timber for industry.

2.1. Treaties in protection of the environment

In response to these problems, a number of important treaties and events in the
history of the environment emerged. In 1972, the Stockholm Conference on the Human
Environment, organized by the United Nations, was a crucial milestone. At this event,
the interrelationship between unsustainable economic growth and environmental
degradation was recognized, and principles were adopted to guide environmental
management[3].

Another key milestone was the Montreal Protocol in 1987. This international
treaty focused on the protection of the ozone layer and sought to phase out ozone-
depleting chemicals, such as chlorofluorocarbons (CFCs) used in aerosols and
refrigerants[4]. The Montreal Protocol has been highly successful in reducing the
production and consumption of these harmful substances.

Later, in 1992, the Earth Summit was held in Rio de Janeiro, also known as the
United Nations Conference on Environment and Development. At this summit,
fundamental agreements were adopted, the most prominent being the United Nations
Framework Convention on Climate Change (UNFCCC), which established a framework
for global cooperation in the fight against climate change[5].

Subsequently, in 1997, the Kyoto Protocol was established as a complement to the
UNFCCC. This international agreement established binding commitments to reduce GHG
emissions, with specific targets for industrialized countries. It also introduced flexibility
mechanisms such as emissions trading and clean development mechanisms|[6].

Finally, in 2015, the Paris Climate Summit was held, resulting in the historic Paris
Agreement. This global agreement aims to address climate change and sets out a
commitment to keep global temperature rise below 2 degrees Celsius, as well as striving
to limit it to 1.5 degrees Celsius. It also promotes international cooperation on climate
change adaptation and provides financial support to developing countries[7].
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This agreement has had a significant impact on the SDGs. These goals were
adopted by the United Nations in 2015 as a universal call to end poverty, protect the
planet and ensure that by 2030 all people enjoy peace and prosperity[2]. As far as
climate change is concerned, in order to prevent global temperature rise, the Paris
agreement directly addresses goal number 13: "Climate action". This goal establishes
the need to take urgent action to combat climate change and its impacts. In addition, it
also addresses goal 7: "Affordable and clean energy" which focuses on the need to
generate clean, GHG-free energy. This energy generation is vital for global sustainable
development.

2.2. Power generation

Power generation plays a key role in global energy supply. It is the process by
which energy is produced to power various human activities, from the operation of
homes and businesses to the operation of industries and transport systems.

Primary Energy Production (Worldwide)
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Figure 1 Primary energy production worldwide over the last 30 years|8].

As can be seen in Figure 1, global energy production has an upward trend, which
is due to a clear increase in energy demand. This trend is due to world population growth
and technological economic development, among other reasons. According to the
International Energy Agency (IEA), the increase in energy production over the last 30
years has been 59.61%. However, this increase is not a good indication of sustainability
because 79.96% of energy production is still based on fossil fuels[8].

Given the current climate crisis and the increase in global energy demand, it is
essential to seek solutions to supply today's society with sufficient energy to carry out
its activities. This must be done by limiting GHG emissions to reduce environmental
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impact and promote the transition to a more sustainable energy model. In this sense,
renewable energy sources represent the main alternative to conventional energy
production systems based on fossil fuels with a high level of emissions.

2.3. Renewable energies

Renewable energies (RE) are energy sources that are obtained from natural
resources that are inexhaustible or continuously renewable. These sources include solar,
wind, hydro, geothermal and biomass energy. Unlike conventional fossil fuel-based
energies, renewable energies offer numerous benefits. Firstly, they are clean and
environmentally friendly, as their generation does not produce significant GHG
emissions or air pollutants. This contributes to mitigating climate change and improving
air quality. In addition, renewable energies are local energy sources, which reduces
dependence on energy imports and promotes the autonomy and energy security of
countries.

Renewable energy is now playing an increasingly important role in the global
energy mix. Thanks to technological advances and cost reductions, renewable
generation capacity has experienced significant growth worldwide. Solar and wind
energy, in particular, have become the most prominent renewable sources, with
installations expanding in several countries[9]. These clean energies have the potential
to provide a significant share of the world's energy demand, both residential and
industrial.

In order to achieve greater deployment of these energy renewable resources, it is
essential to drive greater electrification of energy systems. By promoting the adoption
of electricity technologies in key sectors such as transport, industry and households, an
enabling environment is created for the integration of renewable energy sources.
Electricity is a versatile and efficient form of energy that can be generated from a variety
of sources. Having a robust and well-developed electricity infrastructure in place
facilitates the integration of these clean sources and reduces dependence on highly
polluting fossil fuels.
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Figure 2 Electricity generation by source worldwide. Authors calculation using data from[8].

As can be seen in Figure 2, global electricity production has increased significantly
in recent decades. It is worth noting that in the last five years, energy production from
coal has decreased by 0.88% for the first time in history. Similarly, electricity from oil has
fallen by 34.58%, a downward trend that has continued over the last three decades[8].

However, there has been a positive trend in the production of electrical energy
from natural gas in recent years, resulting in a 2.16% increase in electricity generation
from fossil fuels[8]. This is due to several reasons, such as the abundance and
accessibility of natural gas reserves, its lower environmental impact compared to oil and
coal, and advances in gas extraction and power generation technology. In addition, the
increase in electricity demand is another factor explaining this growth in the use of
natural gas for power generation.

It is also worth highlighting the evident increase in renewable electricity
production in recent decades. This electricity production is mainly composed of wind
and solar photovoltaic, although other energy sources also have a significant presence
such as biofuels, waste, geothermal, solar thermal or marine. This increase has been
even more evident since 2010 due to the growing recognition of the importance of
addressing climate change. This has led to further progress in these technologies and
the efficiency of renewable energy sources, making them more accessible and cost-
effective. As a result, more investments have been made in renewable projects and their
installed capacity has increased worldwide.

Although in the graph hydroelectric energy is represented apart from the rest of
renewable energies, this energy source is included among renewable energies, and
represents the most expanded source at present. This resource has experienced steady
growth over the last few years, showing a significant increase in the last five years, with
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an increase of 11.85%. This positive trend demonstrates the key role that hydropower
plays in the generation of clean and sustainable electricity, thus contributing to climate
change mitigation and diversification of the global energy matrix.

Historically, Norway has been dominated by hydropower generation as its main
source of energy. Thanks to its abundant water resources, Norway has taken advantage
of its mountainous topography and numerous rivers and waterfalls to build a robust
hydropower infrastructure. Currently, hydropower is Norway's main energy source, with
1681 hydropower plants with a total installed capacity of 33,055 MW at the beginning
of 2021[10]. This form of power generation has been an integral part of the country's
industrial and economic development, providing a reliable and sustainable source of
electricity.

However, as energy demand grows and the country seeks to diversify the energy
matrix to address challenges such as climate change, Norway is exploring other energy
sources complementary to hydropower. This is mainly due to increasing electricity
demand caused by population growth, industrial expansion and economic development.
Hydropower, although a renewable and clean energy source, has certain limitations in
terms of generation capacity and availability. Therefore, the search for other energy
sources makes it possible to meet this growing demand in a more diversified and
sustainable manner.

Furthermore, the diversification of energy sources in Norway is also driven by a
long-term perspective and the need to ensure security and stability of energy supply.
Relying solely on hydropower can expose the country to vulnerabilities in the event of
prolonged droughts or changes in climatic conditions. By exploring other energy
sources, Norway seeks to strengthen its energy resilience and reduce potential risks
associated with exclusive reliance on a single source.

In order to achieve this goal, Norway is currently developing its renewable
technologies in order to increase its electricity capacity. Currently, the most exploited
renewable energy source apart from hydropower is wind energy. Norway's geographical
location is ideal for the exploitation of this resource, with a long coastline and extensive
mountainous areas, which provide excellent potential for wind power generation. The
strong winds along the coast and in the mountainous areas provide an abundant and
constant energy resource. For this reason, Norway has in recent years decided to invest
in this energy source by installing 1405 MW of new capacity by 2020, giving it an installed
wind power capacity of 3977 MW/[10]. This has resulted in electricity production from
wind power at 7.45%, which is a big jump from 0.71% in 2010(8].

In addition to these energy sources, the use of organic matter is also a widely
expanded resource for energy supply. Through this resource, different types of
derivatives can be obtained, which are called biofuels, and although they only represent
2.13% of the world's electricity generation[8], these fuels have great potential, and their
development can imply a great advance towards a more sustainable energy system.
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Within biofuels, 3 main families can be distinguished, which have different origins
and applications: bioethanol, biodiesel and biogas. Bioethanol is an alcohol produced
from the fermentation of sugars and starches present in crops such as sugar cane, corn
and beet, and its main application is as an additive in vehicle fuels or as pure fuel in high-
compression engines. Biodiesel is produced from vegetable oils or animal fats through
a transesterification process, and can be used as an additive in conventional diesel fuels
or as a pure fuel in diesel vehicles. Biogas, on the other hand, is produced by the
anaerobic decomposition of organic matter such as agricultural residues, animal manure
or food waste. In the present project, we will focus on biogas as an energy carrier of
particular interest.

2.4. Biogas

For millions of years, organic matter has been used as a source of energy by
mankind. Since ancient times, our ancestors discovered that burning wood, charcoal and
other organic materials could provide heat for cooking, heating and various activities.
This ancient practice laid the foundation for understanding the energy value of organic
matter and has evolved over the centuries, leading us to explore new ways of harnessing
and transforming these resources into renewable energy sources such as biogas.

Biogas is a form of renewable energy obtained from the decomposition of organic
matter in the absence of oxygen, in a process known as anaerobic digestion. During this
process, microorganisms break down organic matter, such as agricultural waste, animal
manure, food waste and sewage sludge, releasing gases, a 70% of methane (CH4) and a
30% of carbon dioxide (CO2)[11].

The basic principle of biogas is based on capturing and using the methane
produced during the decomposition of organic matter, and then using this methane as
a fuel for various energy applications. This variety of biogas applications is one of the
main advantages of this resource over other renewable energy sources. One of these
applications is electricity and heat generation in biogas plants, where its exploitation is
widely known, as it has the same basis as conventional gas plants.

In addition, it can also be used as a motor fuel, thus replacing conventional fossil
fuels in those activities where the integration of the electricity system is more
complicated, such as transport. This sector is the second largest energy consuming
sector in the world, and by far the sector with the highest GHG emissions. Therefore,
the implementation of renewable energies in this field is one of the main challenges
facing our society. According to the International Renewable Energy Agency (IRENA),
the use of this resource could reduce emissions by 60% to 80% depending on the organic
material used for biogas[12], which would be a great step forward in terms of emissions
reduction.

Biogas, when used as an energy source, undergoes a combustion process that
produces carbon dioxide (CO) as a by-product. However, this is a renewable energy
resource, as the balance of CO; emissions is neutral. This means that all the CO; emitted
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both in the production and consumption of biogas is equal to the CO; that the organic
matter has absorbed during its lifetime. This makes biogas an ally in the fight against
climate change.

On the other hand, biogas has proven to be an effective solution for waste
recovery, resulting in a significant reduction of waste. By using this waste as a raw
material for biogas production, in addition to obtaining a renewable fuel, it also reduces
the amount of waste that would otherwise end up in landfills or undergo uncontrolled
decomposition processes, which can generate harmful emissions for the environment.
This is vitally important in today's society where, due to population growth and
industrial development, waste generation continues to increase significantly.

However, there are several factors that limit the use of this resource. On the one
hand, large quantities of organic matter are needed for its production, which is not
available everywhere. In addition, this resource requires the construction of specialized
infrastructures that can be very costly to build and maintain. It should also be noted that
biogas has to be treated before combustion, as it may contain unwanted pollutant
impurities such as hydrogen sulfide (H»S), thus increasing the cost of its exploitation
even more.

In terms of resource exploitation, this often leads to the creation of energy
plantations, which have a negative impact on the environment. Due to these
plantations, biodiversity and ecological balance is sometimes disturbed. In this regard,
in order to stop the expansive damage to the world's forests and stop the acceleration
of climate change, a letter signed by 800 scientists was drafted in 2018 for the European
parliament about forest biomass[13]. In this letter, it is laid out that even if forests are
allowed to regrow, the use of deliberately harvested wood for burning will increase
carbon in the atmosphere and warming for decades or centuries. This is true even when
wood substitutes for coal, oil or natural gas. Moreover, new tree growth and the
displacement of fossil fuels may pay off this "carbon debt", but only in the long term.
For these reasons, this letter argues for the need to look for alternatives and move away
from deforestation for energy purposes. In addition, the intensive cultivation of these
plantations may compete with the availability of land for food production, raising
concerns about food security.

These facts mean that, in order to continue obtaining biofuels, other types of
organic materials are used, such as food waste, such as fruit and vegetable peelings,
agricultural waste, such as crop stalks, leaves and crop residues, or animal waste, such
as excrement or sludge. In this way, these wastes acquire a higher value for the future.

However, the above-mentioned reasons have resulted in biogas having a very
small presence in the international energy mix. Currently, according to the IEA, out of
the global electricity production from biofuels that amounts to only 2.13% as we have
already seen, biogas just accounts for 15.71% of these biofuels[8]. On the other hand,
as far as thermal generation is concerned, only 5.45% of renewable consumption is by
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biogas, with the use of primary solid biofuels such as wood being more extensive[8]. This
resource represents 64.77% of renewable thermal generation due to the simplicity and
convenience of its use[8].

Despite the disadvantages and relatively low implementation of biogas as an
energy resource, it is important to recognize its great potential and consider it as a viable
option in the search for a more sustainable energy system due to its versatility and zero
net emission balance. Furthermore, as mentioned above, this resource can be used in
the same way as gas, which is a mature technology and does not present the usual
problems of renewable energies such as intermittency. In the following, these problems
are outlined in general terms trying to find a solution for them.

2.5. Renewable Energies issues

As shown above, renewable energy is the most promising way to address climate
change. Their ability to generate energy in a clean and emission-free manner is critical
to reducing our dependence on fossil fuels and mitigating negative impacts on the
environment. With a focus on sources such as solar, wind, hydro and biomass, we can
move towards a more sustainable and responsible future, where energy generation is in
harmony with the protection of the planet and the preservation of its natural resources.

However, despite the great advantages of these renewable energies in terms of
GHG emissions and diversification of energy production, there are certain disadvantages
associated with the implementation of these sustainable energy sources. The
generation of energy from these renewable resources is often dependent on natural
factors and therefore results in undesirable intermittency in meeting energy demand. In
addition, the availability of these resources is variable, and they are sometimes not
available in certain geographical areas, limiting their deployment. These reasons,
coupled with the low degree of maturity of certain technologies, highlight the need to
explore other energy sources while solutions to the problems presented by renewable
energies are being developed.

To achieve this purpose, the development and deployment of different
technologies, together with policies that encourage the transition to low-carbon energy
systems, are essential to achieve a sustainable energy future, both in Norway and
globally. In this context, nuclear energy is presented as a viable, proven and guaranteed
alternative to combat climate change, together with renewable energies, making it
possible to reduce energy production from fossil fuels, while increasing energy
generation.

2.6. Nuclear energy

Given these conditions, nuclear power has emerged globally as a major resource
for combating climate change. As the world seeks to reduce GHG emissions and move
towards a cleaner energy matrix, nuclear power stands out for its ability to generate
large amounts of electricity without carbon emissions. Its strategic combination with
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renewable sources, such as solar and wind, presents a comprehensive and balanced
solution to address growing energy demand, while reducing dependence on fossil fuels
and limiting environmental impact.

Nuclear energy is based on the principle of nuclear fission, which involves the
splitting of heavy atoms, such as uranium or plutonium, in a controlled process. These
reactions occur when a neutron hits the nucleus of these heavy elements. At this instant,
the neutron is absorbed by the nucleus producing its excitation, and subsequently its
splitting, giving rise to lighter isotopes. This splitting also releases a large amount of
energy and new neutrons. These neutrons can then collide with another nucleus,
producing a new reaction, and giving rise to what is called a chain reaction[14]. Thanks
to this chain reaction, the nuclear reactor is able to supply a large amount of energy,
which in a nuclear power plant is used to produce high-pressure steam. This steam
drives a turbine, which in turn is connected to an electrical generator. As the steam
expands and passes through the turbine, its kinetic energy is converted into mechanical
energy, which is finally transformed into electrical energy by the generator. This is how
the steam acts as a means of converting heat into usable electrical energy.

Unlike renewable energies, nuclear energy has significant advantages in terms of
stability and reliability. Nuclear power is not subject to weather or seasonal variations,
as it is not dependent on the availability of sun or wind. This means that nuclear power
can operate steadily and predictably, providing a baseload energy source that
complements intermittent renewables. In addition, nuclear power does not emit GHG
during electricity generation, making it a valuable option for combating climate change
and reducing carbon emissions.

In addition to its stability and low GHG emissions, nuclear power also has a high
energy density, meaning that a small amount of nuclear fuel can generate a large
amount of energy. This makes it an efficient option in terms of resource use and space
occupation. Moreover, nuclear plants tend to have a long lifetime and high generation
capacity, which contributes to energy security and diversification of a country's energy
mix.
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Figure 3 Nuclear energy production worldwide over the last 30 years. Authors calculation using
data from[8].

This energy source has played an important role worldwide in terms of energy
generation, accounting for 17.68% of the world's energy generation in 1996[10].
However, due to the nuclear accidents that occurred at the Three Mile Island nuclear
power plants in 1979, Chernobyl in 1986, and Fukushima in 2011, public opinion
regarding this energy source has been affected[15]. As a consequence of this low public
acceptance particularly in OECD countries, nuclear energy production has declined, with
nuclear energy now accounting for only 10% of global energy production[10]. An
example of this is the drop in electricity generation that occurred in 2011 following the
Fukushima accident, as shown in Figure 3.

However, given the world's energy crisis, coupled with the need to mitigate
climate change, the nuclear energy debate has been reignited. In November 2022,
President Emmanuel Macron announced the construction of 14 new nuclear reactors to
supply the country's energy demand and cushion the volatility of energy prices caused
by the war in Ukraine[16]. On the other hand, in Japan, despite the past Fukushima
accident, due to high energy consumption, the decision has been taken to reopen
nuclear power plants, with the objective of having from 20 to 22% of nuclear energy in
its energy mix by 2030[17].

In Poland, a survey of the population on nuclear power was conducted in 2021
resulting in 74% of the inhabitants being in favor of a nuclear power plant being built in
their country[18]. This is also reflected in the plans of the Slavic country, which is now
in the process of building its first nuclear power plant based on AP1000 reactor
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technology, with the country's plans being to increase nuclear power capacity to 9
GW(e) by 2040 through 6 reactors[19].

Similarly, in Great Britain, the installation of a nuclear power plant (Sizewell C)
consisting of two European Pressurized Reactors (EPR) with an installed capacity of 3.2
GW has been approved[20]. In Canada, $970 million have been invested in the
development of fourth-generation reactor technology, the SMRs[21] (see chapter 2.8).
In Germany, on the other hand, due to the fear of a possible accident, nuclear power
generation was stopped on April 15 of the 2023[22]. In the US, in the state of West
Virginia, laws preventing the construction of new reactors have been repealed in order
to allow the expansion of this energy source[23]. This scenario is very changeable, and
depends mainly on the policies of each country, as well as on the global context.
Currently, 15 countries are now constructing nuclear power plants and another 30
countries plan to construct[24], [25].

In Norway, despite being part of the International Atomic Energy Agency (IAEA),
nuclear energy has never played a significant role in power generation. Over the
decades, Norway has explored the potential of nuclear energy, but has so far not built
commercial nuclear power plants.

In 1951, research into nuclear energy began in Norway. For this purpose, the JEEP
(Joint Establishment for Experimental Programme) Research Reactor was built in Kjeller,
which was in operation from 1951 to 1995. Since then, three other research reactors
have been built in Scandinavia: one at Halden, the Halden Boiling Water Reactor (HBWR)
reactor, and two at Kjeller, NORA and JEEP Il. These reactors contributed to the
development of nuclear technology and the training of experts in the field. However, in
1979, following the Three Mile Island nuclear accident in the United States, Norway
decided to abandon plans to build commercial nuclear power plants in the 70s, and in
2018 and 2019 the decommissioning of the HBWR and JEEP Il nuclear reactors began.

Despite this, Norway is part of the European Union (EU) taxonomy whose main
objective is the establishment of a common classification system for environmentally
sustainable economic activities. In this way, the aim is to provide clarity and
transparency on what can be considered environmentally sustainable, in order to direct
investment flows towards activities that contribute to the EU's environmental
objectives. In this regard, nuclear energy has recently been accepted as environmentally
sustainable economic activities, making it an asset for the continent's energy
development[26]. Therefore, it could be expected that, since Norway is within this
framework, the possibility of implementing this energy source will be explored in the
future.

By contrast, currently, there is reduced deployment of this resource both in
Norway and the rest of the world, and this is mainly due to doubts about its safety.
However, there are also other uncertainties related to this energy source that have a
direct impact on its use.
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2.7. Nuclear Energy Issues

Nuclear energy currently represents one of the most important controversies on
the world energy scene. This energy source has the capacity to mitigate the effects of
climate change as it is a resource that, due to its nature, does not emit GHG. This,
together with its energy capacity, makes it a viable solution to replace fossil fuels in
energy generation, thus reducing the emission of gases that contribute to global
warming.

However, despite these advantages, there are a number of problems associated
with its use that led to society's misgivings about this resource and rejection of its
deployment for electricity supply. These problems cover critical areas such as nuclear
waste management, safety, nuclear proliferation and high construction and
decommissioning costs in western countries.

One of the most significant challenges is the management of nuclear waste, which
is highly radioactive and must be safely stored and managed for thousands of years.
Despite advances in long-term storage technologies, such as deep geological disposal in
Finland[27], the search for definitive solutions for the management of this waste
remains a major concern.

Nuclear safety, as mentioned above, is another critical issue to consider, as it is
one of the main causes of popular opinion against this energy source. However, nuclear
power has the best safety record of all power plant technologies, which is due to the
fact that these nuclear reactors are designed with multiple safety barriers. These
barriers have been required by severe nuclear accidents, such as the Chernobyl and
Fukushima catastrophes, which have demonstrated that there are significant risks
associated with nuclear power. However, it should be noted that in both accidents the
main culprits were human error: in Chernobyl, it was the lack of safety culture and
management arrogance, while in Fukushima it was the failure to update a known
tsunami risk (the initial risk assessment was basically wrong and the facility was ordered
to improve the protection of key components such as cooling). The most technologically
relevant nuclear accident is Three Mile Island, where the technology failed, but the
backup systems worked as planned, eliminating the risk of releases (unlike Chernobyl
and Fukushima).

These accidents have led to the development of great advances in nuclear safety,
increasing preparedness to face possible accidents and guaranteeing the protection of
the population and the environment. As mentioned above, this development has made
nuclear energy one of the safest energy sources available (see Figure 4).
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Death rates per unit of electricity production

Death rates are measured based on deaths from accidents and air pollution per terawatt-hour (TWh) of electricity.
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Figure 4 Death rates caused by air pollution or accidents per unit of electricity production. Chart
made by Our World in Data[28]. Sources: Markandya &Wilkinson[29], Sovacool et al.[30] and
UNSCEAR(31].

This Figure 4 compares the ratio of fatalities to electricity production at a global
level. In order to make this comparison, Our World in Data[28] has compiled different
data provided by different studies[29]-[31], which show that the death rate of nuclear
energy with respect to electricity production is similar to that of wind and solar energy.

In addition, nuclear proliferation was an issue of international concern in the 20th
century. Access to nuclear technology and materials posed risks in terms of global
security and potential misuse for the production of nuclear weapons. This problem is of
lesser importance today, since there is greater control, and there are solid regulations
that prevent nuclear proliferation. Thus, the responsible use of this technology is
guaranteed.

Finally, the high costs associated with the construction in the US (AP1000 Vogle)
and EU (EPR 1600 — Hinkley Point C, Flamanville and OL3) and decommissioning (Holtec
Oyster Creek and Pilgrim facilities) of nuclear plants are also a major challenge. The
deployment of new nuclear plants requires significant financial investments, and the
safe decommissioning of facilities at the end of their lifetime also entails considerable
costs. While it is true that the operation of these plants is carried out at a very low cost,
this initial and final investment in nuclear plants is very high and significant, since due to
the management of radioactive materials, great efforts are required for nuclear safety
and security.
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It is essential to address these problems in an effective and universal manner, so
that this resource can be exploited in a safer and more sustainable way. To this end, the
IAEA states that SMR, have great potential to contribute to a safe and emission-free
energy system[32].

2.8. Small Modular Reactors

Modular reactors are an innovative form of nuclear technology that differs from
conventional nuclear power plants by their modular and scalable design. These reactors
are smaller in size and power generation capacity. According to the IAEA, SMRs are
defined as advanced nuclear power plants producing an electrical output of up to 300
MW/(e)[32]. These facilities are divided into modules, with each module having a nuclear
reactor that contributes to the total electrical generation. This design allows for the
addition or removal of modules depending on the electricity demand of the area, giving
this technology greater flexibility to adapt to fluctuating energy demands. These
reactors have a fourth-generation design, where the main objective is to improve the
efficiency, safety and waste management of previous-generation reactors.

In terms of safety, modular reactors are designed with advanced approaches built
in from the outset. Their smaller size reduces the amount of nuclear fuel and thermal
energy contained, which reduces the potential associated risks in the event of an
accident. In addition, these reactors use concepts such as gravity, natural convection
and passive cooling systems to maintain reactor integrity and dissipate residual heat in
the event of a failure. Moreover, their modular design prevents accidents from
spreading to other areas of the reactor, keeping any potential accidents inside the
module, thus minimizing risks.

Similarly, thanks to the modular design, these reactors allow factory construction.
This means that the reactors are manufactured in specialized facilities where more
efficient and controlled construction can be carried out. Once manufactured, the
modules are transported to the nuclear site and installed more easily and safely. As a
result, costs and construction time are significantly reduced, making this technology
more economically and practically viable.

Finally, with regard to nuclear waste management, SMRs have a special design to
deal with this fundamental problem of nuclear energy. In these reactors, advanced
nuclear fuels can be used which are better utilized, resulting in a higher energy density
while reducing the amount of radioactive waste. Thus, the reactors are more energy
efficient as they are able to extract a greater amount of energy while avoiding having to
deal with large amounts of nuclear by-products, which present a major drawback.

These reasons place SMRs, and thus nuclear power, at the forefront of the energy
sector, as one of the most innovatively developed technologies. Furthermore, these
advances have resulted in greater public acceptance of this technology, which makes it
a viable option for Member States interested in expanding their nuclear capacity as well
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as for those wishing to embark on new nuclear programmes, as indicated by the
IAEA[33].

Therefore, in order to take advantage of this technology and analyze its
implementation in the electricity grid, a feasibility study has been carried out on the
installation of SMR to supply electricity to the Nyhamna gas processing plant, located
west of the city of Molde in Norway. In order to adopt greater energy efficiency and
make the best use of the resources of these reactors, this project has also studied the
possibility of installing a biogas production plant to make use of the waste energy
generated in these nuclear facilities. To produce biogas, this facility will use salmon
sludge obtained from the Salmon Evolution company, which is located 3 km north of the
gas processing plant.
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3. STATE OF THE ART

The thermodynamic efficiency of the thermodynamic cycles of nuclear power
plants is around 33%. This means that there is 66% of reactor energy that is not used.
This energy corresponds mainly to the thermal energy that is poured into the condenser
at the turbine outlet. The use of this energy could increase the efficiency of the plant by
up to +70%[34], so, in this project, this energy potential has been studied to achieve this
efficiency increase in the SMRs.

In order to be able to use this energy, the main parameter to take into account is
the temperature required in the application in question. This temperature is an aspect
of vital importance when using the waste heat from nuclear plants, since, in order to be
able to use this energy, the temperature range of the application must be lower than
the temperature at the outlet of the turbine of the thermodynamic cycle. To make an
initial analysis of these temperatures, Figure 5 presents different thermal applications
with their temperature ranges, and these are compared with the temperature obtained
by the different reactor technologies according to IAEA[35].
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Figure 5 Temperature ranges of heat application processes and types of nuclear power plant[35].
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The higher the operating temperature of the reactor, the greater its capacity to
meet the thermal demand, since this energy can be used in a greater number of
applications. Therefore, as shown in Figure 5, one of the best options for this purpose is
the High Temperature Gas-cooled Reactors (HTGR).

For the development of the project, first of all, an exhaustive review of the
literature related to waste thermal energy of nuclear reactors has been carried out. In
this context, the aim is to analyze and understand how this rest energy can be used in
an efficient and sustainable way. For this reason, in this study, the different possible
applications of this waste energy have investigated, and an analysis has been done about
the work done so far in each of these applications.

In 2019, there were 79 reactors harnessing reactor waste energy for desalination,
district heating, or process heat[36]. However, this heat has the potential to be
harnessed for many other applications such as low-temperature power cycles, process
cooling, agriculture, or ammonia production. This chapter summarizes these
applications and the current status of these applications, reviewing the studies carried
out in this respect.

3.1. Water desalinization

Water desalination is a process that converts seawater or brackish water into fresh
water suitable for human consumption and other applications. As the demand for
freshwater increases and freshwater resources diminish, desalination has become a
crucial solution in many parts of the world. Although there are several methods for
desalinating water, the general process involves the removal of salt and other dissolved
minerals present in salt water.

To achieve this goal, there are two main methods: reverse osmosis and distillation.
In reverse osmosis, salt water is pressurized, forcing it to pass through a semi-permeable
membrane. This membrane allows the water to circulate, but prevents the salt from
passing through. Distillation, on the other hand, is based on heating and evaporation of
the water. In this way, the water is converted into vapor, separating it from the non-
volatile components. This water vapor is then condensed to obtain fresh water. In this
process, some thermal energy is needed in the temperature range of 100 °C, which can
be obtained from nuclear reactors.

In this area, Alonso et al.[37] evaluated the possibility of implementing a
cogeneration plant using thermal energy for water production. In this study, two
reactors were compared, a large reactor (AP1000) and a medium reactor (IRIS)
combined with different desalination methods. This study concluded that the use of
cogeneration in nuclear power plants for the production of fresh water and electricity is
feasible and that the IRIS reactor, due to its cost and versatility, was a better option.
Regarding SMR, Ahmed et al.[38] studied the potential of these reactors for
desalination. The review compares different modular reactor technologies in terms of
their technical characteristics.

31



The use of nuclear energy for water desalination is not new and has been explored
since the early stages of nuclear technology. One of the first nuclear power plants to be
installed for the specific purpose of desalination was the Aktau water desalination plant
in Kazakhstan. This plant, built in the 1960s, used a nuclear reactor to generate heat,
which was then used in a thermal distillation process to desalinate water. Although this
plant did not rely on cogeneration to produce electricity and fresh water at the same
time, through this pioneering project, the potential of nuclear power as a heat source
for water desalination was demonstrated.

3.2. District heating

District heating systems are based on the generation of heat at a central location
which is distributed through a network of pipes to multiple buildings and homes within
an urban or communal area. This system provides heat for indoor space heating and, in
some cases, can also be used for domestic hot water production.

District heating has great advantages over local heating systems. Among them is
the reduction of investment costs for individual installations, and the possibility of using
waste heat to increase energy efficiency. However, the main disadvantage lies in the
high cost of these installations in terms of distribution pipes.

This energy application is in the range of low temperature applications, as can be
seen in Figure 5. According to the study by Lipka et al.[39] in which the current situation
of district heating supplied by nuclear reactors was analyzed, the typical supply
temperature of these applications is 80-130 oC, while the return temperature is in the
range of 45-709C. This study highlighted that the temperatures used in district heating
systems are adequate and affordable to harness the remaining energy from a nuclear
reactor. What this means is that district heating can be a viable application for utilizing
the energy that is not used in generating electricity in a nuclear reactor, providing heat
to communities and buildings in an efficient and sustainable manner. However, the
study by Lipka et al.[39] highlights that these applications have been reduced in recent
years, and thus recommendations are made to expand their implementation in the
future. There are currently 53 reactors using cogeneration for district heating purposes,
being the most widespread application[35].

One of the main points addressed in the Lipka et al.[39] study is the need to
perform the energy transfer at a higher temperature. Therefore, it is proposed to extract
a portion of energy from the steam turbine before the steam cools down too much. This
leads to some deterioration of the electrical power since this fraction of steam is not
being used for electrical generation. Figure 6 shows the schematic of the technical
solution presented to address this problem in nuclear plants.
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Figure 6 Schematic diagram of a nuclear power unit with a PWR reactor and extraction-
condensing steam turbine.

Figure 6 shows how part of the steam is extracted from the turbine before it is
expanded for use as preheating the district water in heat exchangers 5 and 6. Moreover,
part of the steam is also extracted in separator 21 to ultimately heat the water that will
later be consumed. These extractions cause the loss of electrical power in the reactor in
order to obtain quality thermal energy for district heating supply.

It should be noted that this scheme corresponds to the needs of a Pressurized
Water Reactor (PWR) nuclear plant, which, as shown in Figure 5, operates in a lower
temperature range compared to other nuclear plants. Therefore, this problem would
not occur with reactors using other technologies such as Liquid Metal Reactors (LMR) or
High Temperature Gas-cooled Reactors (HTGR), and the remaining energy could be used
more efficiently, without affecting electricity generation.

The use of nuclear energy for district heating has been explored since the
beginning of nuclear power. An example of this is the Agesta nuclear power plant in
Sweden, which began operation from 1964 until it was decommissioned in 1974[40].
The plant built by ASEA was located underground and served mainly for district heating
in the Stockholm suburb of Farsta, although it also had an output of 12 MW(e). Following
this first experience, nuclear power has been used on numerous occasions for district
heating and power generation, for example at the Beloyarsk nuclear power plant in
Russia, which also began operation in 1964, until it was decommissioned in 1983.
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Currently, the nuclear power station with the highest active heat recovery is the
Zaporozhye station in Ukraine, with a thermal output of 1400 MW(th), which is used for
both district heating and local industry[39]. As far as only district heating is concerned,
the power plant generating the maximum power is the Leningrad 2 nuclear power plant
in Russia with an output of 240 MW(th) followed by the Bohunice power plant in
Slovakia with 240 MW(th)[39].

In order to increase the deployment of these applications, several research
studies have been carried out in recent years. Terasvirta et al.[41] in 2020 published a
study analyzing the economic impact of replacing peat and biomass-fired Combined
Heat and Power (CHP) plants with heat-only reactors with a capacity of 24-200 MW and
a maximum outlet temperature of 120 °C for a medium-sized Nordic city. In this study,
it was concluded that the most promising solution consists of five 24 MW(th) SMR units
combined with a 100 MW(th) CHP plant.

On the other hand, Tai et al.[42] studied the possibility of using waste heat from a
coastal nuclear power plant. In this study, a Water-Heat Combined System (WHCS)
based on waste heat from a coastal nuclear power plant was proposed and the
thermodynamic characteristics, energy savings, environmental benefits and economic
efficiency were analyzed. In this way, the feasibility of this heat source to provide district
heating and water at the same time was studied. The main conclusions of this project
were that this plant could save 8054.42 x 104 kWh of electricity and 20.4 tons of
standard coal during the heating season, while reducing costs.

These studies and applications highlight the energy capacity of nuclear reactors to
provide thermal energy for district heating. In this way, it is worth mentioning that this
application is one of the most promising for the use of residual energy from nuclear
reactors. Regarding the current project, this application has not been taken into account
due to the lack of data on the energy needs of nearby communities. However, as
discussed in chapter 8 "FUTURE WORK", the possibility of providing thermal energy for
district heating to cities near the location of the gas treatment plant, such as the city of
Molde, should be studied in the future.

3.3. Other uses

In addition to these applications, other options have also been proposed in the
nuclear sector, which are either still under development or have not reached the same
degree of maturity as the previous ones. These include the generation of hydrogen from
nuclear reactors, or other higher temperature applications such as tertiary oil recovery
or fuel synthesis in the petrochemical industry.

3.3.1. Hydrogen generation

Hydrogen is considered a fuel with great potential that could be capable of
replacing conventional fuels. This fuel does not emit GHG in its combustion, and can be
generated from the electrolysis of water. This technology is based on the decomposition
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of water into hydrogen and oxygen through the use of electricity. This process can be
carried out at low temperatures, or at high temperatures, the latter method being the
more promising of the two, since part of the energy is supplied in the form of heat
without prior energy conversion and because the electrolysis reaction consumes less
energy at higher temperatures[43]. Thus, nuclear power could help to reach these
temperatures to maximize hydrogen production. However, this process still faces
several challenges in the future, such as maintaining the high performance of
electrolyzers[43].

Another way to realize hydrogen production is by thermochemical processes,
which is based on a series of chemical reactions that separate water into hydrogen and
oxygen as a by-product. Since the first studies on thermochemical water separation
cyclesin the 1960s, a large number of thermochemical reactions have been investigated.
These reactions require heat sources higher than 1000 2C, which could be a nuclear
reactor. In this sense, it should be noted that in this case, nuclear energy would be used
entirely to heat the hydrogen generation process, leaving aside the electrical
generation. The most important project related to these thermochemical processes is
known as IS process (iodine-sulfur process) and is currently being developed by the
Japan Atomic Energy Agency (JAEA) where a pilot plant capable of generating 30,000 |/h
of hydrogen is expected to be developed soon[43].

3.3.2. Tertiary oil recovery

Tertiary oil recovery, also known as Enhanced Oil Recovery (EOR), is a set of
techniques used in the oil industry to extract additional oil from reservoirs beyond
primary and secondary recovery methods. Primary recovery involves the initial
extraction of oil by natural pressure within the reservoir, while secondary recovery uses
techniques such as waterflooding or gas injection to displace the oil and enhance its
extraction. The tertiary oil recovery techniques are implemented when primary and
secondary recovery methods have reached their limits and there is still a significant
amount of oil trapped in the reservoir. These techniques aim to alter reservoir
properties, reduce oil viscosity or change flow behavior to improve oil recovery.

There are several methods of tertiary oil recovery, including thermal methods,
chemical methods and miscible displacement methods. Thermal methods involve
injecting heat into the reservoir to reduce the viscosity of the oil and improve its flow
characteristics. Steam injection and in situ combustion are common thermal methods
employed. This steam injection could be performed from a nuclear reactor rather than
by natural gas.

This case was studied by Becerra et al. [44] in 2005, where the possibility of using
energy from a reactor to a Canadian oil sands extraction facility using Steam-Assisted
Gravity Drainage (SAGD) technology was studied. This project analyzed three scenarios
for the use of the reactor: using the reactor for the sole production of steam to extract
the oil, using the reactor to produce steam and electricity for the oil sands facility, and
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using the reactor to produce steam, electricity and hydrogen to upgrade the bitumen in
the oil sands to syncrude, a material similar to conventional crude oil. This project shows
how in all three scenarios the cost of energy is lower because natural gas has a higher
cost than nuclear power. In addition, it was also calculated that a plant producing
100,000 barrels of bitumen per day would avoid the emission of up to 100 megatons of
CO2 into the atmosphere per year.

The temperatures required to carry out this type of extraction must be between
212.4 °C and 276 9C[44]. Due to process inefficiencies, the inlet temperature to the
SAGD system must have at least a temperature of 3002C for the case of cogeneration of
electricity and process heat. As discussed later in this paper, these temperatures are too
high for the reactor in question, and in addition, in the area of interest there are no oil
fields to exploit using this technique, so this possibility is not implementable in this
project.

3.3.3. Fuel synthesis in the petrochemical industry

Regarding fuel synthesis in the petrochemical industry, Verfondern [45] reported
that a refinery with a throughput of 6-7 million tons per year of crude oil needs a
constant supply of about 400 MW(th). Due to the complexity of these processes, this
energy is not used in a single application, but it is the cogeneration of electricity and
overall process heat that would be of particular importance in these plants. This option
has not been widely explored even though it has great advantages in terms of waste
management and use of medium temperature thermal energy.

3.4. Selected use of the rest heat of the reactors

This study of the different applications of waste energy from nuclear reactors has
served to get an idea of the different technologies and their effectiveness. It should be
noted that all these paths are of vital importance to achieve greater energy efficiency in
the nuclear sector, and to be able to take advantage of a higher percentage of the energy
generated in the reactor core. However, depending on the needs of the area, some
technologies will be of greater interest than others. The following is an analysis of the
different proposals and the current situation of these technologies in Norway,
particularly on the island of Gossa.

To begin with, in terms of water desalination, Norway does not require this type
of technology due to the large amount of fresh water available in its rivers, lakes and
glaciers. This technology is more necessary in those places that do not have these
resources, such as islands and coastal regions that do not have drinking water, or in arid,
semi-arid regions or those places that are affected by droughts.

Other options that have been discarded due to their inconsistency with the project
have been hydrogen generation and oil extraction by tertiary methods. The technology
of hydrogen generation by the above method is still under development, and requires
particular research studies to prove its feasibility. Therefore, this option has been
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discarded when implementing a cogeneration system with modular reactors. Similarly,
the extraction of oil by tertiary methods has been discarded, as this option is only
applicable if there are oil deposits nearby.

As far as district heating is concerned, due to the large investment required, it is
only feasible in large cities. In the area of the Nyhamna plant, there are 3 main cities
that use this technology, and that could take advantage of the waste heat from the
reactors. First, the closest, and therefore the most feasible, is the city of Molde, which
is located 10 km from the Nyhamna natural gas processing plant, followed by the cities
of Kristiansund and Alesund, which are approximately 50 km away. As seen above,
currently, these distances are assumable for transporting heat to district heating
systems, and therefore, this could be a feasible application for waste heat utilization.
However, in the current study, due to the lack of data on the thermal demand of these
cities, this case has not been studied, although as it is mentioned in chapter 8 "FUTURE
WORK" this possibility should be studied if modular reactors are implemented on the
island of Gossa.

Finally, fuel synthesis in the petrochemical sector is an application with great
adaptability to the project because it does not require high temperatures. The main
disadvantage of this application is the availability of sufficient organic matter to carry
out the fuel synthesis; however, for the development of this project, salmon sludge
generated just 3 km north of the natural gas processing plant, at Salmon Evolution's
facilities, is available.

For this reason, in the current project, it has been decided to explore the possibility
of installing a biogas production plant from salmon sludge. In this way, a valorization of
this waste could be achieved, generating another energy vector that is more than
necessary for the future of the Nordic country.

The lack of studies investigating the feasibility and potential of using waste energy
from nuclear reactors for fuel synthesis has been the impetus behind the development
of the present work. The possibility of using this energy for fuel production opens new
perspectives in terms of sustainability and energy security. Therefore, this study focuses
on exploring the possibilities and challenges associated with harnessing waste energy
from nuclear reactors for fuel synthesis, providing a solid foundation for future research
and development in this promising field. For this purpose, the particular case of the
modular reactors next to the Nyhamna plant has been developed, and the feasibility of
implementing this biogas plant acting cooperatively with the reactors to obtain biogas
has been studied.
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4. METHOD

In order to develop this project as reliably and realistically as possible, a method
based on an analytical and quantitative approach to data has been followed to better
assess the capacity of SMRs in terms of energy supply, both electrical and thermal. This
analytical and quantitative approach allows for an objective and data-driven evaluation,
which is essential to assess the feasibility of implementing this project. Thus, the final
dissertation will be supported by evidence, and pragmatic and objective results can be
obtained.

With the aim of carrying out the project, a study of the situation in Nyhamna has
been proceeded first. Within this study, efforts have been concentrated on analyzing
the main activities of the companies Norske Shell, owner of the natural gas processing
plant, and Salmon Evolution, a company dedicated to the aquaculture of salmon for
human consumption. In this analysis, a comprehensive search has been carried out for
project-relevant data such as the energy demand of the natural gas processing plant and
the annual production of sludge from salmon in the aquaculture facility.

Once the situation surrounding the project was known, the different alternatives
for meeting the energy demand of the Nyhamna natural gas processing plant were
studied. For this purpose, different SMRs were studied, analyzing their advantages and
disadvantages in terms of energy production, degree of maturity and technological
advances. In this way, it is believed to have chosen the best option that will bring the
most benefit to the facility by making maximum use of the available resources in the
safest way.

After choosing the appropriate reactor for the progress of the analysis, the
thermodynamic cycle of the reactor has been calculated. To perform this calculation,
the software EES (Engineering Equation Solver) has been used, which has an extensive
thermodynamic library. This program has been used to calculate the most relevant
parameters of the project, such as the electrical generation of each reactor or the
residual thermal energy resulting from the thermodynamic cycle. These values have
established the energy available in the reactor, which will be used both in the gas
processing plant and in the biogas plant.

Knowing these thermodynamic parameters, the approximate design of the biogas
plant was carried out. When carrying out the design, the main parameter that has
marked the dimension of the project has been the amount of sludge available. This data
has made it possible to calculate the magnitude of the total amount of biogas that can
be obtained from this organic matter. In order to determine this value, the company
Hyperthermics collaborated with the project. Hyperthermics is a leading company in the
sector and has extensive experience in the field of biogas production, so their
collaboration in providing data and knowledge in the sector has been invaluable advice
for the project. In addition to their knowledge of the sector, the company also provided
information on their biogas extraction technology.
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Moreover, using this data it has been possible to calculate the size of the biogas
plant, and with it the size of the different processes of which this installation is
composed. The magnitude of these processes has made it possible to calculate the
thermal demand necessary to deal with the production of biogas. In order to make this
calculation, it should be noted that two main sources of consumption have been taken
into account. On the one hand, there is the need to raise the temperature of the salmon
sludge to carry out the transformation processes required in a biogas plant. This energy
demand is punctual, and occurs only at the beginning of the process, once the sludge is
at the right temperature it will be ready to start the transformation process. To calculate
the initial thermal demand related to the increase in sludge temperature, Eq 1 has been
used.

Qinitiat =m - Cp,sludge * AT (1)

Where " m " is the mass of sludge to be heated, "¢, iuag¢" is the specific heat of
the sludge, and "AT " is temperature increment to be achieved for the sludge.

On the other hand, the energy demand associated with the heat losses of the
sludge in a cooler environment has been taken into account. This energy demand is
constant while the transformation process of the sludge is taking place. To perform this
calculation, the reactors have to be divided into 2 parts, the cylindrical part and the top
cover of the cylinder. The study of both parts is similar. First, it has been assumed that
the inside temperature of the cylinder is the same as that of the sludge “T;,”, and the
outside temperature of the surface of the reactor “T5” has been estimated with respect
to the ambient temperature “T,.”. It has to be noted, that as the heat transfer is
different in the top cover, and the cylindrical part, the temperature of the surface will
be different in both cases too. Once the temperatures are available, the values of the
kinematic viscosity (v), thermal conductivity (k) and Prandtl number (Pr) of the air
under these conditions have been obtained from thermodynamic tables. From these
variables, the Reynolds number (Re) was calculated using Eq 2.

_ YV Dext (2)
18]

Re

Where “V” is the wind speed, and “D,,;” is the outer diameter of the cylinder.
Once the Reynolds number has been obtained, the Nusselt number (Nu) has been
calculated. For this purpose, Eq 3 has been used to obtain the heat released by the
reactor lid, and Eq 4 to find the heat released by the sides of the cylinder. These
equations have also allowed to obtain the convective heat transfer coefficient (h).

h-D (3)

Nuq = = = 0.0308 - Re%8py1/3

39



h-D 0.62 - Re/2pr1/3 Re . s/g14s5 (4)
Nucyinger = —— =03+ 0.4 11+ Gaz 000
[1+ (W)ZB]I/4 '

With this value, the convective heat “Q.,,,,” discharged to the environment from
the reactor surface under these conditions has been calculated using Eq 5.

Qconv = h - Ag - (Ts — T,) (5)

Where “A;” is the outer area of the regarding surface, “T5” is the surface
temperature of the reactor, and “T,,” is the ambient temperature. Finally, this value was
verified by obtaining the conductive heat “Q.,,4” transferred through the thickness of
the cylinder under these conditions. For the case of the cylinder lid, this calculation was
performed using Eq 6, and for the cylinder walls, Eq 7 was used.

(Ts = Tin) (6)
Qconatia = —k - As - %
2-m-k-L (7)
Qcond,cylinder =T N (Tin = T5)
In (—e)
Ti

Where "k" is the thermal conductivity of the material of which the reactor is made,
"t" is the thickness of the reactor, "L" is the height of the reactor, "7,." is the outer radius
of the cylinder, and "r;" is the inner radius of the cylinder.

The values of the convective heat and the conductive heat must be equal in each
case, on the one hand, in the lid, and on the other hand, in the cylinder. If the
calculations do not give the same result, this means that the assumption of the external
temperature of the reactor is wrong and therefore it will be necessary to modify it, and
iterate again the same process until obtaining the same result for both parameters.

After calculating this energy demand, to finalize the study, a comprehensive
analysis was carried out to assess the feasibility of meeting this energy demand by using
waste heat from the modular reactors. A detailed comparison was made between the
thermal demand data of the biogas production plant and the amount of waste heat
available in the reactors. This analysis has made it possible to determine the capacity of
the modular reactors to efficiently cover the thermal demand required by the plant,
taking into account the limitations and particularities of both systems.

This feasibility study, being focused on the feasibility of the project, has been
developed in a more general way, without going into the specific details of the processes
involved. This has implied the assumption and simplification of certain aspects, which
may lead to a certain degree of uncertainty in the results. Furthermore, it is important
to note that, while efforts have been made to use accurate data, in some cases the
availability of this information has been limited. Therefore, approximations and
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estimates have been made, based on available data and expert knowledge in the field,
which introduces a certain degree of error in the estimates, thus losing precision in the
final result.

The composition and properties of the sludge has been one of the main factors of
uncertainty into the study. Due to the variable nature of salmon sludge, its composition
can be subject to fluctuations and variations at different times of the year, making it
difficult to obtain precise and accurate data. In addition, no study has been carried out
at Salmon Evolution on the composition of its sludge, which introduces further
uncertainty. This uncertainty in sludge composition may have implications for the
calculations and estimates made in relation to biogas production and energy potential.
Aware of this situation and with the aim of minimizing the errors, the results obtained
in the study by N. Teuber in 2006 [46] have been adopted. In this study, the
characteristics of sea salmon sludge are presented, as shown in Table 1.

Table 1 Composition and properties of sea salmon sludge[46].

Characteristic Value Contribution (kgt 1}
Dry matter (%) 15.8 = 0.65 158
Total N (%) 0.13 = 0.005 1.3
NH-N 0.008 = 0.0003 0.08
P (%) 1.6 = 0.04 2.5
K (%) 0.4 = 0.02 0.6
Ca (%) 4.3+ 0.09 6.8
Mg (%) 1.2 = 0.03 1.9
Na (%) 50 %021 7.9
Mn (mgkg ') 172 + 3.9 0.03
Zn (mgkg ') 280 + 2.9 0.04
Fe (mgkg ! 16,662 + 282.3 2.6
Cu (mgkg ) 106 = 10.0 0.02
Al (mgkg ) 27,437 *+ 865.3 4.3
Ash (%) 85 = 0.2

Organic matter (%) 14.7 = 0.16

Carbon (%) 8.2 = 0.09

Ratio C: N 9.8 = 0.15

pH (Water) 7.8 £ 0.02

Density (gecm ) 1.06 = 0.005

Although it is acknowledged that the study carried out by N. Teuber in 2006 and
the current study do not have the same conditions, these data are the most reliable and
relevant source of information for the development of our project. These data provide
a solid basis for understanding the properties and composition of the sludge, and allow
us to make more accurate estimates and analyses regarding the biogas production and
energy potential of the sludge.

41



Additionally, in relation to the composition of the sludge, it should be noted that
it is a mistake to consider that the properties of the sludge are constant throughout the
different processes. These sludges are subject to transformations in order to obtain
biogas, and therefore their properties will change. Nevertheless, in order to simplify the
calculations, these properties have been assumed constant throughout the different
processes.

The composition of the sludge plays a fundamental role in the calculation of the
biogas production. The determination of this production requires a complex process,
and apart from the sludge composition it depends on other parameters on the operation
of the biogas plant. For this reason, in the current project it has been decided to make
an approximation of this production. This estimate is based on the experience of the
company Hyperthermics, which as a company dedicated to the production of biogas
from organic matter, has provided its knowledge for the development of the work. In
this way, the estimation of biogas production has been made as accurately as possible,
based on the experience provided by the Hyperthermics company's reactors. Eq 8 shows
the amount of methane obtained from the available salmon sludge.

CH, potential [Nm?/year] = 33.3 - Mgpage (10 %Ts) (8)

In addition, it should be noted that this plant can also extract a certain amount of
hydrogen, which can be calculated using Eq 9.

H, potential [Nm?/year] = 0.7 - Mgpage (10 %rs) (9)

Once the quantities of these two gases have been obtained, Eq 10 allows to obtain
the amount of carbon dioxide obtained by the plant.

CO, potential [Nm3/year] = (10)

~(on (42 [ (5532)

Using these parameters, the energy potential of biogas can be obtained using Eq
11.

Energy potential [M] /year] (12)
= CH, -35.8 MJ/m3+ CO, - 0.93 MJ/m?3

It should be noted that this analysis is an estimate, and that production varies with
fluctuations in the operating conditions of the biogas reactors.

On the other hand, the ambient temperature of the island of Gossa also has a
certain impact on the project, since the different reactors of the biogas plant will be
exposed to heat losses to the environment that will have to be supplied with the waste
heat from the SMRs. However, the ambient temperature of this island varies
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substantially depending on the season of the year, and therefore this implies higher heat
losses in winter than in summer. These heat losses will also be affected depending on
the insulating material placed on the outside of the cylinder. In contrast, for this study
we wanted to analyze the maximum possible losses, and therefore it has been assumed
that there is no insulation in the reactors.

To approach all these problems, the current study has adopted a conservative
method, considering possible unfavorable scenarios to address errors and uncertainties
during project development. This guarantees that the results obtained refer to the
worst-case scenario, and therefore, the performance of the plant will always be more
optimal and suitable. In this way, the associated risks are minimized, ensuring that the
conclusions are based on solid and reliable evidence. In addition, it seeks to maximize
the chances of project success and mitigate any negative impacts that may arise during
implementation.
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5. CASE

In this feasibility study, it is essential to understand the big picture of Gossa, an
island located in the municipality of Aukra in Mg@re og Romsdal, Norway. With a strategic
location close to the coast and abundant natural resources, this island is in a key
industrial location, hosting the Nyhamna natural gas processing plant, which makes it
one of the main pillars of the local economy. The Salmon Evolution aquaculture plant is
located 3 km north of this gas processing plant. Figure 7 presents a map of the area
where these two facilities are located.
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Figure 7 Map of the Molde area highlighting the Nyhamna gas processing plant and the Salmon
Evolution aquaculture plant.

Due to the industrial activities carried out in this locality, innovative and
sustainable approaches that increase energy generation and efficiency will be explored,
with the objective of maximizing the economic potential while minimizing the
environmental impact. To this end, the case of the feasibility study on the
implementation of modular reactors for clean energy and biogas production is
developed below. First, the current situation of the area will be presented, talking about
the Nyhamna gas processing plant and the possibilities it offers. Then the proposal of
the study will be presented, and the work carried out will be developed showing the
results obtained.

5.1. Gas processing plant of Nyhamna

The Nyhamna gas processing plant, located in the municipality of Aukra in the
Mgre og Romsdal region of Norway, is a leading industrial center in the natural gas
industry. The plant was built in 2005 by the Norwegian company Norsk Hydro in
cooperation with Royal Dutch Shell, ExxonMobil and Petoro. This construction project
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at the time was considered to be the largest construction project ever undertaken in
Norway, costing approximately £5,500,000,000. Figure 8 shows this industrial plant,
where its expansion and the different facilities that compose it can be appreciated.

Figure 8 Panoramic View of Nyhamna Industrial Plant: A Glimpse into Industrial Operations.
Image obtained from "Journal of Petroleum Technology"[47].

The industrial plant is currently operated by Shell, and plays a key role in the
processing and treatment of natural gas in Norway. This natural gas is extracted from
the deep-water Ormen Lange field, approximately 100 km off the Norwegian coast, and
transported to the Nyhamna plant. At this plant, the gas is cleaned and treated to
remove unwanted impurities, and once cleaned, it is compressed to a pressure of 200
bar for shipment to the UK via the Langeled pipeline. This pipeline, which connects the
Nyhamna facility with the Easington gas plant, is the longest subsea pipeline in the world
with a total length of 1,166 km. This pipeline transports 84 million m3 per day, which
accounts for 20% of the gas consumption of the whole of Great Britain.

In order to carry out this activity, the Nyhamna plant has a high energy
consumption. With the purpose of obtaining the most accurate data possible on this
consumption, the company Norske Shell was contacted and has cooperated by providing
information on the electricity demand of their plant. It is important to note that, due to
the confidentiality of the data, this quantity is an estimate used as a starting point for
the feasibility analysis. This electricity demand, as indicated by Norske Shell, is mainly
due to the consumption of the plant's compressors, which have an output of 55 MW
each. Therefore, given that the facility has 4 compressors, the electricity demand of the
plant has been estimated at 220MW, which has been verified in the Reuters article[48],
where the status of the gas plant was reported in November 2018. On the other hand,
as far as thermal demand is concerned, no precise information has been obtained.
However, this is not considered to be very abundant and has been disregarded in the
calculations, although this situation will be discussed later in the chapter 6
“DISCUSSION”.
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This energy demand is very high and far away from the main energy generation
points. Furthermore, as mentioned in chapter 2 “BACKGROUND”, there is a need in
Norway to increase electricity generation by diversifying it, so as not to rely solely on
hydroelectric power. Therefore, this project will study the possibility of implementing
SMR, which offer the advantages of nuclear energy in terms of energy density, as well
as providing greater safety thanks to the technology of the fourth generation of reactors.

5.2. Requirements of the Selected Reactor for the Project

Within the framework of this project, a comprehensive evaluation of different
modular reactors has been carried out in order to make an informed decision. For this
purpose, several key aspects that determine the suitability of each reactor have been
considered. These requirements to be met by the selected reactor are presented below.

First of all, one of the main requirements of this project is the implementation of
a proven reactor with advanced technological maturity. SMR technology is an innovative
technology, and currently none of these reactors have been implemented for power
generation, as the vast majority are in pre-application activities or in designing
processes. However, there are several models that have already been contracted, and
will be implemented in the near future to guarantee clean and safe energy. In this
project, those SMRs with a higher degree of maturity have been analyzed, as these are
currently the most reliable for possible implementation in the near future. Therefore, it
has been decided to select a reactor that is licensed for implementation or will be
licensed in the near future, which means that the reactor is at the forefront of SMR
technology.

Secondly, the energy capacity, which implies the reactor power, has been
evaluated. For this project, an installed capacity of 220 MW(e) is required, so the sum
of the power of all the installed reactors has to exceed this amount. To achieve this
power, it has been established that the best option would be to install between 3 and 8
reactors to ensure an optimal balance between power generation and system reliability.
The implementation of 1 or 2 reactors would result in excessive dependence on them,
and in the event that any reactor has to be shut down, either for maintenance or for any
other reason, generation would be greatly affected. On the other hand, more than 8
reactors would imply a great cost in terms of space and infrastructure construction. For
these reasons, it has been established that, for the development of the project, the
power of the selected reactor must be between 100 and 30 MW(e).

Consequently, the subcategory of microreactors, which have a power of less than
10 MW(e)[32], has been disregarded in this project. The implementation of this
subcategory of modular reactors would mean that at least 22 reactors would be needed
to meet the plant's electrical demand. This has caused reactors with a high degree of
maturity to be rejected, such as the Micro Modular Reactor (MMR) developed by the
Ultra Safe Nuclear Corporation (USNC). This reactor is currently in the first phase of
licensing authorization (License to Prepare Site, or LPS), which will be followed by the
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License to Construct Phase (LCP) [49]. The demonstration units are scheduled to be
installed in 2026, making it one of the most advanced technologies in terms of licensing
in the industry. However, their electrical output is only 5 MW(e), so at least 44 modules
would be needed to power Nyhamna's compressors. For this reason, these reactors
have been discarded despite their advantages, and alternatives with higher power
capacity have been sought.

In relation to reactors with more power than 100 MW(e), we can distinguish the
AP300 of Westinghouse and the BWRX-300 of GE-Hitachi Nuclear Energy as two reactors
above this power with advanced licenses. The AP300 is a design based on the AP1000, a
proven large-scale reactor with more than 15 years of operating experience, which
endorses its design. As for the second, a construction license application has already
been submitted, and this reactor is expected to be operational by 2028[49]. However,
these reactors would be implemented alone, creating a high dependency. In addition,
these reactors considerably exceed the plant's needs, and although this surplus energy
could be fed into the power grid, this would go against one of the project's main
objectives: energy efficiency. This project aims to increase the energy efficiency of the
Norwegian energy system by bringing power generation closer to the points of
consumption, and thus the choice of these reactors would go against this principle.

The reactor technology used by these modules has also been evaluated from a
functionality perspective for the project, taking into account the context in which the
project is located. In relation to this, different aspects have been evaluated, such as the
availability of the necessary elements for the operation of this reactor in Norway, or the
capacity to obtain the residual energy from these reactors to make use of it. In addition,
this reactor must be able to be installed in the vicinity of an industrial plant, so its safety
systems must be very advanced. For this purpose, reactors with 4th generation
technology will be positively valued. These designs have the most advanced features in
terms of nuclear safety, such as greater resistance to extreme events, passive cooling
systems, better management of nuclear waste and lower risk of core meltdown, among
others.

Besides all these considerations, other important features of the reactor have
been considered, such as efficiency, operational flexibility and the availability of
resources necessary for its proper operation. The final selection of the reactor will be
based on a comprehensive evaluation of all these factors, seeking to ensure the optimal
choice that meets the requirements of the project and maximizes its benefits. The main
reactors considered in this project are presented below, showing their operation and
their advantages and disadvantages according to the above factors.

5.3.  Small modular reactors assessed for energy supply

Taking into account the above considerations, two different reactors have been
finally considered for the development of this project: the VOYGR reactor and the Xe-
100. As will be seen subsequently, each of these reactors corresponds to a different
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reactor technology, the first being a PWR and the second an HTGR. Both models are
presented below, explaining the characteristics of each of these technologies.

5.3.1. VOYGR

The VOYGR is a reactor developed by Portland, USA-based NuScale Power
Corporation. This reactor is the first and only SMR to receive design approval from the
U.S. Nuclear Regulatory Commission (NRC). The Figure 9 shows the dimensions of this
reactor and its different components. The NuScale power module design is based on
proven PWR reactor technology, and was developed to provide power for electric
generation, district heating, desalination, commercial-scale hydrogen production and
other process heat applications[50].
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Figure 9 Detailed Insight into the VOYGR reactor: Components and Dimensions [50]

PWR reactors use water to cool and moderate the reactor core. In these reactors,
there are two water circuits. In the first, the water is heated by being in contact with the
sheath containing the nuclear fuel, although this water remains in a liquid state due to
the high pressure at which it is found. Once this water from the primary circuit is hot, it
is used in a steam generator to obtain steam in a secondary circuit, and this steam is
used to turn a turbine by means of a Rankine cycle[14]. This is a proven technology as
the vast majority of reactors use it.

Each module has an output of 77 MW(e) and 250 MW(th), and these modules can
be composed of 3 configurations depending on the electrical demand:

e The VOYGR-12 configuration is the one with most power and consist of 12
modules offering a total installed power of 924 MW(e).
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e The VOYGR-6 configuration is the intermediate configuration, and includes
6 modules, to give a power output of 462 MW(e). This configuration can
be upgraded to VOYGR-12 in case of increased energy demand.

e Finally, the VOYGR-4 configuration is the configuration with the lowest
installed power, consisting of only 4 modules generating a total power of
308 MW(e).

These modules have a design life of 60 years, and use UO; pellets enriched to
4.95%. In addition, they have the advanced passive safety systems characteristic of 4th
generation reactors, providing stable and long-lasting core cooling under all conditions,
including the most severe accidents. In addition, one of the great advantages of these
SMRs is their reduced construction period, which is only 36 months, and their
installation is planned for the year 2030[51].

5.3.2. Xe-100

The Xe-100 reactor is a fourth-generation reactor developed by X-energy. This
company, founded in 2009 by Kam Ghaffrian and based in Maryland, US, is dedicated to
the design of reactors and nuclear fuels. Since its foundation, this company has taken
giant steps in the nuclear sector, to become today one of the most relevant companies
in the sector, having received several grants and government contracts. Since its
beginnings, X-energy has focused its efforts on the design of this innovative SMR capable
of revolutionizing the nuclear engineering market due to its great design advantages.

The Xe-100 is a graphite-moderated, helium-cooled, Pebble Bed Reactor (PBR),
and within the 4th generation reactors it is classified as a HTGR (see Figure 10). With a
capacity of 200 MW(th) and 80 MW(e), this reactor uses tri-structural isotropic particle
fuel (TRISO), which are also marketed by the company X-energy[49]. These pebbles
contain the fuel (UO2 and UCQ) enriched to 15.5% and are surrounded by three different
carbon layers that provide structural integrity, and make this fuel extremely accident
resistant[49]. Figure 11 shows different characteristics of these pebbles, and the layers
in which these fuel spheres are divided.

This fuel also eliminates the need for massive containment facilities, as the TRISO
cladding itself creates an airtight seal around the uranium core that helps retain fission
products and gases produced during operations. This containment prevents 99.99% of
fission products from escaping, according to X-energy[52]. This feature makes it possible
to build these modular reactors within 500 meters of factories or urban areas.
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Figure 10 Detailed Insight into the Xe-100 reactor: Arrangement of the parts of the reactor[52]

The Xe-100 reactor contains 220,000 pebbles, which are gravity-fed and are in
continuous rotation through the core. In this way, the reactor is continuously
replenished by adding fresh pebbles daily from the top, as older pebbles are discharged
from the bottom of the core. Each pebble remains in the core for just over three years
and is circulated through the core up to six times to achieve complete combustion. This
cycle allows the reactor to operate continuously without shutdowns to refuel the core
for 60 years.

Fuel Sphere
Diameter 60mm (Diameter = 60mm)
Fuel Pebble X-Section

5mm Thick
Fuel Free Zone

Fuel Core

UCO Kernel: 0.425mm
Porous.Carbon Buffer; 0.095mm Diameter 0.845mm
Inner Pyrolytic Carbon Layer: 0.04mm TRISO Coated
Silicon Carbide Layer: 0.035mm Particle
Outer Pvrolvtic Carbon Laver: 0.04mm

Figure 11 Characteristics and composition of the TRISO fuel pebbles manufactured by X-
energy[52].
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Helium circulates through the reactor acting as a coolant. Helium does not react
chemically with the fuel elements, nor does it readily absorb neutrons or impurities,
making it more efficient and less likely to become radioactive than water. Once it has
passed through the reactor core formed by fuel pebbles, this helium is redirected to a
steam generator, where the heat absorbed in the reactor is transferred to the steam to
obtain energy by turning a turbine.

Since the reactor is designed to withstand high temperatures, it can be cooled by
natural circulation and still survive in the event of an accident. In addition, as a 4th
generation reactor, it has all the passive safety features. However, one of the main
disadvantages of this technology is that enclosing the fuel in graphite can pose a hazard,
since, if the graphite burns, the combustible materials could be carried away by the
smoke. To overcome this obstacle, it is essential that the vessel be purged of oxygen,
preventing the graphite from burning.

In conclusion, the Xe-100 reactor shows great potential in the nuclear power
generation landscape. Although currently in pre-application stages, this promising
reactor is expected to be commercially available by 2027. With its innovative design,
generating capacity and focus on safety and efficiency, the Xe-100 presents itself as an
attractive option to drive the transition to a more sustainable and emission-free energy
matrix.

5.4. Selection of the reactor for the project

Once the two selected reactors and their main characteristics have been analyzed,
the next step is to select the most suitable reactor for the energy supply of the Nyhamna
plant. It is important to note that the choice between different types of nuclear reactors
does not imply that one is inherently better than another. Each reactor has its own
characteristics and advantages, and the selection of one over another has been based
on the reactors' ability to meet the requirements and needs of the project. Each
technology has its strengths and limitations, and the important thing is to find the
reactor that best fits the established technical, economic and safety criteria.

In order to select the most suitable reactor, an exhaustive evaluation of the
requirements established in section 5.2 “Requirements of the Selected Reactor for the
Project” has been carried out. For this purpose, the technical aspects of each candidate
reactor have been analyzed in detail. A complete comparison highlighting the main
characteristics and performance of both reactors is presented in Table 2.
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Table 2 Major Technical Parameters of the chosen reactors. Data acquired from IAEA [49].

VOYGR Xe-100
Technology developer NuScale Power Corporation X-Energy
Generation 4 4
Reactor Type PWR HTGR - PBR
Coolant/Moderator Light water / Light water Helium / Graphite
Thermal/Electrical capacity,
2 77 2
MW(th)/MW(e) S0/ 00/80
Fuel type/Assembly array UO2 pellet /17x17 square UCO TRISO pebbles
Number of fuel assemblies in 37 220000 pebbles per reactor
the core
Fuel enrichment (%) <4,95 15,5
Refueling cycle (months) 24 Online fuel loading
Design life (years) 60 60
B Equipment manufacturing in Basic design
progress
Expected deployment 2029 2030

To evaluate the technological maturity of each reactor, two main aspects have
been taken into account in this project: the licensing status of each reactor, and its
expected implementation date. It should be noted, that, in this regard, the VOYGR
reactor has a certain advantage over the Xe-100. In 2016, NuScale Power Corporation
submitted the Design Certification Application (DCA), and in 2020 the NRC issued the
Standard Design Approval, making it the first SMR to receive this approval from the
NRC[49]. In terms of deployment, NuScale Power has reached several agreements to
deploy their design. Among these agreements, we can highlight the agreement with
Utah Associated Municipal Power Systems (UAMPS) to install this reactor at the Idaho
National Laboratory (INL) by 2029[49], [53], or the agreement with the copper and silver
producer KGHM to implement this technology in Poland by 2029[54]. The Xe-100 on the
other hand, has not yet received NRC approval, having submitted the DCA in 2021.
However, this design is expected to be approved soon, as X-energy together with DOW
are planning implementation as early as 2030 at the Gulf Coast facility[55]. It should also
be noted that HTGR technology is the technology that is advancing the fastest in terms
of licensing of all SMRs, so that this option is currently presented as one of the most
important options in the market.

In terms of electrical capacity, as can be seen in Table 2, both reactors have a
similar power output, which fits within the established range of 30 to 100 MW(e). In
addition, both companies market these modules in "four-pack" to provide higher power,
which amounts to 308 MW(e) in the case of VOYGR, and 320 MW(e) for Xe-100.
However, this power is excessive, since to supply Nyhamna's energy demand it would
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be enough with 3 reactors in both cases, achieving a generation of 231 MW(e) with the
NuScale modules, and 240 MW /(e) with the X-energy modules. In these cases, the excess
power would be much smaller. This could be fed into the grid to supply power to nearby
towns such as Varhaugvika, Aukrasanden, Hollingen or Molde, among others (see Figure
7). However, this project is mainly targeting the Nyhamna plant as a case, and the energy
needs of these villages have not been studied. This will have to be analyzed in the future
as mentioned in section 8 "FUTURE WORK".

In terms of safety, as both reactors are fourth-generation reactors, they are
designed with advanced nuclear safety systems that integrate multiple barriers and
features to ensure maximum safety in their operation. These features include passive
cooling systems, which help improve safety in the event of power supply failure,
protection against extreme events such as earthquakes, floods or external attacks, and
in general, an intrinsically safe design that guarantees the correct operation of the plant
and eliminates the possibility of serious accidents. However, there are certain distinctive
aspects between the two technologies, which have led to the choice of the Xe-100
module over the VOYGR.

First of all, it is important to remember that the current project aims to install
these reactors in Norway, a country that does not have a sufficiently advanced nuclear
structure to meet the needs of a large-scale plant. For this reason, the selected reactor
is intended to operate as autonomously and efficiently as possible. In this regard, there
is a significant difference between the two reactors in terms of fuel management. In this
sense, the VOYGR requires refueling every 18 months, which, in addition to stopping
electricity generation during this process, is also a logistical problem, since there is
currently neither the nuclear industry nor the necessary resources to carry out this
process in Norway. In contrast, the Xe-100 reactor does not require refueling outages,
since the reactor itself is designed to be able to perform this process without
interrupting electricity generation. This fact, apart from the fact that the modules can
operate constantly for 60 years, also facilitates the refueling process, reducing the
resources required and making it possible to implement it in any region.

Another great advantage of the X-energy reactor for implementation in this
project is its high temperature operation. In the Xe-100 reactor, the coolant (helium)
reaches up to 750 °C, a big difference with respect to the 316 °C reached in the coolant
of the NuScale reactor. This difference makes it possible to extract energy from the
reactor more efficiently, facilitating electricity production and favoring the recovery of
the reactor’s rest energy. The use of this rest energy is one of the main aspects of this
project, since the main goal is to study the feasibility of using this energy to heat the
processes of a biogas production plant.

At the same time, the design of the Xe-100 reactor has certain distinctive features
that make it a suitable choice for implementation. This reactor uses pebbles inside the
core which, in addition to containing the fuel, act as containment for the fission
products. This reduces the need for containment barriers, allowing it to be installed only
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400 meters from the Nyhamna industrial plant. Given that it is a small island, it is of great
importance to have as much flexibility as possible to install the reactor, and although
this project has not carried out a detailed study of where to deploy these facilities,
greater flexibility would be a major advantage when deploying this reactor on the island
of Gossa.

All these reasons have contributed to the choice of installing 3 SMRs from the X-
energy company next to the Nyhamna gas processing plant. This fourth-generation
reactor meets the key requirements of advanced technology and design, providing a
high level of safety. Considering also the availability of data and the maturity of this
technology, the Xe-100 reactor presents itself as the most suitable option to ensure the
feasibility and success of the project.

5.5. Design of the thermodynamic cycle

Once the Xel00 reactor has been selected as the appropriate choice for the
project, the next step will be to carry out the thermodynamic design of the plant. This
process will involve the detailed analysis of the heat flows, the optimization of the
thermal distribution networks and the optimal configuration of the heat exchangers.
This study will seek to maximize energy efficiency and ensure optimal utilization of the
energy generated by the reactor. The thermodynamic design will be a fundamental step
to ensure an efficient and sustainable operation of the plant, making use of the waste
heat generated in the plant, and meeting the objectives established in the feasibility
study.

This thermodynamic cycle is represented in Figure 12, where the different thermal
machines that compose the cycle are shown, as well as the different thermodynamic
states in which the fluids are found when passing through these machines.
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Figure 12 Xe-100 reactor's thermodynamic cycle diagram.

As previously mentioned, when explaining the operation of the PBR, in this
diagram two circuits can be distinguished. In the first circuit, the circulating fluid is
helium. This helium circulates through the reactor, cooling it and extracting heat, which
is later used in the steam generator, where it exchanges heat with the secondary circuit.
Once the helium leaves the steam generator, it passes through a pump, which injects
the helium back into the reactor to start over the process. The secondary circuit, on the
other hand, is a Rankine cycle. In these cycles, steam is generated from the heat
exchanged with the primary circuit in the steam generator, and this steam is directed to
a turbine. As the steam passes through the turbine, it gives up energy, producing a spin
on the turbine shaft, which is harnessed by a generator to produce electrical energy. On
leaving the turbine, the steam is at lower pressure and is transported to the condenser
or the heat exchanger, where the vapor is converted into liquid, capable of being
pumped back into the steam generator. When this phase change is made in the
condenser, a large amount of thermal energy is released, which is called rest energy.
This project will try to take advantage of this rest energy by means of an exchanger, to
heat the processes of a biogas production plant.

Once the operation of the thermodynamic cycle is understood, we proceed to the
calculation of the thermodynamic states. In this project, only the thermodynamic
calculations of the secondary circuit have been carried out, since this are the most
relevant. To perform this calculation, the data provided by X Energy has been used,
which include the temperature and pressure of the water vapor at the outlet of the
steam generator (state 1)[52]. From these data, the other thermodynamic states along
the secondary circuit have been calculated, using the relevant thermodynamic
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equations and relationships. These calculations allow obtaining detailed information on
the properties and behavior of the fluids at each point of the cycle, which is essential for
the analysis and efficient design of the plant. It should be noted that in order to carry
out this thermodynamic design, certain circuit parameters such as the isentropic
performances of the thermal machines had to be assumed. As mentioned in chapter 4
"METHOD", these assumptions have been made conservatively in order to make the
results as realistic as possible. The results of the thermodynamic states of the primary
and secondary circuit are shown in Table 3.

Table 3 Thermodynamic states of the secondary circuit.

T 6 pP(MPa) h(k] /kg) s (kJ/(kg - K))
1 565 16.5 34753 6.51
2 99.8 0.1 2638.6 7.26
3 99.8 0.1 417.5 1.30
4 101.9 16.5 438.8 131

These values have been obtained from the thermodynamic study of the secondary
circuit. In this cycle, the steam passes through the steam generator, the turbine, the
condenser or heat exchanger and a pump, to be reintroduced into the steam generator
and restart the cycle. Starting from the data of state 1, an isentropic efficiency of 75% in
the turbine and 80% in the pump has been assumed. As for the pressure drop, it has
been neglected to simplify the calculations. This simplification may introduce a small
error to the final result, which is considered acceptable for the development of the
feasibility study.

After having calculated all the thermodynamic states, the main parameters of the
thermodynamic cycle have been calculated. To do this, first of all, the flow rate
circulating through the secondary circuit was studied, taking into account a net electrical
generation of 80 MW(e), and an efficiency of the turbogenerator set of 90%. These
calculations have resulted in a mass flow of 109.3 kg/s. Once the mass flows in both
circuits are known, the energy exchanged at each point of the cycle could be
determined. Eq 12 shows the steam turbine power.

Wiurbine = Msteam * (hl - hz) =915 MW (12)

The performance coefficients previously mentioned (90%) have been applied to
this power, and the power consumed by the pump has been subtracted, resulting in the
net electrical power extracted, which is 80 MW(e) in each cycle. The following is the
calculation of the heat exchanged in the steam generator (Eq 13)

Qsteam generator — Msteam * (hl - h4) = 332.0 MW (13)

After obtaining these values, the thermodynamic efficiency of the Rankine cycle
can be quantified, which deals with the division of the work extracted and the heat
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introduced in the cycle, both terms previously calculated in (Eq 12) and (Eq 13)
respectively. In (Eq 14) this calculation is represented.

W, ,
NRankine = turbine = 27.55% (14)

Qsteam generator

However, the most relevant value for the development of this project is the
thermal energy available between states 2 and 3. This energy, called rest energy,
represents the heat that can be extracted in the heat exchanger, and in this proposal, it
will be used to supply the energy needs of a biogas plant. This heat is represented in (Eq
15).

Qrest = Msteam (hz - h3) = 2428 MW (15)

As mentioned above, it should be noted that these values refer to a single cycle,
therefore, since 3 reactors have been installed, the energy available under these
circumstances is 3 times higher than the values previously mentioned. The values of the
electrical energy produced in the SMRs, and the residual energy generated, are shown
below (Eq 16 & Eq 17).

Wier = 240 MW (16)

Qrest = 728.4 MW (17)

These values define the electrical and thermal energy obtained from the installed
reactors. The electrical energy generated in the turbogenerators will be used to power
the compressors of the Nyhamna gas processing plant. These compressors require a
power of 220 MW(e), so the 3 SMRs installed will be able to meet this energy demand,
and there will still be 20 MW(e) left over, which will be fed into the power grid. The
residual energy from the reactors, on the other hand, will be used to provide thermal
energy to the different processes of a biogas plant.

The final objective of this study is to verify the feasibility of this biogas production
plant together with the modular reactors. For this purpose, in this project the design of
this installation has been carried out, analyzing its needs in order to determine the
thermal demand of its different processes. However, before going into the processes to
be carried out in this biogas plant, it is essential to talk about the organic material to be
used in this complex: salmon sludge. This sludge will be obtained from the company
Salmon Evolution, which is located 3 km north of the Nyhamna gas processing plant. The
following is a discussion of the context of this company, and the relationship it will have
to this project.
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5.6. Salmon Evolution

Salmon Evolution founded in Norway in 2017, is a company dedicated to land-
based salmon aquaculture. This company is one of the first companies to use the hybrid
continuous flow system to grow salmon on land, which ensures a sustainable production
process in which salmon growth conditions are optimal and controlled, while limiting
operational and biological risks. This is the main reason that places the Norwegian
company at the forefront of the food sector in relation to sustainability, becoming a
reference in the area.

Salmon Evolution was born with the objective of deploying its facilities at Indre
Hargy, an industrial facility located 3 km north of the Nyhamna gas processing plant (see
Figure 7). After receiving permission from the county council of Mgre og Romsdal in
2018 to carry out the construction of such facilities, in 2022 about 100,000 salmon
smolts were released at the facility, inaugurating the start of salmon production in Indre
Hargy. In this way, the Norwegian company has begun its journey in the food sector,
where it expects to grow significantly in the coming years.

In relation to this growth, it should be noted that Salmon Evolution's facilities are
still in the first phase, generating a total of 7,900 tons of salmon per year. However, they
have ambitious plans to expand their capacity. In the second phase, they expect to
increase production by another 7,900 tons, and finally, in the last phase, they plan to
increase production by an additional 15,700 tons, reaching a total of 31,000 tons of
salmon per year. It is estimated that this last phase will be fully constructed and
operational by 2028[56].

During the development of its activity, Indre Hargy's facilities generate large
guantities of salmon sludge due to the feces and other metabolic wastes of the fish.
Currently, this sludge, far from having a positive value for the Norwegian company, is a
setback, as it needs to be evacuated periodically to clean the tanks and ensure the
correct growth of the salmon. Furthermore, once the sludge is evacuated from the
tanks, it is dumped into the fjord, altering the aquatic ecosystems and affecting water
quality, which has a detrimental impact on marine life.

The aim of this project is to valorize this waste by converting it into biogas, and to
develop this activity, the company Salmon Evolution has collaborated with the company.
This collaboration has consisted in the delivery of data about its sludge generation,
which will be used in this project for the production of biogas. The data provided
indicates that the plant currently produces 7,900 tons of salmon annually, and from this
production, a total of 9,000 tons of sludge are generated per year. However, as
mentioned above, the plant is still in the process of expansion, and is expected to
increase its production to 31,500 tons of salmon per year when all three phases are
completed. Under these final conditions, it has been calculated that the plant would
generate a total of 36,000 tons of sludge per year.
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In order to take advantage of these 36,000 tons of waste per year, a biogas plant
has been designed in this study. It has been decided to install the biogas production
plant next to the gas processing plant in order to use the residual energy from the
reactors in a simpler way, and not to have to transport this energy, which would
generate additional logistical problems.

In order to carry out this activity, the salmon sludge has to be transported from
the Salmon Evolution facilities to the biogas production plant. These two sites are
divided by 3 km of water. To address the logistical challenge of transporting the salmon
sludge from the fish farm to the biogas plant, the installation of a subsea pipeline has
been proposed. Through this infrastructure, sludge would be pumped through the
pipeline from the fish farm site to the biogas plant. This solution would allow an efficient
and safe transport of the sludge, avoiding the need to use other means of transport and
minimizing possible environmental impacts.

To pump the salmon sludge from Salmon Evolution to Gossa Island, a pump is
required that is capable of delivering enough power to the sludge to traverse 3 km of
pipeline. To calculate the power required, a 10 cm diameter pipeline made of
commercial steel (€=0.046 mm) was assumed. The selected conditions can be
considered conservative in terms of power. This means that a safety margin has been
taken into account to compensate for possible additional losses and to ensure adequate
fluid flow through the pipe. However, when comparing the power required by the pump
(approximately 5 kW) with the power generation of the reactor, it is observed that this
amount is relatively low. In this scenario, the power required for the pump can easily be
supplied by the reactor without significantly affecting the power generation.

Once the Salmon Evolution company has been presented, and having dealt with
the challenge of sludge transport, we will now study these sludges by looking at their
properties in order to make a more precise analysis of the plant.

5.7.  Salmon sludge

To carry out this project, it is essential to characterize the salmon sludge, since this
will be the raw material that we will have to use in the project. Throughout the project,
this sludge will be extracted from the Salmon Evolution facilities, transported to the
biogas plant and subjected to transformations to obtain a value from it in the form of
biogas. To design all these processes in such a way that the operation of the plant is as
optimal as possible, it is necessary to detail the properties of the salmon.

However, detailing these properties is not a simple task, since no study has been
carried out on these sludges in Salmon Evolution, which generates great uncertainty
about their composition. Therefore, in order to provide a solution, as mentioned in
section 4 "METHOD", it was decided to take the data collected by N. Teuber in his 2006
study[46]. The composition and properties of the salmon sludge are shown in Table 1.
From this table, the most relevant parameters for this study are the density and the dry
matter percentage of the sludge.
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As can be seen in Table 1, the dry matter (%TS, from Total Solid) of these sludges
is 15.8%, which can lead to possible failures such as blockages in the pipes, resulting in
a more inefficient plant operation. For this reason, it has been decided to add water to
these sludges, to reduce the dry matter percentage, and improve plant operation. In this
way, adding water to the mixture would result in a greater amount of sludge to be
treated, the calculation of this sludge is shown in Eq 18.

] tons %TS tons tons (18)
sludge capacity = 36,000 . = 56,880 =6.5——
year 10 year h

Once the amount of sludge has been obtained, and based on the properties of the
sludge, the specific heat has been calculated. This calculation is shown in Eq 19.

%TS %TS (19)
Pstuage = (1 - ) 418 + =125 = 3.89 ]/ (kg - K)

The first term of the equation refers to the specific heat provided by the water,
and the second term refers to the specific heat of the sludge solids. It is also important
to notice that the %TS considered in Eq 15 has been 10% as said above.

These variables are of great importance for the development of the thermal
calculation of the biogas plant. In the following section, the biogas plant is specified,
describing the processes that compose it in a general way, to then study one by one
these processes, and the structural and thermal needs of each one of them.

5.8. Biogas plant

The biogas plant is a fundamental infrastructure in the project being developed.
Its main objective is to take advantage of the salmon sludge from the Salmon Evolution
fish farm to carry out transformation processes to obtain biogas as a final result. This
plant, located next to Nyhamna's gas processing plant, will efficiently process and use
the raw material, thus contributing to the generation of renewable energy and the
reduction of polluting waste. Through innovative and sustainable technologies, the
biogas plant is positioned as a key part of the project's value chain, promoting the
circular economy and sustainable development in the region.

Hyperthermics has assisted in the design of the plant in this project.
Hyperthermics is a Norwegian biotechnology company dedicated to the development
and construction of fast-running biogas plants. These plants use microorganisms and
bacteria from extreme seabed environments to convert different types of biomasses
into biogas, or into high quality protein which can be used for pet food among others.
In this project we will focus only on the production of biogas, leaving aside the
production of this protein. On the other hand, it should be noted that, thanks to their
fast operation, these plants allow reducing the retention time, which implies a greater
capacity of treated biomass, or the possibility of using smaller reactors, thus reducing
the dimensions of the plant.
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As this technology is one of the most innovative in the market regarding the
treatment of biomass as sludge for biogas generation, it has been decided to use it for
the development of the project. It should be noted that in this project the amount of
biomass to be treated is fixed, and therefore, this technology will simply facilitate the
implementation of a plant of these characteristics on the island of Gossa, since this plant
requires less space than other plants in the sector. Therefore, in order to elaborate the
project, the company Hyperthermics has been contacted and has made its technology
available to the project, providing information about its design, and providing data on
the generation of biogas in this type of plant. Figure 13 shows the distribution of the
Hyperthermics plant where the different processes that compose it can be observed.

Figure 13 Hyperthermic's biogas and protein generation plant layout [57].

As can be seen in the Figure 13, in the biogas plant, the biomass, in this case
salmon sludge, is first introduced into the Hyperthermics reactor, also called
hygenisation reactor. In this reactor, the sludge is treated for 8 hours at a temperature
of 80 °C, where thermophilic microorganisms and bacteria are used to accelerate the
biogas transformation process. Once this process is completed, the sludge enters the
biogas reactor, or anaerobic digestion reactor.

Within an anaerobic digestion reactor, a controlled biological process is carried
out without the presence of oxygen. In this environment, the salmon sludge is
decomposed by specific microorganisms under optimal conditions of 52 °C. During this
process, which lasts 30 days, the organic materials present in the sludge are
decomposed by anaerobic bacteria, generating methane and carbon dioxide, the main
components of biogas. The reactor provides ideal conditions of temperature, pH and
retention time to allow the gradual decomposition of the sludge and the continuous
production of biogas. This anaerobic digestion process in the reactor is essential to
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efficiently and sustainably obtain biogas from salmon sludge, making responsible use of
the waste and contributing to the generation of renewable energy.

In addition to biogas, by-products such as digestate are generated, which can be
used as organic fertilizer. To obtain this digestate, the remaining material in the biogas
reactor is sent to a dehydrator and a drying process, where the moisture is removed
from this material, which can be used as fertilizer.

The individual analysis of the different processes that make up this plant has now
been carried out. First, the needs and requirements of the hygenisation reactor were
examined. Then, the anaerobic digestion reactor, which is in charge of sludge
decomposition and biogas production, was studied. Finally, the characteristics and
demands of the dehydrator and the drying process, whose function is to reduce the
water content in the digestate, were explored. Through this detailed analysis, the aim is
to understand and optimally design each of the processes necessary for the efficient and
effective operation of the biogas plant, with special emphasis on the energy analysis.

It should be noted in relation to the thermal analysis of these reactors that the
demand of each reactor will vary slightly with changes in ambient temperature. This is
due to the fact that, at lower external temperatures, the reactor will have higher heat
losses, which will have to be replaced by the residual energy of the SMR. In order to
perform the most accurate and conservative study in terms of operability, the
calculations have been carried out in the case where the ambient temperature is the
lowest possible. In this way, it is studied in the case in which the thermal demand is
higher, which will imply that, if the SMR is able to assume this thermal demand, it will
also be able to do so in more favorable cases. Table 4 shows the climate and
temperatures recorded in the Molde area according to “climate-data.org”[58].

Table 4 Climate and temperature data of the area of Molde (source climate-data.org)[58].

January February March April May June July August September October NovemberDecember
Avg. Temperature °C~ -1.4°C  -09°C 07°C 43°C 7.8°C 106°C 133°C 132°C 10.8°C 6.3°C 22°C 0.6 °C
(°F) (29.5)°F (30.4)°F (33.3)°F (39.7)°F (46)°F (51)°F (55.9)°F (65.8)°F (61.5)°F (43.3)°F (35.9)°F (31)°F
Min. Temperature °C ~ -3.2°C -31°C -21°C (09°C 44°C 78°C 106°C 108°C 8.6°C 43°C 0&6°C 24°C
(°F) (26.2) °F (26.5)°F (28.3)°F (33.6)°F (39.8)°F (46)°F (51)°F (614)°F (47.4)°F (39.7)°F (32.8)°F (27.7)°F
Max_ Temperature °C 0.3 °C 12°C 34°C 73°C 108°C 131°C 158°C 158°C 133°C 84°C 3T°C 11°C
(°F) (32.5) (34.2)°F (38.1)°F (45.2)°F (51.4)°F (55.6) °F (60.5) °F | (60.5)°F (55.9)°F (47.2)°F (38.7)° (33.9)°
PreC|p|tat|on / Rainfall
- ------------
Humidity(%) 76% T9% T8% % 76% T9% T9%

Rainy days (9 -----------—

Table 4 shows that the month with the lowest temperatures is January, reaching
a minimum temperature of -3.2 °C. This will be the ambient temperature in which the
biogas plant will be analyzed, and the energy demand of its different processes. On the
other hand, the sludge temperature has been approximated to the minimum water
temperature in the area of Molde, which is 4.9 °C. In relation to wind, the maximum
speed recorded in the mold is 12.7 m/s[58].
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5.9. Hygenisation reactor

The hygenisation reactor is one of the main components produced by
Hyperthermics. In this reactor the salmon sludge is prepared to be treated more quickly,
accelerating the whole process of biogas production.

As previously mentioned in section 5.8 "Biogas plant", this reactor contains a
special bacterium, which are responsible for this treatment. These bacteria can be found
in hot springs, volcanic areas, or in general those places on earth that are at a
temperature above 45 °C. Life at temperatures above 45 °C is called thermophilic, and
therefore these bacteria are qualified as thermophilic bacteria.

In the Hyperthermics reactor, the nominal temperature is 80 °C, and the sludge
has to be kept inside the reactor for 8 hours. Knowing these data, it is possible to
calculate the amount of sludge to be housed in each of the reactors, and therefore, the
size of these facilities to accommodate all these sludges. To simplify the study, an
approximation has been made considering that the shape of the reactor is similar to that
of a cylinder whose height is 2.5 times its diameter. In addition, it has also been assumed
that this reactor is made of stainless steel (ksteei=20 W/(m-K)), and that it has a thickness
of 4 cm.

Due to the availability of large quantities of sludge, a study has been carried out
to evaluate the possibility of implementing several reactors in the plant in order to reach
the appropriate reactor size. The sizing of each reactor has been considered in case of
opting for 1, 2, 3 or 4 reactors. Table 5 shows the amount of sludge to be treated, and
the dimensions of each of these reactors in each case.

Table 5 Comparison between different number of hygenisation reactors installed.

N¢ of reactors Mass (tons) Volume (m3) Height (m) Diameter (m) Time (h)
1 51,95 49 7,31 2,92 8,00
2 25,97 24,5 5,80 2,32 4,00
3 17,32 16,33 5,07 2,03 2,67
4 12,99 12,25 4,60 1,84 2,00

Table 5 is used to make a comparison and select the number of hygenisation
reactors to be installed in the project. In each case, the dimensions of each reactor are
shown, in the different cases shown. In addition, the last column shows the time
required to fill each reactor with a flow rate of 6.5 tons of sludge per hour. This time
represents the interval between the filling of the reactors, i.e., the time required to fill
a reactor with the available flow rate.

Having studied this comparison, it has been decided to implement 2 reactors, since
a greater number of reactors would imply a greater economic effort without achieving
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an excessive reduction in the dimensions of the reactors. On the other hand, having only
one sanitization reactor would imply a total stop of production in case it requires
maintenance, whereas, with 2 reactors, even if one is inoperative, production would not
be so affected.

Once the number of reactors has been chosen, the thermal demand of each
reactor has been studied. In the case of the hygienization reactors, the thermal demand
is based on raising the sludge temperature to 80 °C, in order to allow the thermophilic
bacteria to act optimally. As explained in chapter 4 "CASEMETHOD" this thermal
demand has been divided into two phases. The first phase is to heat the salmon sludge
from ambient temperature (4.9 °C) up to the operating temperature of the reactor
(80°C), and the second phase is to compensate the heat losses of this reactor, keeping
it at the operating temperature. Eq 20 shows the energy required to raise the
temperature of sludge that will later be introduced into a complete sanitization reactor.

Q = 7.583-10° kJ = 2106 kWh (20)

This will be the heat that will have to be extracted from the modular reactors every
4 hours to heat the salmon sludge that will enter the hygienization reactor. This energy
is very small, since it can be extracted from the reactor in only 10.4 s. On the other hand,
the power required to replace the heat losses of each reactor is shown in Eq 21.

Q = 247.9 kW /reactor - 2 reactors = 495.8 kW (21)

These losses have been calculated as presented in chapter 4 "METHOD". It should
be noted that this also does not represent a large power compared to the residual
energy of the reactors, accounting for only 0.07% of this.

5.10. Anaerobic digestion reactor

This reactor is the main reactor in any biogas production plant. In this reactor,
organic matter, in this case salmon sludge, is converted into biogas through a controlled
biological process. In this type of reactor, an anaerobic environment is created, i.e.
without oxygen, which favors the activity of microorganisms called methanogenic
bacteria. These bacteria decompose organic matter under low temperature conditions
and in the absence of air, releasing methane (CH4) and carbon dioxide (CO3), the main
components of biogas. In addition to biogas production, the anaerobic digestion reactor
also produces other valuable by-products, such as digestate, which can be used as
fertilizer.

The anaerobic digestion process is carried out in several stages within the reactor.
In the initial stage, known as hydrolysis, complex organic molecules are broken down
into simpler compounds, such as organic acids and sugars. Then, in the acidogenesis
stage, the microorganisms convert the organic acids into simpler compounds, such as
acetic acid and butyric acid. Subsequently, in the acetogenesis stage, the products of
acidogenesis are converted into hydrogen acetate and carbon dioxide. Finally, in the
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methanogenesis stage, methanogenic microorganisms consume the hydrogen acetate
and other compounds, generating methane and carbon dioxide, which constitute
biogas[59].

Inside the anaerobic digestion reactor, an exothermic process takes place. This
means that heat is released as a result of the chemical reactions that take place during
the decomposition of organic matter. However, because it is necessary to maintain a
constant and optimal temperature for the efficient functioning of the methanogenic
bacteria, it is necessary to remove this heat from the reactor. Calculation of the heat
generated in anaerobic digestion reactors can be performed using basic heat transfer
principles and considering the thermophysical properties of the materials and flows
involved. However, in order to study the most unfavorable case, the calculation of this
generated energy is not within the scope of the project. For the development of the
project, this energy has been neglected, which implies that the energy required to reach
the operating temperature (52 °C) and maintain it throughout the process has to be
matched only by the residual energy of the SMRs.

According to Hyperthermics, its process can be used with any anaerobic digestion
reactor on the market, and therefore, its operating temperature can vary from one case
to another. However, in their test plants they use reactors with an operating
temperature of 52 °C, and the reactors take 30 days to perform the entire organic matter
treatment process. Therefore, in this project it has been decided to incorporate these
same reactors given their proven performance in previous installations. On the other
hand, as in the case of the sanitization reactors, the structure of these reactors will be
similar to a stainless-steel cylinder with 4 cm thick walls.

In the same way, once the most relevant parameters of these reactors and the
processes to which they are subjected are known, the number of reactors to be installed
in the Gossa biogas plant will be studied. In this case, different options from 1 to 20
reactors have been considered. Table 6 shows the different cases, and which would be
the most relevant parameters of these reactors in the different situations.
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Table 6 Comparison between different number of anaerobic digestion reactors installed

N¢ of reactors Mass (tons) Volume (m3) Height (m) Diameter (m) Time (h)
1 4675000 4410 32,74 13,10 720,0
2 2338000 2205 25,99 10,39 360,0
3 1558000 1470 22,70 9,08 240,0
4 1169000 1103 20,63 8,25 180,0
5 935014 882 19,15 7,66 144,0
6 779178 735 18,02 7,21 120,0
7 667867 630 17,12 6,85 102,9
8 584384 551 16,37 6,55 90,0
9 519452 490 15,74 6,30 80,0

10 467507 441 15,20 6,08 72,0
11 425006 401 14,72 5,89 65,5
12 389589 368 14,30 5,72 60,0
13 359621 339 13,92 5,57 55,4
14 333933 315 13,58 5,43 51,4
15 311671 294 13,28 5,31 48,0
16 292192 276 12,99 5,20 45,0
17 275004 259 12,73 5,09 42,4
18 259726 245 12,49 5,00 40,0
19 246056 232 12,27 4,91 37,9
20 233753 221 12,06 4,83 36,0

For the biogas plant of this project, it has been decided to install 10 anaerobic
reactors. A smaller selection of reactors would have meant excessively large
installations, and in addition, in this way, the interval between the filling of each reactor
would be 3 days, giving a greater margin of maneuver in case maintenance is needed in
these reactors. On the other hand, the selection of more reactors has been discarded
since this would imply an excessive number of installations. However, in a future study,
a greater or lesser number of reactors could be chosen, depending on the needs of the
project.

After having evaluated and decided the configuration of anaerobic digestion
reactors, the thermal demand of each reactor has been studied. In these reactors, a
sludge temperature of 52 °C has to be obtained. To make the calculation, it has been
assumed that the initial sludge temperature is the same as in the previous case (4.9 °C):
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However, it will be higher, since the sludge has just been evacuated from the
hygienization reactor, where it was at a higher temperature. In this project, it has been
assumed that the sludge leaving the hygienization reactor is cooled to room
temperature, until it reaches the same temperature it had before entering the
hygienization reactor. In this way, a conservative decision is made to evaluate the
thermal demand.

The same method used in section 5.9 "Hygenisation reactor" was used for this
evaluation. Using this method, firstly, the energy required by each reactor to heat the
sludge to operating temperature (52 °C) has been calculated. Secondly, the temperature
of this reactor has to be kept constant, counteracting the heat losses occurring in the
reactors. Eq 22 and Eq 23 show both parameters respectively.

Q =8.560-107 k] = 23778 kWh (22)

Q = 503.86 kW /reactor - 10 reactors = 5,238.6 kW (23)

It should be noted that the energy demand of these reactors is also very low. First
of all, as regards the temperature rise of the initial sludge, this can be extracted from
the reactor in 117.5 sec. On the other hand, as regards the constant energy supply to
mitigate heat losses, it should be noted that this thermal power represents only 0.72%
of the residual thermal power of the reactors.

5.11. Energy analysis of the installation

Taking into account the observations made, the energy feasibility analysis of the
project is presented below, where the energy demand has been summarized by dividing
it into its different applications. Table 7 shows the available electrical and thermal
energy generated by the SMRs, and the energy demand of the gas processing plant and
the biogas plant.

Table 7 Analysis of the different energy generation and demand in the project.

Generation Demand
SMR 240 Compressors 220
Electrical Energy .
Pumping Sludge >0,01
[MW(e)] ping >1tce
Grid 20
Hygenisation
SMR rest energy 728,4 0,5
Reactor
Thermal energy Anaerobic 59
[MW(th)] digestion reactor !
Available Rest heat 722,7
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In terms of electricity demand, the 3 SMRs would provide the power needed for
the compressors at the Nyhamna plant, and there would be 20 MW left over that could
be fed into the grid for use in nearby towns, or even at the Salmon Evolution facility.

On the other hand, regarding thermal energy, it is evident that the energy
generated in the reactors is very abundant, and the constant thermal needs of the
biogas plant only account for 0.8% of the total waste energy generated in the SMRs.
After this use, the remaining thermal energy will be used to increase the temperature
of the sludge as it enters the hygienization and anaerobic digestion reactors. The energy
required to fill an entire tank in each case to operating temperature is shown in Eq 16
and Eq 18. With the available power, the hygienization reactor could be heated to
operating point in 10.5 seconds, and in the case of the anaerobic digestion reactor, the
sludge would be at the desired condition in 118.4 seconds.

This analysis demonstrates the capacity of the residual energy of these reactors to
supply the thermal demand of this biogas plant by far. The study of the biogas
production generated in this plant is presented below.

5.12. Biogas production

As seen above, biogas is a renewable fuel produced from the decomposition of
organic matter in the absence of oxygen, in a process known as anaerobic digestion. The
gas obtained from this process is composed mainly of methane (CH4) and carbon dioxide
(CO3y), although it may also contain small amounts of other gases such as nitrogen (N2),
oxygen (O2) and traces of sulfur compounds. Therefore, the study of biogas production
deals with the analysis of the amount of these gases that can be extracted from
anaerobic digestion.

The calculation of biogas production in a biogas plant from salmon sludge is a
complex process that depends on several parameters and variables. To perform this
calculation, aspects such as the quantity and composition of the salmon sludge, the
operating temperature, the efficiency of the anaerobic digestion process and the
capacity of the system must be taken into account.

However, for this project, due to the lack of biogas composition data, and in order
to simplify the calculation, as mentioned in chapter 4 "METHOD", an approximation has
been used to get a general idea about the production. Eq 24 and Eq 25 show the
potential methane and carbon dioxide extractable from salmon sludge according to
Hyperthermics.

CH, potential = 1.894 - 10° Nm3/year = 1,244 tons/year (24)

CO, potential = 1.576 - 10° Nm3/year = 3,115 tons/year (25)

On the other hand, it is worth mentioning that a certain amount of hydrogen (H2)
is also obtained at the Hyperthermics plant. Although it is not the main aspect of the
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project, due to the large capacities of this gas, it has been considered convenient to
show the potential of hydrogen extractable by the plant (Eq 26).

H, potential = 39,816 Nm3/year = 3.579 tons/year (26)

On the other hand, to put into perspective the amount of biogas generated, an
estimation has been made about how many houses could be thermally supplied by this
amount of biogas. To do this, first the amount of thermal energy that can be obtained
from these amounts of biogas has been analyzed. From these biogas quantities, the
biogas energy potential can be obtained. The result is represented in Eq 27.

Energy potential = 19.2 GWh/year (27)

From this, and taking into account that the average thermal demand in Norway is
around 17,000 kWh per year, the number of dwellings that can be thermally supplied by
the generated biogas is represented in Eq 28.

1926Wh _ o0 (27)
17 Mwp o7 awerngs

Dwellings supplied =

It is important to mention that the calculation of biogas production is an estimate

and there may be variations in practice due to various factors, such as fluctuations in

the composition of the salmon sludge, changes in operating conditions and process

efficiency. Therefore, continuous monitoring and adjustments to the plant are
recommended to optimize biogas production and maximize its performance.
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6. DISCUSSION

Once the case of the present project has been developed, and the different
aspects that compose it have been described, next, the discussion of the work is
formulated. In this discussion, the main research questions surrounding the project will
be addressed, analyzing different aspects of the installation of the modular reactors and
the use of their residual energy for the production of biogas.

First of all, it should be noted that the main objective of the project has been
achieved, which was to verify the possibility of supplying electricity to an industrial plant,
taking the Nyhamna plant as a case study. This implementation has allowed a significant
saving of 220 MW(e) from the conventional power grid. In addition, by using state-of-
the-art nuclear reactors, it has been possible to diversify the energy matrix and generate
electricity in a sustainable and GHG-free manner. This transition to a cleaner and more
efficient energy source brings with it numerous additional advantages.

By implementing these modular reactors, dependence on fossil fuels is reduced
and the carbon footprint of the industrial plant is reduced, which directly contributes to
climate change mitigation. In addition, a reliable and stable energy supply is ensured,
avoiding fluctuations in production due to variable weather conditions or limitations in
the electrical infrastructure. Likewise, SMRs are characterized by their high efficiency
and long-term generation capacity, resulting in greater profitability and long-term
economic viability.

Moreover, the use of this technology promotes innovation and technological
development in the energy sector, opening new opportunities and perspectives for
future applications and improvements in the industry. In this context, this project paves
the way for these modular reactors, validating their adaptability to virtually any
environment and circumstance in which increased electricity generation is required. In
summary, the adoption of these nuclear reactors has not only fulfilled the main
objective of supplying electricity to the Nyhamna plant, but has also provided a number
of additional advantages, both environmentally and economically.

On the other hand, another main objective of this project was the use of the rest
energy generated by the modular reactors. In this sense, the feasibility of using this rest
energy to feed the hygenisation reactors and the anaerobic digestion reactors in a
biogas plant has been investigated and evaluated. As seen in chapter 5 "CASE", the
hygienization reactors operate at 80 °C, while the anaerobic digestion reactors operate
at 52 °C. This, coupled with the fact that the waste energy of the reactors is at 100 °C,
allows for adequate heat transfer to meet the thermal requirements of the biogas plant
reactors. In this way, the possibility of using this remaining energy to heat the biogas
plant processes in an efficient and effective manner has been validated.

Furthermore, unlike the study developed by Lipka et al. [39] in the present project
no pre-turbine steam extraction was required to heat the steam at the turbine outlet as
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shown in Figure 6 since the application temperature is already substantially lower than
the turbine outlet temperature. This factor is due to the selection of HTGR. Due to the
high temperatures of the steam, the energy from these reactors has a higher quality,
which facilitates heat transfer without reducing the electrical output. This indicates that
the available waste energy can be effectively harnessed to supply the thermal needs of
the hygenisation and anaerobic digestion reactors. This waste energy reuse approach
not only contributes to the energy efficiency of the plant, but also reduces the
dependence on external heat sources, thus improving the self-sufficiency and
sustainability of the system.

Despite the benefits obtained by using the rest energy from the nuclear reactors
in the biogas plant processes, it is important to note that the portion of energy used is
minimal compared to the total residual energy available. This comparison is reflected in
Table 7, where it can be seen that only 0.8% of the residual energy generated by the
three nuclear reactors is used on a constant basis. In addition to this demand, the
reactors also have a punctual demand to heat the sludge at an initial instant. However,
this demand only occurs every 4 hours for the hygenisation reactors and every 72 hours
for the anaerobic digestion reactors. This punctual thermal demand would last 10.5
seconds in the case of the hygenisation reactors and 118.4 seconds in the case of the
anaerobic digestion reactors.

In the development of this study, only waste heat has been used to heat the waste
plant processes, although it should be noted that there are other alternatives in the area
that should be studied if these reactors are implemented. One of these cases is the
thermal demand of the Salmon Evolution facilities. With respect to this demand, the
County Governor of More og Romsdal County requested the Norwegian Environmental
Agency (Miljgdirektoratet) to consider transferring the cooling water from the Nyhamna
plant to Salmon Evolution's plant in Indre Hargy[60]. The demand of this plant is 45 GWh
per year, which is only 2% of Nyhamna's cooling energy. However, after this news
published in 2018, there have been no further breakthroughs in the project, so it could
be about providing the energy required in this plant by SMRs. Anyway, this study has
not been detailed exactly, although it is necessary to mention, that it would not change
the excess amount of energy available at the turbine output, which still remains
remarkably abundant.

This is mainly due to the large amount of residual energy available in these
reactors, and the high temperature of the same. Therefore, it is important to emphasize
that this energy use, despite being minor in comparison with the total produced rest
energy, it could be very significant for the biogas plant, and in general for the country of
More og Romsdal, since it allows carrying out all the sludge decomposition processes
without the need to incorporate any other type of energy source, or without the need
to burn part of the biogas generated. In this way, not only a greater amount of biogas is
obtained, but also an outlet is provided for the salmon sludge that is currently sprayed
into the fjord, polluting it. However, in order to achieve a greater use of the rest energy,
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two other options are proposed in this project, which, although they do not fall within
the scope of the project, should be evaluated in future work.

One of the proposed solutions for using more of the waste energy generated by
the SMRs and not used by the biogas plant is its application in district heating systems.
As mentioned in chapter 3 "STATE OF THE ART", there are three main cities in the area
where the biogas plant is located: Molde, Alesund and Kristiansund. In the case of
Molde, which is only 10 km from the plant, the utilization of waste thermal energy could
have a substantial impact on reducing dependence on fossil fuels and contribute to the
transition to a more energy sustainable city. On the other hand, Alesund and
Kristiansund, located at a distance of 50 km each, could also benefit from this solution,
although it would require additional heat transport infrastructure, such as long-distance
pipelines.

The implementation of a district heating system would allow the heat generated
by the reactors to be channeled to the residential and commercial areas of these cities.
The supply of heat from the nuclear plant could replace or supplement conventional
energy sources currently used for heating, resulting in a significant reduction in GHG
emissions and greater energy efficiency.

It is important to note that this study has not been carried out in depth due to the
lack of specific data on the energy demand of these cities and because it has not been
raised as a main objective of the research project. However, the implementation of a
district heating system would be an interesting option to consider in the future,
especially if a close collaboration between the biogas plant, local authorities and other
stakeholders is achieved.

In addition to the environmental benefit, the application of waste thermal energy
in district heating systems could also generate significant economic savings in the long
term, in exchange for a non-negligible investment for the implementation of pipelines
and ducts to transport the heat to the main consumption points. The use of a more
sustainable energy source that is less dependent on fossil fuels could reduce heating
costs for residents and businesses, while ensuring a stable and reliable supply.

The other solution put forward to achieve greater utilization of the wastewater
from the SMRs is the possibility of increasing biogas generation at the plant by
incorporating a larger amount of salmon sludge, as well as other waste such as
wastewater generated in the cities of Molde, Alesund and Kristiansund. This waste could
be pumped to the biogas plant for further processing. Thus, with more organic matter
to be treated, the energy required to carry out the different processes would increase,
and a larger number of sanitization and anaerobic digestion reactors would need to be
installed.

As mentioned above in chapter 5 "CASE", the energy required for sludge pumping
is minimal. It should be noted that, in the case of wastewater from the cities mentioned,
or in the case of sludge generated in other industrial activities, the pumping distance
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would be greater than in the case studied, which could lead to greater losses and require
greater power. However, it is important to note that nuclear reactors generate a
significant amount of additional electrical energy that could be used for this activity.

The availability of this additional power from nuclear reactors provides a unique
opportunity to address the waste pumping activity. The power generated by the
reactors is more than sufficient to cover the energy requirements of this additional
process. This would allow for an increase in the amount of salmon sludge and
wastewater treated at the plant, which in turn would result in an increase in biogas
production.

As mentioned above, the use of salmon sludge and wastewater as additional
substrates for biogas production would not only contribute to maximizing the plant's
energy generation capacity, but would also provide a sustainable solution for the
treatment of these wastes. By taking advantage of these resources, landfill disposal
would be avoided and their environmental impact would be reduced.

The treatment of a larger amount of sludge makes it necessary to increase the
number of reactors in the biogas plant, which implies a greater occupation of space and
land requirements. However, this aspect does not represent a significant problem, since
Gossa Island has large areas of undeveloped land that could be used for this purpose.

The reactors of the designed biogas plant occupy only 85 square meters, which is
relatively small compared to the availability of land on the island. To put this in
perspective, suffice it to mention that the plot adjacent to the Nyhamna plant has an
area of 110.5 hectares, which is approximately 13,000 times the size of the biogas plant.
This indicates that there are ample areas available for plant expansion and
implementation of new reactors.

Increasing biogas production by treating more salmon sludge and other wastes
has numerous benefits. First, it makes more efficient use of available resources,
reducing environmental impact and optimizing energy efficiency. In addition, by
increasing biogas production, it promotes renewable energy generation and reduces
dependence on conventional and non-renewable energy sources.

This option is highly viable and scalable, meaning that it can be adapted and
expanded according to future needs and demands. The modular design of the biogas
plant allows the addition of new reactors in a flexible and gradual manner, ensuring
sustainable growth as the amount of sludge and waste treated increases.

In conclusion, although the energy required for the operation of the biogas plant
is initially limited, it is important to consider that there are different ways to take
advantage of the capacity of this energy for the benefit of the community, being able to
reach a point where the residual energy used acquires high and significant values. This
translates into significant energy and economic savings, as well as the reduction of GHG
emissions. Therefore, this project has proven the feasibility of using the residual energy
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from SMRs to carry out fuel synthesis, promoting the collaboration of nuclear energy
together with renewable energies to advance towards the decarbonization of the
energy sector.

On the other hand, it is important to note that this option could generate a larger
amount of biogas. As we have seen in chapter 5 "CASE", from the 36,000 tons of salmon
sludge per year, this biogas plant could produce enough fuel with zero net emissions to
thermally supply 1,129 houses in Norway. This is a small amount, as it would be
insufficient to supply the thermal demand of a city like Molde, for example.

However, there are other applications that could be given to this biogas to take
better advantage of its energy capacity. One of these applications would be the use of
this biogas in power generation plants as a peaker unit.

Plants that act as peaker units are power generation facilities designed to provide
additional electricity during periods of high energy demand. These plants are designed
to be flexible and capable of rapidly increasing their power output to meet fluctuations
in electricity demand.

Peaker units use fast power generation technologies, such as gas turbines or
internal combustion engines, which can start up quickly and reach full capacity in a short
time. These units are activated when electrical demand peaks, whether due to extreme
weather conditions, peak consumption hours or emergency situations.

Although peaker units can provide a reliable and fast source of power during peak
demand, they are generally not designed to operate at full capacity on a continuous
basis. This is because base generation plants, such as hydroelectric power plants, or
nuclear plants, are more efficient and cost-effective for long-term, constant power
production.

The use of peaker units has significant benefits, as it helps balance energy supply
and demand, avoids overloading the power grid, and ensures a reliable supply of
electricity during periods of high demand. In addition, being flexible and fast-responding
units, they can be integrated with intermittent renewable energy sources, such as solar
or wind power, to ensure greater stability in the power grid.

In this way, the biogas produced from the salmon sludge could be used in a plant
of these characteristics, where large quantities of fuel are not necessary to have a very
positive impact on the electricity grid, since these plants operate for short periods of
time, only to meet peaks in electricity demand. However, it should be noted that the
study of the capacity of the biogas generated to operate in these units is not within the
scope of the project, and its possible implementation will have to be analyzed and
evaluated in the future.

On the other hand, due to the lack of maturity of modular reactor technology, it is
currently imprecise to perform an exhaustive economic study on their feasibility.
Therefore, as presented in chapter 8 "FUTURE WORK", this analysis remains pending for
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future studies in which more information and concrete data on the performance and
costs associated with these reactors will be available.

Regarding the Hyperthermics biogas plant, it is important to mention that it is a
project in the process of analysis and development. At this time, there are no absolute
certainties about its value and cost, as these aspects are subject to ongoing evaluations
and adjustments as the project design and implementation progresses.

It is essential to understand that the economic evaluation of a biogas plant,
especially when it involves emerging technologies such as modular reactors, requires a
detailed and rigorous analysis. This implies taking into account aspects such as initial
investment, operating costs, revenues generated, environmental benefits and other
relevant factors to determine its long-term financial viability.

Therefore, more comprehensive and in-depth studies are needed in the future in
order to more accurately determine the economic viability of modular reactors and to
obtain a more accurate assessment of the value and cost of the project. These analyses
will allow informed and informed decisions to be made regarding these technologies
and projects in the area of biogas production from nuclear reactor waste energy.

Finally, it is of great importance for the current project to review the actions taken
in relation to the Sustainable Development Goals. It is important to note that the
objective of the project has not been to make a quantitative analysis of the contributions
made to the SDGs, and therefore, this study has been done in a more qualitative way,
looking at the different contributions globally.

As described in chapter 1 "INTRODUCTION", this project is mainly framed within
the SDG number 7 that talks about ensuring clean and safe energy. In this sense, the
implementation of the reactors and the biogas plant is a clear example of energy
efficiency and represents a clear act against climate change, since it promotes energy
generation away from sources with GHG emissions. Although it is true that this is only a
feasibility study, this work serves to lay the foundations for a future project in which
SMRs are required to be implemented near a point of high energy consumption.

In addition, significant contributions have also been made in relation to SDG 9, as
it promotes the construction and implementation of a safe, modern and efficient plant.
With regard to SDG 12, waste recovery is a sustainable way of producing and consuming
resources in the area, and lastly, SDG 14, which deals with ocean conservation, has also
been a central point of the project, preventing salmon sludge from being dumped into
the fjord.
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7. LIMITATIONS

This section focuses on analyzing the constraints that may affect the
implementation and development of the present project. While diligent work has been
done to design and plan each aspect, it is important to recognize that there are certain
constraints and challenges that could influence its implementation and results. These
constraints may range from technical and logistical aspects to economic, legal or
environmental factors. Understanding and addressing these constraints effectively is
crucial to assessing the feasibility and success of the project, and will enable informed
decisions to be made to overcome obstacles and maximize the benefits gained.

As mentioned in chapter 4 "METHOD", one of the most significant limitations in
the development of this project has been the scarcity of available data on the
composition and properties of the sludge. The lack of accurate and detailed information
on this organic matter has been a major challenge to perform the feasibility study, since
this variable can introduce a large error in the results obtained. The composition of
sludge is fundamental to understand its behavior in anaerobic digestion processes and
to determine the efficiency and biogas production.

The composition of this kind of sludge can be very variable, as it depends on a
large number of factors, such as the feeding of the salmon, the water temperature or
the frequency of sludge removal. Therefore, the most accurate way to carry out this
project is the particularized evaluation of this sludge, since, in this way, the composition
of the sludge will be better known, and a better treatment will be carried out.

However, in this project, since there is no updated data available for the plant of
Salmon Evolution, we have worked with the data collected in the study by N. Teuber et
al.[46] which are shown in Table 1. These data might not particularly accurate for this
project, but they are useful to carry out a general study, adjusting to the objective of
studying the feasibility of installing these biogas plants powered by SMRs. However, it
should be noted that, in the event of implementing a project of these characteristics in
the future, the rigorous study of the raw material that makes it up is of vital importance.

Regarding sludge composition, for the purpose of simplifying calculations, and also
as a consequence of the lack of data on the transformation processes, it has been
assumed that sludge has the same properties throughout the different processes of the
biogas plant. This is clearly uncertain, but data limitations have contributed to this
decision. This parameter has a direct impact on biogas production, and to overcome this
uncertainty, the company Hyperthermics has provided their expertise in the topic based
on the experimental data obtained by their biogas production plant. As mentioned
above, this company has years of experience in the biogas production sector, and
therefore their valuable information has contributed to better estimate the capacity of
the installed plant, despite the inaccuracies committed in the study when assuming the
composition of the salmon sludge or other variables.
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On the other hand, for the development of the project, other assumptions about
the environment, such as ambient temperature or water temperature, have also had to
be made. These parameters vary throughout the year and for this reason could not be
studied in depth. Therefore, in order that the conclusions of the project are not greatly
affected, a conservative approach has been taken placing the study at all times in the
most unfavorable possible case.

Regarding the use of waste energy, as mentioned in chapter 3 "STATE OF THE
ART", several alternatives have been explored, including the implementation of district
heating systems. However, this proposal has had the limitation of having insufficient
information on the thermal demand of nearby towns, such as Molde, Kristiansund and
Alesund, which could directly benefit from this energy source due to their proximity to
the plant. Unfortunately, the lack of knowledge of the thermal demand of these
locations has made it difficult to accurately assess the feasibility and benefits associated
with this approach. On the other hand, it is important to note that this study has not
been included in the scope of the current project, but it is recognized the importance of
conducting a comprehensive assessment in the future in order to evaluate the feasibility
and potential for implementing district heating systems that efficiently harness this
waste energy.

Finally, it is important to comment on the status of the economic study. Currently,
due to the immaturity of the reactors and the biogas plant of the Hyperthermics
company, there is not enough information available, which has been an important
limitation to carry out the economic study of this project. These technologies are in the
process of being commercialized, but there is still no study available that precisely
analyzes the implementation costs of a project of these characteristics. Therefore, this
analysis remains to be carried out in the future, as discussed in chapter 8 "Future Work".
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8. FUTURE WORK

The present feasibility study has been developed with the objective of validating
the ability of SMRs to meet electricity demand in high demand areas, while harnessing
waste energy to heat the processes of a biogas power plant. Through this analysis, a
solid foundation has been established to continue with more detailed research to enable
future implementation of this approach. In addition, several lines of research have been
identified that need to be addressed before a project of this nature can be implemented.
This chapter will detail the different studies and lines of research that have been left
open, as well as the main objectives to be addressed in this further work. First, the issues
related to the particular case have been addressed, and then a more general view of the
project has been taken, and the different lines of research to be addressed have been
proposed.

First of all, it has to be noted that in order to successfully implement this project,
a more detailed study is needed, focusing on key aspects that have been generalized so
far. Among these aspects, the precise composition of the sludge is of utmost
importance, as it will determine the quality and quantity of biogas generated. Once this
composition has been determined, a more precise thermal calculation of the plant can
be carried out, taking into account the actual thermal demand of such a facility. This
analysis will make it possible to evaluate the feasibility and efficiency of the use of the
waste energy in an even more concrete way, and in this way more precise data will be
available that will make it possible to estimate biogas production more accurately. After
this study, the engineering design of the plant can begin, where special attention will be
paid to the functionality of the processes and to optimizing the extraction of the waste
energy in the most efficient way possible. These steps will be indispensable to achieve a
successful implementation and maximize the use of available resources. However, as far
as the Nyhamna project is concerned, there are other aspects that will need to be
addressed.

One of the most important points to address regarding the project is the large
amount of residual energy remaining in the reactor. According to the calculations
presented in chapter 5 "CASE", the biogas plant only uses 0.8% of the waste energy
generated in the reactor. This is a very low percentage, and although this demand is not
exact and must be recalculated, thanks to the conservative approach of the study, it can
be affirmed that the energy needed in the biogas plant in relation to the residual energy
of the reactor is very low. For this reason, in order to make better use of this energy,
and to obtain a higher energy efficiency, different alternatives have to be looked for.
These alternatives have not been evaluated in the present project since it has been
focused on the biogas plant, and on valorizing the waste from the Salmon Evolution
plant. Therefore, these alternatives do not fall within the scope of this project.
Nevertheless, the different alternatives proposed in this project to achieve a greater use
of rest energy are shortly discussed below.
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As mentioned in chapter 6 "DISCUSSION", one of the main alternatives could be
to increase biogas production. To do so, the organic matter available in the area should
be analyzed and its transport should be evaluated both logistically and economically. In
this sense, for the present project, several options have been evaluated to complement
the salmon sludge. The main organic matter that has been taken into account has been
the wastewater from nearby cities. This option is of great interest because in this way it
would be possible to take advantage of this waste, which is currently a problem due to
the management it requires. Other alternatives that have been evaluated are the use of
salmon sludge or sludge from other land-based fish farms, or the introduction of
seaweed as organic matter. In the first case, it would involve pumping sludge from more
distant plants. This idea is driven by the fact that this transport of this matter does not
require a great expenditure of energy, and can be done in a reasonably simple way by
means of a pipeline. In the case of the use of seaweed, this would require the
construction of plots where these are cultivated for later exploitation, which would have
an undesirable environmental impact. However, the use of these organic materials
would expand the generation of biogas, and would take advantage of the rest energy of
the reactor, while giving a valorization to these wastes.

Another alternative to increase the energy efficiency of the reactors would be the
use of this thermal energy to heat other types of processes. In this sense, 3 different
thermal energy demand points have been identified where this technology could be
useful: the Nyhamna plant, the Salmon Evolution facilities, or the district heating of the
nearest cities.

At the Nyhamna plant, in addition to natural gas compression, other types of
treatments are also performed to process the gas and send it to the English coasts. These
treatments require thermal energy, either directly or indirectly in the facilities, and this
energy could be supplied by the SMRs. However, although one of the main objectives of
the project has been to match the energy demand of the Nyhamna plant, given the lack
of information about this thermal demand, it has not been taken into account in the
development of this work, and its assessment should be carried out in future studies. As
for the Salmon Evolution facilities, as mentioned in chapter 6 "DISCUSSION", this plant
has a certain energy demand to carry out its activity. This demand is very small, only 45
GWh per year[60], but supplying it with thermal energy from the reactors would mean
considerable energy savings for the salmon production company.

Finally, the possibility of using the waste heat from the SMRs for district heating
in nearby cities has been considered. As mentioned in section 3.2 "District heating", this
application is one of the most widespread in nuclear cogeneration. In this sense, the
possibility of transporting the remaining thermal energy from the reactors through
specialized pipelines to the nearest cities (Molde, Kristiansund and Alesund) is proposed.
In order to carry out this project, the district heating of these 3 cities should be analyzed,
studying their needs and their actual status. It should be noted that these needs will
depend on the season of the year, being higher in the winter months. After analyzing
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the energy demand of these cities, the feasibility of transporting this energy through
specialized pipes should be studied, analyzing the different areas they would cross, and
studying the heat losses to which they would be exposed. It should also be noted that
these energy losses will be greater in those months when energy demand will be higher.

The implementation of any of these alternatives would contribute to energy
efficiency, and would result in large savings for the community of Mgre og Romsdal.
Consequently, when implementing this project, these alternatives should be taken into
account, and comprehensive studies should be conducted on the feasibility of each of
them.

However, although the study has focused on analyzing the Mgre og Romsdal area,
and although the particular case of the Nyhamna gas processing plant has been studied,
the ultimate goal of the study is to demonstrate the feasibility of this project, and to
validate its adaptability to other areas. In this way, a feasible proposal has been made
to generate electrical energy at points of high demand, while treating organic waste
from the area to generate biogas. Having demonstrated the capacity of this project,
other locations with similar characteristics should be studied to implement these
facilities.

In this regard, the Mongstad area, located 50 km north of Bergen, is a candidate
for such a project. Mongstad is a leading industrial cluster, home to more than 50
companies including Equinor, Schlumberger, Baker Hughes and the world's largest coal
capture facility, TCM. In this industrial area, the possibility of installing a salmon farm
has been considered. The real estate company Asset Buyout Partners, owned by
Sweden's Balder, is expected to invest between NOK 2 billion and NOK 4 billion to take
over a disused refinery and implement a fish farm, which is expected to produce around
42,000 tons of salmon per year[61]. Compared to Salmon Evolution, this amount of
salmon would generate about 48,000 tons of sludge annually, 12,000 tons more than
what is generated off the coast of Indre Hargy.

This fact opens up the possibility of implementing SMR technology to supply the
electricity demand of the industrial plant, while at the same time taking advantage of
the residual energy to treat the salmon sludge that will be generated at the Mongstad
facility. In addition, being relatively close to one of the largest centers in the country,
the city of Bergen, the possibility of using the wastewater generated in this city to
generate biogas together with the salmon sludge could be analyzed, or the district
heating of Bergen could be evaluated, to supply the city with the waste heat from the
SMRs. Overall, if the project is developed, the incorporation of SMRs at the Mongstad
plant presents itself as an option with significant potential. This option opens up new
opportunities to improve the efficiency and competitiveness of the Mongstad plant,
while contributing to the transition to cleaner and more sustainable energy sources, and
should be explored in the future.
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This is just one example of a location where such a project could be beneficial.
However, future work should evaluate this option along with several others to study the
feasibility of this project, following the guidelines shown in the current project.

In relation to the economic study, despite the advances and promising potential
of SMRs and Hyperthermic's biogas technology, it is important to note that a precise
analysis has not yet been possible due to the lack of concrete data on the costs of these
facilities. Both SMRs and Hyperthermic's technology are in the process of being
commercialized, which means that there are no reliable studies that provide detailed
information on the costs of these facilities. However, the intrinsic nature of these
technologies raises promising prospects in terms of cost reduction.

On the one hand, SMRs have the advantage of being modular, which allows for
factory production, reducing costs compared to conventional nuclear facilities. This
modularity also means greater flexibility and scalability, which can result in additional
long-term savings. On the other hand, Hyperthermic's biogas technology aims to reduce
the costs of conventional biogas plants. This technology allows for faster and more
efficient treatment of organic waste, reducing the amount of waste treated in a single
instant, and thus favoring the construction of smaller and less costly facilities.

In summary, while it is anticipated that both SMRs and Hyperthermic's biogas
technology can offer significant reductions in costs, the lack of available information
limits the ability to perform a detailed economic study in the present project. For this
reason, future work with more robust and complete data will be necessary to
adequately assess the economic viability of a plant incorporating these technologies.

Another line of research that has remained unresolved in the work is the use to be
made of the biogas generated. This fuel has great potential, due to its renewable nature.
However, as studied in section 5.12 "Biogas production”, the amount of extractable fuel
in the case of study is quite limited. This could change in case it is decided to increase
the production of biogas, increasing the dimensions of the plant and treating other types
of waste from the area, which would increase the capacity of action of this fuel. This is
why, in the current project, the possible applications of this biogas have not been
studied in depth, since it is a value that could fluctuate in the future, altering its capacity
for action.

However, as mentioned in chapter 6 "DISCUSSION", it has been considered the
possibility of using the biogas generated as a heat source to heat the homes in the area,
as well as to use it as fuel in peaker units. These applications have great potential in
terms of energy efficiency and emissions reduction. However, a more comprehensive
and detailed study is needed in the future, especially regarding the feasibility and impact
of peaker units. This analysis should focus on the current market, assessing the needs of
the power grid and demonstrating the ability of these units to contribute to improving
the quality and stability of the grid. To this end, it will be essential to consider factors
such as the electrical demand of the area and the economic and environmental benefits
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that can be obtained from their implementation. In short, a rigorous and specific study
is required to determine the potential and opportunities that these applications can
offer in the current context.

Regarding the overall project, it should be noted that in the future the work done
should be reviewed and updated with the advances in technology at the time of
implementation. A clear example of this is the selection of the SMR. As mentioned in
section 5.4 "Selection of the reactor for the project”, the X-energy company's SMR, the
Xe-100, has been chosen for the development of this project. This reactor currently
presents a high degree of maturity compared to other fourth generation reactors, and
has been selected for the development of the project due to its safety, its capacity to be
incorporated next to the industrial plant, and its high temperature, which facilitates the
recovery of waste heat.

On the other hand, SMR technology is constantly advancing, and every day there
are countless eventualities that can change the course of this technology. For this
reason, the different SMRs on the market must be constantly reviewed to ensure that
the reactor selected is the right one for the project. In this sense, there are currently 2
very promising reactor technologies with great future potential, but due to their low
maturity, they have not been evaluated in the current project: the Molten Salt Reactors
(MSR) and the Liquid Metal-cooled Reactor (LMR).

These reactors are currently considered a promising alternative for power
generation as a perspective of the thorium fuel cycle or to use spent LWR fuel.
Moreover, in the case of MSRs, thanks to the use of salts, these reactors allow energy
storage, which is a clear qualitative differentiator compared to other current designs.
Although this aspect could be a revolutionary factor in the nuclear energy landscape,
these reactors have been discarded in this project because they are a technology under
development, which does not offer availability in the near future. However, it is worth
mentioning the potential that these reactors could have in the future due to their ability
to revolutionize the nuclear landscape in the coming years, and therefore, a detailed
evaluation of these technologies should be carried out to verify their capability if the
project is developed.

Finally, it is necessary to mention the SDGs, and the contribution of this project to
the guidelines established in the Paris agreement[7]. It is clear that the current project
is developed with the purpose of addressing climate change, proposing sources of
energy generation free of GHG emissions. In this sense, it can be reasoned that the
implementation of the facilities studied in this project would bring substantial progress
to the 7" SDG. However, the study of the contribution of this project to the SDGs has
not been the main purpose of the project. In order to know this contribution more
precisely, it will be necessary to carry out a study based on the indicators established in
the Paris agreement, analyzing the environmental impact of the plant and assessing its
benefits and detriments of the project. This work is pending to be carried out in the
future.
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9. CONCLUSIONS

In conclusion, this study has comprehensively addressed the analysis and
feasibility of the implementation of SMRs in areas of high electricity consumption, and
the utilization of the remaining residual energy to heat the processes of a biogas plant.
Throughout this work, it has been demonstrated that the incorporation of these reactors
in the Nyhamna plant and the utilization of their rest energy are feasible and offer
significant benefits in terms of electrical and thermal generation.

The main objective of the project, which was to supply electricity to the Nyhamna
plant, has been achieved, thus reducing the demand on the power grid and contributing
to the generation of energy free of GHG emissions. This plant requires 220 MW(e) to
drive the compressors, and through the 3 SMRs implemented, an electrical capacity of
240 MW(e) has been installed. In this way, the demand of the compressors is fully
supplied, and there would still be 20 MW(e) left over that can be used for other
applications such as sludge pumping, or for the power supply of neighboring
communities.

The X-energy company's reactors, the SMR Xe-100, have been chosen for power
generation. These are fourth generation HTGR reactors, and have a high degree of
maturity compared to other SMRs that are in the process of being commercialized.
HTGRs are characterized by operating at higher temperatures compared to other SMRs,
which provides greater safety in case of failures. In addition, this feature allows the rest
energy to be extracted more efficiently, which is a factor of great importance in this
project. By operating at higher temperatures, HTGR reactors offer advantages in terms
of energy efficiency and waste energy utilization, helping to maximize the production of
electricity and heat safely and reliably.

Thanks to this feature of the Xe-100 SMRs, the feasibility of using waste energy
from the reactors to heat the processes of a biogas plant has been demonstrated.
Through this innovative idea, it has been possible to obtain greater energy efficiency of
the reactors, while at the same time valorizing the salmon sludge. Currently, this waste
is dumped into the fjord, polluting the water and harming the fjord's marine life. In this
way, not only is this waste treated, but biogas is obtained, a renewable fuel that is
presented as a valuable alternative to other fossil fuels in the fight against climate
change.

To develop the biogas plant, the technology and experience of the company
Hyperthermics has been made available, which has resulted in great improvements in
waste management and biogas production. This biogas plant consists of 2 main
processes: the hygienization reactor and the anaerobic digestion reactor. These
processes require certain stable conditions in terms of temperature over an extended
period, 8 hours and 3 days respectively, and therefore the waste heat from the reactor
has been used to maintain this stability.
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Therefore, the project has consisted of the thermal study of this biogas plant, and
the feasibility analysis to match this demand by means of SMRs. The results of the plant
design have revealed the need to install 2 hygenisation reactors and 10 anaerobic
digestion reactors. In this way, the thermal needs of all these reactors have been
evaluated, and the rest energy capacity of the selected SMRs has been verified to meet
these needs.

However, this project has shown that due to the limited availability of organic
matter in Salmon Evolution's facilities, both the rest energy used and the biogas
production are very low. In this sense, several opportunities for improvement have been
identified and lines of research have been proposed for future studies to further
optimize the use of residual energy and explore other potential applications. Among
them, it has been proposed the inclusion of other organic materials in the biogas plant,
such as wastewater from nearby cities, which would increase the production of biogas,
using a greater amount of waste energy. Another proposal has been the use of waste
energy for district heating in nearby cities. However, these proposals were not within
the scope of the study and will need to be analyzed in the future.

Taken together, these results support the feasibility and importance of continuing
the development and implementation of projects involving SMR power generation in
the future, thus contributing to the transition to a more sustainable and efficient energy
system by combining the strengths of nuclear and renewable energies in order to
combat climate change.
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